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A THERMOGRAVIMETRIC PYROLYSIS STUDY OF THE 
INTERACTION OF DI(1,2,3-BENZOTRIAZOLATIUM) 

HEXACYANO-OSMATE(IV) WITH CERTAIN 
ORGANIC AMINES 

RAY F. WILSON and PHILIP MERCHANT, JR. 
Department of Chemistry, Texas Southern University, Houston 4, Texas, U.S.A. 

(Received 5 May 1964. Accepted 20 September 1964) 

Summary-A thermogravimetric pyrolysis study of the interaction 
products of certain organic amines and tetramethylammonium 
chloride with di(l,2,3-benzotriazolatium)hexacyano-osmate(lV) is 
reported. 

THIS paper results from a thermogravimetric study of certain amine derivatives 
obtained in the interactions of di(l,2,3-benzotriazolatium)hexacyano-osmate(IV) with 
several organic amines and with tetramethylammonium chloride previously rep0rted.l 
In a prior paper, the thermogravimetric pyrolysis of the interaction products 
of dihydrogen-di(l,2,3-benzotriazolatium)hexacyanoferrate(II) with certain organic 
amines had been reported .2 Thermogravimetric analysis of the amine derivatives gave 
support to the proposed formulae of the products formed in the interaction of tetra- 
methylammonium chloride and certain organic amines with di( 1,2,3-benzotriazola- 
tium)hexacyano-osmate(IV). 

Apparatus 
EXPERIMENTAL 

The thermobalance used in this study was assembled as described by Wend1andt.J Temperature 
measurements of the combustion chamber were obtained by using an iron-constantan thermocouple 
with an ice bath as a reference junction. A pontentiometer was employed to measure the voltage 
of the thermocouple. A synchronous motor driven powerstat was used to vary the voltage. 

Procedures 

The compounds were prepared according to the procedure of Wilson and Merchant’ and dried for 
8 hr in a vacuum desiccator using magnesium perchlorate as the desiccant. They were decomposed 
by placing 17-27 mg of each of the dried compounds in a platinum boat and suspending the boat in 
the combustion chamber. The output of the motor driven powerstat connected directly to the heating 
elements of the combustion chamber was set initially at 20 V and the input voltage of this powerstat 
was adjusted to 120 V by means of a second powerstat. The temperature of the combustion chamber 
was increased at an average of 3”/min. Readings on the balance and on the potentiometer were taken 
at short intervals until compounds had completely decomposed. 

RESULTS 

Pyrolysis curves of the compounds with the respective formulae: 

[(CH,),NI(C,H,N,NH,>os(CN),, (CsH,NH,),(C,H,NH,),Os(CN),, 
[(CH,),NH,I,[(CH,),NHl,Os(CN),, (m-C,H,NH,NH,),Os(CN),, 
(p-C,H,NH,NH,),Os(CN),, (CH,NH,),(CH,NH,),Os(CN),, 
[CH(CHCH),NH],Os(CN), and [(C2H,)2NH212[(C2H,)2NHlzOs(CN), 

are presented graphically in Figs. l-3 and the analysis of the curves is given in Table I. 
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FIG. 3.-Thermogravirnetric analysis of compounds 7-8 :- 
(7) [CH(CHCH),NH),Os(CN),: -0--; 
(8) [(C,H,),NH,I,t(C,H,),NHl,Os(CN),: -o-. 

TABLE I 

Compounds 

G G G 

Weight 
corrected 

Initial for Temp Weight, mg Temp Weight, mg Temp 
weight, moisture., range, range, rwis 

w w “C Calc. Meas. “C Calc. Meas. “C 

1. [(CHs),Nl(C,H,N,NH,)- 19.8 19.7 t120 

Os(cN)* 
2. (C,H,NH,),(C,H,NH& 23.4 23.4 <160 14.1 13.2 290-405 

Os(CN). 
3. K.C$(C~~;~KCHJS- 26.3 26.1 <llO 

4. (deH,NH:NHJs- 18.0 17.5 < 42 
OsfCNL 

5. (aT-NH.NH3r 26.0 26.0 t120 

6. (CH,N;J&(CHsNH3,- 18.8 18.5 tll0 14.4 14.2 48&524 

CGl% 
7. [CH(CHCH),NH),- 22.8 22.3 < 84 

os(CNL 
8. [(C,H&NH,),- 20.3 19.9 < 88 17.7 17.6 250-320 15.3 15.2 340420 

[(C,H&NH),Os(CN), 
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The weights at plateaus C, and C, were calculated for the compounds on the basis 
of the following reactions : 

Compound 1 
C,: [(CH&N](CBH~NzNHa)Os(CN)B + 20z (120 -452)“+ 

(CHANCN? + HCNT + C,HhN,NHf + 2(CN),f + Oso,t 

Compound 2 
C,: (CeHSNH,),(C,H,NH,),Os(CN), (160 -290)“+ 

H(C,H,NH,)Os(Cn), + 3C,H,NH, t 

C,: H(C,H,NH,)Os(CN), + 20, (435-473)“+ 2HCNf + 2(CN),+ + C,H,NH,f + OsO,f 

Compound 3 
C,: KCHS)SNH&[(CH,),NH],OS(CN), + 20, (110-757)“t 

WH,),NH,f + 2HCNt + 2(CN),T + OsO,f 

Compound 4 
Cl: (m-C,H,NH,NH.&Os(CN), + 20, (42 -560)‘+ 

2(m-C6H,NH2NH2)f + 2HCNf + 2(CN),f + OsO1+ 

Compound 5 
C, (p-CsH4NH,NH&Os(CN), + 20, (120 -530)“+ 

2(pGH,NH,NH,)f + 2HCNT + 2(CN),f + OsO,f 

Compound 6 
C,: (CH,NH&(CH.NH2),0s(CN), (110 --430)“+ H(CH,NHs)Os(CN), + 3CH8NHal‘ 

C,: H(CH,NH,)Os(CN), + 20, (5‘24 -67’)“+ CH,NHsf + 2HCNf + 2(CN),f + OsO,f 

Compound 7 
C,: [CH(CHCH),NH],Os(CN), + 20, (34 -630)“+ 

Z[CH(CHCH),N]T + OsO,f + 2HCNf + 2(CN),T 

Compound 8 
C,: [(C~H,),NH,I,[(C~HS)~NHI~~~(CN), !!?WE.& 

[(C,H,)ZNH~I~[(C~H~)~NHIO~(CN)B + GJ-L)~NH~ 

C,: [(C,H,),NH~],[(C~H,)~NH]OS(CN), (320-34”)“+ 

WX-L,)~NH~l&(CN), + GJUNH+ 
c,: [(Ca~6)z~~a]20~(C~)6 + 20, (420--w+ 

2(GH,),NH+ + 2HCNf + 2(CN),f + OsO,f 

Isolation of pyrolytic products 

The thermogravimetric data presented above suggested that certain stable de- 
composition products were liberated over carefully selected temperature ranges. In 
the thermogravimetric pyrolysis of the eight amine derivative compounds which were 
carried out in the open atmosphere, solid pyrolytic products could not be obtained 
because the intermediate residues at any plateau, on cooling apparently absorbed 
moisture which brought about complete decomposition of the residues. As further 
indication of the intermediate product residues and verification of the volatile organic 
products given off, l-g samples of the respective amine derivatives were decomposed 
in a special decomposition apparatus previously described by Wilson and James.4 
Each of the compounds was heated separately in the decomposition apparatus until 
the compounds had completely decomposed. The temperature of the coolant (carbon 
dioxide) was sufficient to condense CsH,NHN, from the tetramethylammonium 
chloride derivative, and to condensep-C,H,NH,NH, and m-C,H,NH,NH, from their 
respective amine derivatives. The hydrochloride of aniline was obtained by dissolving 
the vapours resulting from the decomposition of the aniline derivative in water and 
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bubbling dry hydrogen chloride into the solution. The vapours resulting from the 
decomposition of the pyridine, dimethylamine, diethylamine and methylamine 
derivatives were separately dissolved in carbon tetrachloride. Infrared data for the 
above mentioned intermediate and pure samples are presented in Table II. To verify 

TABLE II.-Infrared Maxima 

C,H4NHNe p-CeH,NHaNH2 m-C,H,NH,NH, C,H,NH,HCl 

Wave Wave Wave Wave 
number, number, number, number, 
Cm-' Pure Isolated cm-’ Pure Isolated cm-’ Pure Isolated cm-l Pure Isolated 

1660 s s 1340 s s 1400 s s 
1460 M M 1540 s s 1220 s s 1340 M M 
1410 M M 1420 M S 1180 S S 1300 M M 
1310 M M 1260 s s 1060 s s 1280 M M 
1280 M M 1120 M M 995 M M 1200 s s 
1200 s s 1060 M M 950 M M 1180 M M 
1140 M M 1130 s S 
1080 M M 1100 s s 
1010 s s 1060 M M 
980 S S 1000 M M 
780 S S 900 M M 

750 s S 
685 S S 

Pyridine Diethylamine Dimethylamine Methylamine 
- 

Wave Wave Wave Wave 
number, number, number, number, 

cm-’ Pure Isolated cm-’ Pure Isolated cm-’ Pure Isolated cm-’ Pure Isolated 

3500 s s 4500 M M 3500 S 3500 s s 
1990 M M 3500 s s 3000 s” s 3000 s s 
1600 s s 2900 S S 1600 M M 2300 M M 
1280 M M 1050 M S 1460 M M 1510 S M 
1220 S M 790 M M 1250 M M 1250 M M 
1180 M M 1020 M M 1000 M M 
1140 s s 
1070 s s 
1030 s s 
1000 S M 

S = strong intensity; M = medium intensity. 

the presence of hydrogen cyanide and/or cyanogen, l-g samples of the respective 
amine derivatives were decomposed and the vapours were dissolved in aqueous 
solutions of silver nitrate. In each case a white precipitate of silver cyanide formed. 
The presence of osmium in the eight compounds previously studied was verified in 
each case by collecting the osmium tetroxide vapours, resulting from pyrolysis, 
in aqueous potassium thiocyanate solutions which contained acetic acid. These 
solutions each gave a yellowish-orange colour which is characteristic of the osmium 
thiocyanate complex.5 

DISCUSSION 

In this study the thermobalance was employed to follow the pyrolysis re- 
actions taking place in certain complex products obtained in the interaction of 
several organic amines and tetramethylammonium chloride with di-(1,2,3-benzo- 
triazolatium)hexacyano-osmate(IV). Decomposition of the amine derivatives gave 
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hydrogen cyanide and/or cyanogen, osmium tetroxide, the respective amines and in 
one case 1,2,3-benzotriazole and tetramethylammonium cyanide. 

Acknowle&ement-The authors wish to express their sincere thanks to the Robert A. Welch 
Foundation for a grant, which supported this study. 

Zusammenfassung-Es wird tiber die thermogravimetrische Pyrolyse 
der Reaktionsprodukte einiger organischer Amine und Tetramethyl- 
ammoniumchlorid mit Di-(1,2,3-benztriazolatium)hexacyanoosmat(IV) 
berichtet. 

R&urn&On d&it, dans cette etude, la pyrolyse thermogravim&ique 
des produits d’interaction de certaines amines organiques et du 
chlorum de t&rambthylammonium avec l’hexacyanoosmate(IV) de 
di(l,2,3benzotriazolatium). 
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DETERMINATION OF COMBINED CARBON IN 
ALUMINIUM NITRIDE 

V. T. ATHAVALE, S. P. AWASTHI and M. SUNDARESAN 
Analytical Division, Atomic Energy Establishment Trombay, 

Bombay, India 

(Received 16 May 1964. Accepted 17 August 1964) 

Summary-A conductimetric method for determination of combined 
carbon in aluminium nitride, based on the catalytic oxidation of 
methane formed by acid hydrolysis of carbide, is described. A series 
of combined carbon determinations in prepared standards at various 
levels in the range of 30-240 pg has been performed. The precision 
of the determination increases progressively through this range, the 
coefficient of variation being 13.6 % and 2.0 % at the 30- and 240-pg 
levels respectively. The over-all spread for the whole range has been 
evaluated at f4 pg. 

INTRODUCTION 

AN estimate of the combined carbon content of pure aluminium nitride, used for the 
production of 14C through the nuclear reaction 14N(n, p)14C, is essential in order to 
ascertain the specific activity of the 14C obtained. Because the matrix material here, 
on combustion, would give large amounts of oxides of nitrogen the usual methodsl” 
for the determination of carbon need modification. Carbide-carbon has been 
determined in beryllium metal by decomposition with acid, subsequent oxidation of 
the hydrocarbons produced to carbon dioxide, and measurement of the amount of 
carbon dioxide gravimetrically’ or gasometrically.4 

The present method describes the determination of combined carbon in alumin- 
ium nitride samples. The sample is decomposed with 60% sulphuric acid, whereby 
nitrogen is fixed as ammonium sulphate, and the carbide is hydrolysed to form 
methane, which, when swept over copper oxide at 900”, is converted to carbon 
dioxide. In the present case a conductimetric method was employed for the deter- 
mination of carbon dioxide, by measuring the change in conductivity of a baryta 
solution before and after absorption of the carbon dioxide in it. 

Apparatus 
EXPERIMENTAL 

The apparatus essentially consists of three parts: (1) the oxygen purification section, (2) the 
acid hydrolysis and oxidation section, and (3) the measuring section. A schematic diagram is given 
in Fig. 1. Because tank oxygen contains large amounts of hydrocarbon impurities, it was purified 
by passing over heated copper oxide at 900”, then over soda lime and dehydrated silica gel. A 
manometer controls the rate of flow of oxygen gas. The acid treatment part consists of a flask 
fitted with a dropping funnel with an inlet for oxygen and an outlet for the mixture of gases. A soda 
lime tube, which immediately follows, removes traces of sulphuric acid carried over by the gas mix- 
ture, which then passes through a quartz tube packed with copper oxide catalyst and heated to 
900”. A silver vanadate trap removes traces of oxides of sulphur. A conductivity measurements 
were carried out in the manner described in an earlier communication.* 

Reagents 

Calcium carbonate standard: Pure .calcium carbonate w’fs mixed thoroughly with previously 
Frk< 20- to 60-mesh quartz powder m an agate mortar to give a standard of 100 mg = 151 pg of 

7 
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Aluminium carbide: Aluminium carbides was prepared by heating pure aluminium metal powder 
at 800” in an atmosphere of carbon dioxide. This was cooled, ground in an agate mortar and allowed 
to pass through a @mesh sieve. The amount of combined carbon in this prepared carbide sample 
was determined by the procedure described later. For preparing standards in lower ranges of carbon, 
appropriate weights of this sample were diluted with finely powdered aluminium nitride and pre- 
served in a desiccator. It has been assumed that all carbon from the carbide is converted to volatile 
hydrocarbon. 

Barium hydroxide solufion: An approx. 0.1% (w/v) solution of barium hydroxide was prepared 
from analytical grade Ba(OH),.2 H,O, as described under reference 3. 

FIG. 1 .-Determination of combined carbon in aluminium nitride: 
A Oxygen cylinder F Two 2-litre flasks L Absorption tube 
B Furnace G Acid funnel M Thermostat 
C Soda lime tube H Reaction tube N Soda lime guard tubes 
D Silica gel tube J Copper oxide tube S Stopcocks 
E Manometer K Silver vanadate tube T Beckmann thermometer 

Standardisation of apparatus 

Standardisation of the apparatus was done with calcium carbonate standards. For this purpose 
the copper oxide catalyst tube was replaced by a quartz combustion tube. A change in conductivity 
of 150 ,umho corresponded to 300 pg of carbon. 

Procedure 

An appropriate weight of aluminium nitride was added to the reaction flask. The flask was 
fitted with an acid dropping funnel containing 60 % sulphuric acid, and the flow of purified oxygen 
started at the rate of 25 ml/min. The inner and outer chambers of the absorption cell were rinsed 
and then filled up to the mark with baryta solution. After the solution had attained the temperature 
of the thermostat, its initial resistance was measured. The apparatus was completely flushed out 
with oxygen. Twenty-five ml of 60% sulphuric acid were added to the reaction flask and heated 
slowly nearly to boiling. Oxygen was passed for 30 min to sweep the gases through the heated copper 
oxide tube and absorption cell. The final resistance of the solution was measured. The repetition 
of the above experiment without the sample gave the blank value of the experiment, which was 
26 rg, averaged over a number of such blank determinations. With a view to studying the time 
required for the complete absorption of carbon dioxide, oxygen was passed for 20, 30, 40 and 60 
min. It was found that 30 min was sufficient to sweep all carbon dioxide from the apparatus 
through the absorption cell; hence this flow time at the rate of 25 ml/min was used for all sub- 
sequent experiments. 

RESULTS AND DISCUSSION 

The sample of aluminium carbide prepared was analysed for its combined carbon 
content and gave a value of 29.1 ,q/mg. This was used in appropriate dilutions 
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with a sample of aluminium nitride (C < 10 ppm) to give standards in the lower 
ranges, of 2 ,ug/mg and 4 ,ug/mg respectively. Appropriate weights of these diluted 
standards were taken and analysed for their combined carbon contents at the levels 
of 30, 50, 80, 160 and 240 pg. The results have been evaluated statistically and are 
tabulated in Table I along with the standard deviation at each of these levels. The 

TABLE I.--STATISTICAL ANALYSIS OF RESULTS ON STANDARDS 

Amount of 
combined Change in Mean 

No. carbon taken, conductivity, value, Standard Coefficient 

Pg pmho ,umho deviation of variation 

1 30 12.1, 12.5, 11.1, 13.2 1.8 13.6 
16.2, 13.0, 14.3 

2 50 26.6, 24.5, 22.0, 24.0 1.9 79 
22.7, 25.8, 22.3 

3 80 38.0, 42.9, 40.0, 38.5 2.8 7.3 
34.3, 35.8, 40.5, 
39.6, 36.9 

4 160 76.9, 81.1, 77.8, 80.0 2.5 3.1 
78.9, 81.0, 80.0, 
84.3 

5 240 116.1, 123.1, 120.8, 120.0 2.4 2.0 
121.0, 120.0, 118.2 

over-all spread, calculated by the least-square method for the whole range, was 
found to be &4,~g. It is obvious from Fig. 2 that the experimental values are in 
good agreement with the standard values obtained by calcium carbonate-quartz 
standards. 

One aluminium nitride sample was analysed several times by taking about 1 g 
as sample weight. This yielded a mean value of 55.5 ppm of combined carbon 
(Table II). To approximately 1 g of this sample standard additions were made from 

120 - 

0 50 100 150 200 250 

AMOUNT OF CARBON (US)- 

- THEORETICAL LINE (C&03-QUARTZ STANDARD) 

- EXPERW~ENTAL LINE (SYNTMETIC *LuM~NIuM CARBIDE 

ALUNINIUM NITRIDE STANDARDS.) 

FIG. 2.-Comparison of standard and experimental values. 
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TABLE II.-ANALYSIS OF AN ALUMINIUM N~TI~.DE SAMPLE 
(sample weight M 1 g) 

Combined carbon 
obtained, Mean, Standard Coefficient 

ppm PPm deviation of variation 

S&0,49.3, 58.7, 
52.2, 60.7, 55.8 55.5 3.7 6.7 

TABLE III.-ANALYSIS OF ~u~~~ NITRIDE* WITH ADDED 
COMBINED CARBON 

(sample weight M 1 g) 

Carbon, fig 
No. p 

In aluminium 
nitride In additive Total Found Deviation 

1 55.8 316 87.4 96.3 is.9 
2 540 46.1 100.1 105.2 +5-1 
3 55.1 97.8 152.9 147.8 -5.1 
4 553 1450 200.3 1925 -7.8 
5 55.1 197.9 253.0 253.0 0 
6 $51 249.8 304.9 311.2 +6.3 

8 Combined carbon content, 55.5 ppm (Tabie II), 

30 to 250 pg of combined carbon to yield 85-300 ppm of combined carbon in the 

aluminium nitride, and these were analysed. The results are tabulated in Table III 

and show good agreement between the expected and experimental values. 

Zusammenfassung-Eine konduktometrische Metbode zur Bestimmung 
von gebundenem Kohlenstoff in Alu~niumnitrid wird beschrieben, 
die auf der ka~I~ischen Oxydation des durch saure Hydrolyse von 
Carbid gebildeten Methans beruht. Eine Reihe von Bestimmungen 
gebundenen Kohlenstoffs wurde an Standardmischungen ausgefiihrt, 
die verschiedene Mengen, von 30-240 pg, enthielten. Die Genauigkeit 
der Bestimmung steigt in diesem Bereich steigt an, der Variations- 
koeffizient betragt 13,6x bzw. 2,0x bei 30@ bzw. 24Opg. Die 
Streuung im gesamten Bereich Lt zt4 ,ug. 

R&nt&--On de&t une methode ~onductim~trique devaluation du 
carbone combine dans le nitrure d’aluminium, basee sur l’oxydation 
catalytique du methane forme par hydrolyse acide du carbure. On a 
effectue une strie de dosages du carbone combine dans des &talons 
prepares, a diverses teneurs comprises entre 30 et 240 ,ug. La precision 
du dosage croit progressivement dans ce domaine, le coefhcient de 
variation &ant 13,6% et 2,0x ii 30 et 24Opg respectivement. La 
dispersion globale dans l’ensemble de ce domaine a et& evaI& a 
i4 rg* 
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SOLID-STATE REACTIONS IN ANALYTICAL CHEMISTRY 

P. I. VOSKRESENSKII* 
Moscow Institute of Steel and Alloys, 6 Lenin Prospect, Moscow V-49, U.S.S.R. 

(Received 22 June 1964. Accepted 22 September 1964) 

Snnunary-An account is presented of the nature of analytical reac- 
tions between solids; the history of their origin and the rules estab- 
lished for them are summarised. Examples are given of the detection 
of certain elements. The technique for carrying out the reactions is 
described and the possibilities are indicated of using solid-state 
analytical reactions not only for qualitative analysis but also for 
quantitative analysis. 

IN the years after World War II a new section of analytical chemistry began to be 
developed in the U.S.S.R., namely, solid-state analytical reactions. This section may 
be considered essentially as a branch of microchemical analysis, because the amounts 
of both the substance taken for investigation and the reagents used are within the 
limits usually associated with microchemistry. These reactions may also be considered 
as a special section of solid-state chemistry and surface chemistry. 

The first analytical reactions between solids were suggested by Flavitskii, a 
professor at Kazan University, at the end of the last century.l After his death, 
however, the subject was not pursued until about 1947 when, almost simultaneously, 
several people in the U.S.S.R. began to concern themselves with solid-state analytical 
reactions. The first publication on the subject in the new era was made by Isakov.2 
This section of analytical chemistry was not revived by chance but because of the 
planned development of science under the conditions of a socialist state and the 
requirements of industry, chiefly geological services. 

There are now many published papers and books3 on solid-state reactions. An 
examination of this literature leads to the conclusion that the surfaces of solids, 

especially minerals, are not particularly stable and the ions present in a crystal 
lattice are not localised. The electrical conductivity of surface layers shows that the 
transport of ions is not only characteristic of solutions but that it is inherent in the 
nature of a solid. On such a basis it is possible to explain the chemical activity of 
the surface of a solid and its ability to take part in chemical reactions. Of course, the 
crystal structure of the reacting substances is of great importance, because both 
the nature of the reaction and its rate depend on the position in the crystal lattice 
occupied by the ion which is to react with the reagent being used. If the ion in which 
one is interested occurs at the periphery, loose packing and voids and, consequently, 
increased chemical activity are possible. These concepts may also be taken as a basis 
for solid-state analytical reactions. So far no attention has been paid in analytical 

chemistry to this aspect of the subject. 
Solid-state analytical reactions acquired special importance in the investigation 

of minerals where it frequently becomes necessary to establish the presence of one 
element or another, only qualitatively at first, although under field conditions the 
qualitative testing of minerals is of particular importance. 

* Present address: Moscow V49, Dimitrov Street, D. 30, KV 13, U.S.S.R. 

11 
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It is now considered as firmly established that all reactions which take place in 
solutions are also observed in the reactions between the solids, particularly on 
trituration where there is close contact between the reacting substances. Furthermore, 
it is established that many reactions between solids take place not only after crushing 
and triturating them but also on simply contacting the reacting substances, particu- 
larly a mineral and a solid reagent. Such reactions are called contact reactions. 
When using these reactions the presence of the element of interest to the investigator 
is sometimes revealed by such a simple procedure. For example, on contacting 
sodium metavanadate crystals with crystalline potassium bisulphate or any solid 
organic acid, a reddish-orange colour which is characteristic of vanadium pentoxide 
appears at the contact boundary. Also, if crystals of potassium or ammonium 
thiocyanate are brought into contact with potassium bisulphate a reddish coloration 
immediately appears at the contact boundary and a pungent odour (mainly sulphur 
dioxide) is detected. 

Certain conditions must be observed when carrying out solid-state analytical 
reactions. The degree of grinding is important in reactions between crushed materials, 
the rate of reaction increasing with an increase in the extent of grinding. 

Gas and vapour phases as well as water, particularly water of crystallisation, 
affect the course of solid-state analytical reactions very greatly and, of course, it is 
impossible to avoid the effects of these factors under the usual conditions of carrying 
out the reactions. Water vapour is always present in the atmosphere and it has 
either a positive or negative effect on the course of the reaction, either accelerating or 
retarding it or even making it impossible. 

When carrying out solid-state analytical reactions one is sometimes obliged to 
resort to moistening the reactions at the instant they react, for which it is sufficient 
simply to breathe on the mass or add a small drop of distilled or demineralised water. 

Heat is sometimes necessary to induce individual reactions but rarely up to a 
comparatively high temperature. 

As in the reactions of substances in solution, the presence of a proton (or hydro- 
nium) or the hydroxyl ion is of importance when carrying out solid-state analytical 
reactions. This is achieved by adding to the reaction mass solid organic acids or such 
acid salts as sodium or potassium bisulphate, or even solid potassium or sodium 
hydroxide, depending on the reaction. Instead of aqueous ammonia, ammonium 
carbonate is used. However, this factor, viz., the creation of an acid or alkaline 
medium, is less important when carrying out analytical reactions between solids than 
for reactions in solution, This is particularly notable when carrying out analytical 
reactions in which organic reagents take part, e.g., using Arsenazo I for aluminium. 
Any aluminium salt may be triturated with Arsenazo I and the reaction takes place 
readily. As is well-known, however, it is necessary to establish a definite pH when 
carrying out this reaction in solution. 

As yet only those reactions which lead to the formation of coloured reaction 
products are suitable for solid-state analytical reactions, but it may soon be possible 
to use reactions which lead to the formation of white products. In particular, this 
may be achieved by applying luminescence methods of analysis using pocket 
“luminescopcs”. 

A great advantage of solid-state analytical reactions is that it is possible to take 
very small quantities of both the material to be tested and the reagents for an 
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investigation. Even 1 mg is a large quantity. The reactions may be carried out using 
a simple binocular magnifier, should this be necessary, or under a low-power micro- 
scope, manipulations on the stage being made with quartz or glass needles. 

The reactions being considered are essentially fractional, because when studying 
minerals one usually has to carry out the reaction for the required ion in the presence 
of many other ions. In this respect certain rules are of considerable importance. 

Solid-state analytical reactions usually proceed in the direction involving the 
formation of a compound with the highest stability constant, K; this is normally 
expressed as pK, the logarithm of either the solubility product or the stability 
constant of complex ions. 

If several ions capable of reacting with some reagent are present in a mixture, then 
the first to react will be that ion which forms a compound having the highest pK with 
the particular reagent. 

The following characteristics of solid-state analytical reactions have also been 

noted : 
1. If several ions can react with a particular reagent, then the ions having the highest 
valency react first. 
2. If ions having the same valency are present, all of which react with a particular 
reagent, then those having the higher atomic number or atomic weight react first. 
3. The ability of minerals to react depends chiefly on their chemical structure, while 
the kinetic behaviour (the rate of reaction) depends on their physical structure. 
4. Crystal grains do not have the same chemical reactivity. 

The sensitivity of solid-state analytical reactions is sufficiently high and in very 
many cases is almost as good as the sensitivity of crystal deposition reactions observed 
under the microscope, the sensitivity of the latter usually being expressed in micro- 
grams. Geologists are more interested in the percentage content of an element in a 
mineral or ore. For example, the presence of 0*0019’, of boron in a sample may be 
detected by the reaction with Beryllon 2 .4 If ca. 1 mg of sample is taken for testing, 
the sensitivity of this reaction for boron will be of the order of 1O-2 pg. 

When studying minerals and ores one sometimes has to take into account the 
interference of certain ions which may be present in the test sample and to take 
measures to remove this detrimental effect. This may be achieved: 
1. By masking the interfering ions in stable complex compounds using appropriate 
reagents ; 
2. By changing the valency of the interfering ions, i.e., using redox reactions; 
3. By converting the interfering ions into readily volatile or sublimable compounds 
and removing them from the sphere of the reaction; 
4. By converting the interfering ions into compounds having a high pK. 
This matter has been dealt with in detail by Voskresenskii.4 

When selecting a method for removing the interference of some ion or other, the 
individual characteristic of the ion to be detected must be taken into account. For 
example, by using complex formation (masking), the ion being detected may also 
combine to form a stable complex. Only those ligands may be used which give 
compounds having a high pK with the interfering ion and compounds with a low pK 
with the ion being determined. 

There are a large number of substances, chiefly organic, which are suitable as 
ligands.4 It should be noted, however, that the stability of complexes of ions having a 
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variable valency depends on the latter. The ions having the highest valency usually 
have a pK considerably greater than those ions having the lower valency. For 
example, pK = 14.5 for the Trilon complex of iron while for iron(II1) it is 25.1. 
There is a still more striking difference in the values of pK for the salicylate complexes 
of iron: 6.55 for iron(I1) and 33.6 for iron(II1). 

The procedure involving redox reactions can be used for a few ions, chiefly for the 
removal of the effects of copper and iron. This procedure is, however, rarely used. 

The procedure involving the conversion of interfering ions into volatile compounds 
is of great interest, not only as a means of removing interfering ions but also as a 
means of concentrating the ion to be determined. Many halides have a comparatively 
low boiling point or sublimation temperature, e.g., SiCl, boils at 68”, SnCl, at 114”, 
TiCl, at 136”, SbCl, at 140”, FeCl, at 185”, etc. This property may be used to separate 
them from accompanying ions. For ions of the same element there is a variation of 
boiling point with valency. For ions having a variable valency the boiling point of the 
chloride of a compound incorporating the higher valency is always considerably 
lower than that of the chloride of a compound incorporating the lower valency. An 
exception is mercury, for which a reverse relationship is observed. 

On reacting with organic substances, metal ions very often form complexes 
having a comparatively low boiling point. For example, beryllium may be separated 
from a mixture as its oxyacetate, tin and nickel as their dimethylglyoxime complexes,5 
and polonium as its diphenylcarbazone,6 etc. 

When carrying out a reaction without crushing the minerals but directly on their 
surface, one frequently succeeds in detecting the required ion of an element without 
taking any measures to remove the effects of interfering ions. 

In cases where a contact reaction or a reaction on the surface of a mineral does not 
take place, the mineral should be decomposed. The best way of doing this is to heat 
the crushed mineral with a five- or six-fold quantity of ammonium sulphate or with a 
mixture of three ammonium salts, the sulphate, chloride and nitrate, taken in a 
definite ratio. The mass obtained after decomposing the mineral should have a white 
or grey colour. In rare cases the decomposition procedure has to be repeated to 

obtain a white or grey mass. 
The technique for carrying out solid-state analytical reactions is very simple. 

They may be carried out in a suitable porcelain crucible, still better in a quartz 
crucible, or on a piece of filter paper or simply on the surface of the mineral. The 
quantities of materials have already been mentioned. Reagents, particularly organic 
reagents having a colour of their own, are best used in the form of a mixture with 
carefully purified and finely-ground quartz sand or with pure silica gel. Depending 
on the reagent, such mixtures should be prepared with a reagent content not 

exceeding 1 y/i. 
A glass rod, not exceeding 3 mm in diameter and some 50-60 mm in length, is 

used to triturate the reactants when placed in a crucible, on paper or on a mineral 

surface. 
Solid potassium or sodium bisulphate may be used in almost all cases where the 

presence of a proton or hydronium is required. 
If the reaction requires heat, gas or alcohol burners or solid fuels (urotropine, dry 

alcohol, paraffin wax) are used. In summer, sunlight may be used for local heating 

with the help of a lens. 
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When carrying out reactions directly on the surface of a mineral, the selected 
position is first cleaned with a knife, which activates the surface, or the reaction is 
carried out at the position of a fresh break. Reactions at a surface proceed somewhat 
more slowly than in a crucible containing the crushed mineral but, nevertheless, they 
take place sufficiently quickly. For example, if one takes millerite, place a little 

ammonium carbonate and a small crystal of dimethylglyoxime on its surface and 
triturate it on as small an area as possible, using a glass rod: the characteristic, 
stable ruby-red colour of nickel dimethylglyoximate develops very rapidly. 

On placing a small crystal of l,lO-phenanthroline on the surface of siderite and 
triturating, the red coloration characteristic of the reaction with iron rapidly 
appears. All minerals containing this ion behave in this way. 

The use of pure metal salts is very convenient for demonstrating solid-state 
qualitative analytical reactions, Let us now examine a few such reactions for certain 
ions. 

Beryllium may be detected by reactions with quinalizarin or Beryllon 2. A little 
solid sodium hydroxide is first added to a beryllium salt followed by trituration, then 
the reagent is added, again followed by trituration. A characteristic blue coloration 

appears with either reagent. 
After adding a little solid sodium hydroxide and a little Magneson I or II to a 

magnesium salt, the characteristic colorations appear on trituration. 
Any boron compound is mixed with potassium bisulphate and a very small 

amount of Beryllon 2 is added. On mixing and heating gently just to a molten mass, 
the melt acquires a beautiful blue colour. 

Any molybdenum compound is mixed with excess ammonium sulphate and 
heated until the evolution of sulphur trioxide ceases. On cooling, the mass should 
have the blue colour of molybdenum blue. 

On mixing a tin salt and potassium iodide, a golden-yellow colour rapidly appears. 
Any bismuth compound is triturated with a certain excess of potassium iodide to 

form an iodide complex and hydroxylamine hydrochloride then added. On further 
trituration the mass acquires a characteristic orange-red or pinkish-red colour. If 
hydrazine sulphate is used instead of hydroxylamine hydrochloride, the colour ob- 
tained on trituration will be more pink. For antimony compounds a yellowish-brown 
colour is obtained under these conditions. 

Many other qualitative reactions could be quoted for various ions. At present 
rather more than 200 solid-state reactions for more than 50 elements are known. 

It is a characteristic of solid-state analytical reactions that completely insoluble 
substances are quite capable of entering into reaction. 

Solid-state analytical reactions may be used not only for the detection of elements. 
The determination of elements in minerals is possible by using solid-phase calorimetry. 
It is possible to carry out solid-phase calorimetry both visually and instrumentally. 
Visual determination by comparison of the colour obtained with the colours of a pre- 
viously constructed colour scale gives sufficiently satisfactory results. The content of 
lead, as well as of iron and nickel,’ has been determined in this way, but under con- 
ditions where the content of these elements did not exceed I’?;(. 

Besides the study of minerals, solid-state analytical reactions may also be used 
for the qualitative testing of alloys, mineral fertilisers, etc. 

To aid mineralogists and geologists in the U.S.S.R., Voskresenskii chemical kits 
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use in field, designed for a fixed group of are issued. Their 
contents varied as 

is drawn to studies carried out Feigl in He 
has shown the existence of hitherto little considered by using 
solid-state reactions in qualitative organic analysis. These include hydrolytic and 
ammonolytic cleavages and displacement, condensation and redox reactions that 
occur when organic compounds are melted or sintered with suitable reagents. Many 
sensitive and strikingly simple tests have resulted from this work.8 

Zu~~~fass~-~~~ Natur analytischer Reaktionen mischen 
Festkdrpern, ihre Entstehungsgeschichte und die dafiir aufgestellten 
Regeln werden zusammenfassend behandelt. Beispiele fiir den 
Nachweis verschiedener Elemente werden angegeben. Es wird 
beschrieben, wie die Reaktionen auszufiihren sind, und die MGglich- 
keiten zur Anwendung analytischer Festkiirperreaktionen nicht nur in 
der qualitativen, sondern such in der quantitativen Analyse aufgezeigt. 

RCsum&--On pr&ente un compte-rendu sur la nature des rkctions 
analytiques entre solides; on r&ume l’histoire de leur origine et les 
rttgles Ctablies a leur sujet. On donne des exemples de dttection de 
pertains tlkments. On dtcrit les techniques des r&actions et indique les 
possibilitCs d’emploi des reactions analytiques & l’dtat solide non 
seulement en analyse qualitative, mais aussi en analyse quantitative. 
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THE ~OULOMETRI~ TIT~TION OF WEAK ACIDS 
IN NON-AQUEOUS MEDIA 

CARL COTMAN, WILLIAM SHREINER, JANICE HICKEY and THEODORE WILLIAMS 

(Department of Chemistry, The College of Wooster, Wooster, Ohio, U.S.A.) 

(Received 19 June 1964. Accepted IO ~eptem~r 1964) 

Summary-Weak acids have been successfully titrated by coulometric 
generation of a base in a non-aqueous solvent. A platinum cathode 
and a silver anode, both placed in a solution of benzene-methanol 
or tertiary butyl alcohol-methanol, were employed with a supporting 
electrolyte of sodium perchlorate and tetrabutyl ammonium iodide. 
The procedure permits the titration of many weak acids with an 
accuracy of 2 % or better. A method of preparing CO,-free quaternary 
ammonium bases is outlined. 

INTRODUCTION 

RECENTLY, several workers have reported results for the non-aqueous titration of 
acids. Johansson’ reports a procedure for the determination of acids in isopropanol by 
generating isopropoxide ~ulometri~ally; both a cell arrangement in which the anode 
and cathode are separated, and one in which they are in the same vessel, are described, 
Streuli et al.2 report the titration of acids by generating hydroxide coulometrically 
in a water-acetone medium. In this laboratory, satisfactory coulometric titrations 
have been performed in a single vessel containing silver, platinum and glass electrodes, 
a quaternary ammonium halide, and either a benzene-methanol or a tertiary butyl 
alcohol-methanol solvent. In effect, tertiary butyIammonium methoxide is prepared 
by this procedure. Methanol is reduced at the cathode to form methoxide, and silver 
is oxidised at the anode in the presence of tertiary butylammonium halide, thus 
precipitating the insoluble silver halide. This method has the advantage that satis- 
factory titrations may be performed in a single cell, using solvents which possess 
favourable dissolution abilities and which give well-defined curves. 

Apparatus 
EXPERIMENTAL 

A constant-current supply, modelled after that reported by Ehlers and !Iea&was usedthroughout. 
The titration cell consisted of a 400-ml wide-mouthed glass jar 8 cm in diameter and 8 cm high. This 
carried a lOO-cm (24 gauge) silver-wire anode wound in a coil around the side of the jar, and a l-cm 
platinum wire cathode. The indicator system consisted of a glass electrode and the silver anode, 
which was used as a reference electrode. The end-point was detected ~tentiome~~y by a Leeds 
and Northrup 7401 pH meter. The current was determined by measuring the IR drop across a 
precision resistor (0.2x), using a Leeds and Northrup Potentiometer. Magnetic stirring was used. 

Procedure 

Approximately 50 ml of the solvent containing 0.2F NaCIOI and 0.02F tertiary butylammonium 
iodide were pipetted into the titration vessel. 
ities, and a blankcorrection was necessary. 

Often the sodium perchlorate contained acidic impur- 
If a blank correction was necessary, the solvent containing 

the sodium perchlorate and the tertiary bu~la~o~urn iodide was pre-titrated until the potentio- 
metric end-point of the acid was reached. The acid sample was added, and base was generated until 
the potentiometric end-point of the acid was observed. Visual indicators, such as Bromtbymol Blue, 
gave results identical with those obtained potentiometrically. The amount of acid was calculated 
from Faraday’s laws. 

17 
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RESULTS AND DISCUSSION 

In order to evaluate the method, the non-aqueous base was generated in various 
solvent systems, as indicated in Table I. The generated base was titrated with per- 
chloric acid in a 9: 1 methanol-benzene solution (v/v). As a further check on the 
efficiency of the generation, benzoic acid was place,d in the cell containing 50% 
benzene-50 % methanol electrolyte solution and titrated to a potentiometric end-point 
directly with generated base. Although the results in a benzene-methanol solvent were 
satisfactory, the acidic nature of the alcohol suggested the need to find other 
solvent systems. For this reason, investigations were extended to tertiary butyl 

TABLE I.-THE EFFICIENCY OF GENERATION OF QUATERNARY AMMONIUM 

BASES IN VARIOUS SOLVENTS 

Solvent Number of trials Accuracy 

Methanol 
Benzenemethanol (75 : 25) 
Tertiary butyl alcohol- 
methanol (90: 10) 
Tertiary butyl alcohol- 
methanol (60 : 40) 

6 99.4 f 2.1% 
10 99.4 zt 1.3% 
14 97.2 5 1.5% 

7 100.3 f 1.9% 

alcohol in the presence of various amounts of methanol. In solutions 0.2F in NaClO,, 
and at high concentrations of tertiary butyl alcohol, the current throughout the 
titration was very erratic. This may result from the low dielectric constant of the 
solvent. The presence of high concentrations of tertiary butyl alcohol is advantageous, 
however, because the sharpness of the end-points is increased. At 60 % (v/v) of tertiary 
butyl alcohol the current was quite stable and the results accurate within 2%. 

Initial studies indicated that when a large cathode was employed, a precipitate of 
silver appeared on the cathode. This phenomenon was also observed by Johanss0n.l 
When small platinum electrodes were employed, the deposit on the cathode was very 
small. The size of the cathode and the amount of sodium perchlorate required were 
interdependent to some extent. Small cathodes required large quantities of sodium 
perchlorate; perchlorate concentrations greater than 0.15F were required with a l-cm 
cathode, using 0.05F tertiary butylammonium iodide. Attempts to titrate acids or to 
prepare a tertiary butylammonium methoxide titrant using larger quantities of the 
iodide and completely omitting the sodium perchlorate were unsuccessful. The 
current was very erratic using only the tertiary butylammonium iodide as the electro- 
lyte, and titrations were possible only to 4% precision when the perchlorate was not 
present. The tertiary butylammonium methoxide, when prepared in a nitrogen 
atmosphere, was found to be carbonate free. Titration of this base with non-aqueous 
perchloric acid gave only one end-point inflection. For this reason the base should 
be useful in the titrimetric as well as in the coulometric titration of very weak acids 
with high precision. 

Although high currents up to 30 mu were employed, it is apparent that lower 
currents may also be used. The end-point detection methods appear to be the main 
limitation to lower concentrations. Visual indicators, such as Bromthymol Blue, gave 
results identical with those for potentiometric detection procedures. It may be 
possible to extend the method to lower acid concentrations by using a photometric 
end-point procedure. 



Coulometric titration of acids in 

60% tertiary 
butyl alcohol-40 % methanol solvent system may be used to titrate mixtures of acids. 
In most cases, where the aqueous dissociation constants of the acids differed by a 
factor of 103, two sharp end-point breaks were obtained. 

Zusemmenfm-Durch coulometrische Bildung einer Base in 
einem nichtwarigen Liisungsmittel wurden schwache Sguren mit 
Erfolg titriert. Es wurden eine Platinkathode und eine Silberanode 
in einer Liisung von Benzol-Methanol oder Tertilr-Butanol-Methanol 
verwendet, als TrQerelektrolyt Natriumperchlorat und Tetrabutyl- 
ammoniumjodid. Das Verfahren erlaubt die Titration vieler sch- 
wacher SIuren mit einer Genauigkeit von mindestens 2%. Eine 
Methode zur Herstellung CO,-freier quart&r Ammoniumbasen wird 
skizziert. 

R&un&-On a dose avec suc& des acides faibles par g&ration 
coulom&rique d’une base en solvant non aqueux. On a utilid une 
cathode en platine et une anode en argent. toutes deux plac&s dans 
une solution benz&ne-m&hanol ou tert-butanol-m&hanol, avec un 
dlectrolyte support de perchlorate de sodium et d’iodure de tbtra- 
butylammonium. La mbthode permet le dosage de nombreux acides 
faibles avec une pn%sion &gale ou sup6rieure a 2%. On d&it de 
fawn sommaire une m&hode de prkparation de bases ammoniums 
quatemaires exemptes de CO,. 
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ERIOCHROMBLAU SE. ALS REDOXINDIKATOR 

I?. BANYAI, L. ERDEY und E. KOLOS 
Institut fiir Allgemeine Chemie, Technische Universitlt, Budapest 

(Eingegangen am 29. Juni 1964. Angenommen am 17. August 1964) 

Zosammenfassung-Eriochromblau S.E. ist als Redoxindikator zu in 
saurer LGsung erfolgenden Titrationen mit Cer(IV)sulfatmassl&ung 
und KaliumbromatmasslGsung und zu in alkalischer Lzjsung erfol- 
genden Titrationen mit Natriumhypobromitmassl6sung dienlich. 
Der Farbumschlag ist sowohl in 0,l und 0,Ol n Mass scharf, der Indi- 
katorfehler ist vemachllssigbar. Das Redoxnormalpotential des 
Indikators betrlgt +0,87 V/n H,. Bei der Oxydation des Farbstoffes 
durch Cer(IV)-Ionen bildet sich wahrscheinlich reversibler Weise ein 
Azoxyprodukt. 

DER Farbstoff Eriochromblau S.E. (l-Oxy-4-chloro-2,2-diazobenzol-I,S-oxy-naph- 
thalin-3,6_disulfonsaures Natrium), 

OH OH OH 

wurde in der chemischen Analyse als Reagens zuerst zur photometrischen Bestim- 
mung des Calciumgehalts von Serum angewandt. l Bei der titrimetrischen Bestimmung 
des Calciumgehalts von Blutserum und Milch mit ;iDTA-MasslGsung fand die 

Verbindung such als Indikator Gebrauch. 2 Ausser Calcium kann man sie such bei 
der komplexometrischen Titration von anderen zweiwertigen Metallionen zu Indika- 
tion heranziehen, da sie mit diesen im pH-Gebiet 10-12 rosa oder violette Kom- 
plexverbindungen bildet. 3y4 Der Indikator selbst hat bei pH < 7 eine riitlich-violette, 
in der Umgebung von pH 10 eine blauviolette Farbe. Wir fanden, dass Eriochrom- 
blau S.E. such als Redoxindikator wirkt. Im folgenden wollen wir iiber die dies- 
beziiglichen Versuche berichten. Der Farbumschlag tritt such in 0,Ol n Mass sehr 
scharf ein, der Indikatorfehler ist vernachlgssigbar. 

Bestimmung des Umschlagspotentials des Indikators 

Eriochromblau S.E. ist in stark schwefelsaurer oder salzsaurer Liisung rotviolett, bei pH Wert 
> 10 blauviolett, auf Einwirkung von starken Oxydiermitteln in saurer Liisung gelb, in alkalischer 
Liisung farblos. Urn den Umschlagspotentialwert zu bestimmen, wurden 5 ml 0,l bzw. 0.01 m 
Eisen(II)sulfatlBsung in Gegenwart von 0,l ml 0,2x iger Eriochromblau S.E.-Liisung mit Cer(IV)- 
sulfatmassliisung von entsprechender Konzentration titriert. Die LGsungen enthielten 5, 10 und 
20% Schwefelslure, das Endvolumen betrug in jedem Fall 50 ml. Als Elektroden dienten eine 
glatte Platinindikatorelektrode und eine Bezugselektrode aus geslttigtem Kalomel. Die Messungen 
wurden mit Hilfe eines Polymetron 42 B Gerlt unternommen. Die Farblnderungen warend der 
potentiometrischen Titratidn wurden ebenfalls registriert. Fiir Umschlagspoten&lwert gait der- 
ienige Potentialwert, bei welchem die Farbe von rbtlich-violett ins eelb Inderte. Die Farblnderune 
?rat-in der steilen, sbrunghaften Strecke der Titrationskurve auf. 6er Wert des UmschlagpotentiaG 
betrug unabhiingig von der Slurekonzentration +0,87 V/n H,. In Abb. 1. sieht man beispiels- 
halber die in 5 %iger SchwefelsaurelGsung erhaltene potentiometrische Titrationskurve. 

21 
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Unserer Anschauung nach bildet sich bei der Qxydation reversibler Weise ein Azoxy-Produkt : 

6, 
rotvir>lett gc?lb 

Zur endgtiltigen Khirung der Frage sind infrarot spektrophotometrische 

0% % 

Am. t.-Cerimetrische Eisentitration in Gegenwart von Eriochromblau S.E, 

Zur Untersuchung der Farb%nderung wurden die Absorptionskurven des Indrkators in 5 T&er 
SchwefelsBure, in 0,Ol n NatriumhydroxydIBsung, weiterhin die Absorptionskurve des oxydierten 
Produkts in 5 %iger Schwefelslurelosung aufgenommen. Zur Oxydation diente 0,Ol n Cer(IV)sulfat- 
massliisung. Die Kurven sind in Abb. 2. dargestellt. Das Absorptionsmaximum der sich in saurer 
Losung ausbildenden riitlichvioletten Form liegt bei 535 mp, das der blauvioletten alkalischen Form 
bei 5.50 mp. Die Absorptionskurven wurden an einem Hilger-Watts Geriit mit Wolfram Gliihbirne 
in einer I cm Quarzkiivette mit 0,14 Spaltbreite gegen destilliertes Wasser aufgenommen. Die 
A~orptionskurve des oxydierten Prod&s wuxde gegen die indikatorfreie Versuchlosung gemessen. 
Der Farbumschlag ist der Abb. 2. gem&s scharf und kontrastvoll. 

Praktische Anwendungen des Indikators 

Da der Umschlagspotentialwert des Eriochromblau S.E. sehr hoch liegt, war es zu erwarten, 
dass es zur ~ndpunktsindikat~on von ~estimmun~en mit stark oxydierenden Masslosungen dienlich 
sein wird. 

3ei den Versuchen wurden folgende Massliisungen und Reagcnzien benutzt : 
0.1 und 0.01 m schwefelsaure Eisen(II)sulf~tmassl~sun~, 0.1 und 0.1 n schwefelsaure Cer(lV)- 

sulfatmassliisung, 0,l und 0,Ol n Kaliumbromatlosung, 03 und 0,Ol n Arsentrioxydlosung, 0,l ‘n 
Natriumhypobromitlisung, weiterhin 0,l n Ascorbinsaureliisung. Die 0,l n Kaliumbromatlosung 
und die O,l n Arsentrioxydltisung wurden durch Einwaage bereitet. Der Wirkunaswert der 0.1 n 
Cer(IV)sulfatmassliisung -wurde gegen p.a. Eisen(II)amm&iumsulfat neben Ferro% als Indikator 
eirmestellt. Die 0.1 m schwefelsaure Eisen(II)sulfatl~sung wurde aus Mohrschem Salz bereitet. Die 
0,1’6 Natriu~y~bromitl~su~g wurde na&Erdey undYfuz&s~ hergestellt, 500 ml frisch bereitetes 
ge&ttigtes Bromwasser wurden mit 500 ml n Natriu~ydroxydl~sung vermischt, der Wnkungs- 
wert wurde mit 0,l n Arsentrioxydlosung bestimmt, dann die Losung mit 0,5 n Natriumhydroxyd- 
losung dermassen verdiinnt, class der Hypobromitgehalt eben 0,l n sei und der Wirkungswert mit 
0,l n Arsentrioxydlosung definitiv eingestellt. 
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0,5 m NatriumhydroxydUsung, 5O%ige Schwefelsaure, cc und lO”/gpe Salzsiiure, 0,2%ige 
w&ssrige Eriochromblau S.E.-Liisung, 0,2 %ige alkoholische pffthoxychrisoidinliisung, 0,4 %ige 
wilssrige Methylorangeliisung, 0,025 m Ferroinlosung und 0,Ol %ige wasrige Luminollbsung. 

Cerimetrische Eisenbestimmung: Eisen(II)losungen von verschiedenen Konzentrationen werden 
mit 4 ml 50 “/Jger Schwefeltiure und 2-3 Tropfen 0,2 %iger whsriger Eriochromblau SE. Indikator- 
liisung versetzt und das Volumen mit Wasser auf 50 ml verdtlnnt. Man titriert die riitlichviolette 
Liisung unter best.iIndigem Schtltteln mit Cer(IV)sulfatmasslBsung bis zur gelben Farbe. In einer 
bis Endpunkt titrierten Liisung riickwandelt das gelbe “oxydierte” Produkt auf Einwirkung von 
Eisen(II)Ionen in die rotviolette “reduzierte” Form, die Farbstlrke ist jedoch geringer. Das 
bedeutet, dass der Indikator wiihrend der Titration eine gewisse Zerstorung erleidet. Wird die 

ABB. 2.-Absorptionskurven von Eriochromblau SE. 
- x - H,SO,: rotviolett, Ims, 535 rnp; 
-0- NaOH: blau-violett, I,., 550 rnp; 
-A-- Ox. : gelb. 

Indikatorfarbe wlhrend der Titration schwkher, SO sind gegen den Endpunkt noch l-2 Tropfen 
Indikatorlosung zuzusetzen. Die Indikatorkorrektion betrlgt bei Anwendung von 1 Tropfen 
6,2%iger whsriger Indikatorlbsung 0,3 ml 0,Ol n Cer(IV)sulfatmassliisung. Ein griisserer i)ber- 
schuss der Massliisung zerstbrt den Indikator. Die mit Eriochromblau S.E. erhaltenen Titrations- 
ergebnissen wurden mit den Resultaten der Titration mit Ferroin-Indikator verglichen und in Tab. I. 
dargestellt. Die standard Deviation betrug bei der Titration von ~55 mg Eisen fO,OQ mg bzw. 
$0.07 %. 

Bromatometrische Arsenbestimmung: Die Arsen(III)Ionen enthaltende Liisung wurde mit 20 ml 
cc. Salzsiiure und 2-3 Tropfen 0,2%iger Eriochromblau S.E. Indikatorltisung versetzt und soviel 
Wasser zugegeben, dam das Endvolumen etwa 100 ml betrlgt. Vor der Titration wurde die Losung 
auf 50-60” erwarmt, dann solange mit KaliumbromatmasslGsung versetzt, bis die rotviolette Farbe 
des Indikators nach Gelb umschlug. Die Ergebnisse wurden mit den Resultaten der Arsenbestim- 
mung nach GyGry unter Anwenduig von Methylorange als Indikator verglichen (Tab. I.). Das im 
Aquivalenzpunkt freiwerdende Brom zerstiirt den Indikator, weshalb die Indikatorfunktion irre- 
versibel ist. Die standard Deviation betrug bei der Titration von -37 mg Arsen(II1) &0,04 mg bzw. 
$O.lO%. 
- ~rs~~bestimmung mit Natriumhypobromit-Masslkmg: Zur Endpunktsindikation dieser Reak- 
tion sind Carminsaure, Brasilin und Santalin bisher empfohlen worden.a-8 Diese funktionieren 
aber nur in Gegenwart verschiedener Katalysatoren oder bei htiherer Temperatur. Erdey und Buds6 
empfahlen zu dieser Endpunktsindikation Luminol, das den Endpunkt durch einige Sekunden lang 
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dauerndes Leuchten bekannt gibt. Eriochromblau S.E. bew&hrt sich sehr gut als Indikator bei 
dieser Bestimmung. Alkalische Lijsungen (5 ml 1 n NaOH/lOO ml) von verschiedenem Arsengehalt 
werden solange mit 0,l n Natriumhypobromit-Masslosung titriert, bis der Indikator farblos wird. 
Die Variation der Laugekonzentration zwischen pH 10-13 ist ohne Einlluss auf die Resultate. Die 
Ergebnisse der Titrationen sind in Tab. I. dargestellt. Die standard Deviation betrug beim 
Bestimmen von 37 mg Amen f 0,9 mg bzw. &0,23 %. 

TABELLEI.-RESULTATEDER TITRATIONEN 

Cerimetrische Eisenbestimmun, 

Ferroin. Fe, mg 
Eriochromblau SE. 

Fe, mg 
Abweichung, rng 

1 lo,36 82,85 55,34 27,64 13,62* 10,92* 6,00* 3,02* 

110,37 82,95 55,32 27,66 13,50* 10,82* 5,94* 2,99* 
+0,01 +0,1 -0,02 +0,02 -0,12 -0,lO -0,06 -0,03 

Bromatometrische Arsbenbestimmung 

Methylorange. 
As, mg 

Eriochromblau SE. 
As, mg 

Abweichung, mg 

9250 74,04 37,67 18,50 9,22* 7,38* 3,69* 1,84* 

92,50 74,00 37,68 18,49 9,23* 7,41* 3,72* 1,87* 
- -0,4 to,01 -0,Ol $O,Ol +0,03 +0,03 + 0,03 

Arsenbestimmrrng mit Hypobromit Masslijsung 

Luminol. 
As, mg 75,Ol 56,17 3764 18,72 

Eriochromblau S.E. 
As, mg 74,98 56,23 37,68 18,88 

Abweichung, mg -0,03 +0,06 +0,04 +0,16 

Eromatometrische Ascorbinsiiurebestimmung 

p-Athoxychrisoidin. 
A.S., mg 97,36 

Eriochromblau S.E. 
A.S., mg 97,48 

Abweichung, rng +0,12 

Die Resultate gewonnen mit Eriochromblau S.E. sind Mittelwerte von sechs Titrationen. 
* Die Titrationen wurden in 0,Ol n Mass ausgefilhrt. 

Bromatometrische Ascorbinsiiurebestimmung: Zur bromatometrischen Aswrbinsiiurebestim- 
mung entwarfen Schulek und Kovacs~ eine Methode. lO-200mg Ascorbinslure sind in 1Oml 
Wasser zu Ibsen, mit 0,5 g Kaliumbromid zu versetzen und mit 5-10 ml lO%iger Salmiiure anzu- 
sauern. Sie titrierten in Gegenwart von 1 Tropfen p-Athoxychrisoidin mit 0,l n Kaliumbromat- 
masslijsung bis Farbumschlag. Wie in Tab. I. zu sehen ist, erhllt man such mit Eriochromblau S.E. 
genaue Resultate. Die standard Deviation betrlgt bei der Titration von 1OOmg Ascorbinslure 
*to,12 mg bzw. 0,12x. 

Smnmary-Eriochrome Blue S.E. can be used as a redox indicator 
for titrations with cerium(IV) sulphate and potassium bromate 
standard solutions in acidic medium, and for titrations with sodium 
hypobromite standard solution in alkaline medium. The wlour 
change is sharp both in 0.1 and O.OlN titrations, and the indicator 
error is negligible. The standard redox potential of the indicator is 
+0,87V (against H,). When oxidised with cerium(IV)ions, presumably 
an azoxy-product is formed reversibly. 



Eriochromblau S.E. als Redoxindikator 25 

R&sum&On peut utiliser le bleu Eriochrome S.E. comme indicateur 
redox pour des dosages au moyen de solutions tit&es de sulfate de 
&ium(IV) et de bromate de potassium en milieu acide, et pour des 
dosages au moyen dune solution tit& d’hypobromite de sodium en 
milieu alcalin. Pour des dosages aux concentrations 0,l et 0,Ol N, le 
changement de couleur est net, et l’erreur d’indicateur est ntgligeable. 
Le potentiel redox normal de l’indicateur est +0,87 V (par rapport a 
H,). Par oxydation au moyen d’ions &ium(IV), il se forme pro- 
bablement, de facon reversible, un compose azoxy. 
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Smarnary-The rates of reaction of 2,3,5-triphenyl-2H-tetrazoliurn 
chloride with the more common hexoses (glucose, fructose, mannosc, 
sorbose and galactose) and pentoses (xylose and ribose) have been 
studied. Under certain conditions, over a limited range of reaction, 
the extent of the reaction is directly pro~~ional to the time of reaction 
(a “pseudo zero-order” reaction). Also, the rates of reaction of the 
sugars are quite different in most cases. Thus, the behaviour of this 
reagent is quite satisfactory for the determination of binary mixtures 
of most of the sugars tested, by a simple differential rate technique 
developed for “zero-order” competitive reactions. The rates of 
reaction of 2,3,5-triphenyl-22%tetrazolium chloride with ascorbic acid, 
creatinine and glutathione, often found in blood serum, which interfere 
with most blood serum sugar analysis methods, have also been ex- 
amined to determine if they would interfere with the determination. 
Glutathione and creatinine do not react with the reagent and do not 
interfere with the analysis of sugar mixtures. Ascorbic acid, however, 
reacts rapidly, and as little as l-2 % leads to error in the sugar-mixture 
determination. 

INTRODUCTION 

IN general, the analysis of sugar mixtures is carried out in two steps: the mixture is 
first separated by paper or column chromatography, and this is followed by a quan- 
titative evaluation of the spots or fractions. l Gas chromatographic techniques have 
also been employed, following methylation of the sugarsF4 Methods for the in situ 
determination of sugar mixtures based on techniques employing differential reaction 
rates have also been reported. s-1 None of these di~erential reaction-rate methods are 
entirely satisfactory for rapid routine analysis, because of either laborious procedure 
or slow time-consuming reactions. The method of Siggia et uI.,~ based on the 
differential rates of dialysis of the sugars, although reported to be very accurate, and 
capable of determining three-component mixtures, is somewhat time-consuming, 
requiring 15-50 titrations during the course of an individual mixture dete~nation. 
The two chemical reaction-rate methods, based on the differential rates of reaction of 

l Participant in the University of Michigan Undergraduate Honors Research Programme. 
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the sugars with anthrone, or with ammonium molybdate,’ are somewhat less labor- 
ious, requiring only two simple spectrophotometric measurements for each mixture 
analysis. However, both reagents have distinct disadvantages: in the anthrone’? 
method two measurements are made at two different tem~ratures, 25” and 100”; and 
the ammonium molybdate method employs a very slow reaction (2 hr reaction time 
at 100’). 

The compound 2,3,5-triphenyl-2Ktetrazolium chloride (THTCI) reacts readily 
under mild conditions with reducing compounds, such as sugars,s to form a red 
water-insoluble fo~~an;gllo the quantity of this is directly propo~ional to the 
concentration of the sugars .ll This red precipitate is readily dissolved on adding 
acid-pyridine to the solution, and this reagent also serves to stop the reaction. There- 
fore the amount of formazan formed at any time during the course of the reaction 
is readily measured spectrophotometrically. I1 Mattson and Jenseni aIso observed 
that fructose had a “seven-fold greater reducing power” (a faster rate of reaction) 
than glucose. It therefore appeared that THTCl might be a very suitable reagent for 
the analysis of sugar mixtures by a differential reaction-rate technique. This paper 
reports the results of the investigation of the reaction of this compound with sugar 
mixtures and its applicability as a reagent for their analysis. 

EXPERIMENTAL 

The reaction solution is prepared by dissolving the sugar mixture in water to give a solution 
which is approximately 1-J m/molar in total sugar, a concentration range of sugar which gives 
convenient absorbance values on reaction (generally between 0.2 and 0.8). Two lo-ml samples of 
the sugar solution are then introduced into 50.ml volumetric flasks, placed in a thermostatted water 
bath at 25” f 0.05 and allowed to come to thermal equilibrium; 5.0 ml of 1.00&f NaOH are then 
added to each flask, and the solution is mixed and allowed to stand for about 6 min to ensure thermal 
equilibrium. The reaction is started by the addition of 1.0 ml of a freshly prepared 0.015M solution 
of THTCl. One of the sample solutions is allowed to react for 20 min and the other for 50 min. The 
reactions of the two samples are stopped at the appropriate times by the additidn of 15 ml of a pyri- 
dine-cone. hydrochloric acid solution (20~3, v/v). 
formazan product of the reaction. 

The addition of this reagent also dissolves the red 
The extent of the reaction at these two times is determined by 

measuring the absorbance of the resultant solutions at 490 mp. A Beckman model DU spectro- 
photometer was employed in this study and the blank was a solution containing all the species, except 
the sugar, in the concentrations initially added to the sample solution. 

The rates of reaction of the pure individual sugars were determined in the same manner. The 
extent of the reactions for the indi~du~ sugars were, however, measured over a large range of time 
intervals. 

Calcuiation of the composition of the mixtures 

In the reaction conditions described, the rates of formation, for all the sugars A studied, of the 
red formazan product, R, in the reaction: 

A +THTCl-+R (1) 

were directly proportional, over a limited part of the initial portion of reaction, to the time of the 
reaction, as shown in Fig. 1. The amount of R formed at any given time, t, during the course of the 
reaction, was directly proportional to the initial concentration of the sugar present (see Fig. 2). Thus, 
a very sim le proportional relationship describes the concentration of the formazan product, as a 
function o P. time and initial concentration of sugar : 

where fR& is the concentration of the product at any time, t, kA is the proportionality constant which 
can be considered to be a “pseudo zero-order” rate constant for the reaction of the sugar, A, and [Sd,, 
is the initial concentration of the sugar, A. Bec~se the absorbance of the formazan is the measured 
parameter, and because the formazan obeys Beer’s Law, the measured absorbance, P#, at any time, 
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f, is also directly proportional to t and [S&,; 
[S_J” only: 

and at a fixed value off it is directly proportional to 

P1 = Ebk,WJ, = KA,dSAl, (3) 

where E and b are the molar absorptivity of R and the path length of light in the spectrophotometer 
cell, respectively; and KA,r is the proportionality constant relating Pf to [SJ, at any 6xed value of t. 
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I.0 

04 

0.9 

( 

Fructose J 

3 

TIME, min 

FIG. 1 .-Reaction rate curves of five hexoses. 
Concentration of hexose = 1 x lo-*M; 
concentration of THTCl = 0.94 x IO-*M; 
temperature = 25” f 0.05”. 

If two sugars, A and B, react simultaneously and competitively with THTCl to form the forrnazan 
products, but with different rate constants, K4 and KS respectively: 

and 
A + THTClkd-_R (4) 

B+THTCl kB +R (5) 

The total concentration of formazan, measured as an absorbance value, P, at two different times, t, 
and t*, during the course of the reaction is given by: 

and 
P: = &,:[S& + &.t[SA (6) 

J’? = &,,‘[SJ, + KB.IW&, (7) 

Where K,,t is defined b equation (3), K.,J is equal to ebk_,t*, and KB,t and KBJ are proportionality 
constants of the same arm, except that they contain kB [the “pseudo zero-order rate constant” of % 
the reaction of B; equation Q)] rather than k d. The values of these four K constants in equations 
(6) and (7) are easily determined experimentally by measuring the values of P obtained for the reac- 
tions of known initial concentrations of pure A and B at the two time intervals, t and t1 [see equation 
(311. The values of E, b, kn and /cB do not have to be known separately. 
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With the values of the K constants predetermined, the analysis of a two-component sugar 
mixture is then accomplished by simply measuring the absorbance, P, at the two times t and P. These 
values can then be used with equations (6) and (7), which can be solved simultaneously to give [SJ, 
and [S,],. This type of calculation using proportional equations is the same as that employed for 
the analysis of mixtures undergoing first-order reaction@ and enzyme catalysed reactions.‘* Only 
the form of the proportional equations is different in each case. 

0.2 

0 
0 20 40 60 0 0.33 0.67 IO 

TIME, min [FRUCTOSE], hfx 10~ 

Fig. 2.-Effect of concentration of fructose on the rate of reaction. 
Concentration of THTCl = 0.94 x lO-SM; 
temperature = 25” * 0.05”. 

A: Curve 1. Concentration of fructose = 0.17 x 10m3M. 
Curve 2. Concentration of fructose = 0.33 x 10-SM. 
Curve 3. Concentration of fructose = 0.50 x 10-sM. 
Curve 4. Concentration of fructose = 1.00 x 10-3M. 

B: Curve 1. Extent of reaction at time, t = 20 min. 
Curve 2. Extent of reaction at time, t’ = 50 min. 

RESULTS AND DISCUSSION 

In order to determine the optimum conditions for the analysis of sugar mixtures 
using the THTCl reagent, the rates of reaction of the different hexoses were investi- 
gated over a range of sugar and reagent concentrations. The most reproducible rate 
values were obtained when the ratio of the total concentration of sugars to THTCl 
was approximately 1: 15 to 1: 1, i.e., second order conditions. Under these conditions 
the reaction at 25” is quite slow. It can be seen in Fig. 3, that the reaction with the 
fastest reacting sugar, fructose, requires over 6 hr to go to completion. This slow 
rate of reaction under these conditions makes this reagent unsuitable for the usual 
graphical second order differential rate methods,14-l5 which require the reaction of the 
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mixture to approach completion. Also, the rate results obtained for times greater than 

about 3 hr were not very reproducible. This may possibly be either because the over-all 
reaction is quite complex (the linear behaviour of the initial rate also suggests this) 
or because the formazan product is somewhat unstable (as discussed below). How- 
ever, because the rate values during the initial portion of the reaction (up to 2 hr) 
were quite reproducible, and the extent of the reaction was conveniently linear with 
respect to time during this period, the determination of sugar mixtures can easily be 
made as explained above. The one disadvantage in using merely the initial reaction 
rate values is that only a small per cent, lo-20 %, of the reaction has taken place. Thus. 

/ I I I I 
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FIG. 3.-The rate curve for the reaction of 0.5 x 10-*&f fructose and 0.94 x IO-8M 
THTCI at 25” * 0.05”. 

the absolute sensitivity of method is about 10% of what could be realised by using a 
method which allows the reaction to go to completion. However, it is felt that the 
time saved, the simplicity of the calculations, and the increase in precision obtained 
by using this initial portion of the reaction, more than compensate for the loss of 
sensitivity. 

At present, the explanation of the “pseudo zero-order” behaviour (linearity of 

the extent of reaction with time) during the initial 20 y0 of the reaction is not known. 
The mechanism of the reaction must be considerably more complex than might be 
expected. 

The value of the different proportionality constants, K, at t = 20 min and t’ = 50 

min.* for the seven sugars studied are given in Table I. Also listed in Table I are the 
relative rates of reaction of these sugars using glucose as the basis of comparison. 
It was found experimentally that for mixtures whose ratio of rates (rate of faster 
reacting component: rate of slower reacting component in equal concentrations) 
was 2: 1 or less, unsatisfactory results were obtained. Thus it appears that the 

* These times were arbitrarily chosen in this study; 20 min for t was convenient because sufficient 
colour was usually developed at this time to give an accurate and precise absorbance measurement ; 
and 50 min for t’ ensured that the optical density was not too great to obtain a reading. 

4 
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TABLE I.-THE RBCATXVE RATE CONSTANTS FOR THE REACTION OF SUGARS WITH 
2,3,5-TRIPHENYL-~-~OLIUM CHLCQUDB 

Concentration af sugar = 1.0 x 10-*&f; 
concentration of THTCl = 0.95 x 1O”sM; 

coneentratiom of NaOK = 0.31 iW. Temperature i= 25” + 0.05* 

Compound 
Proportionality constants 

K1(20 nun) K&50 ruin) 

Relative rate 
constant 

Fructose 
Sorbose 
GlUUEe 
Gala&me 
Mannose 
Xylose 
Ribose 
Creatinine 
Glutathione 
Ascorbic acid 

0.68 
0.52 
0.13 
0.090 
0.029 
0.12 
0.091 

- 
- 
- 

5.3 
4.0 

h-72 
0.22 
0.94 
0.73 
No reaction 
No reaction 
131 

experimental errors in measuring the various parameters, P,,., Pt’, 5, E’, and the values 
of K in this method are sufficiently large to introduce significant errors in the deter- 
mination when the ratio of rate constants is small. A similar restriction on low ratios 
of rate constants was also observed for the first-order “method of proportional 
equations.“‘16*‘7 THTCl is not suitable for the differential rate of detc~ination of 
fructose-sorbose, glucose-galactose, glucose-xybse, glucose-ribose or xyiose-ribose 
mixtures. It is, however, quite suitable for analytical determinations of all the other 
binary combinations of the sugars. A few specimen results are given in Table II. 

TABLB K-THE ANALYSIS OF SOME SUGAR MIXTURES 

Mixture 

1. 

A. Fructose 
B. Glucose I 

2. 

3. 

A. Fructose 
B. Galactose 
A. Fructose 
B. Ribose 

[A], M x 1Oa [B], M x IO* 

l&sent Found Present Found 

0.33 0.33 3.0 2.6 
3.2 0.55 

1.3 
1.65 
2.2 
2.5 
l-65 
2.2 
1.65 
1.0 

0.44 2.8 
1.3 2.0 
1.7 1.65 
2.3 1.1 
2.3 0.83 
1.7 1.45 
2.2 1.1 
1.7 1.65 
1.0 2.3 

2.3 
1.8 
1.2 
1.1 
1.6 
0.83 
1.6 
2.3 

4. A. Glucose ” 
B. Mannose I 1.0 0.8 2.3 2.1 

5. A. Sorbose ! 0.83 0.8 2.5 2.8 
B, Glucose 1.65 1.7 1.65 1.S 

2.5 2.7 0.83 0.7 

A relative error of ~3*4% was obtained for approximately 50 binary sugar mixtures 
analysed . 

The compounds ascorbic acid, creatinine and glutathione occur in blood serum 
in varying amounts, and interfere with all the analytical methods of sugar deter- 
minations in blood serum utilising their reducing ability.7*fs~‘S The analysis of 
mixtures of sugar in blood serum is of 3nteresP and a differential rate technique has 
been successfully employed for the analysis of fructose-glucose mixtures in blood 
serum (but is subject to error when the above compounds are present in concentrations 
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greater than 4’73.’ It was therefore decided to measure the rates of reaction of these 
species to see if they would also interfere with the method presented here. It was found 
that creatinine and glutathione did not react to any detectable extent after 1 hr and 
do not, therefore, interfere with the determination of the sugar mixtures. Ascorbic 
acid, however, reacted with the THTCl very rapidly, as shown in Table I, and as little 
as 2% of ascorbic acid in a sugar mixture would result in appreciable error in a 
determination. 

The red formazan product of the reaction is reasonably stable, but does undergo 
some decomposition with time. When dissolved on the addition of the acid-pyridine 
solution (which stops the reaction), the absorbance of the resulting solutions decreased 
by about 4% in a 4-hr period. 
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Zusannnenfaamng-Die Reaktionsgeschwindigkeiten von 2,3,5-Tri- 
phenyl-2H-tetrazoliumchlorid mit den haufigeren Hexosen Glucose, 
Fructose, Mannose, Sorbose, Galactose und den Pentosen Xylose. 
und Ribose wurden gemessen. Unter bestimmten Bedingungen 
wurde in einem gewissen Bereich des Umsatzes gefunden, da0 der 
Umsatz der Reaktionszeit direkt proportional war (Reaktion “pseudo- 
nullter” Ordnung). Auoerdem waren die Reaktionsgeschwindigkeiten 
dieser Zucker meistens stark verschieden. Demnach erwies sich 
dieses Reagens als sehr zufriedenstellend, urn bin&e Mischungen der 
meisten geprtiften Zucker mit der in dieser Arbeit entwickelten 
Methode des Geschwindigkeitsunterschiedes bei Konkurrenzreak- 
tionen “nullter” Ordnung zu analysieren. Mehrere Bestimmungs- 
beispiele werden angegeben. Die Reaktionsgeschwindigkeiten von 
2,3,5-Triphenyl-W-tetrazoliumchlorid mit Ascorbinsihrre, Kreatinin 
und Glutathion, Verbindungen, die hlufig im Blutserum vorkommen 
und die meisten Zuckeranalysen im Blutserum stiiren, wurden ebenso 
gemessen, urn festzustellen, ob sie such hier stiiren wtirden. Glut- 
athion und Kreatinin reagieren nicht und storen bei den Zucker- 
analysen nicht. Ascorbindure dagegen reagiert schnell und fiihrt 
schon in einer Menge von l-2 % zu falschen Zuckerwerten. 

R&sm&-On a CtudiC les vitesses de reaction du chlorure de 2,3,5- 
triphenyl-2%tctrazolium avec les hexoses et pentoses les plus courants: 
glucose, fructose, mannose, sorbose et galactose, xylose et ribose. 
On a trouve que, dans certaines conditions limit& le rendement 
atteint par la reaction est directement proportionnel a la d&e de 
celle-ci (reaction d’ordre “pseudo-zero”). Les vitesses de reaction de 
ces sucres sont egalement tres differentes dans la plupart des cas. 
Ainsi, le comportement de ce reactif est tout a fait satisfaisant pour 
le dosage de melanges binaires de la plupart des sucres essay&s, par 
la technique simple de vitesse differentielle developpee dam ce 
memoire pour des reactions concurrentes d’ordre zero. Quelques 
dosages sont don&s B titre d’exemples. On a aussi dtudie les vitesses 
de reaction du chlorure de 2,3,5 triphtnyl-2H-tetrazolium avec les 
composts suivants: acide ascorbique, cr&atinine et glutathion, que 
l’on trouve souvent dans le serum sanguin et qui interferent darts la 
plupart des mtthodes d’analyse du sucre du strum sanguin; ceci afin 
de voir si ces composes interfcrent dam le dosage effect& selon la 
methode d6crite dans ce memoire. On a trouvd que le glutathion et la 
creatinine ne reagissent pas le avec reactif et n’interferent pas dans 
l’analyse de melanges de sucres. L’acide ascorbique, cependant, &git 
rapidement, et une quantite de l-.2% seulement conduit a une erreur 
dans le dosage du melange de sucres. 
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COPRECIPITATION KINETICS-I 

COPRECIPITATION OF LEAD WITH BARIUM SULPHATE 

DAVID H. KLEIN* and BERNARDO FONTAL~ 
Department of Chemistry, California State College at Los Angeles 

Los Angeles 32, California, U.S.A. 

(Received 30 June 1964. Accepted 17 September 1964) 

Sunnna~---An equation has been derived describing the logarithmic 
distribution coefficient in coprecipitation as a function of the rate 
of precipitation, the number of growing crystals, and two rate con- 
stants, the ratio of which is the dist~bution coefficient at zero rate of 
precipitation. In the system lead sulphate-ba~um sulphate, the 
derived equation adequately describes the precipitation rate-depend- 
ence of the distribution coefficient. The distribution coe.fficient at 
zero precipitation rate is 0.010, which agrees satisfactorily with the 
value predicted from the solubility product constants. 

INTRODUCTION 

IF solid barium sulphate is placed in a solution containing lead ion, some of the 
barium-in the solid will be replaced by lead to form a solid solution. The distribution 
reaction can be written: 

Pb2+(aq) + BaSO, (crystal) + Ba2+(aq) + PbSO, (crystal) 

The corresponding equilibrium expression is : 

(1) 

K,, = 
%aB+(sq) aPbS04(crystal) _ K ap(BaSOa) - 
uPbs+(aq) aBaSO,(crystal) K - 

MPbSOn,) 

This equation may be rearranged to give the homogeneous distribution law of 
Henderson and Kracek :I 

in which D is called the homogeneous distribution coefficient: 

and y = activity coefficient. 

Hermann has written a similar equation in which the non-ideality of the solid 
solution is expressed as a free energy term rather than as a ratio of activity coefficients 
in the crystal. 

Equations (2) and (3) predict both the extent and the form of the distribution of 

* Present address: Department of Chemistry, Hope College, Holland, Michigan, U.S.A. 
t Participant in the National Science Foundation Undergraduate Research Participation Pro- 

gramme (G-21893), Summer, 1963. 
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lead and barium between the solid and the solution. In a system in which precipita- 
tion is taking place, both predictions are wrong. The distribution of ions between 
the solid and the solution during precipitation does not correspond to the form of 
equation (2), and the observed values for D are not simply related to the solubility 
product constants. 

According to the homogeneous distribution law, the entire crystal is involved in 
the distribution reaction. The distribution reaction is, however, a surface reaction; 
the interior of the crystal can react with the solution only through diffusion in the 
solid, or through re-solution and re-precipitation. If these processes are slow, it may 
be assumed that only the surface of the crystals takes part in the distribution reaction 
and that the distribution within the crystal is fixed. In a precipitating system, the 
term (PbU-/Ba”+) at the crystal surface may be replaced by (dPb2+/dt)/(dBa2+/dt) = 
d(Pb2+)/d(Ba2+), and equation (2) becomes 

where D and 2 have the same thermodynamic significance, but describe a different 
form of distribution. 

In its integrated form, with the assumptions given above, equation (4) is the 
logarithmic distribution law of Doerner and Hoskins: 

(5) 

where the subscripts i and f refer to the initial and final solution concentrations. 
The form of the logarithmic distribution law is followed by a number of systems, 
particularly when the technique of precipitation from homogeneous solution is 
employed. 2t4 The observed values of the logarithmic distribution coefficient, I, are 
not, however, simply related to the solubility product constants. Equations (4) and (5) 
may therefore be accepted as statements of experimental facts which have not been 
rationalised in terms of theory. 

Several investigators 2*5 have observed that 1 is a function of precipitation rate, 
and that 1 approaches 1 (the precipitation becomes less selective) as the rate of 
precipitation increases. The present paper describes the derivation and testing of an 
equation relating il to thermodynamic and kinetic parameters. 

KINETICS OF COPRECIPITATION 

Crystal growth is generally considered to proceed by incorporation of ions or 
molecules at kinks in the growth steps on the crystal surfaoz6 A kink site is repre- 
sented by the dotted volume of Fig. 1. Kinks are the most active sites for both 
deposition and solution of ions, because (a) they provide the maximum number of 
nearest neighbour interactions for deposition of an ion, (b) they provide the minimum 
number of nearest neighbour interactions for removal of an ion, and (c) they are 
regenerating, because deposition or removal of an ion does not destroy the active site, 
but merely moves it. 

We will assume that coprecipitation of lead ion in a system in which barium 
sulphate is precipitating involves the following steps : 

A: Lead and barium diffuse from the bulk solution to the active sites. Because of 
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the similarity of the ions, their diffusion coefficients are essentially equal, and so they 
reach the active sites in proportion to their concentration in solution. 

B: Every ion which approaches an active site is incorporated into the crystal. 
Therefore, precipitation is initially unselective. 

C: Once incorporated at an active site, the reactions [equation (l)] leading to 
distribution equilibrium begin. 

J 

FIG. I.-Representation of the surface of a crystal, showing an active site. 

This scheme rationalises the observed relationship between il and precipitation rate. 
As the rate of precipitation increases, ions are incorporated into active sites more 
rapidly, and the time each ion is in an active site decreases; therefore, there is less 
chance for equilibration, and the precipitation remains less selective. 

In the derivation below, the charges have been omitted for simplicity. 

Let I = total precipitation rate = d[Ba]/dt + d[Pb]/dt (6) 

According to the proposed steps A and B, the rate of deposition of lead at the active 

Pal 
, and the rate of deposition of barium is I 

[Pb] + Pal * 
The equilibration reaction of step C is 

-!!L 
Pb(aq) + BaSWrystal) r Ba(aq) + PbSO,(crystal), 

for which R,, the rate of the forward reaction, is 

R, = k,M (dd) (rpbl[p+b;Bal) . 

In this equation, k1 is a rate constant, M is the number of active sites, 

the fraction of sites occupied by barium, and F’bl 
[Pbl + Pal 

is the fraction of ions 

available at the site which are lead. Analogously, R,, the rate of the reverse reaction, is 



38 DAVILI H. KLEIN and BIZRNARDO FONTAL 

The equilibrium constant for the distribution reaction in terms of the rate constants 
for the forward and reverse reactions is K,, = k,/k,. 

The rate equation for the precipitation of lead by steps A, B and C, is 

Wbl 
d]Pbl’dt = [Pb] + [Ba] 

- R, + R,, 

dU’b1 I Pbl WI 
or -= 

dt [Pbl + [Bal 
- ‘$ @P4/dt) ([Pbl + [Ba] 

kN 
f T (Wbl/W 

Analogously, the rate equation for the precipitation of barium is 

Wal Wal FE 
dt [Pbl + tBa1 

f y (d[Ba]/dt) 
i 

F’bl 
PI + Pal ) 

- ‘+ (WblW (Ipb;B,“;Ba,) . 
1 

Rearranging, and substituting from equation (6) we obtain 

‘q ([Ba] + [Pb] - ‘q [Pb] - k$! [Ba] 
i 

= [Pb](I - k,M), 

and y ([Ba] + [Pb] - y [Pb] - ‘$ [Ba]) = [Ba](I - k,M), 

This equation is of the same form as equation (4), so that the proposed mechanism 
correctly predicts the form of the distribution in a precipitating system. Further, by 
comparing this equation with equation (4), we obtain 

which describes the observed value of A in terms of the rate of precipitation per 
active site, and two rate constants the ratio of which is the equilibrium constant for 
the distribution reaction. 

The lead sulphate-barium sulphate system was employed to test equation (7). 

Reagents 
EXPERIMENTAL 

Reagent-grade chemicals were used without further purification. 

Determination of I, the rate of precipitation 

Sulphate ion was generated electrolytically, by oxidation of thiocyanate at constant current.’ All 
solutions were seeded with solid barium sulphate, and in such systems the rate of precipitation is 
identical to the rate of generation of sulphate. ’ In all experiments the current was such as to make 
I = -4.17 X lo-’ mole. litre-‘. set-‘. 



Coprecipitation of lead with barium sulphate 39 

Determination of M, the number of active sites 

TumbulP has shown that after nucleation has occurred, the effective growth area (the number of 
active sites) of barium sulphate remains constant despite expansion of the total surface area. The 
number of active sites was therefore assumed to be proportional to N, the total number of crystals, 
with the proportionality constant incorporated into the rate constants kl and k,. Conventional 
microscopic blood cell counting techniques were used to determine N. 

A seed suspension was freshly prepared for each run by mixing equal volumes of O.l25FBa(ClO,), 
and Na$O+ Different volumes of the suspension (3-75 ml) were taken, so that N varied from run 
to run, but the size and shape of the seed crystals was constant. The number of seed crystals did not 
change from the beginning to the end of a run, indicating that the seed crystals did not fracture or 
aggregate. 

Determination of I, the logarithmic distribution coefficient 

The values required are the initial and final concentrations of lead and barium. The initial con- 
centrations were determined by potentiometric EDTA titrations using the mercury indicator electrode. 
Lead was titrated in an acidic solution, the pH was raised, and barium was titrated in thesamesolution. 

Because the concentration of barium in the final solution was too small to be determined by the 
above method, the final concentrations of lead and barium were determined by X-ray fluorescence, 
using a Norelco apparatus equipped with a lithium fluoride crystal and a scintillation detector. 
Aliquots of the final solution were precipitated with excess Na,SO1 and deposited on a membrane 
filter. The filter was supported in the X-ray beam, and the barium K, and lead L, lines were counted. 
By the use of appropriate standards and background corrections, the ratio [Pb*+]/[Ba”+] in the final 
solution was obtained. The ratio [Pba+l/[Ba*+l in the final precipitate was determined in the same 
way. From these two concentration ratios and the initial concentrations, the final solution con- 
centrations of lead and barium were calculated. 

Procedure. Two hundred ml of a stock solution of barium and lead perchlorates were mixed 
with the appropriate volume of seed suspension, the pH was adjusted to 1.0 with perchloric acid, 
and the solution was diluted to 250 ml. Two hundred ml of this seeded solution were placed in a 
beaker thermostatted at 25.0 * O.l”, and electrolysed for approximately 3.5 hr, with vigorous stir- 
ring. A portion of the original seeded solution was filtered and titrated for lead and barium, and 
aliquots of the final solution and precipitate were taken immediately for X-ray fluorescence analysis. 
An additional sample of the final solution was taken for microscopic counting, to determine N. 

RESULTS AND DISCUSSION 

The logarithmic distribution coefficient, ii, was measured in a series of experi- 
ments in which the initial ratio [Pb2+]/[Ba2+] and the rate of precipitation per particle 
were varied. Results of these experiments are presented in Table I. The precipitation 

TABLE I.--LOGARITHMIC DISTRIBUTION COEFFICIENTS FOR COPRECIPITATION 

OF LEAD WITH BARIUM SULPHATE’ 

N x lO-s 10.8 8.01 4.12 3.50 2.56 1.6) 1.20 0.88 0.65 0.65 0.41 
litre-’ 
[Bal x lOa 4.76 4.84 4.96 10.24 5.02 4.98 9.31 5.03 9.28 8.91 9.60 
initial 
[Pb] x 10s 4.31 4.63 4.77 2.80 4.92 4.85 2.80 4.95 1.52 2.71 2.74 
initial 

I 0.018 0.031 0.058 0.071 0.085 0.102 0.158 0.188 0.224 0.264 0.331 
_ 

a Rate of precipitation, d[Pb*+]/dt + d[Ba*+]/dt ~~ - 4.17 < lo-’ mole. litre-‘. secml in all 
experiments. 

rate per particlk was varied over a 25fold range, and the corresponding values of i. 
varied over a 18-fold range. 

Equation (7) may be rearranged to give 

I/N@ - 1) = k,A - k,, 

and the results of Table I, plotted as I/N(A - 1) against ;I, should yield a straight line 
of slope k, and intercept -k,. Fig. 2 is such a plot. The experimental results 
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appear to be adequately represented by the least squares straight line, supporting the 
validity of equation (7). The initial ratio [Pb2+]/[Ba2+J does not appear to influence 
1, within the accuracy of the experiments. The slope and intercept of the least 
squares line lead to the values k, = 2.0 x IO-l1 mole.sec-l. particle-l and k, = 
2.1 x 10V9 mole. se&. particle-l. 

The ratio kl/k2 is the equilibrium constant for the distribution reaction of equation 
(I), and should therefore also be equal to D in equation (3). Because of the similarity 

F1o. Z.-variation of logarithmic distribution coefficient I with rate of precipitation I 
and number of crystals N: 

0 [Pb*+]/[Ba*+], initially approximately 1.0. 
@ [Pb*+]/[Ba*+], initially approximately 0.30. 
0 [Pb*+]/[Ba*+], initially approximately 0.15. 

of size and charge, it is reasonable to assume that the activity coefficients of lead and 
barium ion in the solution are approximately equal. Because only a small amount of 
lead is incorporated into the barium sulphate crystals, and because lead and barium are 
similar in charge and size, it may also be assumed that the lead forms an essentially 
ideal solid solution in the barium sulphate crystals. With these assumptions, the 
equilibrium constant for the distribution reaction should be approximately equal to 
K,,(BaS0,)/Ks,(PbS03. 

Thus if equation (7) is valid, 

k&a = Ksp~naso,&r~t,so,~. 

The literature values for the ratio of solubility product constants is 0407 and the 
ratio kl/k2 is 0.010, so that the two values agree, within the accuracy of the experiments. 

It appears, therefore, that the observed value of the logarithmic distribution 
coefficient depends upon both thermodynamic and kinetic factors, the form of the 
dependence being that of equation (7). In the lead-barium sulphate system, the value 
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of the distribution coefficient at zero rate of precipitation is given by the ratio of 
solubility product constants. Other sulphate systems are now being studied, to 
determine if equation (7) is generally applicable, and if the distribution coefficient at 
zero precipitation rate may in general be predicted from values of the KsP. 

Acknowledgement-This work was supported by the National Science Foundation under G-22610. 
Portions of this work were stimulated by discussions with Professor Louis Gordon. 

Zusammenfassaa8-Eine Gleichung wurde abgeleitet, die den log- 
arithmischen VerteilungskoetBzienten bei der Mittillung als Funktion 
der Filllungsgeschwindigkeit, der Anzahl der wachsenden Kristalle 
und zweier Geschwindigkeitskonstanten darstellt, daren Verhaltnis 
der VerteilungskoelBzient bei der Fallungsgeschwindigkeit Null ist. 
Im System Bleisulfat-Bariumsulfat beschreibt die Gleichung die 
Abhizingigkeit des VerteilungskoetBzienten von der FUlungsgesch- 
windigkeit richtig. Der VerteilungskoetBzient bei Ftilungsgesch- 
windigkeit Null ist 0,010. Das stimmt gut mit dem aus den 
Liislichkeitsprodukten vorausgesagten Wert tlberein. 

R&a&--Gn a derive une equation qui repn%ente le coefficient de 
partage logarithmique dans la coprecipitation comme une fonction 
de la vitesse de precipitation, du nombre de cristaux en developpe- 
ment, et de deux constantes de vitesse dont le rapport est le coefficient 
de partage ii la vitesse de precipitation nulle. Dam le systeme sulfate 
de plomb-sulfate de baryum, l%quation d&iv&. d&crit correctement 
la dependance entre le coefficient de partage et la vitesse de phipi- 
tation. Le coefficient de partage il la vitesse de precipitation nulle 
est 0,010 ce qui est en accord satisfaisant avec la valeur prevue a 
partir des produits de solubilitt. 
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Summary-The !Schtitxe method for the direct determination of 
oxygen in organic compounds has been modified by a number of 
investigators. St has not always been clear whether a particular 
rn~~~tion offers any advantage. Several of these rn~i~~tio~ 
have, therefore, been examined in turn and compared. In the course 
of this work the gases obtained by pyrolysis have been anafysed in a 
mass spectrometer. As a result of this examination it is recommended 
that the organic oxygen-containing compound be pyrolysed over 
platinised carbon heated at !XKF, that both reduced copper and soda 
asbestos be used to remove interfering gases, and that the determination 
be completed gravimetrically after conversion of carbon monoxide to 
carbon dioxide with Schiitze reagent at room temperature. Alternative 
methods of determining carbon dioxide are discussed. 

THE method for the direct determination of oxygen in organic compounds, based 
on thermal decomposition in a stream of nitrogen and conversion of all the oxygen- 
containing material to carbon monoxide by reaction with heated carbon, was described 
by Schiitze in 1939. ls2 Since that time the method has been subjected to many modi- 
fications and it is not apparent from the available literature which particular com- 
bination of modifications is the most convenient and efficient. 

The more important modifications are: 

(i) The use3 of platinised carbon at 900’ instead of pure carbon at 1120”. 
(ii) Methods for converting carbon monoxide to a suitable form for the final 

meas~ement. 
Some of the reagents which are used are Schiltze’s reagent2 (iodine pent- 

oxide and sulphuric acid on silica gel) at room temperature, heated iodine 
pentoxide (measurement of the iodine* or of the carbon dioxide liberated3, 
heated copper oxide,g or heated mercury(II) oxide.? 

(iii) The method of final measurement. 
Iodine is always deter~ned by the amp~~cation method (see p. 491, but 

carbon dioxide is determined gravimetrically or titrimetrically.8 In one 
method both iodine and carbon dioxide are removed together in the same 
absorption tube so that an improved gravimetric factor is obtained.9 

A number of these modifications has been examined critically by the present 
authors and from the experience gained it is possible to make definite recommenda- 
tions. The general method is not, however, universally applicable, because many 

uncertainties still remain, e.g., the effect of phosphorus, fluorine and metals. Our 

studies of these problems will be described in a later communication. 

* Present address: Department of Chemistry, Imperial College, London S.W.7, England. 
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AS often occurs with methods which undergo considerable modification whilst retaining the 
original principle, e.g., the use of tricobalt tetroxide (Co,OJ in the determination of carbon and 
hydrogenlO and the oxygen flask method, 
to later workers. 

I1 the original work is sometimes lost sight of and is ascribed 

The basic procedure for the&direct determination of oxygen seems to have been first used by 
Markert,la a student of Hempel at Dresden Institute of Technology in 1904. All that the present 
authors know of this method (for we hav6 not seen the thesis) is that the substance was pyrolysed 
over carbon at “a high temperature” in a stream of nitrogen. The carbon monoxide was burnt to 
carbon dioxide which was determined gravimetrlcally. 

Apart from BoswelP in 1914, who pyrolysed samples in hydrogen over carbon, cornbusted carbon 
monoxide to carbon dioxide and then weighed the latter and the water separately, no similar work 
appears to have been done until Schiitze described his method in 1939. Schiitze discovered the 
method independently; this is not surprising because the Hempel-Markert studies were not published 
in the literature. 

Schiitze, who also used the method for determining oxygen in zinc oxide, used a temperature 
of looo”. He completed the method gravimetrically after oxidising carbon monoxide at room 
temperature using the preparation now called the Schiitze reagent. 

Sample weights of 20-50 mg were used in Schiitze’s method, and ZimmermannlP adapted it to 
the micro scale (3-5 mg). 

Unterzaucher’ studied the method in detail and made several modifications, the most important 
being the raising of the temperature to 1120” to ensure complete reaction. Unterzaucher also 
replaced the Schtitze reagent by heated iodine pentoxide so that an amplified iodimetric titration 
could be used. This particular modification became widely used, but in more recent times a return 
has been made to the Schiitze reagent. 

The most important later contribution was the discovery by Oita and Conway8 that platinised 
carbon heated to 900” was as effective as pure carbon at 1120”. In a comprehensive review of methods 
for determination of oxygen, Elving and Ligett I5 described an incomplete investigation of metal- 
carbon packings, and this led Oita and Conway to make an intensive study of such materials. Oita 
and Conway also emphasised the need for using reduced copper in addition to soda asbestos to 
remove interfering gases. 

Oliver’6 later simplified the Oita-Conway assembly and his modification is now generally used 
wherever platinised carbon is preferred. 

It was not possible for us to compare every modification, for this would have been 

too time-consuming; hence, some selection had to be made. It was, however, a 

simple matter to choose between pure carbon at 1120” and platinised carbon at 900”. 

If both are equally efficient, then platinised carbon at 900” is to be preferred, because 

it has the double advantage of extending the lives of the silica tube and of the furnace. 

Extended tests with platinised carbon showed that this packing was highly effi- 

cient; it was, therefore, used exclusively in all subsequent work. 

The following methods of oxidising carbon monoxide and determining the reaction 

products were examined : 

(1) Schi.itze reagent at room temperature; gravimetric determination of carbon 

dioxide. 

(2) Anhydro-iodic acid at 118”; gravimetric determination of carbon dioxide. 

(3) Schiitze reagent at 118”; iodimetric method. 

(4) Anhydro-iodic acid at 118”; iodimetric method. 

The products of decomposition from organic compounds pyrolysed at 1120” 

,ver pure carbon have been analysed by Maylott and Lewis,l’ and by Dundy and 
jtehr,5 but, so far as was known to us, similar information on the composition of the 

;ases at the lower temperature was not available. Hence, the effluent gases were 

nalysed in a mass spectrometer. 
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Comparison of Reagents for Oxidising Carbon Monoxide and for Completing 
the Determination 

In all the comparison tests the same procedure was used (see Experimental). To 
avoid complications, compounds containing carbon, hydrogen, oxygen and nitrogen 
only were examined. The effluent gases were passed through soda asbestos before 
the oxidation of carbon monoxide. Sample weights of 3-5 mg were taken. 

In the examination of anhydro-iodic acid at 118” (gravimetric method), sodium 
thiosulphate crystals were packed after the anhydro-iodic acid to absorb the iodine 
liberated. 

The Schiitze reagent is not, of course, intended for use with the iodimetric ti- 
tration; nevertheless, the comparison was made. It was necessary to heat to 118” 
to volatilise the iodine. 

Discussion of results 

Only a few determinations were done using the Schiitze reagent and iodimetric 
titration. The blank values were not constant. The results (Table I) tended to be 
slightly higher than those obtained by other methods. The reagent deteriorated 
rapidly when heated, and survived for only 5-8 determinations. 

There is probably no significant difference in the efficiency of the other three 
methods. The iodimetric method is slightly speedier than the gravimetric method, 
and would undoubtedly have advantages when trace amounts of oxygen were deter- 
mined because of amplification. Nevertheless, the gravimetric method using the 
Schtitze reagent was preferred for the following reasons: 

(a) The product measured (carbon dioxide) contains the element sought. 
(b) The reagent is used at room temperature and eliminates the need for a further 

heating device. 
(c) Some samples of anhydro-iodic acid rapidly became inactive even though 

prepared under what appear to be exactly the same conditions as samples which 
are satisfactory. All the samples of Schiitze reagent were efficient. 

The gravimetric method was used for measuring carbon dioxide because it was 
the most convenient. Infrared methods appear to be insufficiently sensitive. Con- 
ductimetric methods are more promising but the equipment is expensive.* Titration 
methods based on absorption in barium hydroxide solutionls are too inaccurate. 
The method of Blom and Edelhausen, ls in which the carbon dioxide is absorbed in 
pyridine and titrated with sodium methoxide, appears promising and will be examined 
critically at a later date. 

Other methods of oxidising carbon monoxide, e.g., heated copper oxide or mer- 
cury(I1) oxide, were not examined because they are less convenient to use then the 
Schiitze reagent and are unlikely to offer any other advantages. 

Composition of Gases Obtained by Pyrolysis over 50% Platinised Carbon 
at 900” 

The mass spectrometer used was not equipped with a double focussing device 
and it was, therefore, impossible to differentiate between nitrogen and carbon 

* H. WesthM, OHG, Bochum, Bundesrepublik Deutschland, now sell a complete assembly for the 
direct determination of oxygen, in which the final measurement of carbon dioxide is done by 
their recording instrument. Excellent results are reported. 
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monoxide. Hence, at this stage of the work, only qualitative analysis was attempted. 
The results are given in Table II. 

T&BL~ XI 

Type of compound’ Gases present0 
- 

- C, H or C, H, 0 
C, H, N, 0 

CO, HI, N, (from carrier gas), HCNb 
CO, Ha, N,, HCN 

C, H, 0, S CO, HI, N,, Ii& CSs, COS, HCNd.b 
c, H, 0, Cl CO, Hg, N,, HCN, NC1 
C, H, 0, N, Br CO, Hp, N,, HCN” 
C, H, 0, N, 1 CO, Ha, N,, HCN” 

a With some hydrocarbons, traces of methane were found (cf. Table IV). 
b Presumably HCN is produced from the nitrogen gas used as carrier, because it was found even 

when compounds not containing nitrogen were pysolysed. 
c Bromine, iodine, and their acids were not detected. The exit end of the pyrolysis tube, however, 

developed a reddish-brown colour, so that the free halogens are probably adsorbed on the cool 
silica walk. 

d When sulphur is present, HsS, CS, and <if oxygen is present) COS are always formed. These 
products were stili detectable when bromobenzoic acid was analysed 1 day later. Even after 3 days 
of continuous sweeping with nitrogen, CS, was still detectable. Therefore, if compounds not contain- 
ing sulphur are analysed after sulphur-containing compounds, it is still essential to retain the 
absorbent for removing the sulphur-containing products of the pyrolysis. 

* Sulphur appears mainly as HsS, but if there is a deficiency of hydrogen, more CS, is formed. 
f When compounds containing both sulphur and halogen are pyroiysed, sulp~ur-halogen 

compounds are not detected in the efBuent gases. 

When sulphonal was pyrolysed the effluent gases had the composition shown in 
Table III, calculated on a nitrogen/carbon monoxide-free basis. 

TABLE III.-COM~Q~KTIO~ OF THE 
EFFLUENT GASES FROM SUL3?HoNAL 

Gas y0 by volume 

H* 
Has 
HCN 
cos 
a, 
CH, 

91.5 
4.3 
22 
I.8 
Q2 

trace 

Removal of Interfering Gases 

The effluent gases were also analysed after passage through soda asbestas, The 
results are summarised in Table IV. 

TABLE IV,--COMPOSITION OF THE EFFLUENT GASES AF-IXR PASSAGE 
THROUGH SODA ASBESTOS 

Compound Gases unabsorbed 
I. 

Anthracene Ha 
Sutphonal Ha, CT-L CS, 
2,4-Thi~Iidin~ione 3% CHI, CS, 
~-Ch~oro-2,4-dinitro~n~ne H8, CS,n 

Gases absorbed 

HCN 
HCN, COS 
HCN, H& COS 
HCN, HCI 

0 cs, is from sulphur-containing compounds pyrolysed in previous 
experiments. 

5 
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Soda asbestos absorbs hydrogen sulphide, hydrogen cyanide, carbonyl sulphide 
and hydrogen chloride. Absorption of carbonyl sulphide leads to loss of oxygen and 
it is best decomposed with heated copper as recommended by Oita and Conway 
before the gases pass on to the soda asbestos; sulphur is removed and carbon mon- 
oxide is produced. Copper also removes carbon disulphide, but hydrogen sulphide 
still appears in the effluent gases probably as a result of the reaction 

Cu,S + H, + H,S + 2Cu. 

Because this is removed later by the soda asbestos, there is no interference. 
It is thus essential to use both heated copper and soda asbestos to remove in- 

terfering gases. 

Effect of hydrogen and carbon disulphide on reagents 

Hydrogen (500 ml) was passed through Schiitze reagent at room temperature and 
at 118” and through anhydro-iodic acid at 118”. The results are reported in Table V. 

TABLE V.-EFFECT OF HYDROGEN ON SCH~~TZE REAGENT 

AND ANHYDRO-IODIC ACID 

Oxygen, mg 

Iodimetric Gravimetric 

Schiitze reagent 

Room temp. 
118” 

0.03 
l-04 - 

Anhydro-iodic acid 
118” 0.10 0.04 

The effect of hydrogen is most pronounced with heated Schiitze reagent. Large 
amounts of iodine are liberated and this must account for the large and variable 
blanks reported earlier (p. 45). Neither gravimetric method is affected, as would be 
expected. The blank is slightly higher with anhydro-iodic acid iodimetrically, but 
the amount would be insignificant in an actual determination. If 5 mg of a compound 

containing 5 % of hydrogen were analysed, and if all the hydrogen were produced as 
gaseous hydrogen, the amount of iodine liberated would be equivalent to less than 
4 pg of oxygen. 

The effect of carbon disulphide on Schiitze reagent was examined by volatilising 
a weighed amount in a stream of nitrogen through the apparatus (Table VI). Carbon 

disulphide reduced the Schiitze reagent and must be removed. 

TABLE VI.-EFFECT OF 
CARBON DlSULPHlDE ON 

SCHiiTZE REAGENT 

C&, mg C02, mg 

40 4.6 

20 2.4 

20 2.8 
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The IO&metric Determination 

The liberated iodine is determined, after absorption in’sodium hydroxide solution, 
by oxidising iodide to iodate with bromine-acetic acid, destroying the excess of 
bromine with formic acid, then determining the iodate iodimetrically. A six-fold 
amplification of the original iodine is thus obtained. This is a well-established pro- 
cedure and was first used in micro-analysis for the determination of iodine20 and of 
alkoxyl groups.21p22 

It is generally assumed that free iodine does not react with formic acid, but it has 
been shown recently23 that the reaction is dependent on pH and time. Even at pH 1.6 
there is a significant reaction in 30 min. 

Because this may provide a source of error in the iodimetric determination, some 
tests were done to find if formic acid reacted with iodine under the conditions of the 
determination. No evidence was found of any such reaction. This is ascribed to the 
fact that the excess of sodium hydroxide is neutralised before oxidation of iodide to 
iodate, and that only a slight excess of formic acid is ever present, so long as the 
bromine is destroyed carefully. 

Fildes and Macdonald24 preferred to use phosphoric acid for neutralisation so that 
the acetic acid-sodium acetate buffer need not be used. This reduced the electrolyte 

TABLE VII.-BLANK VALUES REPORTED AS PERCENTAGE OF OXYGEN ON A 4-mg SAMPLE 

Conditions Oxygen, mg 
Error, % (absolute) 

(4-mg sample; 20% of oxygen) 

Gravimetric 
Schiitze reagent (room temp.) 
Anhydro-iodic acid (118”) 

iodimetric 
Schiitze reagent (room temp.) 
Anhydro-iodic acid (118”) 

0.007-0.025 0.17550.625 
0.01 la.036 0.275N.l.900 

0.020-0.056 0.50-1.5 
0015-0.036 0.375-0.90 

TABLE VIII.-BLANK VALUES REPORTED BY VARIOUS INVESTIGATORS 

Author 
- 

Unterzaucherl 
Oita and Conway8 
Campanile et aLe5 
Maylott and LewisI’ 
Dundy and Stehr6 
Hinkel and Raymond* 
Zimmermannr4 

Aluise et aLeT 
Dinerstein and Klipp** 
Berret and PoirieFg 

Gouverneur et aLz6 

Belcher, Davies and West 

Sample 
wt., Blank value, 

Temp. * mg mg of oxygen Reagent 

H 3-30 0.0 HI,O,-iodimetric 
L 3-80 0034-0~007 Hl,O,-gravimetric 
H 5-50 0.020 I,O,-iodimetric 
H 3-30 >O.ll I,O,-iodimetric 
H 3-30 @0074.036 I,O,-gravimetric 
H 15-30 0.02-0.026 I,O,-titrimetric 
H 5 0.036 Schtitze reagent 

-gravimetric 
H 5-10 0.073 I,O,-iodimetric 
H 15-25 0.1 I,O,-iodimetric 
H 10-20 0.018 Schtitze reagent 

-gravimetric 
H 30-60 o-34 I,O,-iodimetric 

100 @07 
L 

I,O,-gravimetric 
3-5 @007-0.025 Schiltze reagent 

-gravimetric 

* H = high temperature; L = low temperature. 
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concentration by about one-half. Better starch end-points are then obtained because 
electrolyte concentration affects the sensitivity. These observations were confirmed 

and the Fildes-Macdonald procedure was used exclusively to obtain the results 
reported in this paper. 

Blank Values 

Unterzaucher reported that zero blanks were obtained, but only one other in- 
vestigator within our knowledge has had similar experiences. Our own blanks 
varied over a narrow range, but were consistent over a period of several days. They 
are similar to those obtained by many other investigators (see Table VIII). The 
Schiitze reagent gave the best results and this is a further point in its favour. 

The results obtained are reported in Table VII. Table VIII compares the blank 
values obtained by various investigators. 

EXPERIMENTAL 
Reagents 

Nitrogen. “White Spot” (British Oxygen Company Limited), containing less than 10 ppm of 
oxygen. 

Parafin oil 

Reduced copper in wireform. Prepared” from micro-analytical reagent grade wire-form copper(H) 
oxide which was treated with hot dilute acetic acid, filtered, washed thoroughly with distilled water, 
dried, then heated for several hours in air at approximately 880”. The product obtained is carefully 
reduced in a quartz tube heated at 250-300” by passing a slow stream of hydrogen over it. 

Soda asbqtos, micro-analytical reagent grade (14-22 mesh) 
Anhydrone, micro-analytical reagent grade (14-22 mesh) 
Platinum 
Platinised carbon (50%). Obtainable from Johnson and Matthey Limited, or prepared according 

to the method of Oliver.iB 

Schiitze reagent. Obtained from Badische Anilin und Soda Fabrik A.G., Ludwigshafen, Bundes- 
republik Deutschland (U.K. Agents: Kodak Co., Kirby, Liverpool). The preparation of the reagent 
has been described.* There is no need to absorb the liberated iodine as in other gravimetric procedures, 
because it is retained by the reagent and shows up as a zone of liberated iodine which grows slowly 
in length during the life of the filling. The filling is usable until only a narrow band of the original 
yellow material remains. 

Apparatus (F@. 1) 
Nitrogen purification system. The last traces of oxygen are removed from the nitrogen by the 

large surface area of the reduced wire-form copper heated at 550”. 
Combustion tube fiifinp. To clean the tube before use it was treated with 40 “/, hvdrofluoric acid. 

This was done by 6lling”the tube with the acid and allowing it to stand vertically for about 1 hr 
followed by thorough washing with water. The tube filling (Fig. 2) consists of 8 cm of 50 % platinised 
carbon in two portions, 3 and 5 cm long, respectively, separated by a I-cm layer of platinum gauze. 
These layers were held in place by layers of quartz wool. 

Oxidation tube filling. This tube contains materials (Fig. 3) separated by quartz wool plugs. 
Iodised cotton is made by soaking cotton wool in saturated potassium iodide solution and drying at 
loo”. 

Operation of apparatus 

When a newly assembled oxygen micro-determination apparatus is brought into operation, a 
flow of nitrogen is passed through the reverse flushing device (J), into the combustion tube (H) so 
that the nitrogen passes through the packed platinised carbon layer and out into the atmosphere 
at the ground-joint end (K). The long heater (M) is then switched on and its temperature raised to 
900”. After sweeping out the apparatus for 1-2 days, the empty portion of the combustion tube is 
heated, starting from the platinised carbon end and going towards the ground-glass end, using the 
movable burner to remove any foreign substances that may have possibly come from the platinised 
carbon. The heating of the combustion tube is continued with nitrogen flowing in the forward 
direction until low and constant blank values are obtained. 
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I To 
-# 
I- 

- moriotte 

S- T U bottle 

R 

FIG. 1 .-Apparatus for gravimetric deter 

A-Nitrogen cylinder 
B-Pressure regulator, containing mercury 
C-Flowmeter 
D-Quartz preheater tube (ea. 15 mm x 180 

mm) containing pure copper 
E-Bubble counter containing parat% oil 
F-Drying U-tube, containing soda asbestos 

and anhydrone 
G, I-Three-way stopcocks 
H-Quartz combustion tube 
J-Reverse flushing tube 
K-Stopcock for admitting samples 

87 
joint 

mination of oxygen in organic compounds: 

L-Preheater furnace, adjusted to approxi- 
mately 550” 

M-Long heater, adjusted to 900” 
N-Movable burner 
O-Platinum sample boat (Fig. 2) 
P-Glass-covered iron rod (Fig. 2) 
Q-Magnet (Fig. 2) 
R-Scavenging U-tube containing soda asbestos 

and anhydrone 
S-Oxidation tube 
T-Micro-absorption tube 
U-Guard tube 

814 
joint 

B I4 
joint 

a~uartz wool 2 -Combustion tube filhng: . . 

b-50 % platinised carbon, 
c-platinum gauze, 
d-copper gauze (only used in the mass spectrometric studies). 

n6 9 n5 0 b + n,on,q n, 

I I 

I.2 1 

17 I5 12 32 0 

cm 

FIG. 3.-Oxidation tube filling: 
n, - - n,-quartz wool, 
o-iodised cotton, 
+-Schtitze reagent, 
q-Anhydrone. 
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Method of analysis 

Adjust the main furnace (M) to a temperature of 900” and the nitrogen flow to lOml/min. 
Connect the carbon dioxide absorption tube (T) to the oxidation tube (S) and also to the guard 
tube (U) and Mariotte Bottle. Sweep out the apparatus for 10 min with the absorption tube attached. 
Meanwhile, weigh a sample (3-5 mg) in a platinum boat on a micro balance. 
tube at the end of 10 min, wipe and weigh at the 15th min. 

Remove the absorption 

Set the threc-way stopcocks (G) and (I) to allow the nitrogen to flow through the thick-walled 
capillary into the combustion tube (H) and then through the opened stopcock (K) on the closing 
tap. Remove the closing tap and introduce the sample boat 5 cm into the combustion tube with 
a glass-covered iron rod m position behind it. Replace the closing tap and sweep out the combustion 
tube for 5 min with an increased flow rate of 20 ml/min. Close stopcock (K), open the guard tap 
and change the gas flow to the forward direction at a rate of 10 ml/mm. 

By means of the magnet and glass-covered iron rod “push” the sample boat to within 5 cm of 
the furnace, and return the rod to the entrance of the tube. 
5 cm upstream from the sample. 

Start the pyrolysis with a low heat about 
Move the heater towards the furnace at a slow rate of 2 cm/mm 

When the sample is completely volatilised, increase the temperature of the heater to its maximum and 
repeat the pyrolysis as follows: keep the heater around the sample for 5 min, then move it slowly 
towards the furnace at the rate of 2 cm/min. When the furnace is reached, keep the heater stationary 
for another 5 min; the pyrolysis is completed in 20 min. 

Switch off the heater and sweep the combustion tube through for 30min. In the meantime, 
weigh another sample. Remove the absorption tube, wipe and weigh on the 15th min. 

Determine blank values by introducing an empty boat and repeating the above procedure. 
Calculate the percentage of oxygen as follows : 

factor -$- = 0.3636 
2 

% Oxygen = 
36.36(W, - W,) 

w 
8 

where W, = weight of CO, from sample, 
W, = weight of CO, from blank, 

and W, = weight of sample. 
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Zusammenfassung-Die Methode nach Schiitze zur direkten Sauer- 
stolfbestimmung in organischen Verbindungen wurde von einigen 
Autoren modifiziert. Es war nicht immer klar, ob eine bestimmte 
binderung iiberhaupt Vorteile bietet. Daher wurden mehrere von 
diesen Anderungen von neuem gepriift und verglichen. Im Lauf 
dieser Arbeit wurden die pyrolytisch erhaltenen Case in einem Massen- 
spektrometer analysiert. Auf Grund dieser Untersuchung wird 
empfohlen, da13 die sauerstoffhaltige organische Verbindung tlber auf 
900°C erhitzter platinierter Kohle pyrolysiert wird, da0 sowohl 
reduziertes Kupfer als such Natronasbest zur Entfernung &render 
Gase eingesetzt werden und dat3 die Bestimmung gravimetrisch zu 
Ende gefiihrt wird, nachdem Kohlenmonoxyd mit Schiitze-Reagens 
bei Zimmertemperatur zu Kohlendioxyd umgesetzt ist. Andere 
Methoden zur Bestimmung von Kohlendioxyd werden diskutiert. 

R&urn&La methode de Schiitze de dosage direct de l’oxygene dans 
les composes organiques a Cte modit&. par un certain nombre de 
chercheurs. Les avantages offerts par une modification particulibre 
n’ont pas toujours Cte montres clairement. Plusieurs de ces modifica- 
tions ont, par consequent, et& examin& successivement et comparees. 
Au tours de ce travail, les gaz obtenus lors de la pyrolyse ont et6 
analyses au spectrometre de masse. En resultat a cette etude, on 
recommande de pyrolyser le compose organique contenant de l’oxygene 
sur du carbone platint chauffe a 900”, d’utiliser a la fois le cuivre 
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reduit et l’aminante sodee pour Climiner les gaz interferents, et de 
terminer le dosage gravimetriquement, apres conversion de l’oxyde 
de carbone en gaz carbonique au moyen du reactif de Schiitze a 
temperature ambiante. D’autres methodes de dosage du gaz carbon- 
ique sont discutees. 
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EIN QUALITATIVER TRENNUNGSGANG FUR 
URANSPALTPRODUKTE MITTLERER BIS 

LANGER HALBWERTSZEIT MIT HILFE 
DER RINGOFENMETHODE 

H. WEISZ und D. KLOCKOW 

Chemisches Laboratorium der Universitiit Freiburg i. Brsg., Analytische Abteilung 
Bundesrepublik, Deutschland 

(Eikgegangen am 30. Juli 1964. Angenommen am 15. August 1964) 

Zusammenfassung-43 wird ein qualitativer Trennungsgang in einem 
Tropfen fiir Uranspaltprodukte mittlerer bis langer Halbwertszeit 
(Isotope des Cs, J, Sr, Ba, Zr, Nb, Ru, Y und der Seltenen Erden) 
mit Hilfe der Ringofenmethode beschrieben. Der Probetropfen. 
welcher die Radionuklide und Submikrogrammengen der entsprecnen- 
den inaktiven TrQer enthiilt, wird auf ein Rundfilter aufgetragen. 
Durch eine Folge geeigneter Fiillungs-, Umf~lungs-, Demaskierungs- 
und Auswa~h~hritte werden nacheinander emzelne Isotope bzw. 
Isotopengruppen aus dem zentralen Tiipfelfleck selektiv herausgeliist 
und in verschiedenen Ringen konzentriert. Die Identifizierung der 
Nuklide bzw. Nuklidgruppen erfolgt durch Autoradiographie der 
einzelnen Ringe. (Expositionszeit 20 h bei einer Aktivitlt von 50400 
pC je Radioisotop). Die bei den einzelnen Trennungsschritten 
erzielten Ausbeuten werden in tabellarischer Form dargestellt. Die 
In~rpretation der Auto~dio~me sowie die Anwendungsm~glich- 
keiten des Trennungsgang~ werden diskutiert. 

BEI der Bewertung der Strahlenbelastung des Menschen durch natiirlich und kiinstlich 
radioaktive Isotope schlieljt die blo5e GesamtaktivitZitsmessung zur Ueberwachung 
von Luft-, Wasser-, Nahrungsmittel- und Bodenproben stets die Gefahr erheblicher 
Fehlbe~eilung mit ein. l Dies riihrt daher, da5 sich die einzelnen Radio-Isotope 
eines Nuklidgemisches, wie es etwa bei einer Kernwaffenexplosion entsteht, in 
ihrer Wirksamkeit auf den Organismus aus physikalischen (Art und Energie der 
Strahlung, Halbwertszeit) und physiologischen Griinden (Aufnahme in den K&per, 
Verweilzeit im K&per, Anreicherung in bestimmten Organen) erheblich vonein- 
ander unterscheiden; deshalb sind fiir sie jeweils verschiedene, oft urn einige Zehner- 
potenzen voneinander abweichende Konzentrationen im menschlichen K&per, in 
Atemluft oder Trinkwasser zulissig. 23 Aus diesem Grunde kiinnen. eindeutige 
Aussagen iiber die Bedenklichkeit oder Unbedenklichkeit eioer vorliegenden radio- 
aktiven Probe erst dann gemacht werden, wenn durch chemische Trennverfahren 
und physikalische MeSmethoden festgestellt worden ist, welche Radio- 
nuklide vorliegen und welchen Anteil jedes Nuklid zur Gesamtaktivitgt der Probe 
beitr&gt. 

Radiochemische Methoden zur Isolierung und Bestimmung einzelner, zur Strah- 
lenbelastung des Menschen beitragender Radionuklide sind in der Literatur fiir die 
verschiedenartigsten Materialien in gr65erer Zahl beschrieben.l Weiterhin gibt es 
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eine Reihe von Vorschriften zur systematischen Auftrennung von Spaltprodukt- 
4 gemischen. Bei einigen - *a dieser Verfahren wird im Makro- oder HalbmikromaBstab 

mit konventionellen Faillungs- und Filtrationsschritten, mit Ionenaustauschern und 
Extraktionsmethoden gearbeitet, bei anderen im Mikrobereich papierchromato- 
graphischsy10 oder papierelektrophoretischll getrennt. Die praktische Anwendung 
solcher Trennvorschriften erfordert meist einen betrachtlichen Zeit- und Arbeits- 
aufwand, da vielfach die in geringer Konzentration vorliegenden Radionuklide aus 
einem gewaltigen UeberschuB inaktiven Materials angereichert werden mussen, 
und da man im allgemeinen Wert auf grBBtm6gliche radiochemische Reinheit der 
abgetrennten Nuklide legt. Ein mit geringen Probemengen durchftihrbarer Tren- 
nungsgang, der nur einen qualitativen Ueberblick iiber die in einer Probe anwesenden 
Radio-Isotope bzw. Isotopengruppen sowie eine grobe Abschatzung der entspre- 
chenden Aktivitatsanteile ermiiglichen ~011, kann jedoch aus einer Folge einfacher 
und relativ schnell auszuftihrender Operationen aufgebaut sein. Ein solcher Gang, 
der die mit Submikrogrammengen Trager verdilnnten Radio-Isotope des Casium, 
Jod, Strontium, Barium, Zirkon, Niob, Ruthenium, Yttrium und der Seltenen 
Erden beriicksichtigt, wird in der vorliegenden Arbeit beschrieben. Die einzelnen 
Trennungsschritte werden mit Hilfe der Ringofenmethode12 durchgeftihrt, die 
Nachweise der in sehr geringer Aktivitat vorliegenden Radionuklide erfolgen 

autoradiographisch.r3p14 

Erliiuterungen zum Trennschema 

Der Trennungsgang ist so aufgebaut, da13 aus einem zentralen Tiipfelfleck, der 
alle interessierenden Radionuklide zusammen mit Submikrogrammengen der ent- 
sprechenden Trager in gefallter bzw. lijslicher Form enthllt, einzelne Ionen oder 
Ionengruppen mit geeigneten Waschfliissigkeiten nacheinander selektiv herausgeliist 
und in Ringen von 22 mm Durchmesser konzentriert werden. Dabei finden iibliche 
Flillungs- und Filtrationsschritte Anwendung, die den Gegebenheiten der Ringo- 

fenmethode angepaBt wurden. Trennungsschritt I erfolgt auf dem gleichen Rund- 

filter, auf dem sich der ursprtingliche Tiipfelfleck befindet. AnschlieBend wird ein 
Filterscheibchen von 17 mm Durchmesser mit diesem Tiipfelfleck (Durchmesser 
w 12 mm) im Zentrum ausgeschnitten und bei allen folgenden Trennoperationen auf 
jeweils neue Rundfilter aufgepreBt. Es findet hier also stets eine Uebertragung von 
einem Filterscheibchen in ein darunterliegendes Rundfilter statt. Zwischen die 
einzelnen Trennstufen (I-VI) sind zur Entfernung stiirender Salze Auswaschschritte 

(I/II-V/VI) geschaltet. 

Herstellung der Ausgangsliisungen und MeDtechnik 

Die Radio-Isotope lalJ, i3’Cs/r3’mBa, 90Sr/r’oY, 95Zr/86Nb, OIY, 1naCe/144Pr, 140Ba/140La und loeRu/ 
losRh standen in Form trlgerfreier Lijsungen oder als Losungen mit zu vernachlassigenden Tragermen- 
gen ftir die Ausarbeitung des Trennungsganges zur Verftigung. Die Losung eines Gemisches verschie- 
dener Tellurisotope ( lXmTe, UOmTe, MmTe, IZSmTe, 1a7mTe) mit 25 mg Te/ml als Trager diente nach 
Verdtinnung auf das 20 fache filr orientierende Versuche tiber das Verhalten von Tellur im Tren- 
nungsgang. 

Eine etwa 2 n salzsaure, oxalslurehaltige Trigerlosung, welche die isotopen Trager der eben 
genannten Radionuklide in Konzentrationen von je 0,2 mg/ml enthielt, wurde folgendermaDen 
bereitet : 

12,08 mg Pr,Oll wurden in einigen Tropfen 25 %iger Salzsaure heiB gelbst. Nach Eindampfen 
bis zur Trockene (VertXichtigung des gebildeten Chlors) wurde der R&&stand mit 11,5 ml 25 %iger 
Salzsaure aufgenommen und zu einer wa&igen Losung (einige ml) von 12,66 mg CsCl; 2415 mg 
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Rundfilrer: 2 Tr. (NH,),SO,/Na,SO,-Lsg. (1) + 1 Tr. Probelsg. + 1 Tr. (NH&SO1/Na,SOtLsg. Ueber 
NH, riiuchem; H,S-Druckfallung. Filter iiher NH, rluchern, auf dem Ringofen mit gthanol., ammoniak. 
(NH,),SO,-Lsg. (2) waschen. Scheibchen von 17 mm Durchmesser ausschneiden. 

Tremungs- bzw. 
Auswascbschritt 

I 

la 

I!11 

II 

II/III 

III 

III/IV 

IV 

IV/V 

V 

V/VI 

VI 

Ring < I f Filterscheibchen 

Cs, J Sr, Ba, La, Ce, Pr, Y, Zr, Nb, Ru, Rb, (Te) 
Baden in sal- Auf neuem Rundfilter mit 50x-igem Aethanol waschen 
petersaurer 
AgNO,-Lsg. (13) 

J’ 

34 Tr. Baa+-Lsg. (4). Ueber NH, rluchern. Auf neuem 
Rundfilter mit NaCl-Lsg. (5) waschen. 

r--i-----+ 
Ba, La, Ce, Pr, Y, Zr, Gb, Ru, Rb, (Te) 
Auf neuem Rundfilter mit NH,-Lsg. (6) waschen 

y 
Auf neuem Rundfilter mit Ethanol., essigsaurer NH,F-Lsg. 
(7) waschen 1 

Zr, Nb Ba, La, Ce, Pr, Y, Ru, Rb 
Auf neuem Rundfilter mit iithanol. (NH&SOI-Lsg. (8) 
waschen 

-4 

3-4 Tr. salpetersaure, (<H&SOb-haltige H,BO,-Lsg. 
H,S-Druckfillung. Auf neuem Rundfilter zweimal 
athanol., salzsaurer (NH&SO,-Lsg. (10) waschen 

I 

(9). 
mit 

i 
Ce, Pr, Y, (La) 

4 
Ba, (La), Ru, Rh 
Auf neuem Rundfilter mit NHrLsg. (6) waschen 

I 

Auf neuem Rundfilter mit ADTA/Na$OiLsg. (11) 
waschen 

i 
Ba, (La) 

1 
Ru, Rh 
Auf neuem Rundfilter mit NHrLsg. (6) waschen 

I 

J- 
Zweimal34 Tr. Perhydrol (12); tlber NH, rauchern. Auf 
neuem Rundfilter mit NH,-Lsg. (6) waschen. Operation 
wiederholen 

J& 
Ru, Rh 
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Sr(NO,),; 1730 mg BaCl, . 2HI,0; 31,lS mg La(NO,), . 6Hp0; 26,58 mg G&l, .7H,O; 34,18 mg 
YCI, .6H,O; 20,55 mg RuCl, und 27,05 mg RhCl, . xH,O (37 % Rh) gegeben (Liisung A). 125 mg 
Oxalstiure wurden in ca. 10 ml Wasser gel&t und mit 1,5 ml einer ithanolischen NbCl&-LZisung 
(6,6 mg Nblml) versetzt (L&sung B). Nach Zugabe von 35,35 mg ZrOCl, .8H,O und 34.12 mg 
K,TeO, * 3&O zu L&sung A wurde diese mit L&sung B vereinigt, in einen 50 ml-Me~kol~n filtriert 
und mit Wasser bis zur Marke verdiinnt. Da Jodidionen in saurem Medium leicht zu fliichtigem 
Jod oxydiert werden, erfolgte die Zugabe von 13,lO mg KJ zur TrQerlBsung erst ganz zum SchluD 
(nach dem Auffiillen). Aus dem gleichen Grunde m&ten alle Versuche mit la’J unmittelbar nach 
Ansetzen der Ausgangslijsungen durchgefiihrt werden. Die TrQerlijsung ist (von J- abgesehen) 
etwa 14 Tage ohne wesentliche Verlnderungen haltbar. 

Die Ueiberpriifung des Trennungsganges erfolgte mit Lbsungen, die jeweils ein bestimmtes 
Radionuklid und alte inaktiven Trlzerionen in Konzentrationen von ie 0.1 me/ml enthielten. Dazu 
wurden emige Zehntel ml Trggerliisung mit dem gleichen Volumen Radionuklidl~sung t_ Wasser 
verdiinnt, und zwar in solchem Verhlltnis, dat) 1 Tropfen der resultierenden Mischung, auf einem 
Filterpapier unter einem dtinnwandigen Endfensterztihlrohr (FHZ lSa, 1,17 mg/cm*) gemessen 
(Abstand vom Zahlrohr ca. 2 cm) eine Impulsrate von lOO-3OOI/min. yl ergab. (Das sind bei 
etwa 6~1 TropfengrGDe und 10 min Zghldauer Impulszahlen von 6000-18000). Die Messungen 
erfolgten mit Hilfe des StrahlungsmeDger&es FH 49 der Firma Frieseke & Hoepfner GmbH., 
Erlangen-Bruck, und der dazugehijrigen Unjversal-Bleikammer FH 447. Fiir jedes der erwghnten 
Ra~onu~ide wurde bei jedem Trennungs- und Auswa~h~hritt unter ~~cksichtigung eines 
entsprechenden Geometriefaktors die Aktivitiitsverteilung zwischen zentralem Tiipfelfleck (Filter- 
scheibchen) und Ringzone bestlmmt. Aus diesen Einzelresultaten konnte dann nach Durchfiihrung 
des Ganges ermittelt werden, wie such das betreffende Radio-Isotop auf die Ringe I, Ia, I/II, II . . V/VI 
und VI verteilt, und mit welchen Ausbeuten es von den anderen Nukliden abzutrennen ist. Die 
erhaltenen Ergebnisse sind (in Prozenten) in Tab. 1 aufgefiihrt. 

Im Verlauf des Trennungsganges treten bei den Systemen 140Ba/140La und s”Sr/soY partielle 
Mutter-Tochter-T~nnungen auf. In diesen Fgllen konnten daher die Ausbeute~stimmungen erst 
nach Wiedereinstellung des radioaktwen Gleichgewichtes, d.h. ca. 12 Tage (-7 Halbwertszeiten von 
‘*(‘La) bzw. 19 Tage (a7 Halbwertszeiten von *OY) nach der Auftrennung erfolgen. 

Die in Tab. 1 aufgefiihrten Prozentangaben sind Mittelwerte aus zwer, drew oder such vier Ver- 
suchen und aus diesem Grunde statistisch relativ un sicher. Sie k&men von Fall zu Fall starken 
Schwankungen unterliegen und sagen nur soviel aus, daO z.B. lrlJ und ls’Cs praktisch quantitativ in 
den Ring I wandern, da8 @OSr etwa zur Hllfte in den Ring 11 gelangt, wghrend ein betriichtlicher 
Teil dieses Isotops bei den Seltenen Erden (Ring IV) wiedergefunden wird, oder daij *lY und rrrCe 
zu 80-90’~ in den Ring IV gewaschen werden. Diese Angaben gelten selbstve~t~ndlich nur fiir die 
Tr~gerkonzentrationen von je 0,f mgfml und die verwendeten Frobetropfenvolumina von etwa 6 pl. 

Gerdte und Filtermaterial 

Die Trennungen erfolgten auf einem Ringofen iiblicher Bauart mit 22 mm-Bohrung.le Eine 
selbstfiillende Kapillarpipette mit einem Volumen von ca. 6 ~1 diente zum Auftragen von Probe- 
und Reagenstropfen, eine Kapillare mit etwa 40 ~1 F~ungsverm~ge~ zum Waschen. Urn bei den 
einzelnen Trennungs- und Auswas~h~hritten Substanzen aus dem Filte~hei~hen maglichst 
gleichm&Sig in das darunter liegende Rundfilter iibertragen zu kiinnen, mu&e das Scheibchen- 
besonders dessen Rand-in guten Kontakt mit dem Rundfilter gebracht werden. Dies geschah in 
der in Abb. 1 gezeigten Weise. Der auf das untere Ende des Fiihrungsrohres fiir die Auswaschkapit- 
lare aufgeschobene, glockenfarmige Ansatz, mit dem das Filterscheibchen leicht angedriickt wurde, 
besteht aus einem Gummistopfen und dem abgesprengten oberen Ende eines passenden Reagens- 
glases . 

Die verwendeten Rundfilter der Firma Macherey, Nagel u. Co., Diiren (Nr. 2260; 5,5 cm 
Durchm~~r) wurden vor Gebrauch in der von West, Llacer und Cimermanls beschriebenen Weise 
durch Waschen mit lO%iger Essigslure noch besonders gereinigt und anschlieBend im Trocken- 
schrank bei 100°C getrocknet. 

Zu Beginn des Trennungsganges werden Ruthenium und Rhodium (such Tellur) mit Schwefel- 
wasserstoff im zentralen Tiipfelfleck geftillt. Versuche mit 10sRu/looRh zeigten, daIj eine quantitative 
Abscheidung der Platinmetalle in Form eines Sulfidniederschlages, der gegen die bei den folgenden 
Trennoperationen verwendeteten Waschfliissigkeiten einigermaaen resistent ist, nur durch eine 1 b- 
stiindige Druckf~llung bei 100°C erreicht werden konnte. Die Druckf~ll~gen erfolgten in einem 
200 ml-Autoklaven aus Duranglas (Schott u. Gen., Mainz), der zur besseren Handhabung in einem 
Korkring stand (s. Abb. 2). Da der Innendurchmesser des zylindrischen Autoklaven 50 mm betrlgt, 
konnte jeweils ein schmaler Rand des Runfilters, das im Zentrum den Tiipfelfleck trug, zusammen 
mit dem Dichtungsring zwischen den Planflanschen festgeklemmt werden. 
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Reagens- und Waschliisungen 

(1) (NH&$O,/Na,SO,-Losung, die 1 %ig in Bezug auf SO,Z- und 0,5 %ig in Bezug auf SOaJ- 1st. 
(2) 50% lthanolische (NH&),SO,-Losung, die 5 % Ammoniak enthilt und 0,05 zig in Bezug auf 

SOa+ ist. 
f 3) 50 %iges Aethanot. 
(4) BaCl,-Losung; 0,l %ig in Bezug auf Baec. 
(5) 0,s %ige NaCl-Lasung. 
(6) 5 %ige Ammoniaklosung. 
(7) M&hung aus 47,5 ml einer 50 % lthanolischen NH&F-Losung, die 0,5 %ig in Bezug auf F- ist, 

und 2,5 ml Eisessig, 
(8) 50% @hanolische (NH,),SO,-L&sung, die 0,2%ig in Bezug auf SOqB- ist. 
(9) Gemisch aus 1 Raumteil gesiittigter Bors~urel~sung und 1 Raumteil 2n Salpetersiiure. Die 

Mischung enthiitt I % SO,“- als (NH&SO& 
(10) M&hung aus 49 ml einer 50% athanolischen (NH&SO,-Losung, die 0,2%ig in Bezug auf 

SOla-- ist, und 1 ml 2.5 % iger Salzslure. 
(11) Na,CO,-haltige liDTA-Losung mit 0,5 % Na,CO, und 0,5 % ADTA. 
(12) 3O%iges Wasserstoffperoxid (Perhydrol). 
(13) In saltpetersaure 1 X&e AgNO,-Losung. 
(14) Konz. Ammoniakl~sung (zum Rauchern). 

Fiihrunosrohr ftir 

Heizbloek des 
Ringofens 

\ 

I 

I 

1 

ABB. 1 .--Auswaschen aus einem Filterscheibchen 
in ein darunterliegendes Rundfilter. 

ABB. 2.-Druckfallung im Glasautoklaven. 

Durchfiihrung des Trennungsganges 

Salzsaure Probeliisung: rarJ ; 1s7Cs/1*7mBa; 90Sr/ooY ; 06Zr/asNb ; X%e/146Pr ; @lY; 1toBa/‘4cLa; 
lo6Ru11~Rh ; (Te-Isotope) ; je 0,l mg/ml der en~p~henden Trager und 1,25 mg (COOH), .2H,O/ml. 

Auf einen trockenen Tilpfelfleck aus 2 Tropfen (NH~)~SO~/Na*SO~-~sung (l), der sich in der 
Mitte eines Rundtilters befindet, tragt man 1 Tropfen Probelosung auf. Man rluchert iiber konz. 
Ammoniak, trocknet, tiipfelt mit 1 weiteren Tropfen (NHp),SOd/Na,S08-Losung nach, rluchert 
nochmals tlber konz. Ammoniak und trocknet wieder. 

Inzwischen hat man in den unteren Teil des Glasautoklaven, in dem sich ca. 20ml Wasser 
befinden, S-10 min lang H,S eingeleitet. Man legt das Rundfilter iiber die dffnung des zylindrischen 
Gef&Des (s. Abb. 2), bringt dariiber den zur Abdichtung erforderlichen Gummiring in die richtige 
Position und setzt schnell den oberen Teil des Autoklaven auf, nachdem such aus diesem durch 
Einblasen von H,S die Luft verdrslngt worden ist. (Es ktinnen 2-3 Run&lter gleichzeitig eingespannt 
werden). Mit Hilfe der Doppelschellenverbindung preBt man beide Halften des Glasautoklaven 
zusammen und stellt diesen fur 14 Stunden in einen auf 100°C aufgeheizten Trockenschrank. 

Nach Beendigung der Druckfallung liegen im zentralen Tiipfelfleck Sr und Ba als Sulfate, die 
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Seltenen Erden, Zr und Nb als Hydroxide bzw. Oxidhydrate, Ru und Rh als Sulfide (Te in elementarer 
Form), Cs und J jedoch als liisliche Salze vor. 

Trennungsschritt I: Der noch heiDe Autoklav (50-60°C) wird vorsichtig geiiffnet. Man riiuchert 
das Runfilter kurz ilber konz. Ammoniak, zentriert es dann auf dem heissen Ringofen und w&cht 
die l&lichen Anteile, darunter such praktisch alles Cs und J, mit ca. 150 ~1 (4 Pipettenfilllungen) 
einer &hanolischen, ammoniakalischen (NH,),SO,-Liisung (2) aus dem zentralen Tiipfelfleck in die 
Ringzone. Der Waschflilssigkeit werden Aethanol und (NH,),SO, zugesetzt, urn die Liislichkeit 
der Erdalkalisulfate, besonders die dea S&O,, zu verringem. Das (NH,),SO, hat noch eine weitere 
Funktion: Cs kann nur dann nahezu vollstidig aus dem Tilpfelfleck ausgewaschen werden, wenn 
die Waschllilssigkeit elektrolythaltig ist. 

Trennu~sschritt la: Aus dem Zentrum des getrockr.eten Rundaters wird nun ein Scheibchen 
von 17 m&Durchmesser, mit dem Tiipfelfleck Tn der Mitte, ausgescbnitten. Nachdem man auf 
dem restlichen Filter (Rine I) die Summe der Aktivititen von ls’Cs und lslJ bestimmt hat. badet 
man es 15-20 set in e&er”&ipetersauren AgNO,-Liisung (13), splllt es dann mit dest. Was&r und 
trocknet es. Ring Ia enthllt jetzt nur noch die Jodaktivitlt. 

Auswaschschritt Z/ZZ: Das Filterscheibchen, das noch alle Nuklide auDer ls’Cs und lslJ enthllt, 
wird auf dem Ringofen mit Hilfe der in Abb. 1 gezeigten Vorrichtung vorsichtig auf die Mitte eines 
neuen Rundfilters gepre&. Man w&cht das im Scheibchen vorhandene (NH&SO, mit 200-250 ~1 
(5-6 Pipettenfiillungen) 50 ybgen Aethanols in die Ringzone. 

Trennungsschritt II: Alle Versuche zur Trennung von Sr und Ba, die in Submikrogrammengen 
auf Filterpapier als Sulfate vorliegen, verliefen wenig befriedigend, zumal noch besondere Rilcksicht 
auf Seltene Erden, Zr und Nb genommen werden mu&e. (ADTA kann hier z.B. nicht angewendet 
werden). Eine wenigstens filr qualitative Zwecke ausreichende Trennung kann durch eine Verdriin- 
gungsreaktion erreicht werden: Da BaSO, erheblich schwerer liislich ist als SrSO,, und da nur die 
radioaktiven Isotope von Interesse sind, kann man Sr*+ aus dem Sulfattiiederschlag durch inaktive 
Ba*+-Ionen verdriingen. Hierzu werden auf das nach dem Auswaschschritt I/II getrocknete Filter- 
scheibchen 3-1 Tropfen einer BaCI,-Lasung (4) aufgetragen, so dal3 es viillig von der Reagensliisung 
durchfeuchtet ist. Man trocknet das Scheibchen, rauchert es fiber konz. Ammoniak, drilckt es 
gegen ein neues, speziell vorbehandeltes Rundfilter (s. unten) und wiischt mit ca. 150 pl(4 Pipetten- 
fiillungen) 0,5 %iger NaCl-Lbsung. Etwa die HIlfte des Radiostrontiums gelangt hierbei in den 
Ring II, aul3erdem ein merklicher Teil des ldoBa (vermutlich zum Teil durch Isotopenaustausch). 
Das bei diesem Trennungsschritt verwendete Rundfllter wird vor Gebrauch kapillar mit Wasser 
gewaschen,15 getrocknet, iiber konz. Ammoniak gerauchert und nochmals einige Minuten in einen 
100°C heilen Trockenschrank gelea. Hierdurch wird die Essigtiure, die von der bereits eeschilderten, 
anftinglichen Reinigungsoperation her noch im Filter vorhanden ist, entfemt bzw. neutralisiert. 
Mit dieser soeziellen Vorbehandlune des Rundfilters wird vermieden, da13 beim Waschen mit der 
NaCI-L&u@ die Hydroxide bzw. OYidhydrate der Seltenen Erden, d& Zr und des Nb angegrsen 
werden. 

Auswaschschritt ZZ/ZZZ: Aus dem getrockneten Filterscheibchen wird auf einem neuen Rundfilter 
alles NaCl mit etwa 150 ~1 (4 Pipettenfiillungen) 5 ‘Aiger Ammoniakliisung ausgewaschen. Wie 
autoradiographische Versuche zeigten, wandert hierbei die Hauptmenge des Te in die Ringzone. 

Trennungsschritt ZZZ: Man pre& das trockene Filterscheibchen gegen ein neues Rundfilter und 
w&scht mit ca. 250~1 (6 Pipettenfiillungen) einer Hthanolischen, essigsauren NH,F-Ltisung (7) 
etwa 80 ‘A des Zr/Nb-Paares in Form komplexer Fluoride in den Ring. Die Seltenen Erden werden 
hierbei in schwerlijsliche Fluoride iiberfilhrt. 

Auswaschschritt ZZZ/ZV: Auf einem neuen Rundfilter wird mit 150-250 ~1(4-6 Pipettenftillungen) 
Lthanolischer (NH,),SO,-Liisung(S)alles NH,F aus dem getrockneten Filterscheibchen ausgewaschen. 

Trennungsschritt IV: Die Fluoride der Seltenen Erden werden durch Demaskierung mit Bors%ure 
in stark salpetersaurem Medium in L&ung gebracht. I8 Dazu wird das trockene Filterscheibchen 
mit 3-4 Tropfen der sulfathaltigen Borsiiure-Salpeterslure-M&hung (9) durchfeuchtet und 3-4 min 
in einen 100°C heiDen Trockenschrank gelegt. Da die Sulfide der Platinmetalle durch die Salpeter- 
slure-teilweise oxydiert werden, muB man anschlieQend nochmals eine l$ stilndige H&Druckfdlung 
bei 100°C in der eingangs beschriebenen Weise durchfiihren. Hierbei wird das Filterscheibchen auf 
ein Rundfilter gelegt und dieses zwischen die zwei Haften des DruckgefiiDes eingeklemmt. 

Nach der Druckf2llung pre& man das Filterscheibchen auf dem Ringofen gegen ein neues 
Rundfilter und whcht mit etwa 250~1 (6 Pipettenfiillungen) einer Ithanolischen, salzsauren 
(NH&SO, Lasung (10). Dieser Auswaschvorgang wird wiederholt, indem man das Filterscheibchen 
vorsichtig vom Rundfilter abhebt, kurz trocknet, wieder behutsam gegen das Rundfilter driickt 
(dieses darf sich dabei nicht verschieben) und nochmals mit 250 ul der eleichen Fliissiekeit wiischt. 
Erst durch die Wiederholung der Waschoperation wird erreicht,‘daD l&O% des Ce Gnd des Y in 
den Ring IV wandern. Die 140La-Tochteraktivitt dea 140Ba eelanet nur in m%ieer Ausbeute in 
diesen I&g, der neben den Seltenen Erden noch einen me&ich& Anteil des gadiostrontiums 
enthllt. Beim Trennungsschritt IV muO darauf geachtet werden, da0 die in der Waschfliissigkeit 
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enthaltene Salzslure das Filterpapier in der heiRen Ringzone nicht so stark angreift, dalj es einreit3t. 
Autoradiogramme des Ringes IV (s. Abb. 3) zeigen, dab dieser etwas unscharf ist und Ausbuchtungen, 
aufweist. Die Ursachen hierfilr sind in den zwei aufeinanderfolgenden Auswasch-operationen und 
den im Ring konzentrierten, relativ groDen Salzmengen zu suchen. 

Die Freisetzung der Seltenen Erden aus ihren Fluori~iederschl~gen kann such mit Be*+-Ionen 
erfolgen. 

Auswaschschritt IV/V: Auf einem neuen Rundfilter wird aus dem getrockneten Filterscheibchen 
das (NH&SO, mit 150 @I(4 Pipettenftillungen) 5 %iger Ammoniaklosung ausgewaschen. 

Trennungsschritt V: Die Abtrennung der Hauptaktivitat des Ba von den noch auf dem Filter- 
scheibchen fixierten radioaktiven Platinmetallen wird mit ADTA in alkalischem Medium durch- 
geftihrt. Hierzu driickt man das getrocknete Scheibchen auf dem heiBen Ringofen gegen ein neues 
R~dfilter und w&cht mit ca. 150 1cf (4 Pi~ttenf~llungen) einer Na,CO,-halti en ADTA-Losung (11). 

Auswaschschrift VjVZ: Auf einem neuen Rundfilter werden restliches d DTA und Na,CO, mit 
etwa 150 ~1 (4 Pipettenfiillungen) 5 %iger Ammoniakl&ung aus dem getrockneten Filterscheibchen 
ausgewaschen. 

Trennungsschritt VI: Das Filterscheibchen enthalt jetzt nur noch das Mutter-Tochter-System 
loaRu/lodRh. Zum Zwecke der Autoradiographie miissen die Platinmetalle, die als Sulfide vorliegen, 
in einem Ring konzentriert werden. Dies geschieht nach Oxydation der Sulfide mit Hz& in am- 
moniakalischem Medium. Man durchfeuchtet das getrocknete Filterscheibchen mit 3-4 Tropfen 
Perhydrol(l2), riiuchert 30 set tiber konz. Ammoniak, trocknet im Trockenschrank und wiederholt 
die Operation. Anschliebend pret3t man das Scheibchen auf ein neues Rundfilter und w&scht mit ca. 
150 pl(4 Pipettenftillungen) 5 %iger Ammoniaklosung. Man l&l% das Rundfilter auf dem Ringofen 
liegen, hebt das Filterscheibchen vorsichtig ab, trocknet es und wiederholt den ganzen Oxydations- 
vorgang mit Perhydrol und konz. Ammoniak. Danach wird das Scheibchen wieder gegen das 
Rundfilter gedrtlckt und nochmals mit etwa 150 ~1 5 %iger AmmoniaklSsung ausgewaschen. Etwa 
8 der Gesamt-Ru-Aktivitat befinden sich im Ring. 

Bei den geschilderten Operationen mtn.3 darauf Rticksicht genommen werden, da13 das Filter- 
scheibchen durch Perhydrol stark angegriffen wird. 

Ring VI liefert ebenso wie Ring IV relativ diffuse Autoradiogramme (s. Abb. 3). 

Autoradiographie 

Der besondere Vorteil der Ringofenmethode bei der Anwendung auf radiochemische Probleme 
liegt darin, dal) durch Kombination mit der Autoradiographie radioaktive Substanzen noch in 
sehr geringer Aktitivlt (pC-nC-~rei~h)l*,l’ nachgewiesen werden konnen. Der erhohte Zeitbedarf 
gegeniiber instrumentellen Me~methoden wird durch die einfache Ar~i~t~hnik und den luberst 
geringen Materialaufwand wieder ausgeglichen. 

Es lag nahe, das autoradiographische Nachweisverfahren such auf den eben beschriebenen 
Trennungsgang anzuwenden. Der Gang wurde zu diesem Zweck mit Probelosungen durchgefiihrt, 
die wiederum alle inaktiven Ionen in Konzentrationen von je 0,l mg/ml enthielten, jedoch wesentlich 
geringere Aktivitiiten pro Volumeinheit (lo-20 ma1 weniger) aufwiesen als die zur Ueberprtlfung 
der einzelnen Trennschritte verwendeten Losungen. Mit Ausnahme der lPUBa~**OLa-liisung (= 5 
I/min 1 yl) ergaben alle Proben unter einem FHZ 15a (s. unter “Me~techni~‘) Impulsraten von je 
10-15 I/min I ~1 pro Isotop. Auch die untersuchten Nuklidgemi~he enthielten jedes Radioisotop 
in dieser Aktivitatskonzentration. Mit jeder der hergesteltten Probelosungen wnrden alle Stufen 
des Trennungsganges durchgefiihrt, die Filter mit den Ringen la, I, I/II . . . V/VI, VI in dieser 
Reihenfolge nebeneinander auf Riintgenfilmstreifen (Adox-Doneo) gelegt und beschwert. (Die 
Rontgenfilme befanden sich dabei in Schutztaschen aus schwarzer Ptastikfolie mit einem Fliichenge- 
wicht von etwa 6,6 mgjcm”). Die Auswaschringe I/II, II/III u&w. haben fur den Nachweis der 
einzelnen Radionuklide keine Bedeutung und wurden hier nur zu Kontrollzweeken mit aufgelegt. 
Nach 20 h Exposition in einer Tiefk~hlt~hel* (fur l*“Ba/iroLa betrug die Expositionszeit unmittelbar 
nach Beendigung des Trennungsganges 70 h und 12 Tage spater 122 h) wurden die Filme entwicklt. 
Sie zeigten dann an einigen Stellen, welche ganz bestimmten Trennungs- bzw. Auswaschschritten 
entsprachenden, die von den jeweiligen Nukliden herriihrenden schwarzen Ringe. 

In Abb. 3 ist eine Auswahl der so erhaltenen Autoradiogramme in tabellarischer 
Form zusammengestellt. Das Nuklidg~misch MT26 enthielt 137Cs/137mBa, WSr/sOY, 
s5Zr/v5Nb, l‘We/l@Pr, e1Y und l~Ru~l~Rh, das Gemisch MT27 137Cs/137mBa, s5Zr/ 
s5Nb, 144Ce/144Pr, s1Y und lWRu/lo6Rh. 

Es wurden (mit einer Ausnahme beim Jod-Ciisium-Gemisch) nur diejenigen 
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Teile der entwickelten Filmstreifen ausgeschnitten und in die Tabelle eingefugt, die 
eine eben noch sichtbare, ringfijrmige Schwtirzung aufwiesen. 

Wie man in Abb. 3 erkennen kann, ist nach Durchfuhrung des Trennungsganges 
praktisch die gesamte Czisium- und JodaktivitPt in Ring I konzentriert, der 8 Wochen 
spater (7 Halbwertszeiten von lslJ) nur noch 1a7Cs/1S7”Ba enthiilt. Badet man Ring I 
in salpetersaurer AgNOa-Losung, so bleibt nur das 131J zuriick (Ring Ia), welches in 
8 Wochen zerfallen ist und auf dem Film keinen Ring mehr abbildet. In einem 

Taga 

ABB. 4.-Abfallen der **lJ-Aktiv& in Ring Ia. 

Versuch mit entsprechend hoher Ausgangsaktivitit wurde der Abfall des in Ring Ia 
vorhandenen lslJ tiber einige Wochen hinweg verfolgt (s. Abb. 4). Vom Mutter- 
Tochter-System 140Ba/1mLa wird die Hauptmenge in Ring V konzentriert. Ein Teil 
des lmLa und geringe Mengen lmBa gelangen in den Ring IV, der 12 Tage (7 Halb- 
wertszeiten des l”OLa) nach erfolgter Trennung nur noch ein sehr schwaches Auto- 
radiogramm liefert. In dieser Zeit ist in Ring V, desgl. such in Ring II, in dem sich 
ein merklicher Anteil des lmBa befindet (vgl. Tab. l), %,a bis zum Gleichgewicht 
nachgewachsen. Die schwachen Abbildungen des Auswaschringes V/VI riihren von 
restlichem lqOBa/lmLa her. Die UntergrundschwZirzungen der 140Ba/140La-Autoradio- 
gramme unterscheiden sich nur deshalb so sehr voneinander, weil in einem Fall 
(nach 12 Tagen) ein frisch angesetzter Entwickler verwendet wurde. Ein solcher 
Unterschied in der Entwicklerwirksamkeit ware fur halbquantitative Schatzungen 
nicht mehr zul&ssig.14 

Beim Nuklidgemisch MT26 ist besonders auf Ring II (9oSr) zu achten, der un- 
mittelbar nach der Trennung nur sehr schwach abbildet, 3 Wochen spater (etwa 7 
Halbwertszeiten des goY) als Folge des nachgewachsenen “Y jedoch einen deutlichen 
schwarzen Ring liefert. In Ring IV, der 14aCe/1cqPr, s1Y, “Y sowie einen bedeutenden 
Anteil des gOSr enthalt (vgl. Tab. 1) und deswegen ein besonders kraftiges Auto- 
radiogramm ergibt, klingt die Aktivitat des goY entsprechend ab. Dieses Anwachsen 
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der Aktivitat in Ring II und Abklingen in Ring IV wird durch die Kurven in 
Abb. 5 veranschaulicht, die nach der Durchftihrung des Trennungsganges mit einer 
~Sr/soY-Liisung hijherer Aktivitatskonzentration erhalten wurden. Auch beim 
Nuklidgemisch MT27, das kein s”Sr/WY enthalt (kein Autoradiogramm des Ringes 
II), bildet Ring IV sehr stark ab. Beiden Gemischen (MT26 und MT27) sind 
weiterhin die Autoradiogramme der Ringe I (13’Cs/13’“Ba), III (95Zr/s5Nb) und VI 
(loeRu/lo6Rh) gemeinsam. Die geringen Schwlrzungen, die Ring V liefert, rtihren 

I I I I I I I I I I I I I I 

0 , 2 3 ‘I 5 6 7 e 9 IO II 12 13 H IS 

Tag* 

ABB. 5.-Nachwachsen der #OY-Aktiviit in Ring II (0) und Abfallen in Ring IV (A). 

von restlicher Cer-, Yttrium- und (im Falle von MT26) Strontium-Aktivitit her 
(vgl. Tab. 1). 

DISKUSSION 

Der beschriebene Trennungsgang soll als Model1 fiir in der Praxis erforderliche 
Untersuchungen dienen. Obwohl die einzelnen Radionuklide nicht quantitativ 
voneinander getrennt werden konnten, ist es doch miiglich, mit Hilfe der geschil- 
derten Operationen in relativ kurzer Zeit und mit einfachen Mitteln erste Aussagen 
iiber Art und ungefahre Aktivitat der in einer Probe vorhandenen Radioisotope zu 
machen. Die Durchfihrung des Trennungsganges, vom Auftragen des Probetropfens 
bis einschliefilich Stufe VI gerechnet, erfordert etwa 6 Stunden Zeit. Allein die 
H%lfte hiervon wird fur die beiden Druckfgllungen benijtigt und steht deshalb fur 
andere Arbeiten zur Verfiigung. Berticksichtigt man weiterhin, daD bequem mehrere 
Proben nebeneinander bearbeitet werden kiinnen, so verringert sich der effektive 
Zeitbedarf noch wesentlich. 

Bei der Ausarbeitung dieses Trennungsganges wurden fertige Probelbsungen mit 
definierten Triigerkonzentrationen eingesetzt. In der Praxis liegen jedoch stets 
Spuren radioaktiver Isotope in einem grol3en UeberschuB inaktiven Materials vor, 
was Anreicherungen und Vortrennungen erforderlich macht. Durch Anwendung 
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der Autoradiographie wird man aber wegen der Empfindlichkeit dieses Nachweis- 
verfahrens nur geringe Substanzmengen aufarbeiten mtissen.l’ Einen Weg zur 
Anreicherung von Radioisotopen aus wIiI3rigen Lijsungen auf dem Ringofen zeigten 
Malissa und Loley , al7 das AufschlieBen von Mikrogrammengen schwerloslicher 
Proben unter Anwendung der Ringofenmethode wurde ebenfalls beschrieben.l* 

Die Auswertung der Autoradiogramme eines aufgetrennten Nuklidgemisches muI 
von der Tatsache ausgehen, da13 einige Isotope in Ringe verschleppt werden kiinnen, 
in die sie theoretisch nicht gehiiren und hier Nuklide votiuschen, die tiberhaupt 
nicht vorhanden sind (vgl. Tab. 1). Erst wenn man die ganze Serie der Autoradio- 
gramme eines durchgefuhrten Trennungsganges betrachtet und womijglich noch 
die physikalischen Eigenschaften der Radionuklide (Halbwertszeit) zur Beurteilung 
heranzieht, kiinnen Entscheidungen tiber An- oder Abwesenheit bestimmter Isotope 
gefallt werden. So deutet z.B. eine schwache Abbildung des Ringes II auf BOSr oder 
verschlepptes lmBa hin. Handelt es sich urn letzteres, so mu8 Ring V ein deutliches 
Autoradiogramm liefern. Liegt jedoch nur BOSr vor, so mu13 die von Ring II her- 
riihrende Schwarzung 3 Wochen nach der Trennung deutlich starker sein als vorher. 
Will man ein schwaches Autoradiogramm des Ringes V nicht auf lmBa/140La zuriick- 
fuhren sondern auf verschleppte Seltene Erden und Strontium, so mu8 Ring V 
einige Wochen spZiter (Halbwertszeit des lmBa 12,8 d) immer noch sichtbar abbilden. 
Enthglt die zu untersuchende Probe gentigend hohe Aktivititen, so kann man die 
voneinander getrennten Radioisotope eindeutig durch y-Spektrometrie identifi- 
zieren, wie dies Hilton und Reed fur die Abtrennung von 13’Cs/13’“Ba lB120 sowie von 
ssMo/gsmT~21 aus bestrahltem Uran mit Hilfe der Ringofenmethode beschrieben haben. 

Das bei der Spaltung von B6U mit thermischen Neutronen gebildete Nuklid- 
gemisch enthllt neben den in diesem Trennungsgang beriicksichtigten Radioisotopen 
noch eine Reihe anderer radioaktiver Spaltprodukte mittlerer bis langer Halbwerts- 
zeit, die sich chemisch gleich oder sehr ahnlich verhalten. So muB man z.B. mit der 
Anwesenheit von %r in Ring II oder von 141Ce, 14’Prn und anderen Seltenen Erden 
in Ring IV rechnen. Nuklide wie 9sMo/gB”T~ und 132Te/132J (Halbwertszeit jeweils 
=3 d) sowie Isotope mit noch kiirzerer Halbwertszeit wtirden bei “jungen” Spalt- 
produktgemischen (Alter <20 d) von Bedeutung sein. Hingegen mtil3te das Ver- 
halten von Uran- und Plutoniumisotopen, die im “Fallout” auftreten kiinnen, von 
natiirlich vorhanden Radionukliden (226Ra, 210Pb) und von sekundar durch Neutro- 
neneinwirkung induzierten Aktivitaten (Kobalt- und Wolframisotope, MMn, 55Fe, 
2QNa, =Tl) im Trennungsgang noch untersucht und dieser gegebenenfalls entspre- 
chend modifiziert werden. 

Wie eben bereits angedeutet, variiert der Anteil der einzelnen Radionuklide an 
der Gesamaktivitit eines Spaltproduktgemisches stark mit dessen Alter. Dieser 
Tatbestand ist nicht ohne EinfluB auf die Durchfuhrung des Trennungsganges. 
Liegt z.B. ein Spaltproduktgemisch vor, das >150 d ah ist (MT26 entspricht etwa 
solch einem Gemisch), dann kann man 13iJ und 1QOBa/140La unberticksichtigt lassen 
(Anteil von 140Ba/lmLa an der GesamtaktivitZit dann noch %0,2°/o)22 und die Ausbeute 
beim Abtrennen des Radiostrontiums dadurch erhiihen, da13 man den entsprechenden 
Trennungsschritt (II) wiederholt. 

Will man sich auf die Abtrennung des einen oder anderen Isotops aus einem vorlie- 
genden Nuklidgemisch beschrgnken, dann kann man den Trennungsgang so Modi- 
fizieren, da8 sich die Aktivitiiten der abgetrennten Isotope halbquantitativ durch 
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Autoradiographie14p225 bestimmen lassen. Sind z.B. in Stufe I 13’Cs und evtl. 
vorhandenes lslJ praktisch quantitativ abgetrennt worden, dann kiinnen unmittelbar 
anschlieBend etwa 95% des s5Zr/sbNb ohne nennenswerte Kontaminerung durch 
andere Nuklide mit ~thanolis~her, essigsaurer NH,F-LSsung aus dem Filterscheib- 
then in die Ringzone eines neuen Rundfilters gewaschen werden. Diese Operationen 
(einschliel3lich der H,S-Druckfallung) beanspruchen 2-2fr Stunden Zeit. Hat man 
(nach Beriicksichtigung einer evtl. noch vorhandenen JodaktivitHt) die Aktivitaten 
von ls7Cs und 95Zr/95Nb autoradiographisch bestimmt, dann lassen sich aus dem 
Aktivit~tsverh~ltnis m~gliche~eise R~ckschl~sse auf das Alter des Spaltprodukt- 
gemisches ziehen. 

An dieser Stelle mtichten wir Herrn Professor Dr. W. Seelmann-Eggebert, dem 
Direktor des Instituts fur Radiochemie der Kernreaktor Bau- und Betriebsgesell- 
schaft m.b.H., Karlsruhe, fur die uberlassung von Radio-Isotopen herzlich danken. 

Summary-A qualitative separation procedure for uranium tission 
oroducts of medium or lone half-lives (isotones of Cs. I. Sr. Ba. Zr, 
Nibi Rui Y, rare earths) in a’ drop of solution, using the ring oven, is 
described. The test drop containing the radionuclides and submicro- 
gram amounts of the corresponding carriers is spotted on a filter 
paper. Precipitation, dissolution, demasking and washing procedures 
are applied to wash out single isotopes or groups of isotopes from 
the central spot and concentrate them in different ring zones. The 
identifi~tion of the n&ides or groups of nuclides is by autoradio- 
graphy of the individual rings. The yields of the various separation 
steps are shown in tabular form. The interpretation of the autoradio- 
graphs and possible uses of the separation are discussed. 

RBsmn&On d&it une technique de separation qualitative de produits 
de fission de l’uranium de moyenne et longue demi-vie (isotopes de Cs, 
I, Sr, Ba, Zr, Nb, Ru, Y, terms rams) wntenus dam une goutte de 
solution, par la technique du four annulaire. La goutte d’essai, 
wntenant les radionucltides, et des quantites inferieures au micro- 
gramme des entralneurs inactifs wrrespondants, est d&po&e sur un 
papier filtre circulaire. On applique ensuite les techniques de prwipita- 
tion, dissolution, dewmplexation et lavage pour entrainer les isotopes, 
seuls ou en groupe, a partir de la tache centrale, et les wncentrer darts 
differentes zones annulaires. On identifie les nucleides ou groupes de 
nu&ides par autoradiographie des anneaux individuels. Les produits 
des differents stades de la separation sent pr&enteS sous forme de 
tableau. On d&cute de l’interpr&ation des autoradiographies et des 
emplois possibles de wtte separation. 
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UNE NOUVELLE MfiTHUDE FOUR LE DOSAGE 
G~VTM~TRIQUE DE ~U~~~UM 

RALUCA RIPAN et V. SACELEAN 
Chaire de Chimie anorganique et analytique, Faculte de chimie 

Universite “3abes-Rolyai” Cluj, Roumanie 

R&nnk-Ce+tte mtithode pour Ie dosage gravimetrique de l’uranium 
est bask sur la precipitation des ions UOa2+, dans l’intervalle de 
pH 3-5, par une solution form&e d’acide p-ammobenzo’ique, de 

L 
yridine et d’eau: on obtient un prkipite jaune, amorphe, facilement 
trable, UOp(HrN-C,H,-COOf2.2~.~~0, que l’on transforme 

pour b dosage de Turanium, par cat&nation, en USUS. Akin de vkifier 
I’efkac&Z de ce reactif, une serie de dmages d’uranium effeciu& 
eomparativement avec NH, et l’oxine a montre que Ia nouvelle methode 
est plus avantageuse. Le dosage de l’uranium en presence de certains 
cations qui g&rent la determination se fait en masquant ceux-ci avec 
du complexon II dissous dam de Z’eau et la pyridine. 

On cwn& une &tie de combinaisons complexes de ~ura~ium avec des substances 
agmiques qui renferment dans few mol&wle de Yazote, parmi lesquelies on en 
mentionne quelques-unes du type: [uO,R,]U-,f UOaR.Hz0]2+, oh R est une N-base 
organique. 

De telles combinaisons ont et6 obtenues par Inghilleri et Gor? avec la quino- 
leine en milieu aqueux, par Inghilleri* avec un exces d’aniline dans de l’alcool 
et une solution concentree de UU,(NO,),: ~U~~(~*~~~~]~~ Anion = No, 
CH,-COO-, SUM--, crkX rUU~(~~~~NH~)~]~~~ Anion = SO2, CH,---COO-, 
CzOpP-.a 

Des complexes similaires de l’uranium ont CtC synthetises aussi par R. R5scanu3 
avec de la pyridine (Py), de la quinoleine (Ch), de la quinaldine (Chd), etc,: 

Compte tenu de la possibilit6 qu”a I”ion d’uranyle de former des combinaisons 
complexes avec les N-bases organiques, now avons synthetise un de ses sels avec 
la pyridine et l’acide p-aminobenzo1que. 

Grke B ses propriMs, ce complexe se p&e trb bien au dosage gravimetrique 
de I’uranium, 

11 est bien connu que la plupart des r&a&ions de dosage gravimCtrique de l’uranium 
sont basks sur la formation des sels d’uranyle difficilement solubles, awe des reactifs 
organiques ou inorganiques, des sels que l’on calcine, l’uranium passant d. U,O,, ou 
bien que Son s&he et p&se tels quels. 

La prt5cipitation de l’uranium par l’hydroxyde d’~monium sous forme de 
diuranate d’ammonium est une des m&hodes ordinairement employ&es au dosage de 
l’uranium.4 

L’hydroxyde d’ammouium employ6 pour la precipitation doit Ctre filtre parce que, 
&ant garde dans des vases de verre, il contient toujours des inclusions qui renferment 
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de la silice. On doit aussi le priver du carbonate et du bicarbonate qu’il contient en 
;aison de l’absorption du bioxyde de carbone de l’air, car I’anion carbonique g&e 
la prkipitation totale de l’uranium en formant des complexes solubles du type: 

w,(cQ),14-. 
Cette prkipitation a lieu ;i chaud et le prkipitt que l’on obtient est gklatineux 

et difficilement lavable, surtout lorsque la quantit6 d’uranium est grande. Cela 
augmente la durke de l’analyse et les rksultats sont moins bons. 

Des rksultats satisfaisants dans le dosage gravimttrique de l’uranium sont obtenus 
en le prkipitant par une solution de 8-oxy-quinolCine:4 on obtient un prkcipitC rouge- 
orange, facilement filtrable: [UO,(C,H,NO),] . C,H,NO. 

Nous mentionnons qu’avant de prtcipiter i’uranium par la 8-oxy-quinolkine, la 
solution qui le contient doit Ctre chauffke g Cbullition; et le prkcipitt obtenu, n’est 
filtr6 qu’aprb refroidissement complet, ce qui provoque tgalement une augmentation 
de la durke de l’analyse. 

La mkthode que nous proposons pour le dosage gravimttrique de l’uranium se 
distingue par sa simplicitk et la commoditk de son exkution, par la rtduction de la 
durte de l’analyse (par rapport aux mkthodes signalkes), ainsi que par les rtsultats 
satisfaisants que l’on obtient. 

Description de la substance 

L’analysC du prCcipit6 que l’uranium forme avec la pyridine et l’acide p-amino- 
benzo’ique, montre le rapport suivant entre composants: 

1 UOz2+ : 2H,N-C,H,-COO- : 2Py : 2H,O. 

La substance est amorphe, de couleur jaune, trb facilement filtrable, stable a 
l’air, soluble dans les acides, CH,---OH, C,H,-OH, moins soluble dans l’eau et 
difficilement soluble dans 1’Cther et le chloroforme. 

Lorsqu’il est chauffk, il prtsente une variation continue du poids en fonction de 
la tempkrature (jusqu’g 500°C) et de ce fait, l’uranium ne peut pas &tre dose par le 
chauffage de la substance & I’ttuve ri une certaine tempkrature. 

La limite de reconnaissance de l’uranium sur papier filtre avec ce rCactif est de 

1936 pug. 

Mode opcfratoire 
Le. r&&if de prkipitation est prkpark de la manikre suivante: g 3 g d’acide p-aminobenzolque 

on ajoute 3 ml de pyridine, on melange bien avec une baguette, ajoute 20 & 30 ml d’eau distill&., 
on chauffe faiblement le m6lange (en agitant avec la baguette) jusqu’k ce que I’acide se dissolve, 
Cltre et complete avec de I’eau jusqu’ii 50 ml. 

Le prtkipitt du compose d’uranium s’obtient d la tempkrature ordinaire avec le rkactif proposk, 
dam l’intervalle de pH 3-5. 

A la solution du se1 d’uranyle, qui contient 0,33 g U au maximum dans 60420 ml, on ajoute 
par pet&es portions le r&a&f de prtkipitation, en melangeant avec la baguette, jusqu’a ce que l’on 
observe qu’il ne se forme plus de prkcipitb. On laisse le prkipitb se deposer (environ 2 il3 minutes), 
on filtre sur papier filtre B bande blanche, puis on lave avec une petite quantitd de solution (15 ml 
de rkactif de prkcipitation + 85 ml d’eau), on le brtile et calcine A la temptrature de 800 A 
1050°C (I’uranium de la combinaison passe en U,O,). Le facteur de transformation est 0,848. 

La rtaction de prkipitation de l’uranium, dans ces conditions de travail, n’est 
pas g&e par les ClCments alcalins, alcalino-terreux, par les ions Mn2+, Co2+-, Niw, 
NO,-, Cl--, CH,COO-, S042-, par l’acide ascorbique, le complexon III, etc.; par 
contre, la dktermination est gdnCe par les ions Zn2+, Cd2+, Cu2+, Hg2+, Pb2+, Ag+, 
Fe3f, Cr3+, A13+, P043-, AsO,“-, C2042--, par I’acide citrique, etc. 
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La methode a et6 verifi6e par une serie de dosages d’uranium dans une solution 
de UO,(NO& de diverses concentrations, en dosant les memes quantites d’uranium 
~omparativement par du NH% et de l’oxine (l’oxinate d’uranyle a Cte calcinC en I&O& 

Dans le tableau I sont dorm& les resultats obtenus. 
11 ressort de ce tableau que le titre de lasslution de nitrate d’uranyle, exprime 

en uranium, est identique par sa determination avec le reactif employ6 et l’oxine, 
mais plus faible par sa determination avec l’hydroxyde d’ammonium. 

TARLEAU I.-LB RI%ULTA?S OBTENUS 

No. No. R&a&f OXbE NW 

crt. ml 
Us& U U*O* U u*os U 

1 5 

2 10 

3 20 

4 30 

5 40 

0,0476 0,0404 0,0474 wm 40470 0,0399 
0,0474 0,0402 0,0478 0,0405 0,047o 0,0399 
0,048o 0,0407 O&l478 0,0405 0,0474 40402 
0,0476 0@+04 0.0476 0,0404 0,0476 0404 
40952 0,0807 0,0956 0,0811 40952 40807 
0,0952 0,0807 0,0956 0,061l 0,0948 0,0804 
40954 0,0809 0,095o 40806 0,0952 40807 
0,0956 0,081l 0,0950 0,0806 oM44 0,0801 
0.1906 0,1616 0.1906 0,1616 0,190O OJ611 
0,1906 0,1616 0,1902 91613 0,1904 41615 
0,1904 0,1615 OJ908 41618 0,190O 41611 
0,1908 0,1618 O,I902 0,1613 op32 0,1613 
O%SSS 0,2424 0,2854 0,120 0,2852 02419 
03862 0.2427 0,2862 42427 0,285O 02417 
0,286O 0,242s 0,2856 0,2422 0.2854 0,242O 
0,2856 0,2422 0,2862 0,2427 0,2856 0,2422 
0,3808 0,3229 0,3812 0,3233 0,3798 0,3221 
0,381O 0,323 1 0,3808 0,3229 0,37% 0,3219 
43810 43231 0,3814 0,3234 43804 0,3226 
43814 0,3234 0,3808 43229 43804 0,3226 

T,, = 0,00808 TV = 0,00808 

Tu = titre de la solution de UOI(NOB), experime en uranium. 

Tn = 0,00805 

Le principal inconvenient de la nouvelle methode consiste dans le fait que la 
spkificite du reactif est faible. 

Afin d’augmenter la s&ectivite de la methode nous avons employ6 le complexon 
II dissous dans de l’eau et la pyridine qui forme avec l’ion d’uranyle un complexe 
peu stable, et avec les cations g&rants, des complexes suffisamment stables, qui 
demeurent dans la solution lors de la prdcipitation de l’uranium. 

En ajoutant A la solution du se1 d’uranyle differents cations au rapport 2 : I, com- 
parativement ii la quantite ~uranium, et un exces de complexon II dissous dans 
l’eau avec de la pyridine, le dosage de l’uranium en presence de ceux-ci fournit des 
resultats trb satisfaisants. 

C’est ainsi qu’on a s&part? et dose l’uranium en presence de Cu2+, Zn2+, Cd2+, 
Hg2+, Pb2+, A13+, Cr3$; Fe3+ (le rapport Fe: U a ttt de 20 : 1) et Th4+, avec une erreur 
comprise entre f0,3%. 

Les r&mats obtenus pour le dosage de l’uranium en prksence de Na+, K+, Mgw, 
Ca2+, Sr2+, Baz*, Mn2+, Cow et Ni2+ (au rapport de 2: 1 comparativement a l’ura- 
nium, sans emploi du complexon), sont affect& par une erreur positive (maximum 
0,3%), en raison de l’absorption de ces cations par le precipite. 
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Summary-A method for the gravimetric determination of uranium is 
based on the precipitation of the UOge+ ion, in the pH range 3-5, by 
a solution ofp-aminobenzoic acid and pyridine in water. An amorphous 
yellow precipitate forms, which is easily filtered and has the composi- 
tion UO,(H,N-C,H,-COO),.2Py.2H,O. This is ignited to UJOa. 
Comparative determinations with ammonia and with oxine indicate 
that the new method is superior to these. Certain ions which interfere 
with the determination can be masked with Complexone- dissolved 
in pyridine-water. 

Zusammenfassung-Eine Methode zur gravimetrischen Uranbestimm- 
ung beruht auf der Flllung des UOS2+-Ions mit einer Msung von 
p-Aminobenzoeslure und Pyridin in Wasser bei Ph 3-5. Es bildet sich 
ein amorpher gelber Niederschlag, der sich leicht filtrieren l%l% und die 
Zusammensetzung UO,(H,N-C,H4-COO),~2Py~2H,0 hat. Dieser 
wird zu U,O, vergliiht. Vergleichsbestimmungen mit Ammoniak und 
Oxin zeigten, da13 die neue Methode besser ist. Einige stiirende Ionen 
kiinnen mit Komplexon II in Pyridin-Wasser maskiert werden. 
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AKTMERUNGSANALYTISCHE BESTIMMUNG VON 
MOLYBDAN IN WOLFRAM 

H. GROSSE-RUYKEN 
Institut fiir anorganische und ~or~~h-t~~~~ 

Chemic der Technischen Universittit, Dresden 

und 

H.-G. Dlio~ 
Institut fiir angewandte Physik der Reinststoffe 

Dresden der Deutschen Akademie der Wis~~ten zu Berlin 

(i?ingegwgen am 5. &gust 1964. Angenommen am 23. September 1964) 

Zusanuueafassang-Es wird ein Verfahren zur aktivierungsanal ischen 
Restimmung von Molybdtinspuren in Wolfram beschrieben, c i dem 
das aus Molybdiin-99 entstehende Technetium-99m radiochemisch 
rein abgetrennt und in einem ~~l~~ristafl-S~t~lations 
gememen wird. Die Isolierung der T~~etium-~-~ti~t~t geschieht 
durch Pyridinextraktion tmd Anionenaustauschchromatographie. Mit 
dem Verfahren lassen sich noch etwa lo-* g Molybdan bestimmen. 

DIE Bestimmung von MolybdZnspuren in Wolfram kann spektralanalytisch,1-8 
polarogr aphisch Qd oder spektrophotometrisch7-s erfolgen. Die Nachweisgrenzen 
liegen bei lO-* bis 10-3%, solange die Pro~neinwaa~n kleiner als 1 g sind. 

Modellversuche zur aktivierungsanalytischen Bestimmung von Molybdgn in 
Wolfram ergaben brauchbare Ergebnisse bis zu Gehalten von KF3% MolybdZin.lO 
Dabei zeigte sich, dal3 die Gewinnung einer radiochemisch reinen Molybdlnak- 
tivitit wegen der gleichzeitig entstehenden sehr hohen Wolframaktivit%t und der chemi- 
schen &nlichkeit von Wolfram und Molybdan schwierigist. Bei dieser Untersuchung 
wurde jedoch nicht ~r~cksichti~, da13 aul3er den Wolfram- und Molybd~naktivit~ten 
such Rhenium- und Technetiumaktivitiiten entstehen. In der vorliegenden Arbeit 
wurde deshalb untersucht, ob das aus Molybdln-99 entstehende Technetium-99m 
vollstindig und radiochemisch rein von Makromengen Wolfram und extrem grol3en 
Wolframaktivititen sowie von MolybdPn-99 und Rhenium-l 86/l 88 abtrennbar und 
damit zur ~tivie~ngs~al~~hen Molybd~nspuren~stimmung gee&net ist. 

ABSCH~TZUNCI DER ENTSTEI-IENDEN AKTIVITWTEN 

Einen Uberlick iiber die bei der Bestrahlung von Wolfram und Molybdiin mit 

thermischen Neutronen entstehenden Nuklide und Aktivitaten gibt Tabelle I. Aus 

ihr geht hervor, da13 nach einer hundertstiindigen Aktivierung die entstandene 
Wo~~~vi~t bei gleicher Einwaage etwa hunde~mal groSer als die Molyb- 
dSnaktivit& ist. Da die T~hne~um-99m-A~vi~t im Gleichgewicht etwa der Molyb- 
d&t-99-Aktivitit entspricht, betrQt das Aktivititsverhlltnis Aw : A,,, : ATc-es,,, 

bei einem Gehalt von 10-a% Molybdln etwa 10Q: 1: 1. 
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AuBerdem entstehen bei der Aktivierung von Wolfram durch SekundPirreaktionen 
(Reaktion 1 und Reaktion 2) die radioaktiven Nuklide Rhenium-186 und Rhenium- 

(** vf W-186 y W-187 -=$+ W-188 

B-,r 24h 
i 

I!- 

NI’ ” 
! 

693 d 

Re-187 y Re-188 

8-,v l?h 
J 

OS-I 88 (stabil) 

(21 

deren Aktivitiiten bei einer JOO-h-Bestrahlung von 100 mg Wolfram 4 , 10s Re-186- 
Zerf%lle/sec und 3,7 . lo6 Re-188Zerf%lle/sec ergeben. 

Die ~~hwje~gke~ten, die bei der Bestimmung van lc)d% Mo~~bd~ in 100 mg 
Wolfram durch das zu&tzlich entstehende Rhenium-f86 und Rhenium-188 bedingt 

ABB. I.-Abklingkurve der Rhenium- und Molybd8naktivitiiten nach einer lOO- 
Stuuden-Bestrahlung von 100 mg Wolfram bxw. 0,Ol ,~g Molybd&n, % = 1Ol8 n/set . cm2, 

sind, veranschaulieht Abbildung 1, in der die Abk~ingku~en der Rhenium- und 
MoIybd&r- bzw. Te~hnetiumaktivi~ten nach einer l~h-Bestrah~ung dargesteht 
sind. Modellversuche ergaben, daS die berechneten RheniumaktivitltetPz mit 
den experimentell ermittelten Werten annlhernd tibereinstimmen. 
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PRINZIP UND SCHEMA DER TRENNUNG 

Zur Abtrennung des Technetium-99m vom Wolfram ist die Extraktion von 
Pertechnetat aus alkalischer Liisung mit Pyridin geeignet.14 Die durch Modell- 
versuche fiir Pertechnetat-, Perrhenat- und Molybdatspuren in Gegenwart von 100 mg 
Wolfram ermittelten Verteilungskoeflizienten enthZilt Tabelle II. Man erkennt, dal3 
das Technetium von Rhenium begleitet wird, und daB die von der organischen Phase 
aufgenommenen Wolfram- und MolybdPnspuren durch Natronlauge auswaschbar 
sind, ohne da0 dabei nennenswerte Technetiumverluste eintreten. 

TABELLE II-VERTEILUNGSKOEFFIZ&NTEN VON TJXHNETIUM, 

RHENIUM, MOLYBDti UND WOLFRAM ZWISCHEN 
4 n NATRONLAUGE UND PYRIDIN 

VerteilungskoetXzient D 
Ion 

Literatur” Nach eigenen Messungen* 

TcO,- 778 830 
ReO- 225 620 
MoO,~- - 10-s 
WO,‘- - 10-4 

* Gemessen in Gegenwart von 100 mg inaktivem Wolfram 
(wo,*-1 

Unter den gewahlten Arbeitsbedingungen wird durch Pyridin extraktion und 
dreimaliges Waschen der organischen Phase mit 4n Natronlauge eine Wolfram- 
abreicherung von etwa 10’ erreicht. Die in der organischen Phase verbleibenden 
Wolframspuren sind durch mitgerissene Wassertrbpfchen bedingt. 

Zur Gewinnung von radiochemisch reinem Technetium miissen anschliel3end 
die im Pyridin verbliebenen Rhenium- und Wolframaktivitlten durch ein vielstufiges 
Trennverfahren entfernt werden. Bei Vorliegen einer wPBrigen Phase 1St sich eine 
Rhenium-Technetium-Trennung mit Hilfe eines Anionenaustauschers und einer 
ammoniumsulfat/-rhodanidhaltigen Liisung als Elutionsmittel durchfiihren.15 Eigene 
Versuche ergaben, daB man die Anionenaustauscherdule such direkt mit den im 
Pyridin enthaltenen Aktivitgten beladen kann, ohne daB Aktivititsverluste auftreten. 
Eine anschliel3ende Trennung von Wolfram, Rhenium und Technetium ist nach Ver- 
lnderung einiger Versuchsbedingungen (Arbeitsvorschrift) such bei extrem?n Ak- 
tivit&tsverhlltnissen miiglich (Abbildung 2). 

Zur Veranschaulichung ist das Trennschema fiir die Isolierung von radiochemisch 
reinem Technetium in Abbildung 3 dargestellt. 

Eine modellm5iBige uberpriifung des gesamten Verfahrens ergab, daB 96 bis 
100 % des eingesetzten Technetiums in der Natriumperchloratfraktion zuriickerhalten 
werden. Die Analyse ist also trggerfrei durchfiihrbar. 

ARBEITSVORSCHRIFT 

0,l g der zu analysierenden Wolframprobe und 1 mg metallisches Molybdln als Standard werden 
in einer Polystyrolkapsel im Reaktor 100 h mit einem Flu13 von 10ls Neutronenlsec. cm2 bestrahlt. 

Die bestrahlte Probe wird in ca. 15 ml eines Gemisches aus 3 Teilen 4O%iger Fluljslure und 
einem Teil konzentrierter Salpeterslure gel&t und die Liisung zur Trockne gedampft. Man l&t 
den Riickstand in 10 ml 4 n Natronlauge und filtriert die Liisung durch ein Glaswollefilter in einen 
Schiitteltrichter. Mit 2 ml Pyridin werden Pertechnetat und Perrhenat gemeinsam extrahiert. Wegen 
der hohen Aktivitat der Matrix werden diese Operationen hinter einer Bleiabschirmung vorgenommen. 
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ABB. 2.-Elutionsdiagramm von Wolfram, Rhenium und Technetium aus einer 
wolframprobe 

(Molybdiingehalt 1,4 ppm) 

&B. 3.-Schema zur Abtremwng des Teclmetiums von Wolfram, Molybdiin und 
Rhenium 
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Zur weiteren Abreicherung des Wolframs wird die Pyridinphase dreimal mit je 5 ml 4 n Natronlauge 
gewaschen. 

AnschlieBend gibt man die organische Phase auf eine mit dem Anionenaustauscher Wofatit 
SBW (Cl--Form, Korngriiue 0,09 bis 0,063 mm) gefiillte SBule von 30 cm Lange und 0,4 cm 
Durchmesser, wobei hier und im weiteren eine FluBgeschwindigkeit von 4 Tropfenlmin eingehalten 
wird. Das auf der Siiule zurtickgebliebene Pyridin wird mit 3 ml Wasser ausgewaschen. 

Zuerst werden die am Austauscher adsorbierten Wolfram- und Rheniumaktivitaten mit 32 ml 
einer auf pH 8,5 eingestellten Losung, die jeweils 0,3 m an Ammoniumsulfat turd Ammonium- 
rhodanid ist, eluiert. (Bei Benutzung von Dowex-1 X8 mu0 die Ammoniumsulfat- und Ammonium- 
rhodanidkonzentration je 0,4 m sein, da andemfalls die Aktivitltspeaks breiter werden und ein 
groueres Elutionsvolumen beniitigt wird). 

Zur Entfernung der auf der SIule verbliebenen Ammoniumionen wird mit 3 ml Wasser gewaschen 
und anschlieuend das Pertechnetat mit 2 n Natriumperchloratl6sung (pH 8,5) eluiert. Das gesamte 
Technetium ist in etwa 4 ml Eluat enthalten. Die Aktivitat der Pertechnetatfraktion wird in einem 
Bohrlochkristall-Szintillationsz&ler gemessen und eine Abklingkurve aufgenommen. 

Der Molybdlnstandard wird in 5 ml halbkonzentrierter Salpetersiiure gel&t. Man dampft zur 
Trockne, nimmt den Riickstand in 100 ml 4 n Natronlauge auf und verwendet zur weiteren Verar- 
beitung. die analog der Analysenprobe erfolgt, ein Aliquot der Losung. 

Wegen der beim L&en der Proben eintretenden Technetiumverluste darf ihre Weiterverarbeitung 
erst nach ca. 36 Stunden erfolgen, damit sich das Molybdan-99-Technetium-9PGleichgewicht 
wieder einstellen kann. 

BEWERTUNG DES VERFAHRENS 

In Tabelle III sind die aktivierungsanalytisch bestimmten Molybdlngehalte 
einiger Wolframproben den Resultaten spektralanalytischer Vergleichsanalysen 
gegentibergestellt. Die ubereinstimmung ist bei Proben mit verhlltnismal3ig hohen 
Molybdiingehalten gut. Die Gehalte der Proben 3 bis 5 konnten bisher spektral- 
analytisch nicht erfal3t werden. 

TABELLE III-ERGEBNISSE VON MOLYBDXNBESTIMMUNGEN IN 
W~LFRAM~R~BEN(M~~~ELWBRTE pus n3wx3 3 BESTIMMUNGEN) 

Probe 
Aktivierungsanalyse, 

PPm 

Spektralanalyse, 

ppm 

1 87 90 
2 43 46 
3 15,2 nicht nachweisbar 
4 830 nicht nachweisbar 
5 134 nicht nachweisbar 

Zur Ermittlung der Reproduzierbarkeit der Analysenwerte wurde der Variations- 
koeflizient des Verfahrens fiir zwei Konzentrationsbereiche berechnet.16 Die er- 
haltenen Werte sind mit der Zahl der statistischen Freiheitsgrade in Tabelle IV 
aufgefiihrt. 

TABELLE IV-RBPRODUZIERBARKEIT DER AKTIMRUNGSANALYTXHEN 
MOLYBDKNBESTIMMUNGEN IN WOLFRAM 

Konzentrationsbereich 
des Molybdlngehaltes, 

PPm 
Variationskoeffizient, Zahl der 

% Freiheitsgrade 

l-10 9 8 
10-100 4 9 

Analysenproben mit ca. 10-5x Molybdln standen bisher noch nicht zur Ver- 
fiigung. Wie aber aus der Abklingkurve (Abb. 4) einer Technetiumaktivitat, die aus 
einer Wolframprobe mit einem Gehalt von 1,4 . lO-*‘~ Molybdan isoliert wurde, 
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hervorgeht, betragt die Ausgangsaktivittit ca. 5000 Imp/mm und die radiochemische 
Reinheit ist besser als 99 %. Unter der Voraussetzung, daB zum sicheren Messen und 
Identi~eren eines N&lids etwa 500 Imp/mm notwendig sind, ergibt sich hieraus 
eine untere Bestimmungs~en~ von lO-* g Moly~~n. Bei einer Einwaage von 100 
mg Probenmaterial entspricht dies ca. 104% Molydbln. 

‘. 

Aan. 4.---Abklingkurve einer aus einer Wolframprobe isolierten 
(Moly~~geh~t 1-4 ppm) 

Das vorgeschlagene Trennverfahren ist aul3erdem zur aktivierungsanalytischen 
Bestimmung von Rheniumspuren geeignet, da, wie aus Abbildung 2 hervorgeht, eine 
in der Analysenprobe enthaltene Rheniumaktivitlit vom Ionenaustauscher als schmale 
Bande frei von StSrungen und Verunreinigungen eluiert wird. 

Summary---A method for the determination of traces of molybdenum 
in tungsten by activation analysis is described. The determination is 
done by measuring the activity of technetium-99m, daughter of 
molybdenum-99. Radiochemically pure technetium is separated from 
other radionuclides by pyridine extraction and anion-exchange 
chromatography. Amounts of lo-ag of molybdenum can be deter- 
mined. 

Rt%&-On d&it une methode de dosage de traces de molybd&ne 
dans le tungstene par analyse par activation. Le dosage est effectue 
par la mesure de l’activite du tech&cium-99m, provenant du molyb- 
dene-99. Le techn&um radiochimiquement pur est &pare des autres 
radionucleides par extraction a la pyridine et chromatographie 
d&change anionique. On peut doser des quantites de molybdcne de 
l’ordre de 10-8 g. 
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Summary-The alkali metals, as a group, can be rapidly separated 
from multivalent metals by batchwise precomplexing of the multivalent 
metals with EDTA at pH 8 and passing the solution through a cation 
resin in the tetramethylammonium ion form. After isolation of the 
alkali metals on the resin, they can be rapidly eluted as a group and 
concentrated. Separations of the alkali metals from the alkaline 
earths and cadmium are illustrated. Variables affecting the efficiency 
of alkali metal uptake have been studied in detail. 

INTRODUCTION 

THERE is a need for a simple, rapid method of separating the alkali metals, as a group, 
from other metal ions. In flame photometry, for example, many alkaline earths 
interfere with the analysis of the alkali metals,l and vice uer.sa.1~2 

The high selectivity of various inorganic ion-exchange crystals for certain alkali 
metals in acidic solutions is becoming well known, and has been used very successfully 
for the separation of individual alkali metals.%’ A group separation of the alkali 
metals from the alkaline earths has been worked out on the ammonium form of 
zirconium phosphate, but the ammonium form has essentially no selectivity left for 
the alkali metals, and they are eluted as a group, ahead of the alkaline earths3 

Likewise, in previously reported group separations of the alkali metals on organic 
ion-exchange resins, the heavier metals are preferentially held on the resin while the 
alkali metals are made to pass into the effluent. For example, Tsubota elutes sodium 
and potassium from a cation-exchange resin with dilute HCl or a formate buffer eluant, 
and then removed heavier metals with various formate buffer mixtures.* Schumacher 
preferentially eluted microgram amounts of potassium and rubidium from Dowex-50 
ahead of the alkaline earths and rare earths .s Blaedel, Olsen and Buchanan held radio- 
tracer amounts of most of the alkali metals on a cation resin while sequentially 
eluting groups of heavier metals, but the separation necessitated very low ionic 
strength eluants, and is applicable only to microgram amounts of metals10 

Anion-exchange resins have been used to separate the alkali metals from certain 
other metal ions. Samuelson and SjiistrGm used Dowex-2 anion-exchange resin in a 
mixture of EDTA and acetate forms to absorb calcium and magnesium from solutions 
containing sodium and potassium .ll Samuelson, Sjiistriim and Forsblom separated 
the alkali metals from calcium, magnesium, vanadium(IV), iron(III), aluminium(III), 

l Abstracted in part from the Honors Dissertation of Harold R. Sobel, A. B., Franklin and 
Marshall College, l!X4. 

t Present address : Department of Chemistry, University of South Florida,Tampa, Florida, U.S.A. 
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copper( nickel(II), cobalt(II), manganese(I1) and zinc(I1) by passing solutions of 
these ions through a column of Dowex-2 in the EDTA, acetate, and oxalate forms. 
The alkali metals pass into the effluent while the multivalent ions are retained on the 
resin.12 Although this is a satisfactory group separation, the alkali metals cannot be 

concentrated by this method. 
In contrast, the procedure described in this paper retains the alkali metals on a 

cation-exchange resin and allows the other metal cations to pass through. Thus, even 
though the alkali metals ordinarily possess the weakest exchange affinity of all the 
metal ions,13 and can readily be displaced by dilute hydrogen ion or ammonium ion,1° 
the selectivity can be partially reversed by batchwise precomplexing of the multivalent 
cations with EDTA and passing this solution through a cation resin in the tetramethyl- 
ammonium ion form. Variables affecting the efficiency of alkali metal uptake have 
been studied in detail. 

EXPERIMENTAL 

Apparatus and reagents 

The ion-exchange resin used in most of this work was Baker Analyzed Dowex SOW-X8, 100-200 
mesh, having a total exchange capacity of 1.8 meq/ml in the water-swollen hydrogen ion form. Baker 
Analyzed Dowex 5OW-X12, 100-200 mesh, had a total exchange capacity of 2.2 meq/ml, and Dowex 
A-l resin, used in preliminary studies, was obtained from the Dow Chemical Company and had a 
total exchange capacity of 0.66 meq/ml. The breakthrough capacity of the resin (the number of 
meq of ions that can be. taken up quantitatively during column operations) varies with experimental 
conditions, and is expressed in this paper as the percentage of total exchange capacity. The resins 
were cleaned in large lots as described previously.1o 

Theglass columns used to hold the resin were 20 cm long by 12 mm inside diameter, closed at 
the lower end by a coarse sintered-glass disk upon which the resin bed rested, and fitted at the top 
with a bowl 8 cm in diameter to hold eluants. A resin volume of 10.0 ml (H-form) was used in most 
of this work, giving a bed height of about 9.5 cm in the hydrogen ion form, and 10.2 cm in the tetra- 
methylammonium ion form. The column free volume is about 3.8 ml.” Five-ml siphon pipettes, 
used to collect 5- or lo-ml fractions of column effluent, were obtained from the Ace Glass Company, 
Vineland, New Jersey, U.S.A. and were recalibrated under the conditions of use. 

Reagent-grade EDTA (ethylenediaminetetra-acetic acid) was obtained in the acid form. Tetra- 
methylammonium hydroxide was prepared according to the method of Peracchio and Meloche,ls 
using purified silver oxide (Fisher Scientific Co.) and highest purity tetramethylammonium chloride 
(Eastman Organic Chemical Co.). Highest purity tetraethylammonium hydroxide was obtained as a 
10 % solution from Eastman Organic Chemical Co., but commercial tetramethylammonium hydroxide 
could not be used because the sodium ion content was over O.OSM. The nitrate or chloride salts 
of all metals were reagent-grade. 

Procedure 

Ten ml of Dowex 5OW-X8 in the hydrogen ion from was converted to the tetramethylammonium 
ion form by passing 05-0.8M tetramethylammonium hydroxide through the column at a flow rate 
of about 1 ml/min until the effluent was basic to litmus; then the column was washed with 20 ml 
of water. In preliminary experiments in which effluent pH was plotted against effluent volume, using 
an apparatus described previously, lo it was found that the column is completely converted with an 
equivalent amount of the reagent, indicating virtually 100’~ efficiency of conversion. When the 
conversion was attempted with l.OM tetramethylammonium chloride, it was found that even a 
ten-fold excess was insufficient for quantitative conversion, as indicated by a slow rise of efliluent pH. 
This finding is consistant with that of others.lB 

The sample solution, which may contain all the alkali metals at any concentration up to about 
O.lM, and heavier metals up to a total concentration of about O.O5M, was made 2% in EDTA 
(0.068M) and adjusted to pH 8.0 with tetramethylammonium hydroxide. The sample solution was 
then passed continuously through the column at a flow rate-of 1.0 ml/min and 5- or lO-ml fractions 
were collected until breakthrough equilibrium was achieved. 

After washing the column with 20 ml of water, the alkali metals were eluted with 5MHCI,2-ml 
fractions being collected in a graduated cylinder. 
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Analysis 

A Beckman Model DU spectrophotometer with flame attachment was used for analysis of effluent 
fractions. An oxygen-hydrogen flame was used for barium, and an oxygen-acetylene flame was 
used for all other elements. At high concentrations, dilutions were performed to minim& self- 
absorption. To enhance barium readings, 1: 1 dilutions with acetone were made. Standard solutions 
used for flame analysis contained the same concentration of EDTA as the effluent fraction analysed. 

Because the flame photometric analysis of magnesium and cadmium is not very sensitive,’ the be- 
haviour of these elements was tested by running them individually, with only the alkali metals present, 
and effluent fractions were analysed by indirect titration of the excess EDTA with standard magnesium 
nitrate solution, using Eriochrome Black T indicator. I7 After elution of the resin with HCI, mag- 
nesium was qualitatively tested for with p-nitrobenzeneazoresorcinol,‘8 and cadmium was tested 
for polarographically. 

RESULTS AND DISCUSSION 

Fig. 1 illustrates the separation that can be achieved when an ionic solution 
containing calcium, strontium, lithium, potassium, rubidium and caesium, each at a 

"s 0.60 
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Et 
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0 

FIG. l.-Breakthrough of lo-‘M Li, Na, K, Rb, Cs, Ca and Sr on 10.0 ml 
of Dowex 5OW-X8, (CHJ)aN+ form. 

concentration of 0.OlOM, is made 2 ‘A in EDTA at pH 8 with tetramethylammonium 
hydroxide and is passed continuously through 10 ml of Dowex 5OW-X8 in the tetra- 
methylammonium form at a flow rate of 1.0 ml/min. Calcium and strontium break- 
through immediately, and rapidly rise to influent concentration, and no leakage of 
the alkali metals occurs until over 80 ml of solution have passed. Thus, the first 80 ml 
can be collected free from all alkali metals. Magnesium, barium and cadmium, 
tested individually, behave similarly to calcium and strontium. 

After washing the column with 20 ml of water, 5M HCl can be used to elute the 
alkali metals rapidly from the resin, as illustrated in Fig. 2. Only the lithium and 
caesium curves are shown, because the curve for sodium is similar to that of lithium, 
and the curve for rubidium is almost identical to that of caesium, with the potassium 
curve comming in between. No calcium or strontium can be detected in the HCl 
fraction. In samples containing magnesium and barium, 0.5 % of the total magnesium 
and about 1 o/0 of the total barium appear in the HCl fraction. Cadmium, like calcium 
and strontium, is quantitatively complexed by the EDTA, and does not appear in the 
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HCI fraction. The amount of magnesium and barium retained on the resin during the 
original passing of the sample solution is too small to give a measurable deer ease in the 
flame analysis of the EDTA effluent, and likewise the conta~nation of the 5M HCI 
fraction is too small to interfere in the ff ame photometric analysis of the alkali metals. 
If it were desired to obtain the alkali metals completely free from magnesium and bar- 
ium, this could be accomplished by elution of the column with @lM HCI instead of 
5M HCl. Three hundred ml of 0-M HCl were found to be sufficient to elute all the 
alkalies quantitatively *, leaving magnesium and barium on the resin from which they 

Effluent volume, mi 

FOG. 2.--Eiution of alkali metals with SM HCl after passing 10~*I%? alkali metals 
through 10-O ml of Dowex 5OW-X8 until b~kthrough equiIib~um. 

can be rapidly eluted with 5M HCI. No attempt was made to improve on these 
latter separation conditions. 

It can be calculated from Fig. 1 that a total of 4.74 meq of alkali metals are quan- 
titatively retained on the resin up to breakthrough of each of the ions. This represents 
26 % of the total exchange capacity of the resin. Since this breakthrough capacity is 
critically dependent upon a large number of variables, the next section is devoted to 
a study of these variables. 

Conditions afecting breakthrough capacity 

In most of the following breakthrough studies, lithium, sodium and potassium 
were chosen to be representative of all the alkaiies, because rubidium and caesium can 

* Efution of the alkali metals with either O*lOM HCI or @05M HCI results in mutuaily~veriapping 
elution curves, indicating that the various alkali metals are probably retained in a somewhat random 
distribution on the resin, rather than in sharply-defined bands. No separation of the individual alkali 
metals can be expected by this technique because of the excessive loading of the resin. 
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be expected to show at least equal or greater uptake on the resin. Calcium was chosen 
to represent the alkaline earths because of its high sensitivity of detection with a flame 
phot0meter.l 

Type of resin: Previous studies in this laboratory indicated that a rather high 
degree of selective retention of the alkali metals in the presence of other metal ions 
could be accomplished on Dowex A-l, a chelating resin, when the resin is used in the 
tetramethylammonium ion form and EDTA is used to complex the other metals into 
the anionic form.ls To compare the breakthrough capacities of Dowex SOW-X8 and 
Dowex A-l, breakthrough curves were determined for each kind of resin using an 
influent solution containing 0,OIM Li, Na, K and Ca, and 2% in EDTA at pH 7-O 
with tetramethylammonium hydroxide. * The breakthrough capacity on Dowex A-l 
was 8.0% of its total exchange capacity, whereas on Dowex SOW the breakthrough 
capacity was 26% of its total exchange capacity. It is interesting that in both runs 
the order of breakthrough is sodium, potassium, and then lithium. For Dower, A-l 
this order has been explained on the basis of chelation of lithium by the i~nodiacetic 
acid groups on the resin. Is With Dowex SOW this explanation would not be valid, 
but no satisfactory explanation has yet been found. Because of the superior break- 
through capacity of Dowex SOW, it is used in all the studies that follow. 

TABLE I.-EFFECT OF RESIN CXXMTER ION ON ALKALI METAL 

BREAKTHROUGH CAPACITY 

Influent : 0.01~~ in Li+, Na+, KC, Ca*+ ; 2 % in EDTA at pH 
7.0 with hydroxide of counter ion; 

Resin: Dowex SOW-X8, in counter ion form indicated; 
Flow rate: 1.0 ml/min. 

Counter ion 
Breakthrough capacity 
(% of total capacity) 

g&N+ 
5-6 

26 
(‘GH,),N+ 28 

Type of counter ion: Table I summarises the effect of using Dowex SOW-X8 in the 
ammonium ion and te~aethylammonium ion forms as compared to the tetramethyl- 
ammonium ion form. It was of considerable interest to compare the effect of substitut- 
ing ammonium ion in all places in the procedure where tetramethylammonium ion has 
been adopted because the ammonium ion form of the resin is commonly used in cation- 
exchange separations of metal ions using chelating agent eluants.10F13 The relatively 
low efficiency of alkali metal retention in the presence of ammonium ion (56 %) is in 
accord with the findings of others .l” Thus, though it could have been predicted on 
the basis of steric considerations that the use of tetramethylammonium ion instead of 
ammonium ion would result in an improvement in the selective retention of the alkali 
metals, the magnitude of the improvement is remarkable. Using tetraethylammonium 
ion instead of tetramethylammonium ion could be expected to improve still further 
the relative affinity of the resin for the alkali metals. The small improvement over 

* Because Dowex A-l is a weak acid resin and is subject to severe hydrol~is, it was necessary to 
make the sample solution for the Dowex A-l experiment O-01M in phosphoric acid before adjusting 
to pH 7 with tetramethylammonium hydroxide. 
within 0.1 pH unit of 7; 

With the phosphate buffer the etlluent pH remained 
without the buffer the effluent pH rose to 10, and lithium and sodium leaked 

very early because of complex& by EDTA.ls 
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tetramethylammonium ion that is found (28 % compared to 26 %) is probably attrib- 
utable to slower rates of diffusion of the tetraethylammonium ion.20 Slower column 
flow rates might appreciably improve the alkali retention when using tetraethylammo- 
nium ion, but this was not tried. 

Degree of resin cross linkage and solution Jaw rates: Table II summarises the 
effects of using a higher degree of divinylbenzene (DVB) crosslinkage, and also shows 
the flow rate dependence of breakthrough capacity. When 10-O ml of Dowex 5OW- 
Xl2 is substituted for 10-O ml of Dowex 5OW-X8, the fastest flow obtainable without 

TABLE IL-EFFECTS OF DEGREE OF RESIN CROSSLINKAGE AND 
SOLUTION FLOW RATES ON ALKALI METAL BREAKTHROUGH CAPACITY 

Influent: O.OlOOM Li+, Na+, K+; O.OSOM Cae+; 2% in EDTA at 
pH 7.0 with (CHI)*NOH; 

Resin : Dowex SOW in (CH,),N+ form. 

Flow Breakthrough capacity 
rate, (% of total capacity) 

ml/min 8% DVB 12% DVB 

0.30 - 40 
1.0 24 29 
2.5 19 - 

TABLE III.-EFFECT OF CONCENTRATION OF EDTA AND CALCIUM ON 

ALKALI METAL BREAKTHROUGH CAPACITY 

Influent: O.OlOOM Li+, Na+, K+; Cal+ at concentration specified; EDTA at 
pH 7.0 with (CH,),NOH; 

Resin : Dowex 5OW-X 8 in (CH&N+ form; 
Flow rate: I.0 ml/min. 

Concentration of EDTA, Concentration of Ca*+, 
%, w/u mole/lilre 

Breakthrough capacity 
( % of total capacity) 

2.0 0~0100 26 
2.0 0.050 24 
3.0 0.050 18 
4.5 0.110 9 

modifying the apparatus used was 0.30 ml/min, in contrast to the rate of 1-O ml/min 
conveniently obtained for all other experiments. A significant improvement in break- 
through capacity is realised by using the higher degree of crosslinkage, in agreement 
with predictions based on steric effects and swelling pressures.21 Because 0.30ml/min is 
too slow to be convenient, flow rates were increased by attaching 60 cm of 2-mm (i.d.) 
capillary tubing below the columns to increase the total head of liquid. Thus, at 
I.0 ml/min, the resin with 12 % DVB gives only a small improvement (29 % compared 
to 24 %) over the resin with 8 % DVB. Increasing the flow rate with Dowex-X8 like- 
wise decreases the breakthrough capacity, but the dependence does not seem quite so 
marked as with the 12% crosslinked resin. Dowex 5OW-X8, operated at a flow rate 
of I.0 ml/min, was chosen for all subsequent studies because of the simplicity of the 
column equipment and ease of obtaining the reproducible flow rate of 1.0 ml/min. 

Concentration of EDTA and concentration of chelated ions: The more EDTA 
contained in the sample solution, the greater is the concentration of multivalent metals 
that can be separated from the alkali metals. However, as can be seen from Table III, 
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increasing the concentration of EDTA, and with it the concentration of tetramethyl- 
ammonium ion, causes the efficiency of alkali metal uptake to decrease. This decrease 

can be qualitatively explained on the basis of the following equilibrium: 

RSO,N(CH$, + Na+ + RSO,Na + (CHJ,N+. 

Thus, as the concentration of tetramethylammonium ion increases, the alkali metal 
capacity should decrease. 

Likewise, increasing the concentration of calcium ion tends to decrease the alkali 
metal breakthrough capacity, but the concentration dependence is much smaller than 
that of EDTA, because at pH 7 EDTA is predominantlyz2 in the form HY”, and 
little extra tetramethylammonium hydroxide need be added to neutralise the hydrogen 
ion released in the chelation reaction. 

The effect of concentration of multivalent ions on the extent of chelation is dis- 

cussed in the next section. 
pH and concentration of multivalent ions: Because EDTA complexes with lithium 

above pH 8.3 and with sodium above 9.0, 22~23 it was necessary to work at pH 8 or 

below. On the other hand, EDTA will not complex with many metal ions at low pH, 
and in addition, EDTA becomes rather insoluble below pH 4*5.* Therefore, the 
potentially useable pH range for this separation was pH 5-8, with the optimum pH 
being the lowest pH at which multivalent metal ions could be complexed quantita- 
tively into the anionic form. The lower this pH, the better, because then the tetramethyl- 
ammonium ion concentration would be at a minimum, and presumably the efficiency 
of alkali retention would be at a maximum. Because barium forms the weakest EDTA 
complex of all the multivalent metals, 26 it was chosen to determine the lower pH limit. 
An 0.050M barium ion solution was made 2 % in EDTA and adjusted to the required 
pH with tetramethylammonium hydroxide. At pH 5 it was found that virtually all the 
barium ion was retained by the resin. At pH 7 the breakthrough effluent analysis indi- 
cated that approximately 80 % of the barium was complexed into the anionic form, 20 % 
being retained on the resin. At pH 8 the breakthrough effluent analysis indicated quan- 
titative complexing of barium. However, elution of the resin with 5M HClindicated that 
about 1-2 Y0 of the total barium had been retained by the resin during the breakthrough 
run. Higher pH’s resulted in early breakthrough of lithium, and at pH 10 both 
lithium and sodium are complexed and reach influent concentration at around 25- 
30 ml. Even at pH 10 a trace of barium is retained on the resin.* Because negligible 
lithium complexing occurs at pH 8, and only a small amount of barium remains 
uncomplexed at this pH, pH 8 was chosen as the optimum pH for the separation. ’ 
Tests with varying concentrations of barium revealed that the retention of barium 
(as revealed by a 5M HCI elution) drops to about 1% in samples containing 0.OIM 
barium, and if 0.005M barium is used, only a trace (co-5 %) can be detected. The 
concentration level of strontium, which forms the second weakest EDTA complex of 
all the multivalent metals,% also effects the quantitativeness of its separation from the 

* Attempts were made to increase the stability of the barium-EDTA complex by working in 50% 
ethanol-water and 50% dioxan-water, but although the extent of complexing was increased, retention 
of traces of barium by the resin could not be prevented. Attempts were also made to complex barium 
quantitatively with DTPA (dietbylenetriaminepenta-acetic acid), which forms a complex with barium 
that is over lOO-fold stronger than the EDTA complex .*6 Although quantitative complexing of 
barium could be achieved at pH 10, lithium and sodium were likewise complexed at this pH, and so 
no further attempts were made. 
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alkali metals at pH 8. Whereas O*OlM strontium appears quantitatively complexed, 
0.05M strontium is retained by the resin to the extent of about 2 %. Thus, to keep the 
retention level of multivalent metal cations at 1 ‘A or below, the concentration of each 
of these ions, in general, should be O*OlM or below. Calcium, and metals forming 
more stable EDTA complexes than calcium, could probably be tolerated to the extent 
of about 0*05M, but the requirement of excess EDTA further restricts the total 
concentration of multivalent metals to about 0.05M when 2 % EDTA is used. 

Concentration of alkali metals: Table IV shows the effect of various concentration 
levels of alkali metals on the alkali metal breakthrough capacity. The sharp drop in 
breakthrough capacity at trace concentrations of the alkali metals is not surprising in 
view of the high ratio of tetramethylammonium ions to alkali metal ions at these 

TABLE IV.-EFFECT OF CONCENTRATION OF ALKALI METALS 
ON ALKALI METAL BREAKTHROUGH CAPACITY 

Influent: O.OlOOM Ca*+; Li+, Na+, K+ at concentration indicated; 2 % 
EDTA at pH 8.0 with (CH,),NOH; 

Resin: Dowex 5OW-X8 in (CH,),N+ form; 
Flow rate : 1 .O ml/min. 

Concentration of 
Li+, Na+, K+, 

molellitre 

Breakthrough capacity 
(% of total capacity) 

1.00 x 10-i 49 
1.00 x 10-e 20 
1.00 x 10-a 3.2 
1.00 x 10-d 0.34 

concentrations. At 10-3M alkali metals the ratio of tetramethylammonium ions to 
alkali metal ions is approximately 100: 1, and at lo-*Malkali metals the ratio is about 
1000: 1. These are rather startling competitive odds against the retention of the alkali 
metals, especially in view of the weakness with which the alkali metals are normally 
held. Nevertheless, the low breakthrough capacities at the 10-3M and 1O4M levels of 
alkali metals should not detract from the usefulness of this technique at low concentra- 
tions. It is still possible to achieveexcellent separations ofalkali metals from multivalent 
metals. For example, with a sample containing 10-4M alkali metals under the con- 
ditions given in Table IV, over 140 ml of sample solution can be passed through 10 ml 
of Dowex 5OW-X8 in the tetramethylammonium ion form before the first break- 
through of the alkali metals occurs. (Sodium breaks through at 144 ml, potassium at 
188 ml and lithium at 278 ml.) After washing with 20 ml of water, 5M HCl elutes 
the retained alkali metals quantitatively in less than 20 ml, giving a peak concentration 
of each of the alkali metal ions of approximately 10-2M, representing a lOO-fold 
increase in the sensitivity with which they can be detected flame photometrically. 
Over the 20-ml fraction, the average concentration of each of the alkali metals is 
10-3M, representing a lo-fold concentration factor over the original sample. 

Length of the resin bed: Although the majority of the separations were made with 
10-O ml of resin, several runs were repeated with 5.0 and 15-O ml of resin to test the 
effect of length of the resin bed on the alkali metal breakthrough capacity. In all 
cases the relative breakthrough capacity (percentage of total exchange capacity) 
remained the same within the accuracy and reproducibility of measuring breakthrough 
volumes (about * 3 ml). Thus, the breakthrough capacity figures cited should be 
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useful in estimating the amount of resin that should be used to isolate a given amount 
of alkali metals. 

CONCLUSIONS 

Results presented in this paper emphasise the separation of the alkali metals from 
the alkaline earths. Because other multivalent metals form even stronger EDTA 
complexes than do the alkaline earths, 26 the method described should be useful to 
separate a great many of these metals from the alkali metals, provided that an excess of 
EDTA is maintained. The separation of cadmium from the alkali metals is given as 
an example. The separation and isolation of the alkali group metals is simple and 
rapid and serves as a way of concentrating dilute solutions of these metals. The 
method is only useful for a separation of the alkali metals as a group. Further 
separation of the individual elements was not attempted, but should be possible using 
any of a number of separation procedures that have been devised.3l13 

In this procedure the original sample solution is completely freed of alkali metals. 
If, for example, one were determining the alkaline earths by flame photometry, the 
complete removal of the alkali metals should contribute greatly to the ease and 
accuracy of the analysis. At the same time, the presence of EDTA in the sample 
solution should have the advantage of minimising anion interferences in the flame 
photometric analysis.27 
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Zusammenfassnn8--Die Gruppe der Alkalimetalle kann von mehr- 
wertigen Metallen schnell getrennt werden durch portionsweise 
Komplexbildung der mehrwertigen Metalle mit EDTA bei pH 8 und 
Passieren der Losung durch einen Kationenaustauscher in der Tetra- 
methylammonium-Form. Nach Isolierung der Alkalimetalle auf dem 
Harz kann die game Gruppe schnell eluiert und konzentriert werden. 
Trennungen der Alkalimetalle von Erdalkalien und Cadmium werden 
gezeigt. Bedingungen, die den Wirkungsgrad der Alkalimetallauf- 
nahme beeinflussen, wurden im einzelnen untersucht. 

R&n&-On peut &parer rapidement les metaux alcalins, en tant que 
groupe, des metaux polyvalents, en complexant au pr6alable l’ensemble 
de ceux-ci au moyen d’EDTA a pH 8, puis en passant la solution sur 
une r&sine cationique sous forme ion t6tramethylammonium. Apres 
isolement des metaux alcalins sur la r&sine, on peut les bluer rapidement 
en tant que groupe et les concentrer. On pmsente, a titre d’exemple, 
des separations des metaux alcalins d’alcalino-terreux et de cadmium. 
On a CtudiC en detail les variables affectant l’efficacitb de l’absorption 
des metaux alcalins. 
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Summary-A highly precise method of determining beryllium, based 
on the precipitation of hexamminecobalt(111) hexacarbonato-oxo- 
tetraberyllate, is described. The complex is decomposed by fuming 
with sulphuric acid and the cobalt(D) produced determined by 
weight tiiration with standard O*liU EDTA and back-titration with 
O.OlM cobah( The titration is carried out at nH 859.0 in a 
potassium ~r~~at5bi~~na~ buffer and in the p&sence of potas- 
sium thiocyanate, tetraphenylarsonium chloride and chloroform. 
The end-point is indicated by the appearance in the chloroform layer 
of the blue colour of the ion-association pair, tetraphenylarsonium 
tetrathiocyanatocobaltate(I1). A precision of @02 % has been obtained, 
which is much better than that possible with any other method for 
determining beryllium. There appears to be a negative bias not 
exceeding O-1 % which MMOt yet be explained. 

IN Part I1 it was shown that the precipitate obtained when hexamminecobalt(II1) 
chloride is added to a solution of beryllium in excess ammonium carbonate is hexam- 
minecobalt(II1) hexacarbonato-oxo-tetraberyllate, which contains a variable amount 
or water depending on the humidity of the atmosphere with which the compound is in 
equi~brium. Also, it was shown that a reasonably reproducible composition, corre- 
sponding to the presence of about 11 molecules of water, could be assured by con- 
ditioning the precipitate at a definite relative humidity in the range 32-80x, but it was 
considered that for analyses of the highest precision it was best to avoid weighing a 
precipitate of non-stoichiometric composition. Consideration was therefore given to an 
indirect determination of beryllium based on evaluation of the cobalt in the precipitate 
and the development of a highly precise procedure of this kind is described below. 

The determination of beryllium via the cobalt content of hexamminecobalt(II1) 
carbonatoberyllate was described by Misumi and Taketatsu,2 who decomposed the 
precipitate by heating with potassium hydroxide solution, dissolved the resulting 
cobalt hydroxide in acid and titrated the cobalt(I1) with standard @OlM EDTA using 
Murexide as indicator. The amounts of beryllium determined were 0.7-3-5 mg, 
corresponding to about 2.3-l l-5 mg of cobalt. For ~gh-precision work, quantities of 
about 50 mg of beryllium or 160 mg of cobalt are needed and under these conditions 
we found that the intensity of colour of the cobalt(II)-EDTA complex masks any 
indicator colour. Alternative methods of determining cobalt, including gravimetric 
techniques, were considered, but it was soon apparent that EDTA titration was the 
most promising field for study. Foster and WiliiamsS showed that the best gravimetric 
technique is only capable of an accuracy of 0*1-O-2 %. This involves the precipi~tion 
and weighing of CoNH,PO,*H,O and the spectrophotometric determination of the 
unprecipitated cobalt in the filtrate. 

* Part I: see reference 1. 
91 
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Titration of cobalt with EDTA 

The high effective” stability constant of the cobalt(II)-EDTA complex, varying from 
about lOlo at pH 5 to 1016 at pH 10, ensures that the reaction between cobalt(I1) and 
EDTA is stoichiometric in this pH range, and if a suitable method of equivalence point 
detection can be found it should be possible to carry out the titration very accurately. 
The best method of detecting the equivalence point in this case was that described by 
Cameron and Gibson.5 These workers showed that cobalt may be determined by 
adding excess EDTA and back-titrating with cobalt in the presence of potassium 
thiocyanate, triphenylmethylarsonium chloride and chloroform. The end-point is 
indicated by the appearance in the chloroform layer of the blue colour of the ex- 
tracted ion-association pair, triphenylmethylarsonium tetrathiocyanatocobaltate(I1) 
[(C,H,),CH,AS+],[CO(CNS),~-1. Using O*OlM solutions they determined l-6 mg of 
cobalt with an accuracy of about O-5 % at the higher level, but it appeared to us that 
much higher precision should be possible by the use of larger amounts of cobalt. 
We have found this to be the case and have used the method for titrating about 160 mg 
of cobalt, i.e., the amount combined with about 50 mg of beryllium in the precipitate. 

Cameron and Gibson showed that the (C,H,),As+ and (C,H,)2(CHJ2As+ cations 
also give ion association complexes with CO(CNS),~- suitable for extractive end-point 
indication. They showed that end-points can be obtained over the pH range 5-10, but 
pointed out that a high pH is desirable to stabilise the cobalt-EDTA complex. They 
recommended an ammoniacal buffer with a pH of 9.3 and indicated the ranges of 
reagent concentrations-potassium thiocyanate, pH 9.3 buffer and 1% triphenyl- 
methylarsonium chloride-that can be used. 

In our work tetraphenylarsonium chloride was used because it was readily available. 
To avoid precipitation of beryllium in the titration an acetate buffer giving a pH of 5.5 
was used initially. Later, to improve the sharpness of the end-point, consideration was 
given to possible ways of carrying out the titration at a higher pH while retaining 
beryllium in solution. A potassium carbonate-bicarbonate solution, giving a final pH 
of 8.5-9.0, was found to be suitable and was adopted; the end-point is considerably 
sharper under these conditions. An ammonium carbonate solution at a similar pH 

cannot be used because the quantity required to complex 50 mg of beryllium destroys 
the end-point completely. The ammonia concentration required is about 10 times that 
contained in the amount of buffer recommended by Cameron and Gibson for the 
cobalt titration and it appears that under these conditions ammino complexes are 
formed in preference to the CO(CNS),~- ion. 

All titrations are carried out by weight using polythene ampoules, holding 50-60 g 
of solution, as weight burettes. The main titration is performed with 0.1 weight- 

molar EDTA and the small excess back-titrated with 0.01 weight-molar cobalt(I1). 
To minimise pH changes in titration the EDTA solution is made up with sufficient 
sodium hydroxide to give the tetrasodium salt. 

Conditions for precipitating hexamminecobalt(II1) hexacarbonato-oxo-tetraberyllate 

To maintain beryllium in solution as the hexacarbonato-oxo-tetraberyllate anion 
a large excess of ammonium carbonate is required. Also, a high concentration of 
carbonate is needed to ensure the ready dissolution of the precipitate produced 
initially on adding ammonium carbonate to the beryllium solution. Now the hexam- 
minecobalt(II1) compound is appreciably soluble in solutions of electrolytes and this is 
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noticeable in ammonium carbonate solutions of lOaL or higher strength as are used in 
this determination. If a little hexamminecobalt(II1) chloride solution is added to such 
a solution containing beryllium no precipitate is formed at first or, if any is produced 
locally, it redissolves. Dilution of the solution at this stage results in precipitation of 
the complex. If more precipitant is added to the solution without dilution the precipi- 
tate is formed fairly slowly and separates as coarse, easily filterable crystals. However, 
if precipitation is carried out from a solution more dilute than about 7 % in ammonium 
carbonate, the precipitate is formed immediately in a very fine condition and tends to 
clog in filtration. There is, therefore, considerable advantage to be gained in carrying 
out the precipitation from strong ammonium carbonate solution. However, when the 
bulk of the precipitate has separated, it is necessary to dilute the solution to ensure 
complete precipitation of beryllium. This point was not appreciated when the work 
described in Part I was done and, as noted there, only 99.5-99.8 % of the added 
beryllium was precipitated. In this connection it may be noted that in Pirtea’s first 
paper6 no mention of dilution is made although 2-10 g of solid ammonium carbonate 
are added to a solution of 5-50-ml volume. However, Pirtea and Constantinescu7 
after the addition of the hexamminecobalt(II1) chloride, prescribe dilution to a total 
salt concentration of 2-3 %. 

Because the method has been devised for application to metallic beryllium, most of 
the work has been carried out with 50-mg samples. For the determination of very 
much smaller amounts, the quantities of reagents can be scaled down. However, a few 
experiments have been carried out, using the same conditions of precipitation, but with 
variations of post-precipitation treatment, on lO- and 1-mg amounts of beryllium in 
order to determine whether precipitation is quantitative. It was as a result of these 
experiments that the shaking time of 1 hr was introduced as an additional precaution, to 
ensure establishment of equilibrium between solution and precipitate; in most of the 
work reported here the solution was merely allowed to stand for 1 hr after dilution 
with water. 

Decomposition of the complex 

It is necessary to convert the cobalt in the precipitate to cobalt(I1) for titration with 
EDTA. The hexamminecobalt(II1) complex is very stable and drastic treatment is 
necessary. Misumi and Taketatsu heated with potassium hydroxide, but this method 
is troublesome because of bumping and the precipitated cobalt hydroxide must be 
dissolved in acid. We have found that heating to fumes with sulphuric acid is more 
satisfactory and convenient, but this stage of the procedure is inevitably somewhat slow 
and needs to be carried out with care to ensure complete decomposition and avoidance 
of losses by spray. Because of the separation of beryllium and cobalt(I1) sulphates a 
considerable excess of sulphuric acid is necessary to avoid spitting; the neutralisation 
of this excess acid with sodium hydroxide before adding the potassium carbonate- 
bicarbonate buffer is then necessary and this step accounts for about 75 % of the total 
blank titration, which corresponds to 0*0550*1% of beryllium on 50 mg. 

EXPERIMENTAL 

The optimum amount of beryllium for the determination is about 50 mg. This corresponds to 
about 1.3 g of precipitate and about 30 g of O.lM EDTA. Increasing the weight of beryllium would 
mean increasing the amounts of reagents and volume of the solution and also prolong the time for 
filtration. Decreasing the amount would tend to reduce the accuracy of the determination by reducing 
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the amount for titration. Fifty mg is rather a small weight of metal to weigh accurately and, even if 
this were not so, this amount may be unrepresentative of the sample. Consequently, it is necessary 
to make a solution of the metal of accurately known concentration and weigh out portions for analysis. 

To reduce experimental errors it is desirable to minimise the number of transfers of material from 
one vessel to another and, in particular, to avoid the conventional transfer of the precipitate from 
beaker to filter. Therefore, a vessel was designed in which the precipitation, filtration, decomposition 
of the precipitate and final titration were all carried out. This consisted of a conical flask (cu. 200 ml) 
fitted with two necks opposite each other and each at an angle of about 25” with the vertical axis of 
the flask. One neck had a BlO ground glass socket and stopper. The other had a B24 socket to 
which was fitted either a stopper or a cone attached to a tube in which a 15mm diameter X4 sintered 
glass disc was sealed. The other end of the glass tube was drawn down for connection to the vacuum 
fine via rubber tubing. The glass joints could be held together as required by springs attached to 
glass lugs sealed to the flask, BlO stopper and B24 cone with filter. 

For precipitation and f&ration the vessel was used in the same manner as a micro-filter beaker. 
The precipitate was then washed back into the flask and dissolved by 20% v/v sulphuric acid forced 
back throueh the sinter bv suction aDDlied at the BlO neck. In the final titration of the cobalt the 
BlO stoppe; was held in position by ihe springs and the titrants added through the B24 neck. 

The above apparatus was used for all the work described in this paper. More recently we have 
simplified the apparatus and now use an ordinary NO-ml stoppered conical flask with a B29 neck. 
Filtration is carried out by means of a filter stick, which is inserted into the flask when needed. The 
procedure as described below uses the simplified apparatus. 

Reagents 

All reagents must be of analytical reagent grade quality. 
Ammonium carbonate-EDTA solution. Dissolve 250 g of ammonium carbonate and 4 g of disodium 

dihydrogen ethylenediaminetetra-acetate dihydrate by stirring with 120 ml of concentrated aqueous 
ammonia and 500 ml water. Dilute to 1 1. 

5 % Hexamminecobalt(II1) chloride solution 
Wash solutions. (a) 0.2% Hexamminecobalt(II1) chloride solution; (b) 60% v/v ethanol and 

water 
20 % v/v Sulphuric acid solution. 
25 % w/v Sodium hydroxide solution. 
Potassium carbonate-bicarbonate-thiocyanute solution. Dissolve 43 g of potassium carbonate, 

123 g of potassium bicarbonate and 133 g of potassium thiocyanate in water and dilute to 1 I. 
Acetate buffer (pH 45). 

acetic acid and dilute to 1 1. 
Dissolve 136 g of hydrated sodium acetate in water, add 57 ml of glacial 

2 % w/v Tetraphenylarsonium chloride solution 
Dithizone solution. 0905 % in ethanol prepared freshly as required. 
O.lM EDTA solution (tetrasodium salt). Dissolve 37.2 g of disodium dihydrogen ethylenediamine- 

tetra-acetate dihydrate and 8.Og of sodium hydroxide in water and dilute to 1 1. Standardise as 
described below. Store in a Polythene bottle. 

0.OlM EDTA solution. Weigh out about 5 g of O.lM EDTA solution and dilute accurately to 
about 50 g. 

O.OlM cobalt solution. 0.28 g of cobalt sulphate heptahydrate dissolved in 100 ml of solution. 
Standard& as described below. 

Apparatus 

250-ml conical flasks with B24 ground glass necks and stoppers. 
500~ml conical flasks with B29 ground glass necks and hollow stoppers. 
Air-cooled reflux condensers with B24 cones. 
Filter sticks. 15-mm diameter X4 disc, sealed into flared out end of glass tube (o.d. 6 mm); 

total length 15 cm. 
2-0~ Polythene ampoules with jets delivering not more than 0.02-g drops. 

Procedure 

Weigh out (to 0.01 mg) about 0.5 g of the beryllium sample and transfer it to a clean dry 250-ml 
conical flask with a B24 neck. The flask should previously have been weighed to the nearest 1 mg 
with its stopper present. Add a few ml of water, fit a reflux air-condenser to the flask and add 15 ml 
of concentrated hydrochloric acid, a few ml at a time, so that the reaction is always under control. 
When there is no further reaction add a few drops of concentrated nitric acid and heat until a clear 
solution is obtained. 
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Sometimes the solution remains cloudy because of undissolved beryllium oxide. In this case add 
10 ml of concentrated sulphuric acid to the cooled solution, wash down the inside of the condenser 
and remove it from the flask. Carefully evaporate the solution without allowing it to boil by standing 
the flask on an asbestos-covered hot-plate. Dissolution of the oxide is normally complete by the 
time fumes of sulphuric acid appear, so, at this stage, remove the flask from the hot-plate and allow 
to cool. Dilute the solution by carefully adding 10 ml of water, cooling the flask at the same time. 

Dilute to about 60 ml and add concentrated aqueous ammonia until a small permanent pre- 
cipitate appears. Add 1M hydrochloric acid until a clear solution is obtained, being careful to ensure 
complete dissolution of any beryllium hydroxide adhering to the glass. Dilute to 70-90 ml, allow 
to come to room temperature, wipe dry the inside of the ground glass neck, stopper the flask and weigh 
it to the nearest 1 mg. 
ampouIe. 

Mix the contents of the flask thoroughly and transfer 50-60 g to a dry polythene 

Transfer 20ml of ammonium CarbonateEDTA solution to a NO-ml conical flask with a B29 
ground glass neck. Into this weigh out a quantity of beryllium solution containing about 0.05 g of 
beryllium, gently swirling the flask and contents all the time to help redissolve precipitated basic 
beryllium compounds. Heat to 60-70” for a few min, remove from the hot plate, and, after 
ensuring that all traces of precipitate have been dissolved, add 30 ml of 5 % hexamminecobalt(II1) 
chloride solution. Allow to stand for 5 min, add 1OOml of water, stopper the flask and agitate 
gently for 1 hr using a mechanical shaker. (Note. The shaking should be just sufficient to maintain 
the precipitate in suspension.) 

Filter by suction through a filter-stick inserted into the flask and wash thoroughly with (a) O-2 % 
hexamminecobalt(111) chloride and (b) 60% ethanol, paying particular attention to the walls of the 
flask and breaking up the pad of precipitate two or three times during the ethanol washes. About 
four lO-ml portions of (a) and six lo-ml portions of (b) should be adequate. If hold-up of liquor 
inside the filter-stick exceeds about 1 ml, a further two lo-ml washes with 60% ethanol should be 
used to ensure complete removal of cobalt. 

Remove the suction-tube from the filter-stick and add 10 ml of water and 5 ml of 20% v/v sul- 
phuric acid to the contents of the flask. Cover the flask with a watch glass, mix the contents and add 
a further 20 ml of 20% v/v sulphuric acid when effervescence ceases. Heat until a clear solution is 
obtained, lift the filter-stick from the solution and wash it, collecting the rinsings in the main solution; 
to wash the inside, force portions of water through the sinter by means of a squeeze bulb. 

Cover the flask with the watch glass and evaporate slowly until decomposition occurs and the 
orange solution turns dark red, indicating conversion of the cobalt to the bivalent state. When fumes 
of sulphuric acid are evolved copiously, cool the flask and carefully rinse the watch-glass and inside 
walls of the flask with a little water to wash back a small amount of spray. Again evaporate the 
solution to fumes and continue heating until a stage is reached at which most of the beryllium and 
cobalt sulphates have precipitated and the supemate is colourless. Cool, dilute carefully with 20 ml 
water and heat until a clear solution is obtained. Again cool. 

Calculate the expected weight of O.lM EDTA solution needed to complex the cobalt and add 
about O-5 % less than this from a polythene ampoule. Carefully neutralise the solution with 25 % 
sodium hydroxide solution, continuing the addition until a slight permanent precipitate of beryllium 
hydroxide is produced; about 25 ml will be needed. Add 30 ml of potassium carbonate-bicarbonate- 
thiocyanate solution and warm until a clear solution is obtained. Cool to room temperature. 

Add 5 ml of 2% tetraphenylarsonium chloride solution and 10 ml of chloroform, stopper the 
flask and shake once or twice. Carefully open the stopper to release the pressure and repeat the 
procedure until pressure is no longer generated. Then shake vigorously and invert the flask so that 
the chloroform layer runs into the hollow stopper and can be viewed against a white background. 
The layer should be blue, indicating excess untitrated cobalt. Titrate with O.lM EDTA until the 
chloroform layer is colourless, shaking very thoroughly after each addition of titrant. 

Back-titrate with O.OlM cobalt solution to the first appearance of blue in the chloroform layer. 
Less shaking is necessary in the back-titration because equilibrium is more quickly reached in the 
extraction of cobalt from the aqueous into the chloroform phase than oice versa. 

Stanahrdisation of solutions 
Stanabdisation of 0.1 M EDTA against 99.999 % zinc. Cut a piece weighing 0.8-1.2 g, from a stick 

of 99999% zinc and immerse it in 20% hydrochloric acid for a few min. Wash with water and 
acetone, dry and weigh toD.01 mg. 

Transfer the zinc to a weighed 250-ml conical flask with a B24 neck, add a few ml of water and 
fit an air-cooled reflux condenser. Add 5 ml of concentrated hvdrochloric acid and warm until the 
zinc has completely dissolved (2-3 hr). Cool, add 6M aqueous ammonia until a permanent pre- 
cipitate forms and redissolve by the dropwise addition of 1M hydrochloric acid. Cool and dilute 
to 70-90 g. Allow to come to room temperature, wipe dry the inside of the ground glass neck, 

8 
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stopper the flask and weigh it to the nearest 0.1 mg. Mix the contents of the flask thoroughly and 
transfer 50-60 g to a dry polythene ampoule. Calculate the molarity of the zinc solution. 

Weigh out about 20 g of the O.iM EDTA solution into a 2%ml conical ffask and add 10 ml of 
acetate buffer (pH 4-5), 1 ml of 06US”/~ dithizone and 50 ml of ethanol. Titrate with zinc solution 
until the pale green eolour changes to pink, then back-titrate with 0*01&f EDTA. 

Carry out a titration exactly as above but with 20 ml of water instead of @II+4 EDTA. 
Let the molarities of the zinc and main EDTA (O.lM nominal) solutions be X and Y, respectively, 

and let 1 g of weak EDTA = do g of main EDTA solution. 
First titration: If E, g of main EDTA and e, g of weak EDTA require Z, g of zinc solution, 

(E, + ae,)Y = Z,X + Blank. 

Second titration: If e, g of weak EDTA require Z, g of zinc solution, 

tLe,Y -= 2,X + Blank 
and 

Y = (Z, - Z,)X 
Et + n(e, - ez) * 

Standardisation of cobalt solution. Transfer 30 ml of potassium carbonate-bicarbonate-thiocya- 
nate solution to a 500-ml glass-stoppered conical flask and add 50 ml of water. Weigh out about 
I g of 0.1&f EDTA solution into the flask, add 5 ml of 2% tetraphenylarsonium chloride solution 
and 10 ml of chloroform, and titrate with the cobalt solution as already described for the beryllium 
determination. Similarly, titrate 1 or 2 drops (0~02-005 g) of O+lM EDTA. 

From the differences between the two titrations calculate the number of grams of EDTA equivalent 
to 1 g of cobalt solution @). The blank from the potassium carbonate-bicarbonate-thiocyanate 
may be calculated to check reagent purity. 

Determination qf main titration blank. Transfer 25 ml of 25 % sodium hydroxide to a 500-mI glass 
stoppered flask and carefully neutral& with 20% v/v sulphuric acid using Methyl Red as indicator. 
Make just alkaline with 2% alkali, added dropwise, cool and add 30 ml of potassium carbonate- 
bicarbonate-thioc 

.g 
anate, 5 ml of 2% tetraphenylarsonium chloride and 10 ml of chloroform. into 

the solution wetg out 0*05-0.1 g of O.lM EDTA and titrate with the cobalt solution. 
If Es g of YM EDTA take Cs g of cobalt solution, 

Es = Blank + PC, 

and Blank = ES - PC, = B. 

Calculation of beryI&m content of sample 

Let the weight of beryllium metal taken = M g, 

the total weight of metal solution = T g, 

the weight of solution taken for analysis = S g, 

the weight of Y&f EDTA used = E g, 

and the weight of cobalt solution = C g. 

Hence: Beryllium in sample analysed = E g of YM EDTA - C g of Cobalt solution - Blank 

=(E-DC-B)gofYMEDTA. 

Because the precipitate contains 2 atoms of berylliumfatom of cobalt, and EDTA gives a I: I complex 
with cobalt: 

Equivalent weight of beryilium = 9.0122 x 2 = 18.0244. 

A correction for buoyancy must be applied. The only weights affected are those of zinc and 
beryllium metal. Taking the densities of zinc and beryllium as 7.14 and 1.85, respectively, and the 
man density of air as OGO120, the correction factor becomes 0.99952. 

Thus : 

Beryllium in sample = 
18.0244 x 0.99952 YT(E - @C - B) x 100 

1,000 MS % 

1.8016 YT(E - PC - B) 
= 

MS %. 

The atomic weights used are based on the ‘*C = 12 scale,* in which zinc = 65.37. 
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Cob&t titration at pH 5.5 
RESULTS 

In these dete~inations an acetate buffer was used, the other reagents being the 
same as in the recommended procedure. Five ml of glacial acetic acid were added to 
the solution and the pH adjusted to 5.5 with 6M aqueous ammonia. Although 
titrations were carried out by weight, as already described, the beryllium solution was 
prepared by dissolving a weighed portion af vacuum distilled beryllium metal in acid 
and making up to 1 1. in a calibrated volumetric flask. Determinations were then 
carried out on 50-ml portions of solution measured with a calibrated pipette. 

Twenty determinations gave a mean value of 99.92 % of beryllium and a standard 
deviation ‘of 044 %. 

Cobalt titration at pH &S-9*0 

Six different samples of beryllium metal were analysed as described in the recom- 
mended procedure and the results are given in Table I. 

TABLE I.-DETERMINATION OF BERYLLIUM IN METAL SAMPLES BY THE PROPOSED ME~OD 

Sample 

Be, % 
Individual 

results 

Sum of impurities 
(C, 0, Al, Cr, Cu, 

Fe, Mg, Mn, N, Ni, Sum of Be content 
Si), and impurities, 

Mean % % 

Pechiney S.R. 99.69 99.72 0.07 99.79 
99.75 
99.74 
99.72 
99.71 
99.73 

Vacuum 99.90 9990 - 99-90 
Distilled 99.89 

A 98.36 98.39 1.47 99.86 
98.36 
9844 

B 98.21 98.20 1.66 99.86 
98.17 
98.20 
98.19 
98.21 

C 98.59 98-60 - - 
98.60 

D 98.93 98.92 0.88 99.80 
98.93 
98.90 

Combining all the results in Table I the relative standard deviation is 0.02% for 
the method at the 50-mg level, i.e., 0*01 mg of Be. 

The results of the experiments with IO- and I-mg amounts of beryllium are given in 
Table II. The figures in column 3 for the amounts of beryllium taken are calculated 
from the results obtained on the same beryllium metal solution at the 50-mg level. 
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DISCUSSION 

The relative standard deviation of 0.02% calculated from the results of Table I 
shows that the method is highly precise-very much more so than any other method 
hitherto described for the determination of beryllium. It is, incidentally, interesting to 
note the high precision attainable in EDTA titrations when adequate equivalence- 
point indications are available. We obtained a relative standard deviation of 0.01% 
in the titration of zinc using dithizone as indicator. The precision of the cobalt titration 
was not determined separately but is included in the over-all figure of 0.02 %. 

As regards the accuracy of the method, this cannot be evaluated precisely but it will 
be noted from the last column of Table I that the sum of the beryllium content and 
principal impurities is less than 100%. The discrepancy varies between 0.1% and 
0.2 %, a variation much larger than the random error in the method and it is evident 
that part of the discrepancy at least must lie outside the beryllium determination; 
there will doubtless be some contribution from undetermined impurities and there 
may be some errors in those that have been determined. Even so, the results on the 
purest samples (Pechiney S.R. and the vacuum distilled) cannot be wholly accounted 
for on this basis. We believe that the vacuum distilled material is very close to lOO*O % 
beryllium and that our result on this sample may therefore be 0.10% low. This 
appears to be the maximum systematic error in the method. 

TABLE II.-EFFECT OF POST-PRECIPITATION TREATMENT ON RECOVERY 

OF SMALL AMOUNTS OF BERYLLIUM 

Expt. Post-precipitation Be taken, Be found, Error, 
no. treatment w V w 

Stood for 1 hr 10.985 
Stood for 1 hr 0.993 
Stood for 1 hr 1.014 
Stood overnight 1.110 
Shaken for 1 hr 9.096 
Shaken for 1 hr 0.897 
Shaken for 1 hr and 0.939 

stood overnight 1.068 

10.993 + 0.008 
0.921 - 0.072 
0.541 -0.473 
0.723 -0.387 
9.109 +0.013 
0.844 -0.053 
0.934 -0.005 
1.048 -0.020 

It is difficult to account for a systematic negative error of O-1 % and the first 
possibility to consider is incomplete precipitation of beryllium. This might arise in 
two ways (a) true solubility of the complex in the mother liquor, and (b) super- 
saturation because of non-establishment of equilibrium between precipitate and 
solution. The experiments using small amounts of beryllium (Table II) throw light 
on this question. The results of experiments 1 and 5 on about 10 mg of beryllium show 
slight positive errors and, at this level, no significant difference follows from shaking 
rather than standing for 1 hr. Therefore, we conclude that for 10 mg of beryllium and 
above, equilibrium is established very quickly after precipitation and dilution, and that 
the solubility of the complex in the mother liquor is negligible. 

At this point one should take into account the uncertainty in the figure for the 
amount of beryllium taken arising from the fact that it is based on an analysis at the 
50-mg level by the same method. If the method gives results 0.1% low, then we must 
increase the figures for beryllium taken by O-1 %. This has the effect of reducing the 
positive errors in experiments 1 and 5 to only -0*003 and +0*004 mg, respectively. 
The effect on the results with 1 mg of beryllium is O*OOl mg, which is quite negligible. 
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The results with 1-mg amounts of beryllium are obviously dependent on post- 
precipitation treatment and it is clear from experiments 2,3 and 4 that standing with- 
out agitation is insufficient to establish equilibrium between precipitate and solution. 
In only one experiment, number 7, where shaking for 1 hr and standing overnight were 
employed, was equilibrium established, and in this case the result again shows that the 
true solubility of the complex in the mother liquor is negligible. Experiment 7 gave a 
result indicating not quite complete equilibrium conditions, while intermediate results 
were given in experiments 2 and 6. 

One need not be surprised at the results using 1 mg of beryllium because, at this 
level, the ratio of surface area of precipitate to volume of solution is very low indeed, 
and the extreme conditions of these experiments would be avoided in normal analysis. 
It is clear from the results with IO-mg and 50-mg amounts that the procedure used 
involving standing 1 hr after precipitation is adequate. However, as an additional 
safeguard we have introduced a shaking for 1 hr after precipitation into the recom- 
mended procedure. 

Another possible source of systematic error lies in the atomic weight of zinc, the 
standard used in the determination. Wither@ lists zinc among the elements whose 
atomic weights are of lower accuracy than the rest. He states “It is not possible to 
estimate the uncertainties in the atomic weights of these elements beyond saying that 
they do not exceed 0.05 % and in a number of cases may be no more than 0.01x.” 
In the case of zinc, the discrepancy that exists between the chemical atomic weight 
(65370-65*376), which is that recommended, and that determined mass spectro- 
metrically (65.387) is about 0*03’%. However, the use of the mass-spectrometric 
atomic weight would make matters worse by decreasing the apparent beryllium content 
by 0.03 %. 

At the moment we cannot account for the apparent slight negative bias in the 
method, but, while its existence should not be overlooked, the error does not detract 
from the usefulness of the procedure. 

Acknowledgement-Our thanks are due to Mr. D. J. Taylor for carrying out some of the determina- 
tions. 

Zusammenfassung-Eine sehr genaue Methode zur Berylliumbest- 
immung auf Grund der Ftillung von Hexamminkobalt(III)-hexa- 
carbonate-oxo-tetraberyllat wird beschrieben. Der Komplex wird 
durch Abrauchen mit Schwefelslure zersetzt und das gebildete Kobalt- 
(II) durch Wagetitration mit eingestellter 0,l m EDTA und Rilck- 
titration mit 0,Ol m Kobalt(I1) bestimmt. Die Titration wird bei 
pH 8,5-9,0 in Kaliumcarbonat-Bicarbonat-Puffer und in Gegenwart 
von Kaliumrhodanid, Tetraphenylarsoniumchlorid und Chloroform 
ausgeftihrt. Der Endpunkt wird durch Erscheinen einer blauen 
Farbung in der Chloroformphase angezeigt, die von dem Ionenpaar 
Tetraphenylarsonium-tetrarhodanocobaltat(I1) herriihrt. Eine Ge- 
nauigkeit von 0,02x wurde erreicht; sie ist vie1 besser als bei irgend 
einer anderen Bestimmungsmethode fur Beryllium. Es scheint eine 
negative systematische Abweichung von hochstens 0,l % vorzuliegen, 
die noch nicht erklarbar ist. 

R&mm&-On d&it une methode hautement precise de dosage du 
beryllium, bas6e sur la precipitation de l’hexacarbonato-oxo-tetra- 
beryllate. Le complexe est decompose par action de l’acide sulfurique, 
et le cobalt@) produit est dose par addition d’un exci?s de solution 
tit&e 0,l M d’EDTA, et titrage en retour par une solution 0,Ol M de 
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cobalt(H). Le dosage est mene a pH 8,5-9,0 dans un tampon carbonate- 
bicarbonate de potassium, et en presence de sulfocyanure de potassium, 
chlorure de tttraphtnylarsonium et chloroforme. Le point final est 
indique par l’apparition d’une coloration bleue dans la couche chloro- 
formique, due a I’association ionique tetraphenylarsonium-tetra- 
thiocyanatocobaltate(I1). On a obtenu une precision de 0,02%, de 
beaucoup superieure a celle observee avec n’importe quelle autre 
methode de dosage du beryllium. II semble y avoir un &art negatif 
n’exddant pas 0, I ‘A, que I’on n’a encore pu expliquer. 
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Summary_Hydroxypropyl mandelate has been found to be a satis- 
factory reagent for the in situ generation of mandelic acid for use in 
precipitation from homogeneous solution. 

IN 1947 Kuminsr proposed the use of mandelic acid as a highly selective reagent 
for the gravimetric determination of zirconium. There have been several subsequent 
investigations dealing with its use as a reagent for zirconium2-* and for the pre- 
cipitation of scandium,s trace plutonium,‘O and the fractional separation of the rare 

earths.l’ 
The present investigation was undertaken to explore the usefulness of hydroxy- 

propyl mandelate as a reagent for the in situ generation of mandelic acid. Zirconium 
was chosen as the model ion to test the effectiveness of the reagent. 

Reagents 
EXPERIMENTAL 

Zirconium solutions: A solution of zirconium oxychloride, ZrDC1,.8H,O (Fisher Scientific, 
Pittsburgh 19, Pennsylvania, U.S.A.), was prepared in 4MHC1, and the zirconium concentration was 
determined gravimetrically by precipitation as the hydroxide’ and the mande1ate.r 

Mandelic acidsolution: 160 g of mandelic acid (Eastman Organic Chemicals, Distillation Products 
Industries, Rochester 3, New York, U.S.A.) were dissolved in water to prepare 1 litre of aqueous 
solution. 

Hydroxypropyl mandelute: This ester (synthesised by Burdick and Jackson Laboratories, Mus- 
kegon, Michigan, U.S.A.) is presumed to be a mixture of the two isomers 2-hydroxy-1-propyl 
mandelate and I-hydroxy-Zpropyl mandelate. It was obtained as a thick viscous syrup which was 
subsequently diluted slightly with methanol to 88 %(w/w) ester content, to afford a freely flowing syrup 
which was used as such in the analytical work. 

All other chemicals were reagent-grade. 

Procedure 

Add sufficient HCI to 5-150 mg of zirconium in a 150-ml beaker to prepare 100 ml of a 5-6M 
acid solution. Add 10-12g of hydroxypropyl mandelate syrup mixture with stirring. Cover the 
beaker with a watchglass and place on an electric hot-plate regulated to maintain a temperature of 
approximately 80” for 3 hr. The determination can be concluded by either of the following methods. 

Method A: Filter the hot solution through a medium-porosity ignition crucible, washing the 
precipitate with no more than 150 ml of hot wash solution (5 % mandelic acid and 2 % HCI). Ignite 
the precipitate to 975” : 

Weight of ZrO, x 0.7403 - weight of Zr. 

Method B: Cool the solution to room temperature. Transfer and wash the precipitate with a 
saturated aqueous zirconium tetramandelate solution. Then wash with 30 ml of ethanol followed 
by 20 ml of ethyl ether. Dry to constant weight at 110” and weigh as the tetramandelate: 

Weight of Zr(C,H,O,), x 0.1311 = weight of Zr. 
101 
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RESULTS AND DISCUSSION 

Initial studies with methyl mandelate as a generating reagent were unsuccessful, 
because of the limited solubility of the ester in water, whereas hydroxypropyl man- 
delate was found to be sufficiently soluble. 

Preliminary investigations were undertaken to determine the appropriate concen- 
tration of hydroxypropyl mandelate, temperature of reaction and acidity which would 

TABLE I.-DETERMINA~ON OF ZIRCONIUM IN THE PRECIPITATE BY WEIGHING THE PRECIPITATE” 
AT 110" FOLLOWED BY ITS IGNITION AT 975” 

Zr taken, mg 26.62 53.24 106.49 

Temperature, “C 110 975 110 975 

Difference in -0.09 +o.oo +0.08 +o@l 
Zr found, mg 1-0.02 -0.04 *to.00 *to.00 

-0.04 -0.04 

8 The precipitates were filtered and washed according to Method B. 

110 975 

-to.03 +0.00 
+0.03 kO.00 
-0.05 -0.05 

TABLE II.-PRECIPITATION OF ZIRCONIUM 

Method PFHS’ PFHSb PFHS’ 

Zr taken, mg 5.12 10.24 26.62 

Difference in Zr 0.00 -0.11 0.00 -0.11 0.00 
found, try +0.12 -0.04 + 0.05 +0.22 +o@i 

-0.19 +0.05 -0.22 0.00 -0.11 

Method 

Zr taken, mg 

PFHV PFHSb 

25.61 

PFHSh PFHSb PFHSB PFHS’ 

51.22 10244 153.66 

Difference in Zr 
found, mg 

0.00 to.04 +0.19 $0.03 -to.22 -0.21 
+0.10 -0.03 -0.04 -to.05 -0.04 -0.04 
-0.07 +0.13 +0.48 +0.19 -0.14 0.00 

8 Weighed after ignition to 975” (c$ method A). 
b Weighed after drying at 110°C (cf method B). 

result in quantitative separation of a precipitate with desirable physical charac- 
teristics. 

The necessary conditions were met by (a) addition of sufficient reagent to effect a 
final solution 040~5M in mandelic acid, (6) heating the solution at 85” for 3 hr, 
and (c) precipitation in 5-6M HCI to avoid the formation of basic salts.5 

The precipitate formed by PFHS can be dried and weighed at 110” or ignited to the 
oxide. Thermogravimetric analysis confirmed the use of 110” as a stable drying 
temperature. Tables I and II show the results obtained with zirconium alone. 

Table II shows that quantitative results may be obtained with 5-150 mg of 
zirconium; larger quantities were not determined, and quantities less than 5 mg gave 
anomalous results. 

Table III shows the separation of zirconium from iron, aluminium, titanium and 
thorium. The results indicate that there is little difference in the separations obtained 



Precipitation of zirconium tetramandelate from homogeneous solution 

TABLE III.-SEPARATION OF ZIRCONIUM FROM DIVERSE IONS 
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Method Conv. PFHS PFHS Conv. PFHS PFHS PFHS 

Diverse Ion, mg 
Fe(II1) AI(III) Th(IV) Ti(IV) - - 

280 280 80 80 80 80 75 

Zr taken, mg 51.22 51.22 10244 10244 10244 10244 10244 

Difference in Zr 
found, mg 

+I.42 +064 -to.03 +0.15 -to.15 -to.43 +0.32 
+0.58 +0*36 $0.05 +0.27 +0.08 -to.15 $0.16 
t-064 to.88 0.00 +0.08 -0.08 -to.15 +0*15 

with the conventional and PFHS methods of precipitation; however, the PFHS 
method provides a precipitate with superior physical characteristics, which is far 
more easily filtered and washed than that obtained by conventional precipitation. 

Acknowledgments-The authors wish to thank Dr. 0. E. Hileman for his advice and interest during 
the course of this investigation. They also wish to acknowledge the partial assistance of the United 
States Atomic Energy Commission in supporting the investigation reported herein under Contract 
AT(ll-l)-582. 

Zusanunenfassrmt+Hydroxypropylmandelat erwies sich als brauch- 
bares Reagens zur in-situ-Bildung von Mandelslure bei der Fallung 
aus homogener Losung. 

R&sum&Dn a trouve que l’hydroxypropyl mandelate est un reactif 
satisfaisant pour la formation in situ d’acide mandtlique utilid dans 
la precipitation en milieu homogene. 
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Sommary---It has been shown that rubidium and caesium can be 
determined gravimetrically using N,N-dimethylethanolammonium 
orotate as precipitant. The composition and identity of the rubidium 
and caesium orotate, which were the precipitates utilised in the gravi- 
metric methods developed, have been established by elemental analyses 
and the results confirm their purity. 

SELLERI and Caldin? were able to determine sodium and potassium gravimetrically 
with N,iV-dimethylethanolammonium orotate. These authors did not investigate the 
action of this reagent with rubidium and caesium. The present paper deals with its 
application to the determination of these elements. 

Following the procedure of Selleri and Caldini’ for the precipitation of caesium 
ions but using somewhat larger samples and filtering through a medium sintered glass 
crucible with suction, and washing twice with 2-ml portions of 70% methanol and 
twice more with 2-ml portions of 100 % methanol, the results in Table I were obtained 
using caesium chloride for the determination of caesium. 

TABLE I.-DETERMINATION OF CAESIUM 

Sample 
no. 

CsCl cs 
taken, talc., 

B g 

cs 
found, 

g 

cs 
found, 

%” 
Error, 

% 

1 0.2753 O-2167 0.2083 75.86 -390 
2 0.2981 O-2346 0.2256 75.88 -3.87 
3 0.3861 O-3039 0.2898 75.25 -4.67 
4 04248 0.3344 0.3241 76.47 -3.12 
5 0.5450 0.4291 0.4213 77.51 -1.81 

0 Theoretical Cs = 78.94 ‘% 

The errors shown in Table I are all negative and the results are, therefore, low. 
This indicates: (1) Precipitation might be incomplete. (2) Improper washings may 
lead to loss of the caesium orotate obtained. To test whether the caesium orotate was 
precipitated completely or not, the metal was determined according to the above 
procedure but the precipitate was not washed. Table II shows the results obtained. 

Because the results in Table II are positive and relatively high, the low results in 
Table I are attributed to improper washing and ~oprecipitation of reagent. Therefore, 
at this stage, the solubility of caesium orotate in water, 70% methanol and 100% 
methanol was determined. 

* Present address: Parke-Davis & Co., Detroit, Michigan, U.S.A. 
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TABLE IL-DETERMINATION OF CAESIUM WITHOUT WASHING 

cm 
Sample taken, 

no. B I_______- 
1 0*1800 
2 0.2155 

CS es 
talc., found, 

s g 

0.1416 0.1434 
0.1696 0.1415 

GS 
found, 

2 

7990 
80*76 

Error, 
% 

+1.21 
t2.30 

Q Theoretical Cs = 78.94% 

Determination of so~ubii~t~ of caesium orotate 

Saturated solutions of caesium orotate in water, 70% methanol and 100% methanol were prepared 
by stirring an excess of the salt in the corresponding solvent for 2-3 hr using a magnetic stirrer. In 
the case of 70 % methanol used as the solvent, the increase in temperature from mechanical stirring 
was minimised by placing the Aask containing the solution over a cork ring; the flask was stoppered. 
After the saturated solutions were prepared, the excess of the salt was filtered off. An aliquot of the 
filtrate was evaporated almost to dryness, then further drying to constant weight performed at 
100-l 10”. The solubilities (g/l.) at 20” are 30.82 for water, 3.83 for 70% methanol and O-31 for IO@% 
methanol. 

From these figures some modification in the determination of caesium was found 
to be necessary. 

Procedure for determination of caesium with N,N-dimethylethanolammonium orotate 

The sampIe, containing 20-100 mg of caesium, is dissolved in the minimum amount of water 
to bring it into solution. The pH should be kept between 6 and 8 (at a lower pH the free erotic acid 
is foned, while at a higher pH the acidic imido groups may be attacked). An excess of the O-1M 

TABLE III.-DETERMINATION OF CAESIUM 

CsNO, CS cs cs Mean 
Sample taken, talc., found, found, Error, Error, 

no. g ?? g 2 % % 

1 0.0294 0.0200 oG200 68.18 @OO 
2 0.0808 0.0549 0.0547 67.78 -0.58 -0.44 
3 0.1082 0.0736 0.0731 67.68 -0.73 

” Theoretical Cs = 68.18 % 

Sample 
no. 

C&r 
taken, 

8 

CS 

talc., 
g 

CS 
found, 

9 

CS 
found, 

%” 
Error, 

% 

Mean 
error, 

% 

1 0.0343 0.0203 0.0210 62.59 +0.23 
2 0.0428 0.0261 0.0262 62.35 +0.17 -to-30 
3 0.0489 0.0298 00301 62.77 +@51 

* Theoretical Cs = 6245 % 
-.- 

Sample 
no. 

CsCl 
taken, 

‘Y 

CS 
talc., 

‘Y 

cs 
found, 

g 

CS 
found, 

%” 
Error, 

% 

Mean 
error, 

% 
_-. 

1 0.0751 0.0591 PO589 78.72 -0.28 
2 0.0759 0.0597 0*0595 78.62 -0.41 
3 0.1085 O-0854 0*0850 78.63 -@39 -0.17 
4 0.1092 O-0859 0.0864 79.34 +0.50 
5 0.2357 0.1855 0.1850 78.72 -0.27 

c Theoretical Cs = 78,94% 
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reagent (cu. 25 ml), prepared according to Selleri and Caldini,’ is added dropwise while the vessel 
containing the solution is gently swirled. Caesium orotate precipitates in a white crystalline form. 
The precipitated mixture is allowed to stand in the refrigerator (3”) for 2 hr (longer standing does no 
harm). The precipitate is then collected with suction on a medium or fine sintered glass crucible 
(medium sintered glass crucible is preferable because filtration is faster). The precipitate is washed 
three times with 2-ml portions of 100% methanol, then dried at about 105” to constant weight. 

Results obtained following the above procedure using caesium nitrate, caesium 
bromide and caesium chloride samples were satisfactory and are shown in Table III. 

When the same procedure was followed for the determination of rubidium in 
rubidium chloride, the results in Table IV were obtained. 

The results in Table IV were all positive and relatively high because of coprecipi- 
tation of the precipitant. The solubility of rubidium orotate was, therefore, determined 

WASHING THREE TIMES WITH &Ill PORTIONS OF 100% METHANOL 

Sample 
no. 

RbCl Rb Rb Rb 
taken, talc., found, found, 

X !? s 2 
Error, 

% 

1 0.0399 0.0279 
2 0.0963 00675 
3 0.1193 0.0836 
4 0.1996 0.1400 
5 0.2329 0.1633 

D Theoretical Rb = 70.68 % 

0.0285 71.96 f1.81 
0.0685 71.80 il.58 
0.0849 71.70 +144 
0.1420 71.68 +1.41 
0.1658 71.74 +1.49 

TABLE V.-DETERMINATION OF RUBIDIUM 

Sample 
no. 

RbI Rb Rb Rb 
taken, talc., found, found, 

s g g %” 
Error, 

% 

Mean 
error, 

0’ 
/0 

1 0.0752 @0302 0.0300 40.05 -0.47 
2 0.0957 0.0384 0.0385 4040 $0.39 -0.03 
3 0.1316 0.0528 0.0528 40.24 0.00 

o Theoretical Rb = 40.24% 

Sample 
no. 

RbCl Rb Rb Rb 
taken, talc., found, found, 

K LY g %” 
Error, 

% 

Mean 
error, 

% 

1 00399 0.0279 0.0279 70.68 OQO 
2 0.0835 0.0585 0.0585 70.68 0.00 
3 0.0963 0.0675 0.0685 70.83 +0.21 $0.08 
4 0.1051 0.0737 0.0739 70.84 + 0.22 
5 0.1193 0.0836 70.68 70.68 OQO 

b Theoretical Rb = 70.68% 

Sample 
no. 

1 
2 
3 

RbF Rb Rb Rb 
taken, talc., found, found, 

g g g %’ 

0.0262 0.0207 0.0207 81.80 
0.0569 oGI49 0.0447 81-47 
0.1616 0.1276 0.1278 81.95 

Error, 
% 

00-J 
-0.42 
-to.17 

Mean 
error, 

% 

-0.08 

c Theoretical Rb = 81.81% 
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by the method used previously for caesium orotate. The solubilities (g/l.) at 20” are: 
5.59 for water, 0.49 for 70% methanol and 0.08 for 100% methanol. Because the 
solubility in 70% methanol is low, it could be used for washing and simultaneous 
removal of the coprecipitated material. 

Procedure for determination of rubidium with N,N-dimethylethanolammonium orotate 

The same procedure as detailed above (p. 106) for the determination of caesium is followed. 
Rubidium orotate precipitates in a milky form, the filtration of which is rapid at first but then slows 
down because of the firm packing of the precipitate. The precipitate is so fine that it passes even 
through an F-grade sintered glass crucible. It is, therefore, necessary that the filtration be as fast as 
possible and that is also the reason why a small amount of sample (containing 20-100 mg of rubidium) 
should be used for its determination. The precipitated rubidium orotate collected is washed first 
three times with 2-ml portions of 100% methanol followed by washing twice more with 2-ml portions 
of 70% methanol, then dried to constant weight at about 105”. 

The results so obtained were very satisfactory (Table V) using rubidium iodide. 
rubidium chloride and rubidium fluoride as samples. 

Properties and analyses of rubidium and caesium orotate 

0 
‘\ 

Rubidium Orotate HN 
Q 

\ -COO-Rb+ 
\\ 
” N 

0” H 

Molecular weight 240.57, white crystalline powder, insoluble in methanol, hydro- 
chloric acid and aqueous ammonia. 

0 

Caesium Orotate HN 
0 

\ -coo~cs + 

q N 
0’ H 

Molecular weight 288.00, white crystalline powder, very slightly soluble in 
methanol, insoluble in hydrochloric acid, soluble in aqueous ammonia. 

Carbon and hydrogen were determined by combustion, nitrogen by the Kjeldahl 
method, caesium by fuming with concentrated sulphuric acid to Cs,SO, and rubidium 

to Rb,SO, (Table VI). 

TABLE VI.-ANALYSIS OF CAESIUM AND RUBIDIUM OROTATES PREPARED BY THE PROPOSED 
METHODS FOR DETERMINATION OF CAESIIJM AND RUBIDIUM 

CT % H, % N, % Cs or Rb % 

Caesilrm Orotate 
Calculated 
Found 

Rubidium Orotate 
Calculated 
Found 

20.85 I.04 9.73 46.15 
20.80 1.23 9.75 46.12 

24.96 1.26 11.65 35.53 
24.93 1.43 Il.61 35.51 

The caesium and rubidium salts used were obtained from various companies who 
also provided the complete analyses of these salts. 

The effect of N,iV-dimethylethanolammonium orotate on different elements was 
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tested qualitatively. It was found that the reagent forms a precipitate with Pb2+, 
Zn2+, A@, Cd2+, Pd2+, Sn2+ and Zr02+. Therefore, these ions, together with Nat 
and K+, interfere with the determination of rubidium and caesium. Because NH,+, 
Limb the alkaline earths, Fe3+, Ni2+, Co2+ and Cu2+ did not interfere in the determi- 
nation of sodium and potassium ,l it is inferred that they will not interfere in the 
determination of rubidium and caesium. 

The particular advantage of the proposed method is its applicability for the 
separation of rubidium and caesium ions from ammonium ion. In practical analyses 
a separation of rubidium and caesium will have to precede their determination. 
This can be achieved by ion exchange.2 

Zusammenfassung-Rubidium und CIsium kiinnen gravimetrisch 
mit N,N-Dimethyllthanolammoniumorotat als Fallungsmittel be- 
stimmt werden. Zusammensetzung und Identitat der ausgefallenen 
Rubidium- und Casium-orotate wurden durch Gesamtanalysen 
festgestellt. Die Ergebnisse beweisen die Reinheit der Flllungen. 

Resume---On a montre que le rubidium et le &ium peuvent &tre 
doses gravimetriquement en utilisant, comme reactif de precipitation, 
l’orotate de iV,N-dim6thylCthanolammonium. On a etabli, par des 
analyses compl&es,la composition et l’identite des orotates de rubidium 
et de cesium, qui sont les precipites utilises dans la methode 
gravimetrique developpee, et les resultats confirment leur purete. 
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A COULOMETRIC TITRATOR USING POTENTIOMETRIC 
END-POINT DETERMINATION 

GILLIS JOHANSSON 
Department of Analytical Chemistry, University of Lund, Lund, Sweden 

(Received 9 September 1964. Accepted 29 September 1964) 

Summary_-A coulometric titrator using operational amplifiers has 
been built and tested A potentiometric titration can be made to a 
preset pH with a precision of fO.05 pH unit, using glass and calomel 
electrodes. The electrolysis current is reduced near the end-point 
to avoid over-titration. If the solution has been overtitrated the current 
is reversed. The number of coulombs required during a titration is 
determined by integration of the current. 0.2-O-4 mmole of perchloric 
acid was titrated with a standard deviation of about 0*1x, and O-2- 
0.8 mmole of benzoic acid with a standard deviation of 0.15 %. 

WHEN the end-point of a coulometric titration is determined potentiometrically, two 
pairs of electrodes are immersed in the same solution. The potentials of the indicating 
electrodes are different from the potential of the working electrode. The simultaneous 
operation of a pH-meter and a coulometer at different potentials, connected through 
the solution, is subject to several possible sources of error. 

A current can flow between the chassis of the instruments. One path is through 
the solution, and the return path may be poor isolation to the line. This current will 
cause an erroneous reading of the pH-meter and it may also cause an error in the 
coulometric measurement. 

Another source of error is the capacitance between the indicating and generating 
instrument systems. A change in potential of the systems relative to each other will 
require a current to charge this apparent capacitor. The response of the indicating 
system will be slow. 

If two instruments are operated at different ground levels, only one of them can be 
connected to ground. The other instrument will pick up hum and noise. The dis- 
turbances will be most serious if the coulometric apparatus is grounded and the pH- 
meter has a floating ground. 

In spite of these difficulties, many coulometric analyses have been proposed using 
the technique criticised above. The technique has even been recommended by some 
manufacturers. Of course, the effects can be reduced by great care in mounting, but 
the danger of erroneous results will always exist. The difficulties will be greater for a 
current source of high accuracy, because the circuitry will be more complex. Especially 
in non-aqueous solvents this technique has been found to give very erroneous results. 

The easiest way to get rid of all these difficulties is to operate only one electrode 
system at one time. This method has been used by Smith and Taylor1 and by the 
present author.2 Both the generating and indicating electrodes were immersed in the 
solution, but a switch allowed only one of the electrode pairs to be connected to its 
instrument at any one time. The disadvantage of this method is that an analysis takes 
a very long time, and requires constant operator attendance. 

Several instruments have beendescribed which automatically perform a coulometric 
9 111 
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titration. A titration curve can be recorded when a constant current is passed through 
the solution, the end-point being determined graphically from the chart paper. 
Several titrators which shut off the current at the end-point have also been described in 
the literature. The number of coulombs is determined either by integration or by 
measuring the time of reagent generation. High impedance inputs are obtained by 
using a commercial pH-meter which actuates a relay,3*4 or a recorder with a slave 
potentiometer.s Most of the titrators described are useful only for low impedance 
electrodes.B-8 An interesting solution is presented by Burnett and Klavers The output 
of a pH-meter is fed into a magnetic amplifier which isolates the measuring circuit from 
the generating electrodes. 

Information about the accuracy of the end-point determination is usually lacking 
in the literature. The overall accuracy seems to be less than what could be obtained by 
manual titration. 

In this paper a titrator is described which measures the electrode signal directly, 
including the voltage to ground. The common mode voltage is cancelled in a dilfer- 
ential amplifier, and the electrode potential minus a preset voltage is amplified and 
applied to the generating electrodes. When the electrode signal approaches the preset 
voltage the generating current will be reduced. If an overtitration has happened the 
current will reverse. 

EXPERIMENTAL 

Apparaius 

Titrafor. The input from the indicating electrode, e.g., a glass electrode, is connected to the 
follower,* Al, which consists of an operational amplifier with extremely high input resistance (G. A. 
Philbrick Res., Inc., model P2), as shown in Fig. 1. The reference electrode is connected to a less 
expensive follower, A2, with a moderate input resistance (model P65). 

The feed-back loop of A2 contains a lo-turn potentiometer over which 1.000 v is applied. The 
dial reads in mv. This voltage is obtained from a zener-stabilised supply floating with respect to 
ground; sign reversal is accomplished by a switch. The voltage set on this “set end-point”-potentiom- 
eter will cause a displacement of the output of A2 by the same amount. When the potential between 
the measuring electrodes equals the voltage set on the potentiometer, the output from the titrator will 
be zero; the titration will stop. 

The outputs from the two followers are connected to a differential amplifier A3. In this amplifier 
only the difference between the two follower outputs will be amplified. The common part will be 
cancelled. This common voltage includes the voltage between the measuring electrode system and 
the generating electrode, the voltage drop over the current measuring resistor and the hum and noise. 
The magnitude of the common voltage must, for amplifier P55, be less than f 10 v, and it is cancelled 
to better than 0.1%. By using the amplifier P2 throughout it should be possible to get a still better 
performance. The common mode rejection of this amplifier is better than 0.0001% and the common 
voltage may be as large as +200 v. However, the amplifier P55 was found to be sufficiently accurate 
for the present purpose. The common mode voltage is usually less than 2 v. 

The output from A3 is connected to an amplifier A4, because the total amplification required is 
too large to be made in one step. A4 is also provided with a damping control for the system. 

The response of a glass electrode will lag behind the actual pH in the solution. The time constant 
is of the order 10-25 sec. It can be reduced by etching the electrode in hydrofluoric acid. In the 
present investigation, however, unetched electrodes were used. 

If no damping is provided, the titrator will shut off the current when the electrode voltage equals 
the set end-point potential. The solution is then already overtitrated. When the glass electrode then 
moves towards the correct value a back-titration will start resulting in a pH-oscillation. The oscilla- 
tions may be quenched by reducing the gain of A4. The gain had to be reduced so much, however, 
that the end-point became ill defined. 

The damping circuit R,, Ra and C, provides a damping against pH-oscillations by adding a 

* A follower has a very high input resistance. The output is an accurate reproduction of the 
input voltage, i.e., the gain is unity. 
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derivative function to the signal. When the output voltage from A3 decreases, the decrease will be 
enhanced in the output of A4 because the derivative function has been added. The titration may 
stop or reverse. When the charge on Ct leaks away through Rt the titration will proceed again. 
During this time the glass electrode will have had time to move closer to the actual potential. 

The amount of damping depends on the slope of the titration curve, on the time constant of the 
electrode and on the cell geometry. There will be a delay before the generated reagents will come to 
the electrode. This delay is an essential part of the damping system. It can be adjusted by moving 
the generating electrode to a new position and by varying the stirring rate. These parameters are 
adjusted, together with the potentiometer Ri, so that a titration of the solvent is critically or almost 
critically damped. This setting is then used for all types of titration. A damping system which is 
independent of electrode positions can be constructed, but it will make the apparatus more 
complicated. 

A current booster is incorporated within the feedback path of A4. The booster shown in Fig. 1 
is a modification of a circuit described by Towers .I0 This booster has a small quescent current but 
can deliver large peak currents. The maximum output voltage is &12 v. 

The bias adjustment for the amplifiers P55 must be provided externally. The potentiometer for 
bias adjustment of A3 had a sufficiently great range for compensation of the asymmetry potential of 
most of the glass electrodes used. The adjustment is made in the following way. The glass electrode 
is immersed in a buffer solution and the end-point potentiometer is set to a value corresponding to the 
pH of the buffer, e.g., 0 mv for a buffer of pH 7.00. The auxiliary electrode is disconnected and 
a voltmeter is connected over the output terminals. The bias potentiometer is then adjusted until the 
voltmeter reads zero. 

A zener shunt-stabilised power supply provides power for the operational amplifiers. Two 
power transistors regulate the power to the current booster, the transistor bases being connected to the 
zener diodes. The titrator is contained in an enclosure 32 x 20 x 16 cm. 

Auxiliary equipment. Combined glass and calomel electrodes, Metrohm type EAlZlU or 
EA121X, were used. Type U is for genera1 use in the range pH O-14, the resistance being 400 Mfi. 
Type X is more resistant to physical shock, the pa-range is O-l 1 and the resistance is also 400 Ma. 
The reference electrode is in each case a saturated calomel electrode with a plugged tip. 

The titration vessel consisted of two Metrohm EA615 joined by a tube containing two sintered- 
glass discs, as described ear1ier.8 A silicic acid gel covered the glass filter disc in the auxiliary electrode 
compartment. The resistance of the cell was about 50 CI when filled with 120 ml of saturated Na,SOd- 
solution. The maximum current is then of the order of 200 mA. When the current had decreased to 
zero the liquid in the compartments between the glass filter discs was transferred into the titration 
vessel by applying pressure with a pipette filler. A small suction was applied to fill the compartments 
again. The procedure was repreated once or twice more. A vigorous stream of CO,-free air was 
blown over the liquid during the titration. 

The titration current was integrated by a chopper-stabilised integrator with a precision of 3 parts 
in 10,000. The integrator was calibrated against voltage and time. “Taken” in the tables means the 
value obtained when dividing the weight of the substance by the formula weight. “Found” means 
the actual readings which are founded on standardisation against current and time. The tables thus 
provide an intercomparison between these two independent methods of standardising. 

Reagents 

Zone melted benzoic acid with a stated purity of 100.00% was used (Hopkin and Williams, Ltd., 
Renzoic acid P.V.S.). Pro analysi sodium carbonate was dried at 150”. Other reagents were of pro 
analysi quality. 

Procedure 

After a warm-up period of 10-15 min the noise of the titrator with the glass electrode connected 
was found to correspond to less than 0.01 pH-unit, and the drift over 15 hr to be less than 0.05 pH- 
unit. The measurement was taken with the glass electrode immersed in a phosphate buffer solution 
of pH 7.00. This solution had previously been used as a standard when the asymmetry potential 
of the electrode was compensated for. The drift of the operational amplifiers according to the 
manufacturer’s specifications is equivalent to &0.02 pH-unit in the worst case (per day and 5” in 
temperature change). 

In order to determine the linearity, the buffer adjustment was done as above. The end-point 
potentiometer was then set at + 15 mv (it had been set at 0 mv during the above adjustment). The 
titration started, and was allowed to go on until the current was less than 10 ,UA. The glass electrode 
was then connected to an expanded-scale pH-meter (Metrohm E-300) and the pH-value was noted. 
The pH-meter had previously been standardised against the same phosphate buffer solution. 
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RESULTS 

Fig. 2 shows a plot of pH-values against the settings of the end-point potentiom- 
eter. First the values to the left of zero were measured in the direction from pH 7.00 
towards higher pH-values. Then the titration was reversed and the points to the right 
of zero were taken in successive order. The points fall on two lines, depending on 
whether the titration is made upwards or downwards. This behaviour is partly caused 
by the hysteresis of the generating electrode. When base is generated, the platinum 

6.00 - 

a00 t f 1 I 1 
-50 0 +50 mV 

FIG. 2.-pH-values of the end-point in a phosphate buffer solution plotted versus the 
dial settings on the coulometric titrator. 

foil must be negative with respect to N.H.E., while it must be positive when acid is 
generated. The magnitude of the generating electrode hysteresis is thus the decom- 
position voltage of the solution divided by the loop gain, which was 1,000 times in the 
actual case. 

Another contribution to the measured hysteresis will be derived from incomplete 
cancellation of the common mode voltage in A3. Depending on how the followers 
are connected to the differential amplifier it will add or subtract to the hysteresis of the 
generating electrode. If the connection is made as in Fig. I, namely P2 to the “-” 
input of A3, it will be added, giving a higher total hysteresis. If the followers were 
connected for subtraction of the hysteresis effects an instability leading to oscillations 
would occur. The crossover distortion in the current booster might be another source 
of hysteresis. The two germanium diodes between the bases of the NPN and PNP 
transistors, together with the inclusion of the booster within the feed-back loop will 
reduce this contribution to a negligible value. 

The slope of the lines in Fig. 2 is 60.3 mv/pH-unit as compared to the calculated 
59.4 mv/pH-unit. A pH-unit is taken to be equal to the reading of the Metrohm 
E-300 meter pH-meter. The agreement between slopes found and calculated proves 
that the input resistance of the titrator is sufficiently high for the present purpose; it 
is of the order of 30,000 megohms. 

Table I shows a set of coulometric titrations of perchloric acid to pH 7.00 in a 
medium of saturated Na,SO,. The anode was a silver foil, and sodium tetraphenyl- 
borate was added to the anode solution. The perchloric acid had previously been 
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TABLE L-TITRATION OF PERCHLORIC ACID SOLUTION 

Taken, ,umole 

2024 

Found, pmole 

202,5 
202.7 
202.2 
202.5 
2024 
202.3 
202.4 

Taken, pmole 

404.9 

Found, pmole 

405.2 
404.4 
4044 

Mean 202.4 404.6 

Standard deviation 0.3 O-5 
Deviation from taken 0% -0.06% 

standardised against sodium carbonate. The accuracy of the burette (Metrohm piston 
burette E 274) had been controlled by weighing. 

Table II shows the results obtained when benzoic acid was titrated to pH 8.10. 
The weighings were made on a microbalance and the weight was corrected for air 
buoyancy. The benzoic acid was dissolved in a few ml of ethanol and washed into the 
titration vessel through one of the ground joints at the top. The medium was as 
described above. A titration was completed in l&15 min. 

TABLE II.-TITRATION OF BENZOIC ACID 

Taken, ,umole Found, pmole Deviation, % 

390.6 390.7 -to.01 
407.7 407.1 -0.15 
400.5 399.8 -0.22 
414.0 413.8 -0.06 
415.3 415.5 $0.03 
408.8 408.9 +0*02 
884.8 883.3 -0.16 
212.7 213.3 +0.26 

Mean 
Standard deviation 

-0.03 
0.15 

In some cases the end-point setting may be calculated from tabulated pK-values. 
When this is impossible, a titration curve may be obtained from the titrator. The 
potential is set to a value on the early part of the titration curve, and the integral is 
noted when the current has ceased. The procedure is repeated for a number of points 
until the end-point is passed. The potential settings are then plotted aers~s the integrals. 
A titration curve of this type is shown in Fig. 3. This procedure is, of course, more time- 
consuming than direct titration to a calculated end-point. However, it will be useful 
when the conditions for a coulometric titration are evaluated and when more elaborate 
calculation, e.g., derivation,ll is necessary for location of the end-point. 

DISCUSSION 

The titrator itself can be reset with a reproducibility of the order of O-01 pH-unit 
(0.6 mv). The hysteresis limits the over-all precision to about f0.05 pH-unit (f3 mv). 
This precision was sufficient for the actual applications, especially because the elec- 
trodes in many cases limit the accuracy to a much lower value. The hysteresis can be 
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reduced somewhat by employing a higher gain in the feedback loops, but then pH- 
oscillations are likely to occur in the titration of strong acids or bases. Substituting a 
P2 differential amplifier for the P55 will reduce the hysteresis to about f@02 pH-unit.* 

The present titrator reverses the current if a small overtitration occurs. This 
technique is useful only when the electrode reactions are reversible. For reversible 
systems, however, the possibility of current reversal will reduce the titration time 

10 - 

9- 

PH 8 - 

400 pcq 

FIG, 3.-Titration of benzoic acid using the method described in the text. 
Ail points are corrected for the solvent base consumption. 

significantly. The precision will also be increased as compared with titrations with 
pH-control in only one direction. In regions of small buffer capacity a precision of 
O-05 pH-unit will be difficult to attain without this positive control. 

The titrator has been tested only for acid and base titrations using glass and calomel 
electrodes. It can also be used in other types of titrations as well as with other electrodes. 

Acknowledgements-The author thanks K. J. Karrman for his advice and interest. He also thanks 
Miss Karin Norberg for obtaining the results. This work was supported by grants from the Swedish 
Technical Research Council. 

Zusammen~--Ein coulometrisches Titrationsgerat mit Servover- 
starkung wurde gebaut und geprtift. Eine potentio~trische Titration 
kann bis zu einem vorher auf &O,OS Einheiten festgelegten pH-Wert 
gefuhrt werden, wobei zur Anzeige Glas- und Kalomelelektroden 
Gerwendet werden. Urn Ubertitrieren zu vermeiden, wird in der NBhe 
des Enduunktes der Elektrolvsestrom verrinpert. Bei Ubertitration 
wird de; Strom umgepolt. Die zur Titration verforderliche Coulomb- 
Menge wird durch Integration des Stromes ermittelt. 0,2 bis 0,4 mMo1 
~~r~hlo~~u~ wurden mit einer Stand~dab~ichung von etwa 
91% und 0,2 bis 0,s mMo1 Benzoeslure mit einer Standardabweichung 
von OJ 5 % titriert. 

* An improved version of P2, called P2A, has just been made available by the manufacturer. A 
still higher input impedance and a lower drift should be obtained if the P2A is used. 
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R&na&-Gn a construit et experiment& un appareil de titrage coulo- 
metrique utilisant des amplificateurs opbrationnels. On peut effectuer 
un titrage potentiometrique, a un pH 8x6 au prealable avec une 
precision de &0,05 unite pH, en utilisant des electrodes de verre et 
calomel. Au voisinage du point final, on a reduit le courant d’elec- 
trolyse afin d’eviter un surtitrage. Au cas oh la solution est surtitrk, 
le courant s’inverse. Le nombre de coulombs rkcessaire au cours dun 
titrage a 6tt determine par integration du courant. On a dose 0,2-0,4 
mmole d’acide perchlorique avec un &art type d’environ 0,1x. et 
0,2&0,8 mmole d’acide benzolque avec un &cart type de 0,15 %. 
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SHORT COMMUNICATIONS 

Chromogenic reactions of titanium, zirconium and hafnium with Chrome Azurol S 

(Received 3 June 1964. Accepted 24 August 1964) 

3”-SuLPHo-2”,6”-DICHLORO-3,3’-D~~~4H~ROXY~C~N-5,5’-DICAR~X~IC acid, ~~Only 
known as Chrome Azurol S (CAS; Colour Index 43825), is one of the hydroxytriphenylmethane 
group of dyes which has been extensively studied in this laboratory as a chelating reagent.’ 

In the present communication, the formation of coloured chelates of titanium(W), zirconium(IV) 
and hafnium(IV) with CAS are reported and suggestions made for use of CAS as a chromogenic 
reagent for these metals. 

EXPERIMENTAL 

Apparatus 

Spectrophotometer. Absorbance were measured with a Unicam SP 500 spectrophotometer, using 
matched glass cells of lO-mm light path. 

Colorimeter. Calorimetric measurements were made with a Klett Summerson photometric 
calorimeter (test tube model). 

pH meter. pH measurements were made with a Leeds and Northrup pH meter operated on 
220-V a.c. mains. 

Reagents 

Metal ions. Solutions of titanium chloride, zirconium oxychloride, and hafnium oxychloride 
were prepared and standardised by the usual methods. They were O*lM in hydrochloric acid and 
used fresh to avoid ageing effects. The titanium and zirconium salts were of B.D.H. analytical 
reagent grade and hafniumoxy chloride was obtained from Johnson and Matthey. 

Chrome Azurol S. An aqueous stock solution of CAS was prepared by dissolving the B.D.H. 
indicator reagent in doubly-distilled water 

pH control. An acetate buffer (pH 4.5) was used in the study of the titanium chelate, while in the 
other two systems the pH was adjusted to 2.0 by addition of acid or base. 

Diverse ions. Solutions of diverse ions were prepared from reagent-grade chemicals. 

Conditions of study 

Measurements were performed in an air conditioned room at 25” f 1”. The total volume of 
all the mixtures prepared for the measurements was 25 ml. 

RESULTS 

Effect of pH 

The effect of pH on the complexes was studied and the pH range where I,,, remained constant 
was determined. This was the pH range of stability shown in Table I. 

TABLE I.-EFFECT OF pH ON THE METAL CHELATES OF CAS 

Chelate 

Ti-CAS 
Zr-CAS 
Hf-CAS 

119 

pH range of stability 

2.5-6.0 
1.5-5.5 
1.5-7.0 
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Nature of complexes 

To determine the nature of the complex formed in solution, the modification of Job’s method 
by Vosbnrgh and Cooper was employed .* - 1 Mixtures of the metal salts and CAS with varying 
met&:CAS ratio were prepared, tbe pH being kept constant. The absorbance of each mixture was 
measured at suitable wavelength intervals over the range 400-750 m_~z. In each of the systems d,,, 
remained constant with the various compositions, showing that only a 1: 1 complex is formed in 
each case under the conditions adopted. The mole ratio method6 and the slope ratio method* were 
also used and confirmed the composition of the chelates. 
hafnium/CAS system. 

Fig. 1 shows typical results with the 

FIG. ~.-Corn~~t~o~ of the H&GAS chelaie by the method of continuous variations, 
using equimoleenIar solutions tpH 2-O; 550 m&. 

Concentrations of reactants: 
A: NO x lO-+m B: 1.33 x 10-W; C: I*00 X IO-‘&f. 

Evaluation of equilibrium constanfs 

Two different methods were employed for determining the value of the equilibrium #nstant, K, 
at 25” and at the pH mentioned, of the complexes and the resuhs are recorded in Table II (AGo = 
--RT In K, the terms having the usual meaning). 

TABLE II--EQWLIBRIUM CONSTANTS AND FREE ENERGY CHANGES OF 

FORMATION OF THE METAL CHELATES OF CAS AT 25” 

Chelate PH log K AGo, kcaf 

Ti-CAS 4-5 42 4 0.2 -5-8 5 0.28 
4.7 + 0.2 -6.5 i O.Zb 

Zr-CAS 2.0 4.9 zt: 0.1 -67 + 0.25 
50 rf: 0.2 -6.8 + 0.2” 

Hf-CAS 2-o 4*7 * 0.1 -6.5 f 0.25 
4.9 f o-1 -6.7 f O-lb 

a By method of Dey er aLrJ 
b Ey mole ratio method 

Conjrmity to Beer’s faw and sensitivity 

The Sandell sensitivity* and ranges of adherence to Beer’s Iaw are given in TabIe III. 
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TABLE III.-RANGE OF ADHERENCE TO BEER’S LAW AND PHOTOMETRIC SENSITIVITY AT 25” 

System PH 
Adherence to Beer’s 

law, ppm 
Wavelength, 

w 
Sensitivity, 

y.cm-Z 

Ti-CAS 4.5 0.19-3.45 520 0.048 
Zr-CAS 2.0 0.18-6.50 530 0.091 
Hf-CAS 2.0 0.48-l 300 510 0.178 

Effect of diverse ions 

The effect of several ions on the colour reaction was studied. It was found that Be(H), Al(III), 
Cu(II), Sc(III), Y(III), V(V), Fe(III), Th(IV), U(M), Pd(II), fluoride, borate, carbonate, citrate, 
tartrate and oxalate interfere at all concentrations. M&II), Ca(II), Sr(II), Ba(II), Tl(I), Pb(II), 
As(IJT), Bi(III), Se(IV), Te(IV), A&I), Au(III), Zn(II), Cd(II), H&II), Cr(III), Mo(VI), Mn(II), 
Co(II), Ni(II), Ru(III), Rh(III), Pt(IV), chloride, bromide, iodide, chlorate, nitrate, thiocyanate, 
sulphate and thiosulphate must not exceed 60 ppm in the case of Ti(IV) and 30 ppm in the case of 
Zr(IV) and Hf(IV). 

Acknowle&ement-The authors thank the Council of Scientific and Industrial Research, New Delhi, 
for awarding a fellowship to one of them (S. D. B.). 
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Sunnna~-The chromogenic reactions of titanium(IV), zirconium(IV) 
and hafnium(IV) with Chrome Azurol S have been investigated. The 
conditions for formation of coloured 1: 1 chelates have been established 
and the adherence to Beer’s law ascertained. An interference study 
has been made. 

Zusammenfassnng-Die Farbreaktionen von Titan(IV), Zirkonium(IV) 
und Hafnium(IV) mit Chromazurol S wurden untersucht. Die 
Bedingungen zur Bildung farbiger 1: 1-Komplexe wurden ermittelr 
und die Gtlltigkeit des Beerschen Gesetzes gesichert. Auch Stiirungen 
wurden gepriift. 

Resume-On a CtudiC les reactions chromogenes des titane(IV), 
zirconium(IV) et hafnium(IV) avec le chrome azurol S. On a Ctabli 
les conditions de formation des chelates color& 1: 1. et montre que la 
loi de Beer est suivie. On a pro&d6 a une etude des interferences. 
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A method for increasing the reproducibility of chromatographic parameters 

in thin-layer chromatography 

(Received 8 September 1964. Accepted 15 October 1964) 

WHEN the parameters (R, and Rnr) obtained from chromatographic separations are to be used for 
comparative purposes, it is essential that there is reproducibility of these parameters from separation 
to separation. In separations on paper, if all extra-molecular factors are standardised, it is possible 
to have R,-values reproducible to I-to.01 R, unit.*s2 

In separations using thin-layer techniques it has been stated3 that a reproducibility of *0.03 R, 
unit is generally acceptable. Brenner et ~1.~ obtained a reproducibility of better than +0.03 R, unit, 
quoting kO.016 R, unit for ascending development. To obtain the reproducibility necessary for 
molecular structure studies, it is important that all extra-molecular factors be standard&d. 

Bark and Grahama have shown that among the extra-molecular factors which are important is 
the standardisation of the stationary support. In thin-layer chromatography (TLC) involving the use 
of non-polar eluents and polar substrates, this standardisation is achieved by controlling the activation 
of the layers and the amount of ‘deactivation’ during the time the plate is being loaded with the 
compounds to be chromatographed. It is usual to activate the adsorbent layers used for TLC by 
heating the prepared plate to 1 lo” for silica gel and alumina, 100” for cellulose and 80” for polyamides, 
all for periods up to 30 min. The plates are then cooled in a desiccator to prevent uptake of water 
vapour from the laboratory atmosphere. It is considered that one of the most important causes of 
deactivation of polar substrates is the adsorption of polar water molecules onto the active sites of the 
substrates during exposure to air. It is possible to minimise the deactivation by loading in a dry box, 
but in many laboratories this is not feasible and, in consequence, a random degree of deactivation 
results. It is possible both to standardise and to reduce the degree of deactivation by loading the 
plate in a very short time, which is standardised. This standardisation has been achieved with the 
apparatus described below. 

A second source of deactivation of the substrate is the sorption of water vapour by the substrate 
from the air in the tank during the elution of the chromatogram. The larger the tank in which the 
elution is carried out, the more serious will be the error from this source. Further, it is more difficult 
to obtain saturation of the atmosphere of large tanks. To reduce errors from this source we have 
used a modified Davies-type5 saturation chamber throughout this work. 

EXPERIMENTAL 

A rubber policeman is shortened to a length of 1 cm, a hole pierced in the closed end and a Micro- 
cap disposable pipette* inserted through the hole. 

A strip of Scotch tape is placed on the underside of a Shandon spotting template.? The former is 
pierced with a needle to give a small hole, wide enough to permit the insertion of the micropipette, 
coinciding with the centre of the hole in the spotting template. 

Each pipette and policeman is positioned in the template and the amount of pipette protruding 
is adjusted in the following way. A glass plate, on which rests a feeler gauge of the same thickness 
as the applied layer, is placed below the pipettes. Each pipette is then pressed until it touches the 
feeler gauge. Thus, all the pipettes are aligned horizontally and this ensures minimum optimum 
contact to be made with the stationary phase during transfer of the solutions from the pipettes. 

Standard plates (20 x 20 cm) are capable of holding 19 spots of the same or different samples. 
Where the adsorbent is removed from the edges of the plate to enable the plates to be used in a 
saturation chamber of the type described by Davies, 5 the number of samples is reduced to 17 per 
plate. 

Drainage of the sample solutions from the pipette is negligible, thus enabling the 17 pipettes to 
be individually filled and positioned in the template before the activated plate is taken from the 
desiccator. 

After taking the plate from storage it is laid on strips of Scotch tape, the template quickly aligned 
with the plate and each pipette discharged by capillary action by being brought into contact with the 
sorbent surface as a result of gentle finger pressure on the top of the template, thus pressing the 
pipettes on to the chromoplates. This causes all the pipettes to touch simultaneously the stationary 
phase coating the plate. Because of the careful alignment of the micropipettes to the thickness of 
the applied layer, little or no disturbance of the adsorbent surface occurs during the application of 

* Manufactured by Drummond Scientific Company, Broomall, Pa., U.S.A., and available from 
Shandon Scientific Company Ltd. 

t Shandon Scientific Company, Ltd., 65 Pound Lane, London N.W. 10, England. 
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the samples. Hence, distortion of the spots caused by holes in the surface of the adsorbem is kept to 
a minimum. 

After the spotting of the plates, a glass former surrounding three sides of the plate is placed in 
position and a cellulose wick positioned along the fourth. A glass cover plate is placed on top of 
the former and the Scotch tape tightly drawn over the plate to form the saturation chamber. This is 
then placed in a polythene bag* &o-which is aiso placed the eluent, and the bag is closed by folding 
the open end upon itself and sealing the fold with polythene adhesive tape. Hence, a saturation 
chamber within a saturation chamber is obtained. 

The use of the cellulose wick ensures rapid saturation of the small space inside the inner saturation 
chamber by increasing the surface area over which the eluent can evaporate. In addition, we have 
observed that certain sorbents, particularly polyamides, tend to crack on being wetted with solvent 
and cause a ragged eluent front on the chromatogram. 
described. 

This is entirely prevented by the method 

The over-all time taken for,removal of the plate from storage, spotting of the samples and placing 
of the plate in the saturation chamber is less than 1 min and with only a little practice can be stand- 
ardised to within a few seconds of a predetermined time, say 45 sec. Hence, standardisation and 
minimum deactivation are achieved. 

A comparison of some results obtained by individual and template spotting of sample solutions 
is given in Table I. 

TABLE I.----Rt~~~~ FOR THREE DYES= USING INDIVIDUAL AND TEMPLATE SPOTTING 

Individual spottingb Template spotting* 

Dye lc Dye 2* Dye 3” Dye lc Dye 2d Dye 3” 

Highest value 0.39 0.46 O-61 0.34 0.42 0.59 
Lowest value 0.33 0.41 0.56 0.32 0.40 O-58 
Mean value O-36 0.44 0.58 0.33 0.41 0.58 
Standard deviation x IO-% 1.40 1.26 1.22 0.53 0.53 0.10 

o The dyes were obtained in benzene solution from E. Merck, Darmstadt, Germany; they were 
diluted 1: 1 with benzene before application, 

a Results obtained from two runs each of 17 sample spots of the dyes. 
c Sudan Red G: C.I. 12150. 
d Indophenol Blue: C.I. 49700. 
* Butter Yellow @-dimethylazobenzene). 

Washed plates were coated with a 0.25-mm layer of silica gel (35 g of Merck Silica Gel (G) slurried 
with 65 ml of deionised water). The plates were air dried overnight (12 hr) and activated by heating 
at 110” for 30 min, then allowed to cool in a desiccator over molecular sieve (B.D.H. Ltd., England, 
Type 5A). After loading two plates by individual spotting and two by the template method, with 
l-pi aliquots of a solution containing 3 dyestuffs, one plate of each type was placed in the saturation 
chamber and eluted with a mixture of light petroleum spirit and diethyl ether [70x v/v light petroleum 
spirit (boiling range 40”-60”) and 30% v/v diethyl ether]. 

The two sets of plates were eluted until the solvent fronts had moved the same distance from the 
loading lines (15 cm). Dyestuffs were used so that no detection of separated components by spraying 
of the chromatogram was necessary; 
avoided. 

any movement of the components during spraying was thus 

The results are given in Table I. 

DISCUSSION 

In these and in all other cases where this technique has been used, it has been found that where 
polar substrates have been used the R,-values obtained with individual spotting are higher than those 
obtained by simultaneous spotting. This is to be expected because the number of active sites on the 
individually spotted plates is less than on the simultaneously spotted plates and hence the effective 

* It is realised that significant amounts of plasticisers used in the manufacture of such polythene 
may be leached out with some solvent systems used in TLC. This would alter the composition of 
the chromatographic system and the behaviour of the compounds being chromatographed. A com- 
parison of the results obtained in an all glass-saturation chamber and those reported in the present 
paper showed no significant differences. However, the possibility of composition changes because of 
the dissolution of plasticisers must always be considered. 
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polarity of the surface is reduced. This will result in the substance being chromatographed being 
relatively more positioned in the non-polar phase (the eluent) and hence the R,-value will be greater. 
This is in accordance with the Consden-Gordon-Martin equation relating RI and partition6 and is 
expected if the chromatographic mechanism is essentially adsorption onto a polar surface. There is 
also greater variation in the range of R,-values recorded for a particular compound, the standard 
deviation for the individually spotted materials being at least twice that for the simultaneously spotted 
materials. From a consideration of the results obtained by simultaneous spotting, it can be seen that 
this method, when used under the conditions suggested for standardisation of extra-molecular 
factors,*.a enables results to be obtained within ho.01 R, unit, which is acceptable for comparison 
purposes. 

L. S. BARK 
Department of Chemistry and Applied Chemistry 
Royal College of Advanced Technology 
Salford 5, Lancashire, England 

R. J. T. GRAHAM 
D. MCCORMICK 

Summary_--A technique is described for the simultaneous multiple 
spotting of thin-layer chromatographic plates. When used in con- 
junction with a modified saturation chamber, it enables standardisation 
bf important extra-molecular factors to be made. A mixture of three 
dvestuffs has been sootted individually and bv the described techniaue 
under identical conditions. The results show that simultaneous mm- 
tiple spotting gives the lesser variation in R,-values, the reproducibility 
being kO.01 R,-unit. 

Zusammenfassun8-Ein Verfahren zur gleichzeitigen Aufbringung 
mehrerer Flecke auf Diinnschicht-Chromatographieplatten wird be- 
schrieben. In Verbindung mit einer modilizierten Sattigungskammer 
erlaubt es Standardisierung wichtiger extramolekularer Faktoren. 
Flecke aus einer Mischung dreier Farbstoffe wurden einzeln und mittels 
des beschriebenen Verfahrens unter einheitlichen Bedingungen auf- 
gebracht. Die Ergebnisse zeigen, da0 gleichzeitiges Aufbringen 
mehrerer Flecke geringere Variationen in den R,-Werten liefert; die 
Reproduzierbarkeit bet@ &O,Ol R,-Einheiten. 

R&aun~On decrit une technique de depot simultane multiple sur les 
plaques de chromatographie en couche mince. Elle permet, lorsqu’on 
l’utilise conjointement a une chambre de saturation modifiee, la 
normalisation d’importants facteurs extra-moleculaires. Dans des 
conditions identiques, on a depose un melange de trois colorants, 
individuellement et selon la technique decrite. Les resultats montrent 
que le depot simultane multiple conduit aux plus faibles variations des 
valeurs de R,, la reproductibilite &ant de &O,Ol unite R,. 
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Ultraviolet spectra of some piaselenol derivatives* 

(Received 17 April 1964. Accepted 24 October 1964) 

hOMATIC 1,Zdiamines react with selenous acid to form piaselenol derivatives. The reaction, which 
is quantitative, serves for the spectrophotometric determination of selenium. Thus, it has been 
reported’ that 1,2-phenylenediamine is an excellent reagent for selenium. Several Csubstituted 

l Read at the 36th Chlfgoku-Shikoku Local Meeting of the Chemical Society of Japan, Okayama, 
May, 1962. 
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polarity of the surface is reduced. This will result in the substance being chromatographed being 
relatively more positioned in the non-polar phase (the eluent) and hence the R,-value will be greater. 
This is in accordance with the Consden-Gordon-Martin equation relating RI and partition6 and is 
expected if the chromatographic mechanism is essentially adsorption onto a polar surface. There is 
also greater variation in the range of R,-values recorded for a particular compound, the standard 
deviation for the individually spotted materials being at least twice that for the simultaneously spotted 
materials. From a consideration of the results obtained by simultaneous spotting, it can be seen that 
this method, when used under the conditions suggested for standardisation of extra-molecular 
factors,*.a enables results to be obtained within ho.01 R, unit, which is acceptable for comparison 
purposes. 

L. S. BARK 
Department of Chemistry and Applied Chemistry 
Royal College of Advanced Technology 
Salford 5, Lancashire, England 

R. J. T. GRAHAM 
D. MCCORMICK 

Summary_--A technique is described for the simultaneous multiple 
spotting of thin-layer chromatographic plates. When used in con- 
junction with a modified saturation chamber, it enables standardisation 
bf important extra-molecular factors to be made. A mixture of three 
dvestuffs has been sootted individually and bv the described techniaue 
under identical conditions. The results show that simultaneous mm- 
tiple spotting gives the lesser variation in R,-values, the reproducibility 
being kO.01 R,-unit. 

Zusammenfassun8-Ein Verfahren zur gleichzeitigen Aufbringung 
mehrerer Flecke auf Diinnschicht-Chromatographieplatten wird be- 
schrieben. In Verbindung mit einer modilizierten Sattigungskammer 
erlaubt es Standardisierung wichtiger extramolekularer Faktoren. 
Flecke aus einer Mischung dreier Farbstoffe wurden einzeln und mittels 
des beschriebenen Verfahrens unter einheitlichen Bedingungen auf- 
gebracht. Die Ergebnisse zeigen, da0 gleichzeitiges Aufbringen 
mehrerer Flecke geringere Variationen in den R,-Werten liefert; die 
Reproduzierbarkeit bet@ &O,Ol R,-Einheiten. 

R&aun~On decrit une technique de depot simultane multiple sur les 
plaques de chromatographie en couche mince. Elle permet, lorsqu’on 
l’utilise conjointement a une chambre de saturation modifiee, la 
normalisation d’importants facteurs extra-moleculaires. Dans des 
conditions identiques, on a depose un melange de trois colorants, 
individuellement et selon la technique decrite. Les resultats montrent 
que le depot simultane multiple conduit aux plus faibles variations des 
valeurs de R,, la reproductibilite &ant de &O,Ol unite R,. 
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Ultraviolet spectra of some piaselenol derivatives* 

(Received 17 April 1964. Accepted 24 October 1964) 

hOMATIC 1,Zdiamines react with selenous acid to form piaselenol derivatives. The reaction, which 
is quantitative, serves for the spectrophotometric determination of selenium. Thus, it has been 
reported’ that 1,2-phenylenediamine is an excellent reagent for selenium. Several Csubstituted 

l Read at the 36th Chlfgoku-Shikoku Local Meeting of the Chemical Society of Japan, Okayama, 
May, 1962. 
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1,2-phenylenediamines have now been investigated to ascertain if they provide an increased 
sensitivity : 

NHa R 

-I- H,SeO, -+ Sez + 3He0. 

NHs 

Synthesis of piaselenol derivatives 
EXPERIMENTAL 

The 4-substituted 1,2-phenylen~ia~n~ were dissolved in dilute hydr~hloric acid and the 
equivalent amounts of selenous acid added at room temperature. The piaselenol derivatives, which 
precipitated immediately, were filtered and washed with a small amount of water, then twice re 
crystallised from aqueous alcohol. 

Ultraviolet spectra ofpiaselenol derivatives 

The piaselenol derivatives were dissolved in toluene so as to give JGl x 1VM solutions. The 
absorption spectra of these solutions over the range 280400 rnp were observed with a Shimadzu 
QR-50 s~trophoto~ter, using l-cm cells (Table I). 

DISCUSSION 

In Fig. 1 the maximum wave numbers of the 5-substituted piaselenol derivatives are versus 
urn + uD of Hammett’s substituent constants, because the 5-substituent is affected through the nitrogen 

3.1 

: 
a 
* 3.0 

1s 

2.9 

2.6 I I I I I 
-0 

I 
-1.2 -0.8 -0.4 0 0.4 0.9 1.2 1.6 2.0 

r,+vp 

Fro. 1 .-Plot of maximum wave numbers of 5-substituted piaselenol derivatives against 
cr, -t- a, of Hammett’s substituent constants. 

atoms at the m- and p-positions. Sawicki and Carra determined the ultraviolet spectra of some 
piaselenol derivatives in 95% ethanol. The wave numbers are greater in ethanol than in toluene. 
Furthermore, while the absorption curves show some inflection in ethanol, little or no inflection is 
shown in toluene, except in the case of the 5-methoxy- and S-ethoxypiaselenol derivatives. The 
difference seems to derive from the difference in polarity of the two solvents. No connection was 
found between the substituent and the molar extinction: The present investigation shows that 3,4- 
dichlor~l,2-phenylen~i~ine should be the most sensitive reagent for selenium, because the 
extinction of 4,5-dichloropia~lenol is the highest of the piaselenol derivatives studied. 

Acknowledgement-The authors wish to express their sincere thanks to Dr. R. L. Clark of Merck 
Sharp and Dohme International for a generous gift of Cnitro-, Cmethyl-, 3&dichloro-, Qchloro-, 
4-ethoxy- and 4-ethyl-1,Zphenylenediamine. 

MASAKO GoT~* 
i3epartment of Chemistry KYOJI T~EI 
Faculty of Science 
Okayama University 
Okayama, Japan 

* Present address: Maruzen Petrochemical Co. Ltd., Minami-ku, Osaka, Japan. 
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Summary-Some 4-substituted 1,2_phenylenediamines have been 
investigated to ascertain if they provide an increased sensitivity over 
1,2-phenylenediamine for the spectrophotometric determination of 
selenium (IV). 3.4Dichloro-1,2_phenylenediamine appears to be the 
most sensitive of the reagents studied. 
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LETTERS TO THE EDITOR 

Specific and selective reactions 

Although the terms specific and selective date from many years ago, it is now generally conceded 
that there is no such thing as a specific reagent and, therefore, one always speaks of a spec@c reaction. 
The term selective reagent is still widely used, but requires some quali6cation; nebulous terms, 
such as very selective, highly selective, non-selective, moderately selective, which am used have little 
meaning, and there is a de&rite need for selectivity to be clarified in some way. 

A possible simple approach would be to use a Selectivity Index Number. Thus, if only one ion 
responded to the reaction in the most favourable circumstances possible, the reagent would have 
a Selectivity Number of I. If two ions responded to the reaction, the reagent would have a 
Selectivity Number of II. Perhaps three to five responses would be given a Selectivity Number of 
III and so on. Obviously, as the Selectivity Index increased it would be necessary to include more 
ions in the group. It would not be necessary to have more than about six or seven groups because 
after a few groups the term selectivity would become meaningless. If the selectivity of a reagent 
were enhanced by the discovery of some new masking reagent, it would be promoted to a higher 
g;;onA reagent which has a Selectivity Number of I would be regarded as providing a specific 

This ‘suggestion was made to my friend Professor Louis Gordon at the Case Institute of Tech- 
nology, Cleveland, Ohio, U.S.A., who was sufficiently interested to hold a Seminar Discussion on 
the topic. The result of this led to a proposal that the term specific and selective be abandoned 
and that a tabular list of properties be attached to reagents. However, this suggestion, useful though 
it be, does not solve the problem. For example, when one is lecturing to undergraduate classes 
and the properties of a reagent are mentioned in passing, one does not want to supply every minute 
detail, but only to @ve a qualitative indication of the properties of the reagent: the Selectivity 
Index would serve this purpose. 

I have also held a Seminar with my own research students to which some of my former students 
were invited. As a result of this Dr. D. Retteridge has made a proposal which goes much further 
than mine. A full description of Dr. Betteridge’s suggestion is contained in the following letter. 

The Betteridge proposal gives at a glance a remarkable amount of information and is well worth 
further discussion. It incorporates the idea of the Selectivity Index, hence one could still use this 
term when making passing reference to a reagent. 
be used where more information is required. 

Dr. Betteridge’s expansion of the idea could 

R. BELCHER 

Department of Chemistry 
University of Birmingham 
Edgbaston, Birmingham 15 
England 
11 November 1964 

Selectivity index 
-9 

The Selectivity Index Number suggested by Professor R. Relcher is a simple way of making such 
nebulous terms as highly selective more precise. Because it is the reaction rather than the reagent 
to which the term specific applies, it seems desirable to extend the idea of a Selectivity Index Number 
to give a Selectivity Index to a reaction of analytical interest. This letter proposes such a symbol, 
which will be called a Selectivity Index. 

The index should contain the following information: 
The particular type of analytical reacson for which the reagent is to be used, e.g., gravimetric, 
spectrophotometric, etc.; 
a semi-quantitative measure of selectivity; 
pH; 
the masking reagent, if one is used; 
the element which is most usefully determined by the reaction. 
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Additionally, it should be simple to comprehend and possible to print. 
The most natural symbol is one analogous with the symbol for an isotope. The proposed 

modification is 
selectivity group useful reaction 

X 

PH masking agent 
where x = a letter to describe the analytical use to which the reagent is being put, 

selectivity group = a letter to describe the degree of selectivity, 
pH = pH range, 

and masking agent = masking agent, if any. 
These will be discussed, then examples of use wili be given. 

Type of analytical reaction 

The type of reaction must be specified because the selectivity and the conditions of reaction may 
vary with the use. For example, l,lO-phenanthroline is less selective when used as a masking agent 
than as a spectrophotometric reagent. The conditions required to effect a precipitation may differ 
from those needed in an extraction, so the two cases should be noted separately. 

It should be possible to indicate by a capital letter, or a capital letter and a small letter, the types 
of reaction most commonly used. The following tentative list is proposed: 

G = gravimetric 
S = spectrophotometric 
E = extractant 

M = masking reagent 
F = fluorimetric 

T = titrant 
Sx = spectrophotometric after extraction 

I = indicator 
Q = qualitative 
N = nephelometric 

Selectivity group 

A semi-quantitative assessment of selectivity can be made as suggested above by placing reagents 
into groups according to the number of ions with which they react. These groups could then be 
represented by a number or a letter, known as the Selectivity Index, which would replace such 
qualifiers of selective as very, highly, non-, moderately, etc. For clarity in the final symbol it is 
suggested that greek letters rather than numerals be used : 

Number of ions with which reagent reacts Index 
1 
2-3 ; 
4-o 
7-10 ; 

10 E 

Numbers could be used if preferred, but to avoid confusion with the pH number, reman numerals 
must be used. For teaching purposes, where excessive detaii is to be avoided, the index could be 

5L 
reduced to, for example, X. 

PH 
As one of the most important variables in an analytical reaction, the pH must be specified. 

Masking reagents 

Most masking reagents can be abbreviated’; because they are widely used to enhance selectivity, 
their presence must be specified. 

Usefulness of reaction 

If the reagent falls in group 0: or B, any ion of special interest could be noted. If it so happened 
that a reagent was in group E but differentiated between two similar ions, e.g., rubidium and 
caesium, this could be noted. This is a useful feature of the symbol because in the example cited 
it would be a simple matter to remove other interfering ions before the addition of the reagent. 

Examples 

A few random examples are now given to illustrate the use of the symbol: 
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dimethylglyoxime 

4-(-2-pyridylazo)resorcinol 

Alizarin Fluorine Blue 

a Pd a Ni a Ni 

G G SX 

1 4-10 NH, 7-10 NH, 

& a Bi 
I I 

BSNb 

3-10 1-2 HNOJ 6 EDTA 

Y Pb a F 
I 5 

4 4-5 Ce 

Discussion 

In essence the proposed symbol gives an abstract of the reaction and specifies, rather crudely, 
the selectivity under a given set of conditions. It cannot, of course, replace the literature or give 
full details, but it serves as a useful guide and it does place the emphasis on the reaction rather than 
the reagent. 

There are several limitations. The extent of a reaction is not only dependent on pH but also 
on the reagent concentration. However, whilst the [H+] may vary by a factor of 10IJ, the reagent 
concentration is usually of the order of 0.l-O.OlM. Similarly, the per cent extracted at a given pH 
and reagent concentration will vary with the solvent used and it is impossible to specify all the 
possible solvents. This again is usually a second order consideration. In any case, most of these 
objections can be made against current descriptions of selectivity and in practice are not serious. 

The specifying of a useful reaction is both a strength and a weakness. If several useful reactions 
are known the choice may be subjective rather than objective. On the other hand, the proposed 
symbol does embody masking reagents where the usefulness may be measured by the number of 
ions with which the reagent does not react and for which the normal terms of selectivity are not 
suited. 

The advantages of the symbol are that it is simple, small, easily comprehensible and printable 
and that it contains most of the information of analytical importance. 

Corollaries 

For a Selectivity Index to be meaningful a large number of ions must be examined. Therefore, 
if a proposal were made about the use of the term selectivity, it would be logical to draw up a 
minimum list of ions which must be examined before making any claims about selectivity. This 
would end such claims as a “specific reagent for copper, which is not affected by sodium, potassium 
and nitrate ions in a thousand-fold excess”! 

The degree of acceptable interference should be standard&d so as to make selectivity groupings 
meaningful. Here again, there is a wide view of what constitutes an acceptable interference, but a 
standard guide would have a practical use. A working definition follows. An ion shall be called an 
interference if, when present in a lOO-fold (molar) excess, it shall cause an error of greater than 0.5 % 
in a gravimetric or titrimetric procedure or greater than 5 ‘A in other procedures. 

D. BETTERIDGE 
Department of Chemistry 
University College 
Singleton Park 
Swansea, Wales 
11 November 1964 
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EDITORIAL NOTE 

The Editor-in-Chief has been asked by the authors to emphasise that the above ideas are purely 
tentative and that the purpose of the letters is to invite criticism and further suggestions. Talanta 
is willing to publish letters from other people who now wish to make a contribution to this subject. 
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TALANTA MEDAL 

The Editorial Board of Talanta has pleasure in announcing that, with the approval 
of the Advisory Board, the third award of the Talanta Medal [see Talanta, 1964, 
11 (4), xi] has been made to 

PROFESSOR I. P. ALIMARIN 

of the Vernadsky Institute of Geochemistry and Analytical Chemistry, U.S.S.R. 
Academy of Sciences, Moscow. 

Professor Alimarin’s scientific activities range over an extraordinarily wide field of 
analytical chemistry, from the investigation of new organic reagents (especially for 
photometric purposes), through the application of separation methods such as ion 
exchange or solvent extraction, to ultramicro analysis. His work on the analysis of 
the rarer elements, especially niobium and tantalum, is worthy of special attention in 
this connection. However, he has also made essential contributions to the determina- 
tion of zirconium and scandium. In recent years he has devoted himself to the ap- 
plication of radioactive isotopes to analytical chemistry. 

Outside the U.S.S.R., Professor Alimarin has become known also through his 
publications on the qualitative microanalysis of minerals and ores, his textbook of 
semimicro qualitative analysis and his monograph on inorganic ultramicro analysis. 
In this very field of ultramicro analysis, he has laid the groundwork for wider applica- 
tion by his introduction of electrochemical indicator methods. 
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AUTOMATIC AMPEROMETRIC TITRATIONS USING 
A MERCURY CATHODE* 

SAMUEL A. MYERS, JR. and WILLIAM B. SWANN 
FMC Corporation, American Viscose Division 

Research and Development 
Marcus Hook, Pennsylvania, U.S.A. 

(Received 19 March 1964. Accepted 25 August 1964) 

Suutmary_-An apparatus for performing automatic ampcrometric 
titrations is described which uses a stationary mercury electrode as 
well as the twin platinum electrode system. The titration of sulphate 
with lead nitrate is given in detail. Quantities as low as 0401 mmok 
of sulphate can be determined. Titrations’ of lead with sulphate, 
nickel with dimethylglyoxime, lead with dichromate and iodine with 
thiosulphate are discussed. Results are presented to show the precision 
and accuracy for inorganic sulphates zlnd organic sulphur compounds. 

INTRODUCTION 

AMPJZROMETRIC titrations do not represent a new technique; the principle was first 
proposed by Salomon’ in 1897. The titration of sulphate with lead ion which was 
reported by Majers in 1936 is representative of this type of analysis. The titration 
itself, however, is slow and tedious, requiring many manipulations, e.g., the manual 
addition of titrant, purging and stirring after each addition, and measuring the current 
to obtain each point on the graph. In all probability, because of these drawbacks, 
this precise and accurate technique has not found wide use in industry. Therefore, it 
becomes advantageous to render the titration automatic, thus increasing the speed 
with which each titration may be made. Several papers have been published describing 
automatic amperometric titrations in which solid indicator electrodes were employed. 
In this type of determination the burette delivers the titrant at a definite flow rate to 
a stirred solution of the sample. (Coulometric generation of reagent might be sub- 
stituted for a burette.) A recorder attached to the output of the electrodes will plot 
a continuous curve. Murayama3 has converted the titration of mercaptans with 
silver nitrate, using a rotating platinum electrode, into a patented recording titrator. 
Juliard4 determines small quantities of chloride automatically using a pretreated 
silver cathode and utilising mechanical stirring. Commercial units are available for 
performing, automatically, the titration of small quantities of water by Karl Fischer 
reagent, employing a set of twin platinum electrodes. Gonzales Barredo reports the 
automatic titration of arsenic trioxide with potassium bromate using a rotating 
platinum electrode. 

No mention has been found in the literature of an automatic titration using a 
mercury cathode. The oscillating current of the dropping mercury electrode (DME), 
in addition to the sensitivity of the drop to stirring of the solution, makes it unsuitable 
for automatic titration. 

* Paper presented on 5 March 1963 at Pittsburgh Conference on Analytical Chemistry. 
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The mercury cathode, however, offers the advantage of hydrogen overvoltage. 
This is the reason why the DME finds such a wide variety of uses in polarography 
and why it would be favourable to apply this type of electrode (i.e., a mercury 
cathode) to amperometric titrations. The purpose of this paper is to report our 
examination of this application. 

Apparatus 
EXPERIMENTAL 

The apparatus consists of a JKM constant-rate syringe drive using a 50-ml Luer-type syringe; 
a Leeds and Northrup Electrochemograph, Type E (automatic recording polarograph); a silver-silver 
chloride reference electrode with 1M lithium chloride as the salt bridge; and a stationary mercury 
pool electrode which will be described in detail later. 

Nitrogen was used to purge the solution and also provides stirring during the titration. 

Procedure 

A titration is run in the following manner: the solution is purged with nitrogen to remove traces of 
oxygen. The electrodes are immersed in the solution along with the delivery tip of the syrin 
suitable potential is placed between the electrodes. 

.r A 
In the case of the titration of sulphate wit lead 

the potential can be between -0.6 and - 1.2 V. The bubbling of nitrogen is continued, to provide 
stir&g. The chart drive on the polarograph is then turned onrand the &inge drive is start& when 
the pen of the recorder 

p”” sharp rise in the flow o 
ses a reference line on the chart paper. The end-point is indicated by a 

current in the case Qf the titration of sulphate with lead. The titration is 
continued until somewhat past the end-point. 

Mercury cathode 

A detailed diagram of the mercury pool electrode is shown in Fig. 1. The electrode consists of 
levelling bulb f&d with mercury at (1). which is connected with Tygon tubing to a stopcock at (2). 
A piece of platinum wire is sealed into the glass below the stopcock at point (3), providing the 
necessary electrical contact. The reservoir and sfopcock assembly are connected to the electrode 
[designated as point (4)] by a short length of Tygon tubing. 

I- c 

23s 

4- 

Mercury pool 
elecirode 

id.=lKWll 
Ed -7mm 

1 
8cm 

c 
FIG. 1 .-Mercury-pool electrode. 

The dimensions of the electrode are given in the enlarged drawing to the right in Fig. 1. The 
optimum i.d. of the capillarv was found to be about 1 mm; the other measurements are not critical, 
&d can be varied as cbnditions require. 

As can be seen in Fie. 1. the short end of the electrode is formed into a small cup. The pool of 
mercury which rests in &is &p can be renewed by opening the attached stopcock shoidd con&mina- 
tion be suspected. Contamination is not a problem in all titrations; for example, ten samples of 
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0.1 mmole of HISO, in 100 ml of methanol were titrated in succession on the same pool of mercury 
without distortion of the curve or the end-point. Distortion of the curve was noticed when the pool 
was made too large. Fig. 2 shows the optimum size of pool, i.e., one in which the top of the pool is 

FIG. 2.-Details of mercury pool. 

at a level with the edge of the cup. A much larger pool has the tendency to shake, resulting in 
undesirable fluctuations in current. The tubing between the stopcock and the electrode is fitted with 
an adjustable pinch clamp which allows easy adjustment of the pool sire. 

Determination of sulphur by Parr bomb 

Most of the work done by this method involved the titration of sulphate with lead nitrate, with 
methanol or ethanol as the solvent. Standard HaSO, was used for preparing the calibration curves. 
Solutions of lead nitrate were used as the titrant. Some typical results can be seen in Table I. 

TABLE I.-AMPEROMETRIC TITRATION OF 
so,*- WITH Pb(NO,)* 

C.R. = 10 /iA full-scale 
Damping = 2 
Titrant : Approx. 1 .OIU Pb(NO,), 

Sulphur 
in approx. 75 ml Chart 

of methanol, mmole divisions 

0.940 96 
1.880 199 
2.820 290 
3.760 410 

C.R. = 1 ,UA full-scale 
Damping = 3 
Titrant : Approx. 0.002M Pb(NO,), 

Sulphur 
in approx. 75 ml 

of methanol, mmole 
Chart 

divisions 

0031 26 
oGO2 54 
0.003 78 
OGO4 106 

In order to test the applicability of this type of titration to the analysis of organic sulphur- 
containing compounds, three standards were chosen. 
white-label reagent. 

In each case the compound was an Eastman 

The sample was ignited in a Parr oxygen bomb using distilled water as the absorbing solution. 
The sample was diluted with methanol and titrated as described above. The final concentration of 
methanol was ca. 90%. The samples were also analysed by an alternative method using the Dietert 
furnace’ followed by titration with barium perchlorate. The results appear in Table II. 



136 SAMUEL A. MYERS, JR. and WILLIAM B. SWANN 

TABLE K-DETERMINATION OF SULPHUR IN ORGANIC COMPOUNDS 
USING AUTOIATIC AMPEROMETRIC TITRATION AND ALTERNATE 

MANUAL TITRIMETRIC METHOD 

Sulphur, % 

Compound 
Theory 

Parr Dieter 
bomb furnace 

Thiourea 42.0 42.2 42.2 
42.0 42.9 

Diphenylthiocarbazone 12.5 12.6 12.6 
12.7 12.3 

N-Ethyl-p-toluenesulphonamide 16.1 16.7 15.5 
16.8 17.8 

Known quantities of diphenylthiocarbazone were mixed with dextrose to produce mixtures 
containing 0*12% and 0012% of sulphur. These were determined by Parr bomb ignition, and the 
results of these analyses are shown in Table III. 

Twenty-three samples of nitrocellulose-type. materials were analysed for sulphur content by this 
method. Ten of the samples showed a sulphur content of from 0.01 to 0.11%. The standard deviation 
between duplicates was O-01. The remaining thirteen samples contained from 0.14 to 051% of 
sulphur and gave a standard deviation of 0.022. 

TABLE III.-DETERMINATION OF SULPHUR 
INAMIXTUREOFDIPHENYLTHIOCARBAZONE 

AND DEXTROSE 

Mixture Theory, % Found, % 

1 0.12 0.10 
0.12 

2 0.012 0.012 
0.010 

Determination of suIphur by oxygen fisk ignition technique 

The method of Gildenberg,? using the oxygen flask method of ignition, was employed to determine 
sulphur in 2-benzyl-2-thiopseudo urea hydrochloride. The absorbing solution was diluted with 
ethanol and titrated. Both manual and automatic titrations were applied to the analysis and no 
signi&nt difference was noted between the results, The concentration of alcohol was about 75 %. 

Titration of lead 

The reverse titration, i.e., the titration of lead ion with sulphate, a titration in which the current 
decreases to a minimum and levels off past the end-point, was also attempted. In this case the curves 
were not well deftned and the end-point was not reproducible. 

Lead ion may be titrated using this electrode system at an applied potential of zero volts, with 
potassium dicbromate.. At this potential lead is not reduced, but’ dichromate is reduced. An ad- 
vantage of this titration is that it does not require the removal of oxygen from the solution. 

If the potential is increased to -0.6 V, both lead and dichromate are reduced at the cathode. 
The titration of dichromate with lead was also found to give satisfactory results. 

In each case calibration curves were run. The precision was as good as the sulphate-lead titration. 
Nitrogen provided the stirring, and acted as the purging agent where necessary. 

Titration of nickel with dimethylglyoxine 

The titration of nickel ion with dimethylglyoxime was attempted using this electrode system, 
without success. Presumably the precipitation reaction does not take place fast enough for this type 
of titration to be performed automatically. The results were highly erratic. 

Iodine-thiosulphate titration using twin platinum electrodes 

In order to test the entire titration system, using other electrodes, twin platinum electrodes were 
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substituted and the iodine-thiosulphate titration was studied. 
of thiosulphate with iodine. 

Fig. 3 shows the graph of the titration 
Here current does not flow until there is an excess of iodine. Fig. 4 

shows the reverse titration, i.e., iodine with thiosulphate. 

FIG. 3.-Titration of thiosulphate with iodine using twin platinum electrodes 
(C.R. = 5; damping = 2; voltage = -0.10) 

Lt I I I I II 10 0 

0 I M thlosulphote, ml 

Fro. 4.-Titration of iodine with thiosulphate using twin platinum electrodes 
(C.R. = 5; damping = 2; voltage = -0.10) 

~usammeufas.sung-Ein Geriit xur automatischen amperometrischen 
Titration mit stationiirer Quecksilberelektrode und n-tit xwei Platinelek- 
troden wird beschrieben. Die Titration von Sulfat mit Bleinitrat wird im 
einxelnen beschrieben. Es kann bis herunter xu 0,001 mMo1 Sulfat 
bestimmt werden. Die Titration von Blei mit Sulfat, von Nickel mit 
Dimethylglyoxim, von Blei mit Dichromat und von Jod mit Thiosulfat 
wird diskutiert. Angegebene Daten belegen Genauigkeit und Rich- 
tigkeit in der Bestimmung anorganischer Sulfate und organischer 
Schwefelverbindungen. 

R&um&Gn d&it un ap 
p”” 

il pour dosages amp6rom&riques auto- 
matiques. 11 utilise une 6 ectrode stationnaire de mercure, aussi bien 
que le systeme B &&odes de platine coupl6es. On d6crit en detail le 
dosage des sulfates au moyen de nitrate de plomb. On peut doser des 
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8 
uantitCs de sulfate aussi faibles que 0,001 millimole. On discute des 
osages de plomb au moyen de sulfate, nickel au moyen de dim&hyl- 

glyoxime, plomb au moyen de bichromate et iode au moyen d’hypo- 
sulfite. On pr6sente des don&s montrant la prhision et la justesse 
dans le cas de sulfates inorganiques et de compos6s organo-sulfur&. 
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Summary-Amperometric detection of the end-point, using two 
identical platinum electrodes at a constant applied potential, has been 
investigated for the chelatometric determination of thallium(II1). 
It is possible to titrate thallium with 0~005405M EDTA solution 
at an applied potential of 0.2-1.8 V. The optimum pH is l-2, and in 
the presence of fluoride ion as a masking agent the determination is 
then highly selective. 

PREVIOUSLY, we have used biamperometric detection of the end-point of a chelatometric 
titration1*2 for the determination of iron(II1) in the presence of iron(I1) in metallmgical 
materials.s Good results have now been obtained for the determination of thallium(II1). 
As in the case of the amperometric determination of iron, unsatisfactory results 
were obtained from the interpretation of potential-current titration curves. Again 
it appears that the electrode process differs when the applied potential ischanged 
and when it is kept constant. 

In this paper are presented empirical results which enable the elaboration of an 
analytical procedure for a highly selective and accurate determination of ‘thallium by 
EDTA biamperometric titration. 

Reqents 
EXPERIMENTAL 

0.05h4 EDTA solution. Standard&d by titration against lead nitrate. A OGOSM solution was 
prepared by suitable dilution. 

Standard 0.05M thallium(III) nitrate solution. Prepared by dissolving 44446 g of TlNO,.3 H,O 
in a minimum of water followed by a two-fold evaporation to dryness with 50 ml of uq~ regia. 
After addition of a few ml of nitric acid (1: 1) to the residue, a solution of thallic salt was obtained 
and this was diluted to 2000 ml with water. A 0405&f solution was prepared by suitable dilution. 

IM Bufir solutions. Prepared from 1M trichlor- and monochloracetic acids and acetic acid 
by neutralisation with aqueous ammonia (1:2) under electrometric pH control. 

All other solutions were prepared from reagent-grade chemicals and standard&l by recommended 
procedures. 

Apparatus 
A “dead-stop” instrument was used for the biamperometric titrations with a micro ammeter 

(O-05 ,oA) or the current was measured with an electronic polarograph (Polarecord E 261, Metro-ohm, 
Switzerland). The indicator electrodes were two identical platinum plates (5 x 6 x @2 mm). 
pH was measured with an electronic pH meter (Multoskop V, Lab. potkby, Prague, Czechslovakia) 

l Part I: see reference 2. 

e 139 
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and a glass electrode. The titrations were carried out with an automatic burette (motor-driven 
hypodermic syringe) reading to rttO405 ml. 

To a known amount of thallium(I~~ nitrate (0.05 or 04KWV solution) were added 10 ml of IM 
buffer solution and a known amount of 1M nitric acid, followed by any compound whose influence 
on the titration was being studied (see later). After dilution to 100 ml the resulting solution was 
titrated with O-05 or 0405M EDTA solution at a suitable applied potential. 
solution was stirred with a propeller (1500 rpm). 

During the titration the 
After each addition of the titrant the value of the 

current was read, stabilisation of the current being practically instantaneous, Quantitative evaluation 
of the titrations was carried out graphically. All results presented in this paper are an arithmetical 
mean of three determinations. 

RESULTS AND DISCUSSION 

In buffered solutions of pH 14-3-8 the pH has no influence on the titration. 
Titrations at a pH higher than 3.8 showed results which are analytically without value. 
This is because in this pH range the competitive complex formation of the acetate 
buffer solutions used influences the measured current (very small current before starting 
the titration). The titration is even possible in dilute nitric acid solution, but only at a 
concentration of 25 ml of 1M nitric acid/100 ml is the detection of the end-point 
sufficiently reliable (see Fig. 1). With respect to the selectivity of the dete~ination, 
which increases with decreasing pH, the titrations were carried out in solutions of pH 
1.6 (a buffer solution of Olicp trichloracetic acid partially neutralised with aqeuous 
ammonia, which has a minimum complex forming ability). A detailed study of all 
equilibria taking place in the studied system had shown that a minimum error for the 
chelometric titration of thallium is obtained at pH l*?.* 

InfIuence of applied potential 

The applied potential has practically no influence on the amperometric determina- 
tion of thallium, which was also the case in the amperometric determination of iron 
with two polarisable platinum electrodes. Fig. 2 shows that the value of the applied 
potential influences the absolute value of the current in particular stages of the 
titration. By using a sufficiently sensitive galvanometer it is possible to titrate thallium 
even at a relatively low applied potential (Fig. 3). 

Titration of th~ium with O@OSM EDTA at various applied potentials is shown in 
Fig. 4, the optimum course of the titration curve being at an applied potential of 1.2 V, 
where detection of the equivalence point is very sharp. At a higher applied potential 
the absolute values of the current are higher, but the relative changes of the current are 
not so expressive as at a potential of l-2 V. 

~~~~~ce of .&w&g, te~~~~at~r~ and ~~e~t~~n of p~~~#~r~on of electrodm 

The course of titration is not influenced by the intensity of stirring if the solution 
in the neighbourhood of the electrodes is stirred intensively (more than 500 rpm). 

Under the described conditions, stab~lisation of the current during the titrations 
proceeds satisfactorily, and formation of the complex of thallium with EDTA is also 
rapid enough. Temperature does not influence these phenomena and under the 
described conditions the titration can be carried out at room temperature. 

When the titration is repeated many times, no accumulation of solid products of the 
electrode reaction occurs on the surface of the electrode. 
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l-+_Ll_ 
2 3 

0,05M-EDTA, ml_ 

FIG. 3.-Influence of applied potential (0*2-0*4 V) on titration of thallium(II1) using 
O*OSM EDTA solution: 
1. 0.4v; 2. 0.2 v. 

12 ml of O.OSWTl(NO&,; 10 ml of lit4 buffer solution (pH 3.1); total volume: 100 ml] 

QOOSM-EDTA, mL 

FIG. 4.-Influence of applied potential (1.1-l-8 V) on titration of thallium(II1) using 
O*OOSM EDTA solution: 

1. 1*8V; 2. 1.6V; 3. 15v; 4. 1.2v; 5. 1.1 v. 
[2 ml of 0G05MT1(NOI),; pH: 1.6; total volume: 100 ml] 
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Sensitivity and accuracy 

A series of titrations of thallium (O-5-4*08 mg) was carried out with OGOSM 
EDTA solution at an applied potential of I-2 V and pII l-6. The error was found to be 
1% rel. In Fig. 5 are shown the titration curves for the amperometric titration of 5-l- 
40.8 mg of thallium; the mean error in this case was not greater than 0.3% ret. 

I I I I I I I I I I 

0 I 2 3 4 5 

0,05M_EDTA, mL 

FXG. L-Titration of thallium(III) wsing O%W EDTA: 

1. 5-l mgofT1; 2. 10.2 of mg Tl; 
3. 20.4 of Tl; mg 4. 30.6 of mg TI; 

5. 40%3 mg of Tl. 
[0+-4 ml of 0~05MTl(NO,),; 10 ml of 1MbutIer solution (pH 1.6); applied potential: 

1-2 V: total volume: 100 ml1 

Selectivity 

The biamperometric determination of thallium is highly selective. Bivalent metals 
do not interfere with the determination. A series of determinations of thallium 
(20.4 mg) was made at an applied potential of l-2 V and pH 1.6 with an error not 
greater than &O*S% rel. These determinations were carried out in the presence of 
cadmium (560 mg), zinc (650 mg), nickel (230 mg), copper (155 mg), cobalt (160 mg) 
and uranium(V1) (360 mg). The given amounts of metals are not the maximum 
possible amounts which do not interfere; they merely illustrate the selectivity of the 
dete~ination. The following metals and anions do not interfere even in high con- 
centrations: alkali metals, alkaline earth metals, beryllium, manganese, chromium, 
titanium, silver, nitrate, perchlorate and fluoride. Chloride interferes if present in a 
concentration greater than QlM. Bromide and iodide interfere even in small con- 
centrations because they form stable complexes with thallium. 

A&king of interfering elements with fluoride ion 

The possibility of the determination of thallium in the presence of fluoride ion was 
used for masking some interfering elements (those which are otherwise simul~neously 
titrated with EDTA). 
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Procedure. Thallium(iI1) (204 mg in 100 ml) was titrated with 0405M EDTA solution under 
optimum conditions (pH 1.6; applied potential 1.2 V). For the screening of interfering elements 
10-15 ml of 1M sodium fluoride solution/100 ml were used. Any partially soluble fluoride com- 
pounds formed with the masked elements do not influence the course of the titration (unlike in a 
visual EDTA titration). 

Under these conditions, for example, thallium (116 mg) was determined in the 
presence of scandium (110 mg), zirconium (45 mg), lanthanum (70 mg), praseo- 
dymium (75 mg), aluminium (130 mg) and tin(IV) (60 mg) with an error f0.6 % rel. 
Also in this case the given amounts are not the maximum permissible. This problem 
is being studied in detail and results will be published later. 

Determination of thallium in presence of iron 

No direct chelometric determination of thallium in the presence of iron has 
previously been described .s In the absence of a masking agent iron is titrated together 
with thallium. It is well known that the masking of iron with fluoride against EDTA 
is impossible in an acidic medium. In the case of aluminium masking with fluoride is 
possible; this phenomenon has been used for the chelometric determination of these 
two metals6 Quantitative precipitation of the anionic fluoride complex of iron(II1) as 
NaaFe,F, only takes place in solutions containing a great excess of sodium ions.’ 
For the formation of FeFa3- in an acidic medium an excess of fluoride should also be 
present. 

For the screening of 30 mg of iron in the titration of 2.04 mg of thallium, the 
following procedure gave good results : 

To a mixture of the metals 10 ml of 1M buffer solution (pH 1.6) were added, followed by 20 ml of 
1M sodium fluoride solution, the pH of which was previously adjusted to 1.6 with 1M nitric acid. 
After the addition of 5 g of sodium nitrate the solution was diluted to 100 ml. In 5 min the pre- 
cipitation of Na,FeF, is quantitative and the solution can be titrated with 0*005M EDTA solution. 
The mean error of such a determination is &O-SO% rel. 

InJuence of gallium and indium 

Because these elements are very similar in their chemical properties, their influence 
on the titration of thallium can be evaluated according to the values of their instability 
constants with EDTA: pK,, = 20.3, pK,, = 24*95 and pKTIuIIj = 225. This shows. 
that indium will interfere even at very small concentrations. On the other hand, in the 
case of gallium one would expect interference only at a higher concentration. 

Experiments have shown that very small quantities of indium are actually titrated 
together with the thallium(II1) by EDTA, and gallium interferes only at higher 
concentrations. Thallium(II1) (2.04 mg) was determined in the presence of a 
maximum of 17 mg of gallium with an error not exceeding f 1% rel. At a higher 
concentration of gallium detection of the end-point of the titration is not sharp, 
and there is a significant positive error. 

Analytical application 

The biamperometric chelometric titration of thallium with two indicator platinum 
electrodes is very selective and can be used for the determination of thallium in 
various materials, including some metals, such as zinc and cadmium, which contain 
only small amounts of thallium. Procedures for the analysis of individual materials 
will be published later. 
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Zusannnenfassung-Die Anwendung einer amperometrischen End- 
punktbestimmung mittels zweier identischer Platinelektroden bei 
konstantem Potential in der komplexometrischen Bestimmung von 
Thallium(W) wurde untersucht. Es ist moglich Thallium mit einer 
0,005_0,05M EDTA-Liisung und einem angelegten Potential von 
0,2-1,8 V zu titrieren. Bei dem optimalen pH l-2 und in Gegenwart 
von Fluoridionen ist die Bestimmung sehr selektiv. 

R&swn&--On a dtudie, dans le dosage chelatometrique du thallium(III), 
la detection amtirometrioue du noint de viraae. en employant deux 
electrodes de piatine ideitiques, ‘a potentiel Applique &m&ant. On 
oeut doser le thallium au moven dune solution d’EDTA 0.005-0.05M. 
&c un potentiel applique d& 0,2-1,8 V. Le pH optimal est l-2; et en 
presence d’ion fluor agissant comrne agent dissimulant, le dosage 
devient hautement selectif. 
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ANODIC STRIPPING COULOMETRY OF GOLD 
USING THE GLASSY CARBON ELECTRODE 
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Splrmoary_-A glassy carbon electrode is used for ,the anodic stripping 
coulomctric determination of gold; the polishing procedure and the 
usefulness of the electrode are shown. The effect of chloride ion in the 
stripping process of gold is discussed. 

ANODIC stripping procedures are eminently suitable for the micro determination of 
metallic ions, because the ions can be collected on the electrode surface before the 
determination. Because suitable electrode materials have not been found previously, 
the method could not be applied to the micro determination of noble metals. 

While the authors’ investigation was in process, Jacobs1 developed a determination 
of silver and gold by using a carbon paste electrode.2 Although this was the first 
investigation into the determination of noble metals using an anodic stripping method, 
the electrode is very difficult to produce, and training for several days is necessary to 
obtain reproducible results. Recently, Yamada and coworkers* produced “glassy 
carbon”, which is made from pure carbon and has a very compact surface similar to 
glass. The hardness is 5-6 (mohs), and the density is about 1.5. It can be polished with 
chromium(II1) oxide emulsion by the same method as is used for the preparation of 
steel samples for microscopic observation. The polished surface of the glassy carbon 
electrode is suitable for the deposition of metal, and to obtain reproducible stripping 
curves. 

The effect of anions in the electrolyte is very important in the anodic stripping 
process of noble metals, but was not mentioned by Jac0bs.l Because of the high 
dissolution potentials of the noble metals plated on the electrode, the evolution of 
oxygen precedes the dissolution of the metals, and the oxidation of water makes it 
impossible to obtain the dissolution curves. This difficulty can be overcome by the 
addition to the electrolyte of any anion which decreases the oxidation potentials of 
metals on the electrode surface. 

Micro amounts of gold can be successfully determined by anodic stripping 
coulometry using the glassy carbon electrode. The &termination of micro amounts 
of silver has not been investigated, here, because this element has already been 
determined by stripping analysis using a platinum electrode.4*s 

EXPERIMENTAL 
Apparatus 

Polarograph. A polarographic instrument produced by Yanagimoto MFG. Co. (Type PA-102) 
is used to provide the rcdissolution potential for the plated metal, and for recording the dissolution 
current. The total resistance of the potentiometer drum of this instrument is 200 Ll and the speed of 

l Institute of Techno-Analytical Chemistry, Faculty of Engineering, Nagoya University, Chikusa- 
ku, Nagoya, Japan. 
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potential change is 200 mV/min. The sensitivity of the recorder was kept at 0400 PA/mm during 
this investigation (full scale = 80 PA; input impedance = 5 ICQ). 

Electrode. A carbon rod (5 mm diameter and 100 mm long) made glassy by heating at 2000” 
is used as a working electrode. The sides of the electrode are covered with epoxy resin, and the 
surface of the end is polished for work with gold. 
obtain reproducible results. 

Polishing of the electrode is necessary in order to 
It is polished first with a series of emery papers of increasmg fhreness, 

then with chromium(111) oxide suspension on a rotary table polisher. With this treatment a glossy 
surface can be obtained. This process is nearly the same as the polishing of samples of steel for 

Poloro- 
Wph 

S C.E. W4 

Fro. 1 .-Apparatus : 
R: recorder, 

PA: lOO+A meter. 
C : glassy carbon electrode. 

microscopic e xamination, and the electrode surface thus produced gives re 
% 

reducible results in the 
determination of gold. Fhrally,the prepared surface of the electrode is washe with aqueous ammonia, 
and rinsed thoroughly with water; the electrode is then ready to use. If fatty materials are on the 
surface of the electrode they must be removed. The electrode can he renewed by washing with 
uq~~ regia, polishing with chromium(II1) oxide and washing with aqueous ammonia. 

The cell is similar to a weighing bottle, and is 35 mm in diameter and 50 mm in height. A magnetic 
sthrer is used for stirring the electrolyte, and the temperature of the electrolyte is thermostatted to 30”. 

A schematic diagram of the apparatus is shown in Fig. 1. The potentiometer-type circuit is 
conveniently used for the constant potential electro deposition of gold. 

Reagents 
All chemicals are of reagent grade, and are used without further purification except hydrochloric 

and nitric acids, which are pLuified by distillation. 
Stmakrd gold solution. Prepared6 by dissolving a weighed amount of pure gold (9999%) 

with aqua regia, and evaporating the solution to small volume (not to d 
acid and again evaporate the solution to a small volume; repeat the ad 7. 

ness). Add hydrochloric 
mon of hydrochloric acid 

and the evaporation until the solution is free from nitric acid. Dilute the solution with water to a 
definite volume. 

Procedure 
l3ecausc of the better reproducibility of the results, anodic stripping coulometry is preferable to 

anodic stripping voltammetry. The following procedure was adopted in the present work. 
A known volume of gold solution (containing l-2 rg of gold) is placed in the cell, and a measured 

volume of perchloric acid is added. In order to expel chloride, evaporate the solution until it fumes. 
Cool and dilute with water to 15 ml. Place the cell in the thermostat and connect up the apparatus 
as shown in Fig. 1. 

Electrolyse the solution at constant potential (0.4 V vs. S.C.E.). Electrolyse for a definite time, 
then add 1.5 ml of O.lM hydrochloric acid to the electrolyte. Stop the stirrer, then turn the switch 
to the position of polarograph, and strip the gold deposit anodically, the potential of the electrode 
being scanned from O-5 to 1.3 V us. S.C.E. 

A blank experiment must be performed in exactly the same way as above. The areas beneath the 
curves obtained both by stripping the gold deposit and by the blank experiment are measured with a 
planimeter. 
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Electrolyte 

Anodic stripping coulometry of gold 

RESULTS AND DISCUSSION 

In order to investigate the effect of chloride ion inthe electrolyte, perchloric acid 
was used as the supporting electrolyte. It is also suitable for the analysis of samples 
containing silver. 

Potential, V vs. S.C.E. 

FIG. 2.-Dissolution curve. 

The various standard potentials between gold and gold ions are:’ 

Au++ e+Au E”= 1.68 v (1) 

Aus+ + 3e .+ Au E”= 1.50 V (2) 

AuCl+ e+Au+Cl- E”= 1.17 V (3) 

AuCl,- + 3e $ Au + 4Cl- E”=190 V (4) 

Because the standard oxidation potential of water is O-45 V lower than E” in reaction 
(l), and 0.27 V lower than E” in reaction (2), oxygen may be produced on the anode 
surface before the dissolution of gold, so that gold(I) or gold(II1) ions cannot be 
obtained by the anodic dissolution process. Also, because the standard potentials of 
reactions (3) and (4) are, respectively, 0.06 V and 0.23 V lower than that of the oxidation 
of water, the anodic stripping curve will be obtainable in electrolytes containing 
chloride ion. With the experimental conditions used in Jacob’s paper,l a considerable 
amount of chloride ion from the standard solution of gold was contained in the 
electrolyte. 

Preliminary experiments showed that the dissolution curve of gold was not ob- 
tained with an electrolyte free from chloride ion and that the curve was similar to that 
of the blank experiment (curve I in Fig. 2). The effect of the concentrations of chloride 
ion and of perchloric acid on the dissolution curve of gold are shown in Table I. The 
form of and hence the area under the dissolution curve are slightly changed by the 



150 TAKAY~SHI Yostmoa~, MMAO ARAKAWA and TSIJGIO TAKEUCSU 

TABLE I.-Em OF THE CONCENTRA~ON OF 
HYDROCHU~R~CANDPERCHMRICACI~S~ME 

ELECTROLYTE 

HClO,, 
M 

HCl, 
M 

Dissolution 
curve area, 

cm’ 

1-O O*oOl 10.6 
1.0 0.01 27.1 
1.0 0.05 25.2 
1.0 0.1 22.1 
0.5 0.01 30.5 
0.1 0.01 17.0 

Au: 13.0 rg; time of plating: 60 min. 

I I I I I 
0.4 0.5 0.6 0.7 0.0 0.9 

Pofentiol, v “S. S.CE. 

FIG. 3.-Plating potential vs. dissolution-curve area. 

concentrations of hydrochloric and perchloric acids. The results given in Table I 
show that the optimum concentrations of hydrochloric and perchloric acids are 0.OlM 
and 05M, respectively. 

Plating potential 

According to experiments using controlled potential electrolysis for the deter- 
mination of macro amounts of gold, the value of O-70 V vs. S.C.E. was preferred in 
0-7~ nitric acid rnedia,s and O-60 V in 0*3M hydrochloric acid containing 0.14M 
hydroxylamine hydrochloride. For the micro determination of gold, however, the 
potential should be lowered for successful deposition.8 

Harrar and Stephens9 have recently reported that a potential of O-48 V vs. S.C.E. 
was preferable in 0.5M hydrochloric acid solution for the determination of milligram 
amounts of gold. Fig. 3 shows the dissolution-curve area as a function of the potential 
of the cathode. From these results, cathode potentials less than O-6 V vs. S.C.E. are 
suitable for the deposition of gold, so that 0.4 V vs. S.C.E. is preferred as the cathode 
potential in this investigation. The potential should be lowered for the analysis of 
more dilute soluti0ns.l 
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Time of electrodeposition 

The dissolution-curve area depends largely on the time of electrodeposition of gold, 
and the relation between the area and the time is illustrated in Fig. 4. The curve shows 
that the electrodeposition of gold on the cathode is not complete even tier electrolysis 
for 6 hr. The deposition time must, therefore, be closely controlled. 

30- 

“E 
” 

f 
0 zo- 
0 

5 
5 ._ 
S 
B 
E 
6 io- 

Time of electrodeposition. hr 

FIG. 4.-Time interval of electrodeposition US. dissolution-curve area. 

Recently, LinganelO investigated the equilibrium between tetrachlorogold(II1) ion 
and gold in hydrochloric acid media, and proved the reaction 

AuCl,- + 2Au + 2Cl- + 3AuC1,. 

The number of coulombs calculated from the dissolution-curve area after electro- 
deposition for 6 hr is, however, larger than that calculated stoichiometrically from 
reaction (3). Considering the slow rate of the reaction studies by Lingane, it may be 
supposed that reaction (4) is preferred in this stripping process. 

Dissolution-curve area as a function of amount of gold (Calibration curve) 

A calibration curve of dissolution-curve area as a function of the amount of gold 
present in the electrolyte. The following experimental conditions were used: potential 
of the cathode: O-4 V vs. S.C.E. ; concentrations of perchloric acid and hydrochloric 
acid: 0.5M and O*OlM, respectively; time of electrodeposition: 2 hr. Other con- 
ditions were as used previously. The calibration curve was a straight line, over the 
range of at least 1 to 10 pug of gold, with a slope of 3.2 cma * rug-l. 

ZusammenWsung-Der Nutzen der glasigen Kohlenstoffelektrode 
bei der anodischen “stripping”Coulometrie von Gold wurde gezeigt 
und der zugehorige Polierprozeh beschrieben. Auch der EintIuB von 
Chlorid beim “stripping”-ProzeI3 van Gold wurde diskutiert. 

R&sum&-On etablit la technique de polissage de l%lectrode de carbone 
vitrifie, ainsi que son activite, lorsqu’on l’utilise pour le dosage coulo- 
mttrique anodique par dissolution de l’or. On discute aussi de l’effet 
de l’ion &lore sur le processus de dissolution de l’or. 
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Summary-The use of steady-state controlled-potential electrolysis in 
the investigation of the kinetics of redox reactions has been examined 
with regard to theory, instrumentation, experimental variables and 
types of systems amenable to study. The method is precise, allows 
the evaluation of rate constants over a range of many orders of magni- 
tude to a maximum of about IO3 male-1. set-I, and may be especially 
useful in the investigation of systems in which one of the reactants is 
unstable and can be generated at an electrode. 

INFORMATION regarding the kinetics of a reaction can be useful in choosing optimum 
experimental conditions for carrying out that reaction. The application of controlled- 
potential electrolysis in the investigation of the kinetics of homogeneous solution 
reactions has been approached through the relationship between kinetic parameters 
and the apparent extent of oxidation or reduction during electrolysis,1-4 and the 
relationship between kinetic parameters and the steady state current obtained during 
an electrolysis opposed by a chemical regeneration of the electroactive material in the 
bulk of the solution.5*s This paper examines the basic principles and experimental 
limitations of the latter approach. 

THEORY 

If a bulk electrolysis is carried out on a substance, A, to yield a product, B, at an 
electrode whose potential is maintained constant and under limiting current conditions, 
the current will decay exponentially with time, according to i = ioemAt, where i,, is 
the current at time zero and 1 is a constant depending upon prevailing mass transfer 
conditions, cell geometry, solution volume, electrode area and stirring.7 

If, however, the electroactive species, A, is regenerated by a chemical reaction 
between the electrolysis product and some species, C, in the bulk of the solution 

(B+CL ‘k_ A + D), the current, after an initial decay, will attain some steady-state 

value (Fig.‘l). This steady-state current, which results when the rates of the electro- 
chemical process and the chemical reactions in the bulk of the solution become equal, 
can be used to obtain information about the kinetic parameters of the chemical 
reaction. The relationship between the steady-state current, iss, and the rate of the 

* Presented at the 19th Congress of the International Union of Pure and Applied Chemistry, 
London, 1963. 
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chemical reaction is shown ,by the following. 
The rate of the electrode reaction is given by 

where A is the concentration of the electroactive species, i the electrolysis current, n 
the electron change, I; the faraday and V the volume of solution in the electrolysis 
cell. The rate of the chemical reaction, for simple kinetics, is given by 

d(B) 
w = -k(B)S(C)Y 

dt 

Iffelectrolysis is begun with only A and C present, the rate of the electrolysis 
~:~vill decrease as time passes, because of a decrease in the bulk concentration 

.- 
H 

t 
FIG. l.-Reaction schemes:- 

(1) A tt”e-; B 

(2) A It”“, B; B+C-+A+D 

of A, and the rate of the chemical reaction will increase because of an increase in the 
bulk concentration of B. Eventually, a situation will be reached in which the rates of 

d(A) d(B) 
the two reactions become equal, i.e., - = - , 

dt dt 
and the electrolysis current, now 

a steady-state current, attains a constant value. 
d(B) . 

Before steady-state is reached, dt IS given by 

d(B) 
- = --k,(B)Wy + k_,(A)‘YW’ + 4A), 

dt 

where k1 and k1 are the forward and backward rate constants for the chemical 

reaction taking place in the bulk of the solution. At steady state, 
d(B) - = 0, and for dt 



Steady-state controlled-potential coulometry 155 

a chemical system in which the contribution from the back reaction is negligible, 
we have 

kI(B)P(C)Y = I.(A) (3) 
and from (l), (2), and (3), 

a$ = k,(B)X(C)r = !!$ 

a relationship between the steady-state current and the rate of the chemical reaction. 
The effect of the various reactants and products, A, B, C and D, on the rate of the 
chemical reaction can be tested by varying their steady-state concentrations and 
observing the corresponding variation in steady-state current. 

Current 

recorder 

PotenGometer 

FIG. 2.-Diagrammatic representation of experimental arrangement. 

INSTRUMENTATION 

A scheme of the type of experimental arrangement used is shown in Fig. 2. A potent&tat ;is 
used to maintain the potential of the working electrode constant. The control potential should %e 
monitored with a high-impedance voltmeter so that loss of potential control arising from?reaistance 
limitations, for example, can be observed. The electrolysis current may be followed with&her an 
ammeter or a recorder. A recorder is preferred because it shows any spurious chaelin current 
which might not otherwise be observed. The recorder resistance should be low in ordertirminimise 
iR loss in this part of the circuit. The pen speed of the recorder is unimportant excepti in cases.tihere 
steady-state is reached very rapidly. 

An electrolysis cell of the type described by Meites8 may be used. In the cases where potential 
control is very important, however, i.e., where potential gradients cannot be tolerated, a cell with 
maximum symmetry should be used. (The problem of potential gradients has been discussed by 
Booman and Holbrook,@ who report potential gradients up to 125 mV at 40 mA across a 4-cm diam- 
eter mercury pool electrode with poor workin 

For electrolyses in which a high mass trans i# 
counter electrode geometry.) 

er coefficient is required (for study of systems in which 
the chemical reaction is fast), a cell such as that described by Bard’ may be used. This small volume 
cell makes use of ultrasonic stirring and has been shown to yield a mass transfer coefficient as high 
as 0.1 set-1. 

PRACTICAL CONSIDERATIONS 

The steady-state concentration of reactants may be estimated from the current- 
concentration relationship, spectrophotometrically, and/or from the amount of 
reactant added to the cell. 

s 
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The steady-state concentration of the electrode product may be estimated from 
the electrolysis current-electroactive species concentration relationship in the following 
manner. The electrolysis current is proportional to the concentration of the electro- 
active species at any time, i.e., it = k’(A). The proportionality constant, k’, may be 
determined from i. = k’(A),, where i. is the initial current obtained by extrapolation 
to time zero, and (A), is the initial concentration, which is known from the amount of 
A added to the cell and the cell volume. The concentration of A at steady-state is 
&Jk’, and, because (A),, = (A),, + (B)ss (for the simple case), 

(B),, = (A),, - (A)68 (4) 

The steady-state concentration of the electrolysis product may in some cases be 
estimated by direct measurement or by measurement of (A),, and relationship (4). 
For the slow reactions, concentrations can be measured by a sampling technique. 
For faster reactions, in which the concentrations may change significantly during the 
time required for sampling and measurement, it may be possible to make use of a 
flow technique in which the test solution is circulated through a spectrophotometer 
cell or another type of appropriate detector (NMR, ESR, etc.) 

The steady-state concentration of other reactants, e.g., C, can be estimated from 
the amount of C added to the cell, because its concentration is so chosen that it 
cannot change significantly during the electrolysis. 

DISCUSSION 

“Steady-state” controlled-potential electrolysis should be applicable to the 
investigation of the kinetics of any redox reaction which is part of a cycle involving 
regeneration of the electroactive species by chemical reaction provided that (1) the 
system meets certain electrochemical requirements, and (2) the rate constant does 
not exceed a certain value. 

The main electrochemical requirement is that only one species be electroactive at 
the controlled potential. This species, of course, will be that which is regenerated 
by the chemical reaction in the bulk of the solution. If this condition is not met, 
species C, which reacts with the electrolysis product B, regenerating A, will also be 
consumed at the electrode. The electrolysis current will continue to fall as both A 
and C are consumed, and a steady-state situation will not be reached. When one 
considers the standard potentials of the redox couples involved in a chemical reaction, 
it is obvious that, if both couples are reversible, more than one species will be electro- 
active at the controlled-potential, i.e., if C is capable of oxidising B (C + B + 
A + D), the electrolysis product of A, the standard potential of the couple C + ne- - 
D must be more positive than that of A + ne- + B, so that C will also be reduced at 
the controlled potential where A is reduced. Thus, it can be seen that the couple 
involving the species which regenerates the electroactive species must be irreversible. 
This requirement is obviously a limitation of the number of reactions which can be 
investigated by the controlled potential electrolysis method, but may be overcome to 
some extent by masking techniques. 

The smallest rate constant which can be investigated by this method is probably 
limited by the experimenter’s ability to distinguish between background and steady- 
state currents. The maximum rate constant which can be measured is limited by the 
requirement that there be an initial decay of current before the steady-state is attained. 
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This condition ensures that the chemical reaction is taking place homogeneously in the 
bulk of the solution, not just in the region of the electrode surface, and that the 
current is a measure of the rate of the chemical reaction. This condition may or may 
not be attainable for a given reaction, depending on mass transfer conditions and 
reactant concentrations. A large mass transfer coefficient, il, is desirable when 
studying fast reactions. With optimum cell geometry and good stirring, 1 values as 
high as O-1 set-l can be attained. 7 Reactant concentrations should be such that 
measurable values of i,, and ieS are obtained and if a calorimetric method is to be used 
to measure steady-state concentration, high enough to give a measurable absorbance. 
Concentrations should also be such that the steady-state concentration does not change 
significantly, i.e., > lx, during the steady-state measurement. A relationship for 
the maximum rate constant which can be investigated for a given set of mass transfer 
and reactant concentrations conditions is given below. 

At steady-state for a second order reaction, 

ha 
7= 

nFV 
y = !!$) = J_(A) = k(B)(C) 

or 

Recalling the requirement that the current must decay before steady-state is reached 
and that this decay be at least 1% of the initial current, 

(A) 0*99(A),, -=-= 
(B) 0-01(A),, 

10aandk = F. 

I and C should be chosen so that the conditions outlined above (measurableourrant 
and concentration and no change in concentration during the steady-statemes- 
ment) are met. The maximum rate constant which can be investigated by<Hris 
method is ‘v 106 M-l. set-l, corresponding to a situation where il = @l.sec-?, cell 
volume = 5 ml, n = 1, (A), = lo4 F, and C = lo4 F. Under these conditions, 
assuming i, = 99 “/, iO, is8 will be about 50 pA(nFViLC). Steady-state should be 

reached in about 1 set 
i 
- = e-0.‘” = - , and (C) should decrease less than 1% 

in 10 set d(C) i. 
:L 

dt x dt = 106 x lo+’ x IO”’ x 10 = lo4 . 

The method has been shown to give rate constants with a precision of & 3 %.l” 
More rigid control of such variables as cell temperature and reactant concentrations 
should result in even better precision. 

Ac&nowle&ement--The financial support of the Laboratory for Research on the Structure of Matter 
is gratefully acknowledged. 

Znsammenfassnng-Theorie, Instrumentierung, experimentelle Vari- 
able und Anwendungsbereich der stationiiren Elektrolyse bei 
kontrolliertem Potential bei kinetischen Untersuchungen von Redox- 
reaktionen wurden untersucht. Die Methode ist genau, gestattet die 
Restimmung von Geschwindigkeitskonstanten tiber viele GriiDen- 
ordnungen bis maximal etwa 10’ mol-I. se@ und kann sich besonders 
ntitzlich erweisen bei der Untersuchung von Systemen, in denen 
einer der Reaktanten unbest%ndig ist und an einer Elektrode erzeugt 
werden kann. 
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R&wm&Gn a examine l’emploi de l’&ctrolyse 51 potentiel controle 
et regime constant dans les recherches sur la cinetique des reactions 
redox, aux points de vue th&orie, instrumentation, variables exp&i- 
mentales, et types de systemes susceptibles d’6tt-e Ctudies. La mtthode 
est precise, permet l’evaluation des constantes de vitesse dam un t&s 
grand domaine d’ordres de grandeur, jusqu’a un maximum d’environ 
106 mole-l. set-I, et peut Ctre specialement utile dans l’ttude de 
syst&mes dam lesquels l’un des reactifs est instable et peut &re @n&e 
a une electrode. 
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Summa~--Glyoxal and pyruvic acid can be transformed, through 
known condensation reactions with ammonia or @-naphthylamine, 
into compounds which contain a tertiary nitrogen. These condensation 
products show the Ohkuma colour reaction when treated with a 
mixture of acetic anhydride and citric acid. Selective spot tests for 
glyoxal and pyruvic acid have been developed on this basis. Lactic 
acid can be detected after oxidative transformation into pyruvic acid. 

OHKUMA~ has described a sensitive test for tertiary amines (bases or salts) based on 
the development of a red, violet or blue colour by heating with a mixture of acetic 
anhydride and citric acid. The mechanism of this colour reaction is not yet known. 

Experiments have shown that the colour test may be’ used to identify the occur- 
rence of such reactions, leading to the formation of tertiary amines. The participants 
in the pertinent reactions may thus also be detected. This is illustrated by the tests 
described here for glyoxal, pyruvic and lactic acid. 

Glyoxal combines with ammonia to give the heterocyclic compound glyoxaline 
(imidazole). The mechanism of the reaction is uncertain; it has been suggeste@ that 
one molecule of glyoxal breaks down into formic acid and formaldehyde, and the 
latter, together with ammonia, reacts with glyoxal. The underlying reactions therefore 
would be: 

CHO 
I + H,O- HCOOH + CH,O 
CHO 

NH2 CH-N 
CHO 

I + CH,O - !H !H +3HO 2 * 
CHO \/ 

NH3 NH 

Glyoxaline, being a tertiary amine, gives a positive response to the Ohkuma test. 
The above transformations thus permit the detection of glyoxal in the absence of 
tertiary amines (Procedure 1). 

* Visiting Professor at the Hebrew University, Jerusalem, Israel. 
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When pyruvic acid is present, a modification of the test is necessary, because this 
acid, treated with ammonia, yields uvitonic acid,* which likewise contains a tertiary 
nitrogen atom and therefore shows the Obkmna calour reaction. As described 
below, pyruvic acid can be detected by a specific test with ~-naphthyla~ne (Pro- 
cedure 2). When this test gives a positive response, and glyoxal is to be detected, use 
may be made ofthe fact that in contrast to the ammonium salt of uvitonic acid, the 
glyoxaline formed is soluble in ether (Procedure 3). 

Pyruvic acid condenses with ~-naphthylamine as follows:” 

&OH 
I 

COOH 

The a-methyl+naphthocinchonic acid formed contains a tertiary nitrogen atom, 
thus showing the Ohkuma colour reaction. The above condensation seems to be 
specific for pyruvic acid and permits its sensitive detection. 

Lactic acid is easily oxidised to pyruvic acid: 

CH,CHOHCOOH + [0] -+ CHsCOCOOH + HsO. 

It was found that this oxidation, carried out with lead dioxide and followed by the 
pyruvic acid test, described above, can be applied for the detection of lactic acid 
(Pracedaue 4) in the absence of pyruvic acid and/or tertiary amines. 

Procedure .1: Detection of glyoxaI 

In,a micro test-tube 1 drop of the diluted test solution (not more concentrated than 5%) is 
mixed, with .l drop of cont. ammonia solution, then evaporated to dryness. To the residue a few 
crystalsof @ric acid and 2 drops of acetic anhydride are added. The bottom of the tube is then 
immersed in a water-bath heated to W-85”. 
vi&t &our within 5-10 min. 

A positive response is indicated by the appearance of a 
A blank test with the citric acid-acetic ~yd~de mixture is advisabk. 

Limit of identitTcation: 1 p of glyoxal. 
.pb, Under the conditions descn d here neither biacetyl nor other 1,2-dioxy compounds react. 

Procedure 2 : Detection of pyruvic acid 

In a micro test-tube 1 drop of the test solution is mixed with I drop of a 25 % ethanolic solution 
of &raphthylamine. After IO-15 ruin the mixture is evaporated to dryness, and the residue is heated 
for 5 min at 120”. The further stat with acetic anhydride and citric acid is the same as in 
Procedure 1. 

Limit of identification: 0.2 pg of pyruvic acid. 

Procedure 3 : Detection of glyoxal in the presence of pyruvic acid 

In a micro test-tube 1 drop of the test solution is mixed with 1 drop of cont. ammonia solution, 
then evaporated to dryness. To the residue some drops of ether are added to extract the glyoxaline 
formed. After shaking and allowing to stand for some min, the clear ether solution is transferred 
to another micro test-tube and then evaporated. The further treatment with acetic anhydride and 
citric acid is the same as in Procedure 1. 

This method is not only recommended if glyoxal is to be detected in the presence of pyruvic acid, 
but also when a coloured residue remains after treatment of the sample with ammonia, and subsequent 
evaporation. 

Limit of identification: 10 ,ug of glyoxal. 
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Procedure 4 : Detection of lactic acid 

In a micro centrifuge-tube 1 drop of the test solution is mixed with 1 mg of lead dioxide and 
heated on the water-bath for 15 min. After addition of 3 drops of water and centrifugation, the 
clear liquid is transferred to a micro test-tube. The remainder of the procedure is the same as in 
Procedure 2. 

Limit of identification: 10 pg of lactic acid. 

Acknowledgement-We are grateful to the Conselho National de Pesquisas (Rio de Janeiro) and the 
Department of Inorganic and Analytical Chemistry of the Hebrew University (Jerusalem) for 
financial support. 

Zusammenfassuag-Glyoxal und Brenztraubensaure konnen durch 
bekannte Kondensationsreaktionen mit Ammoniak oder p-Naphth- 
ylamin in Verbindungen umgewandelt werden, die ein tertiares N-Atom 
enthalten. Diese Kondensationsprodukte zeigen die Ohkuma- 
Farbreaktion mit einer Mischung von Acetanhydrid und Zitronensaure. 
Auf dieser Grundlage wurden selektive Tiipfelproben ftir Glyoxal und 
Brenztraubensaure entwickelt. Milchslure kann nach Oxydation zu 
Brenztraubenslure nachgewiesen werden. 

R&sun&-On peut transformer le glyoxal et l’acide pyruvique en 
composts qui renferment un atome d’azote tertiaire, au moyen des 
reactions de condensation connues avec l’ammoniaque ou la /3- 
naphtylamine. Ces condensats donnent la reaction colored d’ohkuma 
lorsqu’on les traite par un melange d’anhydride acttique et d’acide 
citrique. Sur cette base, on a rn& au point des essaia a la touche 
selectifs pour le glyoxal et l’acide pyruvique. On peut d6celer l’acide 
lactique apres l’avoir transform6 en acide pyruvique par oxydation. 
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Summary--A cell for the coulometric analysis of flowing solutions at 
controlled electrode potentials has been developed and tested. It is 
shown that it is rapid enough to allow analysis of chromatographic 
fractions with a half width of 1 min or more. The cell is generally 
applicable because the counter electrode is separated from the working 
electrode. Analysis of chromatographic fractions has been performed 
with a standard deviation of less than 1% for silver and less than 2% 
for copper. 

THE instrumentation and experimental procedure for electrolysis by controlled 
electrode potential have been refined in recent years. l*s The analysis time is usually 
10-15 min, but high speed electrolysis cells have also been designed.3 Controlled 
potential coulometry should be very useful in analysing column effluents and process 
streams, provided that the cell response is rapid. This paper is concerned with the 
development of a cell suitable for analysis of flowing solutions. 

Coulson and Cavanagh4 have described a coulometric titrator for the analysis of 
chloride in conjunction with gas chromatography. A coulometric titrator for acidic 
and basic components of a gas stream has been described by Burnett and Klaver.6 
Eckfeldts has described a cell for analysis of flowing solutions. He applied a measured 
potential between a working gold electrode and a reference electrode. The hold-up 
volume of the cell was only 1.5 ml and the response was very fast. The content of the 
cell was electrolysed in about 1 min. The cell described by Eckfeldt is unsuitable for 
large currents; he usually operated at less than 1 mA. The deviations from the 
theoretical current were also rather large at high flow rates. 

Polarographic analysis of column effluents and process streams has been investi- 
gated by several authors’-l1 and cells with very small hold-up volumes have been 
constructed.12 

There appears to be no reference in the literature to the application of controlled- 
potential coulometry in analysing flowing solutions. 

EXPERIMENTAL 
Apparatus 

Coulometer. The general principles, described by Kelley, Jones and Fisher,* were followed in the 
construction of a controlled potential coulometer. However, transistor operational amplifiers (G. A. 
Philbrick, type P 65A) were used instead of vacuum tube amplifiers. The transistor amplifiers are not 
very sensitive to variations of the supply voltages so a simple zener stabilisation of the power supply 
could be used. In this way the construction is greatly simplified and the apparatus is smaller and less 
costly. The performance is comparable to that of the vacuum tube counterpart; 500 mA could be 
delivered at 30 V and up to 1 A at lower output voltages. 

The voltage developed over a standard resistor in series with the cell is a measure of the current 
and thus of the concentration of electroactive species in the cell. The current was continuously 
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monitored by a recorder. The number of coulombs consumed in the cell reaction was determined 
by integration of the current, using an integrator made according to the description given by Booman’ 
and by Kelley, Jones and Fisher.’ 

CelLr 

For a reaction limited by the rate of mass transfer to the electrode the electrolysis current decays* 
according to 

rl 0 CM. 

it = i&-Pt 

p =f (&l/V, ml 

TOft 

OUT 

AUX . 

INPUT 

I 1 MOTOR 

OUT 

REF. 

AUX . 

INPUT 

(1) 

(2) 

CELL 2 CELL 3 

FIG. 1 .-Sections showing Cell 2 and Ceil 3 : 

_m...-.. dialysis tubing, 
m platinum, 

n sintered glass, 
EXI per%=x. 

where it is the current at time t, i. the initial current, V is the solution volume, A is the electrode area 
and m is a mass transfer constant with units of cm. se@. 
high speed of the electrolysis. 

A high value of the constant p indicates a 
Several cells have been constructed in order to get a cell with a large 

p-value. 
Cell 1. Platinum gauze was tightly packed in a Teflon tube into which the reference electrode 

and the auxiliary electrode protruded. The area to volume ratio of this cell was very large. The size 
of the mass transfer constant, m, was dependent on the flow rate, being mainly determined by diffusion 
at low flow rates. At practical flow rates, about 1 ml/min, it was found that only l-3 % of the eluted 
fractions were electrolysed. 

CeN 2. A platinised rotating cylinder constituted the working electrode. The auxiliary electrode 
was separated from the flowing solution by a dialysis tube slightlv larger than the rotating electrode. 
A schematic drawing of the ccl is shown hr Fig. i . 

I.” 

This cell was more efficient than Cell 1: at 1 mllmin. 4-6 % of the electroactive soecies were 
electrolysed in the cell. Both the rotating electrode and the dialysis tubing had low-frict& surfaces. 
The diameter of the rotating electrode was rather small, giving a low linear speed. These effects 
combined to give a low mass transfer rate. 

CeN 3. A rotating platinum disc was used in the next cell (Fig. 1). The auxiliary electrode was 
separated from the flowing solution by a sintered glass disc. At 1 ml/min about 50% of the eluted 
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fraction was electrolysed by this cell. The improvement is caused by the higher linear speed at the 
disc periphery and by the turbulence caused by the rough surface of the sintered glass disc. 

Cell 4. This cell was similar to Cell 3 except that the solid platinum surfaces were replaced by 
several discs made from platinum gauze. This increased the efRciency to a practical value. A detailed 
drawing of the cell is shown in Fig. 2 and a description is given below. The results presented in the 
following are all obtained by this cell unless otherwise stated. 

MOTOR 

NITROGEN c\\\v ” 

REF. 

O-RI 

FIG. 2.-Section of Cell 4: 

___.._ dialvsis tubine, 
.a Y- 

m sintered glass, 

Q perVex* 

a bakelite, 

m nylon, 

m platinum gauze, 

w glass. 

The main body of the cell was made from solid Perspex (methacrylate), into which a nylon disc 
was pressfitted. The auxiliary electrode forms the bottom of the cell. The auxiliary and working 
electrodes are separated by a sintered @ass disc glued into the perspex. All seals were made with glue 
except the connection betweea the main be&yti aiseuatiliny -rode, which was sealed by an 
O-ring. It would be of advantage to make the bottom from a more heat-resistant material than 
perspex if agar-agar gel is settled by heating the cell. 

The rotating electrode consisted of 3 or 4 platinum gauze discs (0.1 mm wires, 0.5 mm apart), 
separated by l-mm platinum rings and fastened to a bakelite axis connected to the motor axis. The 
motor speed was 2600 ‘pm. Electrical connection to the rotating electrode was made by a mercury 
contact at the top of the motor and the motor axis was connected to the platinum gauze by a platinum 
wire inside the bakelite axis. A post electrolyser gauze was wound on the axis at a height corre- 
sponding to the bottom of chamber C. 

The rotation of the inner electrode causes a strong pressure towards the periphery of the cell. 



166 GILUS JOHAKSSON 

AlLgas bubbles are removed from the periphery and an empty space is formed in the centre. The 
volume contained in a working cell, 19 ml, is, thus. somewhat smaller than the geometrical volume. 
The reference electrodes must be able to withstand the pressure; commercial saturated caiomel 
electrodes with asbestos plugs in the tip have been found to be adequate. 

The bottom of the electrolysis chamber, B, was made from a sintered glass disc of medium porosity. 
A dialysis tube was cut open and glued to the back of the sintered glass disc, The auxiliary electrode 
chamber was then tilled with agar-agar gel or silicic acid gel up to near the auxiliary platinum elec- 
trode. This arrangement prevented the Sowing solution from being pressed into the auxiliary 
electrode chamber. The gel, especially the narrow connection to the side tube, is responsible for 
most of the JR-drop of the cell. The resistance of the cell is about 200-4QO Q. A small stream of 
nitrogen can be introduced into the celi during reduction to displace the oxygen in the cell, but the 
purging of the column efffuent must be arranged externally. 

The liquid introduced into the.cell through the input in the centre of the sintered glass disc is 
mixed with the solution in chambef B, Excess liquid is drained up into the drain chamber C. Any 
splashings in this chamber are returned except that which goes along the axis. To prevent this liquid 
from passing info the motor a trap, D, is made which empties back to C through two ho&, E. When 
a few ml of liquid have been collected in chamber C, it will drain through the outlet. 

The cell was cleaned occasionally in nitric acid; 10-25 analyses could be made before cleaning 
was necessary. 

RESULTS 
Rate of electrolysis 

In order to get a measure of the efficiency of the cells the procedure given by Bards 
was followed. A solution of copper sulphate was placed in the cell and the coulometer 
switched on. The reduction was performed at -500 mV versus S.C.E. in a medium of 
sodiu+ sulphate. The current-time curve was recorded. Log current was then 
plotted uersus time to yield an almost straight line. From the slope of this line the 
value of p in equations (1) and (2) may be calculated. For Cell 3 the p-values ranged 
between 0,014 see-l and 0.026 set-l; Ceil 4 gave p-values between @ 10 see-1 and up to 
0.18 set-l. These values can be compared to that of about 0.1 sec.-’ found by Bard 
for a cell using nitrogen and ultrasonic stirring. The cell described by EckfeldP had a 
speed similar to that described by Bard. 

The input stream will be mixed with the liquid in the cell in such a way that most of 
the electrolysis will occur at the lowest platinum gauze disc. The other discs will then 
be responsible for less and less of the total electrolysis, This behaviour may be 
visualised if a fraction of copper sulphate is passed through the cell and the copper 
plating on the bright platinum is inspected. The mixing between chamber B and 
chamber C is rather low. A post-electrolyser gauze placed in the drain chamber C will 
thus further reduce the output concentration of electroactive substance. It is difficult to 
measure the efficiency of this gauze because of the spread in p-values, but a slight 
plating of copper indicates that some electrolysis will take place at the gauze. 

In order to determine the concentration in the drain the flow rate is varied while 
the amount of copper(H) ion introduced into the cell per second is kept constant 
(l-5 x lcf-’ mole/set). The concentration of copper(U) in the drain is measured 
spectrophotometricaily by the diethyldithiocarbamate method. The results show that 
the percentage of unreduced copper is linearly dependent upon the flow rate. At 
fIow rates lower than 1 ml~min, less than 05 % will pass the cell unreduced; at a rate 
of 10 ml/min, 5 % will pass the cell unreduced. 

The percentage recovery of chromatographic fractions containing about 120 pmole 
of silver nitrate was determined as a function of the flow rate. A linear relationship 
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was found with 100% recovery for zero flow rate and 94% recovery at a rate of 
10 ml/min. 

Both the silver and copper were reduced at -500 mV versus S.C.E. in a slightly acid 
05M sodium sulphate medium. 

Analysis of chromatographic fractions 

Samples of copper(H) sulphate and silver nitrate were put on a 15-cm long column 
made from an inert material (fire brick of 35 mesh). In this way an elution curve of 
correct form and short retention time was obtained. The results are shown in Table 1. 

TABLE I.-REDIJCTIONOFACHROMATOGRAPHIC FRACTION PASSIKGTHECELL 

AT A FLOW RATEOF 0.8 hlL/MIN. 

Substance 

cu’+ 

cu* 

As+ 

Found, yrmole Recovery, “/: 

153.1 102.0 
153.8 102.5 
147.2 98.2 
75.1 100-l 
74.9 99.9 

150.3 100*2 
147.9 98.6 
150.1 loo*1 
149.2 99.5 
150.8 1005 

Mean value, % 

loo*9 

100.0 

99.8 

The reduction was performed at -500 mV versus S.C.E. in a medium 0.5M in sodium 
sulphate and 0*2M in sulphuric acid. A recording of the current when two fractions 
pass the cell is shown in Fig. 3. 

mA 10 

8 

6 

0 15 30 45 60 75 min 

FIG. 3.-Recordings of the current when two consecutive fractions, each containing 
12 pmole of silver, are passed through the cell. 

Stripping analysis 

In order to investigate the possibility of analysing very dilute process streams, 
amounts of copper varying between 6 and 150 pmole were diluted to 1000 ml. The 
solution was passed through the cell at 9.5 ml/min. The reduction was performed at 
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-600 mV versus S.C.E. in the same medium as above. Direct measurement of the 
number of coulombs required for reduction is not feasible because the background 
current is larger than the Faradaic current. Instead, the deposited copper was re- 
oxidised at -10 mV cersus S.C.E. The number of coulombs required for the re- 
oxidation was measured and the results are shown in Table 11. At this flow rate some 
of the copper will pass the cell unreduced. A correction is taken from a graph of 
percentage of copper passing through the cell unreduced as a function of the flow rate, 
and added to the measured value. The accuracy is less than for the direct analysis of 
more concentrated chromatographic peaks, but the results demonstrate that the cell 
will operate satisfactorily down to very dilute concentrations. 

TABLE IL-REOXIDATION OF COPPER DEPOSITED FROM 1000 pi. OF SOLUTION 

Copper taken, 
pmole WI”11 Recovery, % 

Corrected 
recovery, “/, 

150 9.54 98.4 103.2 
45 2.86 92.8 97.6 

6 0.37 83.3 88.1 

Background current 

The magnitude of the background current depends on the acidity of the medium, 
the amount of impurities in the electrolyte and on the reduction potential. The 
background current was integrated for some time after each analysis. A correction 
was computed and subtracted from the total integral. This correction, usually less 
than IO%, is one of the main sources of error in this type of analysis. 

In some cases a bucking voltage was applied in series with the integrator input, and 
it was adjusted so that the integrator input was zero just before the chromatographic 
fraction arrived at the cell. This procedure eliminated the calculation of a correction. 

Distortion of peaks 

All cells which have limited response time will cause distortion of chromatographic 
peaks. The magnitude of this distortion may be calculated in the following way. 

A peak of the shape Q(t) is introduced into the cell volume w at a flow rate of 
n ml/set. The substance in the cell is removed by electrolysis at a rate of y . p, where 
y is the cell concentration, and p and t are defined by equations (1) and (2). If the 
amount of substance lost through the drain is neglected, the change in cell concentration 
is 

-= co(t):-,., dY 
dt u) 

This equation is similar to that derived by VandenheuveP3 for the effect of post- 
column dead space. Equation (3) was solved for @(t) equal to the normal distribution 
function. The maximum of the function y, will occur later than the maximum of Q(t). 
This delay or error in retention time was calculated as a percentage of the half band- 
width, a, of the elution curve a(t) and plotted versus the half width in Fig. 4. The 
maximum height of the y-function is lower than the maximum of Q(t). The difference 
is calculated as a percentage of the maximum height of Q(t) and also plotted versus 
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a in Fig. 4. From the graph it is seen that the error in most cases can be neglected if a 
is about 1 min, i.e., if the chromatographic peak is eluted in 2 min or longer time. 

DISCUSSION 

Bards found that the plots of log current remus time were non-linear near zero time, 
indicating a more rapid electrolysis at the start. The cell used in the present investi- 
gation yielded log current-time plots which were usually linear over the whole range. 
On the other hand, the slope of lines from different runs were scattered over a wide 
range. For a given substance the slope depends on the medium and the applied 

% 

15 - 

10 - 

5- 

A------ 
0 50 100 A see 

FIG. 4.-Relative increase in retention time and relative decrease in peak height plotted 
versus the half peak width (a): 

I Relative increase in retention time for p = 0.1. 
II Relative decrease in peak height for p = 0.2. 

III Relative increase in retention time for p = 0.2. 

potential. The speed of the electrolyses at different potentials is well pictured by the 
polarographic wave. A high diffusion current corresponds to a high speed electrolysis. 
Thus, it should be advantageous to operate at high potentials. A compromise must, 
however, be found because high potentials will give rise to large background currents. 

The accuracy which can be obtained by use of this coulometric cell compares 
favourably with that of polarographic methods and also with the accuracy obtained by 
Eckfeldt.‘? The flow sensitivity is rather low and there is no temperature dependence. 
The accuracy is, however, much less than that obtained in ordinary coulometric 
analysis. The main source of error is the correction for the background current. If all 
the substance had been in the cell at the start the analysis would have been completed 
in about 1 min, but the chromatographic peak will last for much longer time, perhaps 
IO-1 5 min. This length of time will give rise to a background current correction which 
may exceed 10% of the measured integral. The background current may be reduced 
by purification of the solvent. Even pro analysi quality electrolytes contain sufficient 
quantities of reducible substances to cause a significant increase in the background 
current. The amount of oxidisable substances is usually smaller. 

Errors may also arise because some substance is lost in the drain. Usually the flow 
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rate is known approximately, and it is then possible to calculate a correction. There 
may still be some uncertainty, of course, but this source of error is easier to control 
than the error in the background correction. 

The diaphragm cell described in this paper is generally applicable. In some cases 
the counter electrode can be kept in the same solution as the working electrode, which 
simplifies the construction because the bottom of the electrolysis chamber can be made 
from the counter electrode material. The resistance of such a simplified cell will be 
very low. 

The supporting electrolyte can often be present in the column effluent. When this 
is impossible, the electrolyte can be added via a T-junction at the cell inlet. 

Ac&twwleu@tent-The author thanks Professor K. J. Karrman for his advice and interest. This 
work was supported by grants from the Swedish Technical Research Council. 

Zusammenfasaung-Eine Zelle zur coulometrischen Analyse striimende 
L&ungen bei kontrollierten Elektrodenpotentialen wurde entwickelt 
und geprtift. Es wird gezeigt, da8 sie schnell genug arbeitet, urn die 
Analyse chromatographischer Fraktionen mit einer Halbwertsbreite 
von einer Minute und dart&r N ermbglichen. Die Zelle ist allgemein 
anwendbar, da die Gegenelektrode rPumlich von der Arbeitselektrode 
getrennt ist. Die Analyse von chromatographischen Fraktionen 
wurde durchgefiihrt und ergab eine Standardabweichung von 
weniger als 1% fur Silber und weniger als 2% fur Kupfer. 

R&sun&-On a &abort et exp&imentt une cellule pour l’analyse de 
solutions en mouvement par coulometrie a potentiel d’tlectrode 
contri3le. On montre qu’elle est sufhsamment rapide pour permettre 
l’analyse de fractions chromatographiques. La cellule est d’une 
application g&hale car la contreClectrode est Separ6s de I’electrode 
de travail. On a effectue l’analyse de fractions chromatographiques 
avec un &cart type inferieur B 1 y0 pour l’argent et B 2 /. pour le 
cuivre. 
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ZUR ENTMISCHUNG DER LiiSUNGSMITTEL BEI 
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EINFLUSS DES ALKOHOL-WASSER-VERHXLTNISSES AUF DEN 

SORPTIONSVORGANG 
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GERHARD ACKERMANN 
Institut fdr anorganische und analytische Chemie der Bergakademie Freiberg (Sachsen), DDR 

(Eitgqytgen am 7. September 1964. Angenommen am 6. Oktober 1964) 

--Bei der Untersuchung von wasserhaltigen Alko- 
holen [Methanol, Athanol, Propanol-(l), Propanol-(2), Butanol-(1)] 
konnte fest~tellt we&n. da0 durch trockene Cellulose Wasser aus 
den L&un@n aufgenommen wird. Beim wasserarmen Methanol 
wird alkrdmgs bevo~gt der Alkohol gebunden. Durch Adsorp 
tionsversuche iiber die Gasphase konnte gezeigt werden, da0 je nach 
Alkoholart und Wassergehalt verschiiene Mengen der beiden 
Komponenten von der Cellulose adsorbiert werden. Zwischen dem 
Mokkulargewicht (bzw. der Dielektrizitiltskonstanten) und der von 
der Cellulose adsorbierten Menge Alkohol bestehen enge Beziehungen. 
Die Versuche best&t&en, da0 am Aufbau der station&en Phase alle 
Komponenten des Fliimittels beteiligt sind. 

IN der 2. Mitteilung’ war bei der Untersuchung des Verhaltens verschiedener Alkohole 
gegeniiber Cellulosepulver mit unterschiedlichem Wassergehalt die Vermutung 
ge%uiuDert worden, da8 bei gegebenem Wassergehalt der Cellulose die Zusammensetzung 
der fliissigen Phase entscheidet in welchem Umfang Wasser bzw. Alkohbl von der 
Cellulose gebunden wird. 

Die folgenden Versuchsreihen sollten der weiteren Aufkliirung dieses Vorganges 
dienen. 

EINFLUSS DES ALKOHOL-WASSER-VERHbLTNlSSES 

Versucksanordnung 

Fiir die Versuche wurden die friiherl beschriebenen Siulen verwendet. Das benutzte Celluloscpulver 
(Whatman Standard Grade) war bci 110’ getrocknet worden. 
Den Wassergehalt der Liisungen bcstimmten wir wicder durch Titration mit Karl-Fischer-Lasung. 

Die untersuchten Alkohol-Wasser-Gemische sind in Tabelle I zusammengestellt. 
In den Abbildungen l-5 sind die Elutionskurven von einigen der untersuchten 

Mischungen dargestellt. Die Diagramme selbst lassen allerdings untereinander nur 
einen halbquantitativen Vergleich zu, da die Titer der verwendeten Karl-Fischer- 
LBsung etwas unterschiedlich waren. 

Wie die Abbildung 1 zeigt, wird aus allen Mischungen mit einem Wassergehalt 

* I. und II. Mitteilung siche Literatur. 
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TABELLE I.-ZUSAMMENSETZUNG DER LNERSUCHTEN ALKOHOL-WASSERGEMISCHE 

Nr. der 
Kurve in 

Wassergehalt in % 
- 

der Abb. Methanol Athanol Propanol-(1) Propanol-(2) Butanol-(1) 

1 0,73 0,65 1,02 094 1,16 
2 3-09 1,13 3,03 3304 2,87 
3 4,35 2,78 527 3,65 $84 
4 5,54 3,88 7,79 6,29 7,76 

8,78 5,52 
11,88 

I,31 7306 12,02 10,77 4,28 
lo,46 11,70 

I I I I 
IO 20 30 40 

Eluot, ml 

ABB. 1 .-Andetung des Wassergehalts im Filtrat : System Methanol-Wasser. 

von t5 % (Kurven l-3) von der trockenen Cellulose bevorzugt Methanol aufgenom- 
men. Bei hoherem Wassergehalt und bei allen anderen gepriiften Gemischen (Abb. 
2-5) wird-in Ubereinstimmung mit der bisher tiblichen Vorstellung iiber den Aufbau 
der station&-en Phase-in erster Linie Wasser von der Cellulose bis zu einem Gleich- 
gewichtszustand gebunden. 

Aus den erhaltenen MeBwerten 18l3t sich berechnen, wieviel Gramm Wasser von 
den 35 g Celhtlosepulver bis zur Einstellung des Gleichgewichts gebunden werden. 
Die Ergebnisse sind in Abbildung 6 graphisch dargestellt. 
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Das Diagramm l%3t eine praktisch lineare Abhiingigkeit zwischen dem’wasserge- 
halt der verwendeten Alkohole und der von der trockenen Cellulose g&bundenen 
Wassermenge erkennen. Da man aber annehmen muD, daB die von der~i?&ulose 
festgehaltene Fliissigkeitsmenge (= stationiire Phase) zumindest bei ein- &i&m- 
selben Alkohol etwa gleich ist, mua man wohlauchdiese MeDergebnisse als Best%- 

L 
0 

I I I I I 
IO 20 SO 40 SO 

Eluat. ml 

ABE. 2.--dinderung des Wassergchalts im F&at Syskrn Ethanol-Wasscr. 

ftir den komplexen Aufbau der stationiiren Phase ansehen. Nach der unterschiedlichen 
Steilheit zu schlieben, nimmt dabei der Alkoholgehalt der stationlren Phase mit 
steigendem Molekulargewicht der Alkohole ab. 

Die Abbildung zeigt such, dal3 das Methanol keine Sonderstellung einnimmt. 
Wenigstens beim AthanoI ist bei sehr geringem Wassergehalt noch eine bevorzugte 
Aufnahme des Alkohols zu erwarten. Allerdings ist fti den Beweis dieser Annahme 
wegen der Hygroskopizitit der Cellulose ein ziemlich hoher experimenteller Aufwand 
erforderlich, der sich in vorliegendem Zusammenhang nicht lohnt. 

Wie das Bild noch erwarten liiDt, miissen Alkohol-Wasser-Mischungen, die auf 
einer Parallele zur Abszisse liegen an Cellulosepulver mit gleichem Wassergehalt such 
die gleiche Wassermenge abgeben. 

Urn diese Feststellung zu tiberpriifen, wurden Siiulen, die mit lufttrockener- 
d.h. noch wasserhaltiger-Celluiose geftillt waren, mit Mischungen von AthanoI, 
Propanol-( l), PropanoL(2) und Butanol-( 1) behandelt. Der Wassergehalt der 
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Gem&he und die bis zur Einstellung des Gleichgewichts vom Cellulosepulver auf- 
genommene Wassermenge sind in Tabelle II enthalten. 

Wie die ubersicht zeigt, liegen die gefundenen Werte so dicht beieinander, da8 
man wohl such diese Ergebnisse als Bestiitigung der aufgestellten Arbeitshypothese 
ansehen kann. 

I I I I I 
0 IO 20 30 40 50 

Eluot. ml 

ABE. 3.-kderung des Wassergehalts im Filtrat: System Propanol-(1)-Wasser. 

SORPTION VON ALKOHOL UND WASSER AUS DER GASPHASE 

Es war nun interessant einmal zu priifen, wie sich Cellulosepulver verhiilt, das nur 
den Liisungsmitteldiimpfen ausgesetzt worden ist. Von den papierchromatogra- 
phischen Trennungen her ist doch bekannt, da8 mit PlieBmitteldampfen gesgttigtes 
Papier oft andere (bessere) Trennergebnisse liefert als unbehandeltes. 

Da eine exakte Analyse der Zusammensetzung des Dampfraumes nicht durchge- 
fuhrt worden ist, kijnnen die zu beschreibenden Versuche natiirlich nur qualitativen 
Charakter haben. 

Die fti die Versuche angewandten Alkohol-Wasser-Gemische hatten 
Zusammensetzung : 

Methanol 0,94 % Hz0 Propanol-(2) 1,75 % H,O 
Athanol 688 % H,O Butanol-( 1) 0,36 % H,O 
Propanol-( 1) 0,95 % H,O ButanoE(2) 1,17x Hz0 

folgende 



Zur Entmixhung der FliiDmittel an dex CelIulos&uk 175 

Ann. 4.--iinderung des Wassergehalts 
imFiltrat : SystemPropanol-(2)-Wasser.Was.w. 

0-b 
Eluat, ml 

ABE. 5.--dindenmg des Wassergehalts 
i m Filtrat: System Butanol-(l)-Wasscr. 
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0 
I I 
5 IO 

Ii,0 im Alkohol, X 

Ass. 6.-Abhiingigkeit dcr von der Cellulose gcbundenm;wassam 
Wassergebalt dcr Alkohole : 

enge vom 

Kurve 1: Methanol, 
Kurve 2 : &banol, 
Kum 3 : Propanol-(l), 
Kurve 4: Propanol-(2), 
Kurvc 5: Butanol-(1). 

TABELLE IL-W -ABE VON ALKOHOL-Wm- 

-EN 

Alkohol I-I@. % 
aufgcnommcncs 

I-I@, g 

XthCUlOl 994 0,410 
Propanol_(l) 43 0.440 
Propanol_(2) 291 0380 
Butanol-(l) 194 0,310 

Etwa 3-4 ml der Alkohole, sowie reincs Wasscr wurden in WQcglILser von 55 x 35 mm gc hen, 
Ltes in denen je ein weiterea W&geglas 40 x 30 mm stand, das etwa 1 g (gcnau gcwogcn) getroc 

Cellulosepulvcr cntbielt. Das gro& WQeglas wurdt sorgfiiltig vcrschlosscn und bci 19°C kl grd 
au-. DicMassefllnahmcja I,00 g Cellulose nacb 11 Tagen ist fti die einzelnen F+roben in 
Tab& III zUammcngcstcllt. 

Die I)bersicht zeigt, da0 die Massezunahme im allgemeinen mit der Dielektri- 
zititskonstanten der Substanzen fat. Der schwankende Wassergehalt der Gemische 
scheint dabei die MeBwerte nur in untergeordnetem MaBe zu beeinffussen. 

Ftir die Beurteilung des chromatographischen Trennprozesses war aber auBerdem 
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wichtig, in welchem Verhiiltnis Alkohol und Wasser von der Cellulose aufgenommen 
worden waren. 

Zu diesem Zwecke wurden weitere Proben von cu. 1 g Cellulosepulver (genau 
gewogen) 96 Std. iiber den auf Seite 172 angegeben Alkohol-Wasser-Gemischen aufbe- 
wahrt und wieder die Massezunahme bestimmt. Daraufhin wurden die Proben sofort 

TABE~LB 111.-M~ssazu~m~~ [IN d VON 1 g CELLULOSEPULVER AUS DEM 

ALKOHOL-WASSBR-DAMPFRAUM 

Wasser Methanol AthRliOl Propanol-(1) Ropanol-(2) Butanol-(1) Butanol-(2) 

41317 0,1036 0,0849 0,0816 0,04% 0,0423 

In 10 ml Methanol von bekanntem Wassergehalt iibertragen und mit Karl-Fischer- 
L&ung titriert. Die Mehergebnisse sind in Tabelle IV zusammengestellt. 

Nach unserer Erfahrung ist der Sattigungszustand der Cellulose nach 96 Std. 
nahezu erreicht, so da9 die Werte der Tabellen III und IV ohne Bedenken miteinander 
verglichen werden konnen . * Aus den Versuchen ist zu erkennen, daD die Massezunahme 

TABELLE Iv.--ib.UdMENSRTZUN~ DES AN DIE 

CELLIJLOSE GEBUNDENEN ALKOHOL-WAS§ER-GEHES 

Massezunahme, H,O, Alkohol, 
Fliel3mittel C? .!? % 

Wasser 0,1733 41732 
0,1762 OJ759 

Methanol 0.1227 0,0106 
0.1155 40113 

Athan 0,103o 0,0296 
o,OP33 0,0252 

Fropanol-(I) 0,0687 0,0221 
0.0682 0,0208 

Fropanol-(2) 0.0670 0,0278 
O,OJP4 0,0287 

Butanol-(1) 0,031o 0,0278 
0,0311 0,0305 

Butanol-(2) 40431 40331 
0,0428 0,0349 

91,4 
9092 
71.3 
73,0 

67,8 
69,5 

58.5 
51.7 

10.3 
290 

23,2 
18,4 

der Cellulose nicht allein auf eine ErhShung des Wassergehalts zurtickgefuhrt werden 
kann. Bei allen untersuchten Gemischen sind sowohl Wasser wie such Alkohol von 
der Cellulose adsorbiert worden. Dabei ist allerdings festzustellen, da8 mit fallender 
Dielektrizititskonstante der Alkohole im allgemeinen deren Aufnahme durch die 
Cellulose erheblich zurtickgeht (Verhiiltnis etwa 10: I), wlhrend die Masse des gebun- 
denen Wassers etwa im Vertiltnis 1:3 von Methanol bis zum Butanol ansteigt. 
Wenn die bisherigen MeBergebnisse such eine quantitative Auswertung noch nicht 
gestatten, so sprechen sie doch ebenfalls fiir den Aufbau der station&en Phase aus 
allen Komponenten des FlieBmittels. 

l Die erhaltenen Meberte werden von vielen Faktoren, wie Eigenschaften der Cellulose, Luft- 
druck, Luftfeuchtigkeit, usw. beeinfltit. Wir glauben, d59 es fur den vorliegenden Zusammenhang 
nicht erforderlich ist die Arbeitsbedingungen so auszudehnen, daB der EinfluO dieser GaBen 
ausgeschlossen wird. 
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Summary-When water: alcohol mixtures (methanol, ethanol, propan- 
l-01, propan-2-o& butan-l-01) are passed through dry cellulose, water 
is preferentially adsorbed except in the case of methanol low in water 
content, where there is preferential a&orption of the alcohol. Gas- 
phase experiments show that the relative amounts of the two com- 
ponents adsorbed on the alhdose depeyd both on the nature of the 
alcohol and on the alcohol: water ratio. A close relationship exists 
between the molecular weight (or the dielectric constant) and the 
amount of alcohol adsorbed. It has been confirmed that all the com- 
ponents of a liquid mixture take part in constituting the stationary 
phase. 

R&sum&Lorsqu’on passe des mClanges eau-alcool (m&hanol, ethanol, 
propane-l-o& propane-2-o], butane-l-01) sur dc la cellulose &he, 
l’eau est adsorb&e de f-n prtferentielle, sauf dans le cas du methanol 
g faible teneur en eau, oii il y a adsorption prff&entie&z de l’alcool. 
Lea exp6riences en phase gazeuse montrent que les quantit&s relatives 
des deux constituants adsorb&s sur la cellulose *dent B la fois de 
la nature de l’alcool et du rapport alcool:eau. II existe une relation 
dtroite entre le poids m&culaire (ou la constantc di6lectrique) de 
I’alcool et sa quantitt adsorb&e. On a confirm6 que tous les con- 
stituants d’un melange liquide participent Ir la constitution de la phase 
stationnaire. 

LITERATUR 
1 J. Michal und G. Ackermann, T&WI@ 1964, l&441,451. 
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SHORT COMMUNICATIONS 

Analysis of metal chelates--III: Simultaneous determination by a.c. polarography 
of copper and nickel in copper-contaminated nickel dimethylglyoximate 

(Received 11 June 1964. Accepted 11 October 1964) 

THE reaction of nickel and dimethylglyoxime has been widely used for the gravimetric determination 
of nickel since 1905.1 Dimethylglyoxime is a highly selective reagent for nickel and the conventional 
gravimetr$ procedure is generally satisfactory. However, some diverse ions, such as iron(III), 
cobalt(II), copper( coprecipitate with nickel dimethylglyoximate. The copmcipitated ions may be 
determined spectrophotometrically after tedious treatment of the precipitate.’ 

The present investigation has been made to determine simultaneously the content ofnickel and 
copper in copper-contaminated nickel dimethylglyoximate by a.c. polarography. 

Reagents 
EXPERIMENTAL 

O*IM Solutions of nickel sukhate and copper su@ate. Prepared from the guaranteed grade 
salts and standard&d bv titration aeainst a standard solution of EDTA. 

I % Dimethyl’lyoxi~e solution. ” 
ethanol. 

Prepared from guaranteed grade reagent by dissolution in 

20% Potassium sodium tartrate solution. Prepared from guaranteed grade reagent. 
Other materials used were all guaranteed grade. 

Apparatus 

A Yanagimoto (Kyoto, Japan) a.c. polarograph, Model PA-102 was used for the determination 
of nickel and copper. This instrument is based on the a.c. bridge polarograph.* All measurements 
were made against the mercury pool. 

Procedure 

Simultaneous determination of nickel and copper. 
of nickel, 325 mg of w 

A slightly acidic solution, containing l-30 mg 

P chloride in 200 ml of so 
per, 5 ml of 20% potassium sodium tartrate solution and 2 g of ammonium 

ution, was adjusted to pH 7-75 by the addition of dilute aqueous ammonia. 
After heating the solution to 80”, 1% dimethylglyoxime solution (6 ml for each 10 mg of nickel) 
was added wrth continuous stirring. 
with hot water. 

The precipitate was flltered on a sintered glass filter, then washed 
It was dissolved in 10 ml of 6M hydrochloric acid and diluted with water to about 

200 ml. This solution was evaporated to dryness on a hot-plate, 50 ml of water added and again 
evaporated to dryness. The residue was dissolved in 2 ml of 6M hydrochloric acid and 4 ml of 20 % 
potassium sodium tartrate solution added, followed bv dilution to 50 ml in a volumetric flask. An 
aliquot of the solution was transferred to a polarographic cell and hydrogen bubbled through for 
10 min. The a.c. polarograms were taken in the voltage range of -0.1 to -0.4 V for copper and 
-0.95 to -1.3 V for nickel at 25”. The calibration curve of nickel was obtained from the wave 
height at the maximum of the polarogram. 

Calibration curoe for copper. 59.5 mg of nickel were precipitated as nickel dimethylglyoximate 
and the precipitate treated as mentioned above, except that the residue from the evaporation was 
dissolved in water to make 100 ml without using hydrochloric acid. To each 25 ml of this 
solution 0.1-0.7 mg of copper, 2 ml of 6M hydrochloric acid and 4 ml of 20% potassium sodium 
tartrate solution were added, followed by dilution with water to 50 ml in a volumetric flask. The 
copper was determined by a.c. polarography as described above, and the calibration curve obtained 
from the wave height at the maximum of the polarogram. 

RESULTS AND DISCUSSION 

In general, nickel does not give good a.c. polarographic waves because of the irreversibility of 
nickel in most media.’ It gives a well defined a.c. polarographic wave at a potential of about -1.4 V 
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Although nickel does not give a reversible 
acid and potassium sodium tartrate solution 

well defined a.c. polarographic wave. 
inthepresence of a large amount of nickel, that the authors decided to use. a.c. polar0 The 
polarogram obtained is illustrated in Fig. 1. The maxima of the a.c. polarograms o ff” 

phy. 

nickel appeared at -0.25 V and 1.15 V, respectively. 
copper and 

CU Ni 

Potential, V 

Fro. I.-A.C. polarograms of copper and nickel. 

Nickel was precipitated in the presence and absence of copper as described under Experimental, 
but the calibrrftron curve was the;ame in both cases. Nickel can be determined in the range I-20 mg/ 
z Ind_of$utron (04-7.0 x lo- M), and copper m the range 0*05-0*5 mgl50 ml of solution (0.2-2.0 

’ . 
The procedures developed were applied to the determination of copper coprecipitated with 

various quantities of nickel dimethylglyoximate itself precipitated by the conventional method 
(Table I). 

TABLE I.-COPRE&ITATION OF COPPER WITH 

VARIOUS QUANTITIES OF NICKKL DIMElXYL- 
GLYOXIMA-lZ 

Ni 
taken, 

mg 

cu 
taken, 

9 

cu 
copptd., 

fv 

5.96 325 0.034 
8.93 32.5 0.19 

11.91 32.5 0.11 
14.89 32.5 0.16 
17.87 325 0.20 
23.82 32.5 0.20 
2679 32.5 O-23 
29.78 32.5 0.24 
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The present procedures are being used in a study of the coprecipitation of copper during the 
precipitation of nickel dimethylglyoximate from homogeneous solution using biacetyl as the source 
of dimethylglyoxime.* 

Mukogawa Women’s University 
Nishinomiya, Japan 

Kento Iztrrsu 
YACHIYO TANIOAWA 
KAZUYOSHI TAKIYAMA@ 

Summary-A small amount of copper coprecipitates when nickel 
dimethylglyoximate is precipitated in the presence of copper. The 
simultaneous determination of this small amount of copper with the 
large amount of nickel has been carried out by a.c. polarography. 

zusammenf assum+Bei der Fiillung von Nickeldimethylglyoximat in 
Gegenwart von Kupfer wird eine kleine Menge Kupfer mitgeflillt. 
Die gleichzeitige Bestimmung dieser kleinen Kupfermenge mit der 
grouen Nickelmenge wurde mittels Wechselstrompolarographie 
erreicht. 

R&utn&Lorsqu’on precipite le dimtthylglyoximate de nickel en 
presence de cuivre, une petite quantitt de celui-ci coprecipite. Le 
dosage simultane de cette petite quantitt de cuivre et de la quantite 
importante de nickel a et6 rtalid par polarographie en courant 
alternatif. 

REFERENCES 

It. Tschugaeff, Z. anorg. Chem., 190546, 144. 
* E. D. Salesin and L. Gordon, Talanra, 1960, 5, 81. 
a T. Takahashi and E. Niki, ibid., 1958,1, 245. 
1 G. S. Buchanan and R. L. Werner, Austral. J. Chem., 1954,7, 312. 
I B. Breyer and S. Hacobian, Austral. J. Sci. Res., 1951, A4, 604. 
6 T. Takahashi, H. Shirai and E. Niki, Reports Inst. Ind. Sci. Univ. Tokyo, 1959,59, 8. 

5,5’-Thiodisalicylic acid as an analytical reagent 

(Received 16 July 1964. Accepted 2 October 1964) 

IN our search for new and sensitive absorptiometric procedures for the determination of small 
amounts of rhodium and palladium, we have made a thorough study of some of the compounds 
containing the active sulphydryl (-SH) group. We have been able to work out spectrophotometric 
procedures for determining rhodium and palladium individually and simultaneously using 2-diethyl- 
aminoethanethiol hydrochloride.‘** 

During the course of these investigations it was observed that 5,5’-thiodisalicylic acid (TDSA) 
forms coloured complexes in solution with rhodium(III), palladium(II), iron(III), ruthenium(II1) and 
uranium(VI), and precipitates with a few other metals including the lanthanons. It seemed profitable 
to carry out a detailed study of these complex-forming reactions, and to explore their possible ap 
plications in analysis. Some preliminary results of these studies are reported in this communication. 

EXPERIMENTAL 

Apparatus and reagents 

The spectra of the solutions were obtained using a Beckman DK-1 recording spectrophotometer 
and all other absorbance measurements were performed with a Beckman DU spectrophotometer. 
Far ultraviolet silica cells of IO-mm path length were used. 

pH measurements were carried out with a Beckman Zeromatic pH meter equipped with micro 
glass and calomel electrodes. 
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Stock solutions of the metals 
bv well known methods. 

were prepared from analytical-grade reagents, and were standard&d 

’ 3.06 g of reagent-grade 5,5’-thiodisalicylic acid (Eastman Organic Chemicals) were dissolved in 
50 ml of an aqueous solution containing an exactly equivalent amount of sodium hydroxide, and 
the contents were made up to 100 ml with a sodium acetate-hydrochloric acid buffer of pH 5.0. 

TABLE I.--REACTIONS OF 5,5’-THtODISALICYLIC ACID WITH INORGANIC CATIONS 

Ion Used as 

Colour 
(at pH 5, unless 

Optimum 

PH range 
otherwise stated) (approx.) Remarks 

Au(IIl) HAuCl, Slightly yellow 
colour 

60-8.0 Deepens above pH 7 

uww UO,(N03,*6H,O Orange-red colour 40-6.5 Extractable into tri- 
butyl phosphate 

In(III) 

Ce(III) 

InCI, White ppt. 4.5-6.0 - 

Ce,(SO,),*4H,O White ppt. 5.0-7.0 Precipitation is quan- 
titative 

Ce(Iv) Ce(HSO.), White ppt. 5-o-7.0 Precipitation is quan- 
titative 

Rare earths(II1) Chlorides White ppt. 59-7.0 Precipitation is quan- 
titative 

Pb(II) Pb(NO,)s White ppt. 49-6.0 Precipitation is quan- 
titative 

Th(IV) ThCI, White ppt. 5.0-7.0 Precipitation is quan- 
titative 

Zro(I1) ZrOC1,.8H,O White ppt. 4.5-6-5 Precipitation is quan- 
titative 

Mo(VI) (NH&MOO, Yellow colour at 

PH4 

35-5.0 Not very sensitive 

Cu(II) Yellowish colour 
above pH 5 

5*0-7.0 Not very sensitive 

Purple colour 45-6.5 Colour development 
slow in cold, hastened 
on heating - purple 
lake in coned. solutions 

Fe(III) Deep purple colour 45-6.5 Colour development 
slow in cold, hastened 
on heating - purple 
lake in coned. solutions 

Ru(III) RuC& Purple colour 4 5-6.0 Colour development 
hastened on heating 

Rh(III) RhC& Orange-yellow 
colour 

4.g7.0 Maximum colour de- 
velopment requires 
30 min heating on a 
steam bath 

Pd(I1) PdCl, Orange-red colour 45-6.5 - 
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Procedure 

For observing the cofour reactions, a suitable aliquot of the metal ion was taken in a 2%ml 
volumetric flask and 5 ml of the sodium a~tate-hyd~hloric acid buffer of pH 5-O were added, 
followed by 2 ml of the reagent solution. The mixtures were allowed to stand, and were warmed, if 
necessary. The volume was finally raised to 25 ml with distilled water, and the spectra of the solutions 
were recorded. Precipitate-forming reactions were observed in a similar way. 

RESULTS 

Reactiorrs of ~,~~-th~odi~~~ir~lic acid with metal ions 

The complex-forming reactions of 5,5‘-thi~i~li~lic acid with various metal ions are described 
in Table I. The acid itself is insoluble in water, but dissolves in ethanol. However, the sodium salt 
is soluble in water and is very stable above pH 4. 

WAVELENGTH . m/i 

FIG. I.-Absorbance curves of TDSA and its rhodium(III), palladium(lI), iron(W) 
and uranyl(I1) complexes: 

A reagent alone, 2.8 m&ml; 

: 
1235 ppm of RhfIIl); 

4.26 ppm of PdflT); 
D 8.98 ppm of Fe(lI1); 
E 92.4 ppm of UOs(I1). 

The reactions with Au(IlI), Cu(II) and MO(W) are not very sensitive, though they can be used 
at a macro level. In the case of goId(lll), the colour deepens above pH 7. but the metal ion has a 
tendency to hydrolyse above this PH. The colour reactions with rh~ium(IIl), ~lIadium(lI}, iron(III), 
rut~nium(iI1) and uranyl(I1) are fairly sensitive. Iron(lI1) forms purple lakes in concentrated 
solutions. Indium(III), zirconyl(lI), lead(D), thorium(W), cerium and other rare earths form white 
to slightIy pinkish-white precipitates with the reagent. 

In the case of rhodium(IIl), iron(lI1) and ruthenium(II1). colour formation at room temperature 
is slow, but if the solutions are heated on a steam bath for from 10 to 30 min, full colour development 
occurs. 
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Absorbance curves of complexes 

Fig. 1 shows the absorbance curves of the reagent and its rhodium, palladium, iron and uranyl 
complexes. The reagent has significant absorption below 360 m,u, but does not absorb appreciably 
above 400 mpc. The palladium complex shows a pronounced maximum at 452 rnp. The rhodium 
complex does not show any sharp peaks in the visible region, but there is a slight peak at 365 rnp, 
and measurements may be carried out fairly accurately at this wavelength against reagent blanks. 
A slight shoulder appears around 465 rnp. The uranyl complex shows absorption maxima at 365 
and 455 rnp, and measurements may be performed accurately at or around 380 m,u. The iron com- 
plex shows maximum absorption at 498 rnp. 

Molar absorptivities and sensitivity 

Table II describes the absorption maxima, molar absorptivities and the sensitivities of the iron(III), 
palladium(H), rhodium(II1) and uranyl(I1) complexes. The sensitivity is expressed in ,ug/cms of the 
metal ion that give an absorbance of 00X unit. 

TABLE IL-ABSORPTION MAXIMA AND MOLAR ABSORPTIMTIES OF METAL-THIODISALICYLA-BZ 

COMPLEXES 

Complex 
~o~ntration, A,,, 

PP” mf.l 
Absorbance, Molar absorptivity, Sensitivity, 

A In* Cmo. f&cm8 

Fe(III)-TDSA 8.98 498 0.460 2.86 x lo3 co195 

Pd(II)-TDSA 4.26 452 0449 1.12 x 10’ 00095 

Rh(III)-T~SA 12.35 365 O-592 4.93 x 10s 0*0208 

UO,(IJ)-TDSA 92.4 365 0.450 1.16 x 102 0.2056 
455 0,172 4.4 x 102 0.5368 

Extraction studies 

An attempt was made to examine the possibility of extracting the soluble complexes into organic 
solvents. Only the many1 complex seemed to extract quantitatively into tributyl phosphate; others 
showed no tendency to extract. This would imply that the uranyl complex species is neutral and the 
other complexes are ionic in nature. The solvents studied included chloroform, carbon tetrachloride, 
benzene, toluene, cyclohexane, butanol, etc. 

DISCUSSION 

The reagent, 5,5’-thiodisalicylic acid: 

HOOC COOH 
HO I I OH 

as may be seen from its structure, offers favourable sites for complex formation with metal-ions, the 
presence of sulphur enhancing the activity of the molecule as a whole. The colour formation with 
metal ions and the precipitates formed are quantitative, and preliminary investigations show that 
the reagent can be utilised for the absorptiometric and gravimetric determination of various metal 
ions including the rare earths. Studies on the effects of certain variables on these systems and on the 
characteristics of the complexes formed with respect to their composition and stability, as well as 
further studies on the analytical applications of these complex forming reactions, are in progress. 
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Sammu-The reactions of 5,5’-thiodisalicylic acid with various metal 
ions have been studied. The 

T 
t produces colourcd complexes 

with Rh(III), Pd(II), Fc(III). Ru I) and UO,(II), and precipitates 
with Pbo, zro@), I&In), The, -9, wvl and rile l-am 
car&a under s&able conditiona The magent shows promiac = a 
~ometcicaswellasagra~creagentforvariousmetal 

und als gravhnetrisc&s Rv fllr 

pIa6hKwkar6dom&l 
avecdlvarsiom 

en tant quc rdretit w 
divus ions m&all+& 
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Dv~lm, a kinetic study involving sulphite ion, none of the known methods for determination of 
sulphite was found sllltabie. In a&t attempt for a direct titration. a number of 
useful obervations wee made which have been at a mcchanlsm of the reaction. 

Formation of dith&matc ion’-8 has been low results during attempts to 
detamine sulphite or sulphur~us acid with pumanganate. This& resists oxidation even by strong 
oxidbing agents. However, good results have been found when the oxidation of sulphitc is carried 
out in an alkaline medium.l-a 

The possibility of detwmining mdphltc by hpte alone in an acidic medium has been 
compktdy investigated, but without suaess. A *nary study indicated that 
1. Withinaeapeinhydrogenion ccmcMration. more pcrmanpte is consumed. 
2. prior heating of the sulphlte solution doed not improve the results.* 
3.Theresultsarenobetterinthepre#mrofmmganeseO,~,iro~(m)orcopperO,ell 

of which are known to catalyse many mactions and arc said’@ to help dmpttton of the 
sulphitc. 

4. At lower temperat- (cu. 100) pcrmanganate is consumed. 
5. In view of there being a standard iodhnctric method,” it was thought that iodide, if added initially, 

may be oxidiaed to iodine (by the te) which may oxidise the sulphite, giving back 
iodide. This catalytic activity of iodZZ!GZobsened. 
Having failed to determine sulphitc by permpaguute 

theuscofiodincmonochloridewas 
Ye methuds*‘@ wee obtained. HoweveX, 

iodatc.l* 
new method h8s no ndvu~tagc ova that levoMng 
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EXPERIMENTAL 

Reagents 

All the chemicals used were either B.D.H. (analytical grade) or E. Merck (guaranteed reagent). 
Sodium sulphite was of May and Baker quality. Sulphits solutionsara very susceptible to air oxida- 
tion,‘* but one of the organic compounds, suerose,” ethanol~~ or glyceroI,H+l* may be used to check 
this tendency. In dilute solutions these do no react with the permanganate nor do they complicate 
titrations using iodine moncchloride. 

Iodine monochloride,was pmpared in the usual way .I* It was standard&l iodontetrically and 
approximately O*lN solutions wereprepared by diluting it witb 4M hydrochloric acid. Permanganate 
solution was prepared and stored in the usual manner. The sulphite solution was standard&d 
iodometrically.l* 

Procedure 

To 25 ml of concentrated hydrochloric acid, 20 ml of water and 2 ml of iodine. monochloride 
(ca. @lN) in a conical flask, are added 10, 5 or 2 ml of sulphite solution (co. 0-W). The iodine 
monochloride is insmntansously used up. PWmanganate is run m from a l&ml burette. In the 
beginning the -tois dcrcdoraloed, then the chrnatcristk orange C&MU of iodine appears. 
The addition of 

E which matches t 
rmanganate is mued until this 9 colour is convexted to a light yellow 
colour bc a 

**zzFison 
hloric acid, 

Hater and iodine mom&kmd 
ttolution con&ting of conceritrated 

proportions metttioned above. 
:hloride may also be used.‘* However, conthrakd 

F Altcrnati , carbon tetra-, 

which is a disadvantage. 
and viguro~ shakii is emential in this procedure, 

The amount of iodine monochloride initially to be added, depends on the concentrations of 
:sulphite and hydrogen ions. There is no harm in adding more than a minimum quantity (Table II). 
In such cases the reaction mixture. may not be colourlms after the addition of the monochloride; 
seven then. however, permanganate is added until the orlginalllght yellow colour matchiiacomparison 
solution is obtained. 

TABLE I 

KMnO, Sulphite 
found 

Sulphite 
KiMnO,, Na,(Ss)Os. Sulphite, stabilised 

N ml g ?zcd 8 % bY 

0.1031 

20 0200 
10 0~100 
5 o-050 
2 o-020 
1 O*OlOO 

30.11 O-19556 97.78 
1505 O-09774 97.74 
752 0.04884 97.68 
3.01 0*01955 97.75 
150 0009742 97.42 

sucrose 
(2% by 
weight) 

20 
10 

O-1041 : 
1 

20 
10 

O-1052 5 
2 
1 

29.71 O-19492 
1485 o-745 
7.43 O-04876 
297 O-01949 
l-49 0.009777 

9746 
97.45 Ethanol 
97.52 (2%by 
974s volume) 
97-77 

29.49 019556 97.78 
14.14 099775 97.74 
7.38 O-04894 9780 
294 0.01949 97.48 
l-47 0.009748 97.48 

Glycarol 
(2% by 
volume) 

Concentration of sulphite: 10 g/l.; iodometric assay of sulphite: 9764%. 

DISCUSSION 

A few results for sulphite using the iodine monochloride procedure are given in Table I. Results 
with sulphurous acid are similar and have not been included. 

Iodine monochroride has been considered as a catalyst in many oxidation proces~*1.~**~ The role 
of iodine monochloride in the pre8ent method is slightly diffkrent. because a minimum quantity is 
essential for a successful titration (Table III). Here it is not a catalyst but a pre-oxidiser. 



Short communications 

@lN ICI, 
0.1031N Sulphite 
KMuO,, found. 

ml ml g % 

2 7-50 0+4871 97-42 

d 7.51 7.50 O-04877 0.04871 97.55 97.42 
8 7-52 

EE 
97.68 

10 7.51 97.55 
12 7-H) @04871 97.42 

l Concentration of sulphitc: 10 g/l. (stabiliscd by sucrose); volume 
of sulphitc used: 5 ml; iodometric assay of sulphitc: 9764%. 

TABLE III 

Final 

Aph-&gd;-$gt lOg$lPP Diiercnce of 

ml of KM’fl,a ’ 
. columns1and4 

ml for minimum ICl 
-- 

l-50 I.35 2-80 
1.00 l-81 2.80 

2.41 2 :z 
I.91 2.80 
2-01 2.80 040 

o-70 2.07 2.77 
0.60 2-14 2.75 
040 2.34 2.74 

2*00 S-07 7.04 
l-50 5.50 7.045 
140 5.59 795 

6.45 5 l-30 ::z 7.04 
120 7.045 ‘072 

l-10 s-79 687 
1.00 5-85 6-75 

290 12-10 14.05 
1.90 12.15 14% 

13.24 10 l-80 12.16 14-05 : l-08 

l-70 12.19 13.86 
l-50 12.25 13.76 
140 12-32 13.63 

’ 0*1003N 
b Minimum quantity of ICI underlined 

Aqueous solutions of sulphitc are known to possess a number of species of quadrivalent sulphur 
amongst which bisulphitc and pyrosulphitc arc important. ** Thete is spectroscopic evidence for the 
following equilibria: 

SO*‘- + H+ + HSO,*- 

2 HSO*‘- + H,O + S,O,*-. 

It is dilllcult to say which of these species are completely oxidii to sulphatc and which givcd 
dithionate when titrated with pcrmanganate alone. The following facts have to be consldcred for the 
discussion of a mechanism of reaction: 
(1) Iodine monochloride is not a catalyst. 

s 
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(2) With a minimum quantity or more of iodine monochloride-treated sulphite solutions, per- 
manganate does not give dithionate ion. 

(3) Iodine monochloride does not oxidise dithionic acid. 
It appears that there is a particular species of quadrivalent sulphur which alone is oxidised to 

dithionate by permanganate and this is removed by prior treatment of the sulphite solution with 
iodine monochloride. 

It has been found that permanganate-treated sulphite solutions to the apparent end-point 
(appearance of colour due to iodine), do not reduce iodine, iodine monochloride or iodate, obviously 
because dithionate ion is formed which is not oxidised further. On the other hand, all of them oxidise 
sulphite quantitatively to sulphate and no dithionate is formed. It is clear that dithionate does not 
exist with sulphite solutions and that it is formed only when sulphite solution is treated with per- 
manganate in the absence of iodine monochloride. 

Dilute solutions of sulphite, from cryoscopic evidence, 
percentage of pyrosulphite ions. 

*5 have mostly bisulphite and a small 
The structure of pyrosulphite ion has been differently reported 

:& :6: 
H:~:*~:~:~:H H:~:S:-j:S:~:H 

. . . . 
:ij: . . . . . . . . . . . . 

In structure (I) the S-S and S-O bond distances are 2.18 and 1.46 A, respectively.*’ Structure (II) 
involves S-S and S-O bond distances of 2.209 and 1.499 A, respectively.‘s The dithionate ion has 
the following structure,PB the S-S and S-O distances being 2.16 and 1.45 A, respectively: 

,ij,, 6;: 

I_I:~:S:S:~:_I 
. . 

:ij, :jj: ** 
. . . . 

The oxidation of pyrosulphite (I) to dithionate can be easily understood on the basis of the similarity 
of the structures. It has been said earlier that one of the species of quadrivalent sulphur is oxidised 
to dithionate by the permanganate, but it is at the same time oxidised to sulphate by iodine mono- 
chloride. This seems to be unlikely in view of iodine monochloride being a less powerful oxidant than 
the permanganate. 

Therefore, it appears that a small percentage of pyrosulphite exists in the two forms [structures 
(I) and (II)] in an equilibrium which is rapid and that iodine monochloride can oxidise only the 
second form, whereas permanganate can oxidise both or rather the first form selectively because 
dithionate ion is produced. This equilibrium, as other equilibria in sulphite solutions, must depend on 
the concentrations of sulphite and hydrogen ions. A similar situation of structures has also been 
reported for*’ hyposulphurous acid. 

Satisfactory-results would be obtained only when all the pyrosulphite, through conversion to 
form (II). is oxidised bv iodine monochloride to suluhate before any uermaneanate is added. The 
necessity ‘of a minimum quantity of iodine monochloride in the suggested Gethod points to the 
requirement of complete oxidation of pyrosulphite. It may be seen from Table III that this minimum 
quantity is not in proportion to different volumes of sulphite solutions titrated, because the amount 
of pyrosulphite formed depends on the concentrations of sulphite and hydrogen ions. It is for this 
reason that this minimum quantity is slightly more even for the same concentrations of sulphite and 
hydrogen ions, if the order of mixing iodine monochloride and sulphite is reversed. If a slight excess 
of the former is used, any order of mixing gives satisfactory results. 

In the present method, first iodine monbchloride oxid& pyrosulphite and if present in excess 
other auadrivalent sulnhur snecies are also oliidised. Iodine monochloride is thus reduced to iodide. 
Permairganate run from theburette now oxidises the remaining quadrivalent sulphur species to the 
sexavalent state. The completion of this stage is marked by the appearance of the yellow or orange 
colour of iodine. Further additions of permanganate liberate more iodine. When iodide is completely 
oxidised to iodine, further oxidation to iodine monochloride starts. This stage and the end-point 
of the titration are marked bv the comnlete conversion of iodine to iodine monochloride. The 

’ 
a 

end-point is fairly sharp. 
The volumes of permanganate consumed at the first end-point and the true end-point are shown 

in Table III: the end-noint with nermanganate alone (without using iodine monochloride) is shown in 
column 1. It may be ‘seen that the sum of columns 3 and 4 is always approximately equal to column 
5, which proves what has been said above. Further, the difference of columns 1 and 4 for the minimum 
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quantity (underlined) of iodine monochloride, is found to be approximately one half the minimum 
quantity of the latter. This further lends evidence to the formation of dithionate from pyrosulphate. 
If one considers sulphite solutions consisting of pyrosulphite and sulphite (including all quadrivalent 
species of sulphur except pyrosulphite) and their separate permanganate equivalents on oxidation 
to sulphate to be x and y, column 1 will give (x/2 + y) ml of permanganate because pyrosulphite 
is oxidised only to the quinquevalent state. Column 4 gives y values because all pyrosulphite has been 
oxidised by prior addition of iodine monochloride. The difference of cohrmns 1 and 4 is x/2, which is 
approximately half of column 3 (true, of course, only for minimum quantity of iodine monochloride). 
The figures given in column 3 of Table III are a rough guide to the above line of reasoning because 
iodine monochloride may also oxidise other species in addition to ppsulpbite. 

Iodine, on the basis of the iodometric determination of sutphite, may be expected to be able to 
oxidise pyrosulphite ion and, therefore, an attempt was made to use it trs a catalyst or a pre-oxidiser 
in place of iodine monochloride. It does react, but the results are always low. It apppears that 
iodine reacts first with sutphite and then with pyrosulphite or rather the fraction of the latter oxidised 
is small. Hence, some pyrosulphite remains and these solutions on further oxidation with per- 
manganate will give lower results. 

Though a method using permanganate has been worked out, it is not an independent method. 
HendrixsonO very truly observed that any attempt to determine sulphite by permanganate. in a direct 
titration would prove futile. A truly permanganate method would be one in which permanganate 
itself oxidises all quadrivalent sulphur species to the sexavalent state. 

Ackrrowledgemen~~ne of us (H. G. S. S.) is thankful to the C.S.I.R., India, for an award of a Junior 
Research Fellowship and a grant. We also thank Professor R. C. Mehrotra for his encouragement 
and interest. 
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Summary-A mechanism for the oxidation of sulphite or sulphurous 
acid by permanganate in the presence of iodine monochloride has 
been suggested. The mechanism requires a minimum quantity of 
iodine monochloride as a pre-oxidiser. Complete oxidation of 
sulphite to sulphate by permanganate alone is not possible under 
any conditions. 

ZBt2---Ein Mechanismus ftir die Oxydation von Sulfit 
oder schwefliger S&ure durch Permanganat in Gegenwart von Jod- 
monochlorid wurde vorgeschlagen. Der Mechanismus erfordert eine 
Mindestmenge Jodmo&chlor~ xur Voroxydation. Die vii&e 
Oxvdation von Sultit durch Permaneanat allein ist unter keinen 
Bedingungen m6glich. 

R&mmmn suggere un m&anisme pour l’oxydation des sulfites ou 
de l’acide sulfureux au moyen de permanganate en presence de mono- 
chlorum diode. Le mtcanisme n6cessite une quantite minimale de 
monochlorure diode, en tant que pr&oxydant. Quelles que soient les 
conditions, i’oxydation complete du sulftte par le permanganate seul 
n’est pas possible. 

REFERENCES 

1 J. Milbauer. 2. analyt. Chem., 1909.48, 17. 
s J. Pinnow, ibid., 1904,43,91. 
a I. hi. Kolthoff, Pharm Weekbkzd, 1924,61,841. 
’ G. B. Barham, Chem. News, 1922,124,279. 
5 0. R. Sweeney, H. E. Outcault and J. R. Withrow, J. Znd. Eig. Chem., 1917,9,949; S. Mohammad 

and S. N. Bedi. J. Indian Chem. Sot.. 1944.21. 55. 
a W. S. Hen&ix&m, J. Amer. Chem. S&., 1925,~47,1319,2156. 
? K. La1 and G. B. Sineh. J. Indian Chem. Sot.. 1955.32.65: 1956.33.668. 
8 W. D. Bonnet and DTM. Yost, Znd. Eng. Chem., 1~26..18,~55. ’ . 
* D. M. Yost and R. Pameroy, J. Amer. Chem. Sot., 1927,49,703. 

lo W. Reinders and S. I. Vies, Rec. Trav. chim., 1925,44,249; A. M. Koganovskii and P. N. Taran, 
Vkraiu. khim. Z&r., 1955,21,472. 

I1 I. M. Kolthoff, Pharm Weekblad, 1919, 56, 1366; G. S. Jamieson, Amer. J. Sci., 1914, 38, 166. 



1% Short communications 

la I&m, Z. analyt. C/tern., 1921,60,448. 
la F. Raschig, Z. atgew. Chem., 1904, 17, 577; 0. Ruff and W. Jeroch, Ser., 1905, 38, 409; 

T. Sabalitschka and G. Kubisch, Arch. Pharm., 1924,262,105. 
id C. E. M-and 0. Maass, J. Amer. Chem. Sec., 1928.50,1352. 
i‘ H. N. Alycaan&H. L. J. Backstram, ibid., 1929, S&90. 
ia H. I. Waterman, Chem. Weekbkuf, 1920,17,1%. 
rT H. M. Mason and G. Walsh, &taiysf, 1928,53, 144. 
la A. I. Vogel, A Textbook bf Quantitative Inorganic Chemistry. The English Language Book Society 

and Longmans Gwen & Co. Ltd., 1962,381. 
I’ I. M. Kolthoff and R. B&her, Volumetric Analysis, Vol. III. Intcrscicncc Publishers Inc., New 

York, 1957,456. 
‘e K. B. Rao and G. G. Rao, Analyt. Chlm. Acta, 195513,313. 
‘l-B. Sin@ and N. Singh. J. Indian Chem. Sot., 1958,35,508. 
I* H. Bassett and W. G. Parker, J. Chem. Sot., 1951.1540; H. Bassett and R. G. Durrant, ibid., 1927, 

1401; R. Wri ht, 7hw. Chem. Sec., 1914, lOS, 2907. 
f ** A. Simon an K. Waldamann, Z. anorg. Chem., 1955,281,131. 

“W. H. Zaclwiascn, Phys. Reo., 1932,40,113,923. 
u W. H. Bamcs and A. V. Wendling, Z. K&t., 1958.99, 153; 0. Foss, Acta Chem. Stand., 1950. 

1404. 
U R. C. Brastcd, ComprrAensioc Znorfanic Ckemistry, Vol. 8. D. Van Nostrand Co. Inc., 1961,210. 
*r E. de Barry Bamett and C. L. Wilson, Znoqnic Chemistry. The English Language Book Society, 

Longmans Green &Co. Ltd., 1962, 505. 



Talanta. 1965. Vol. 12, pp. 191 to 193. Pergamon Preys Ltd. Printed in Northern Ireland 

LETTERS TO THE EDITOR 

SIR, 

Tetraethylenepentamine-N,N,N’,N”,N”,N”,Nacetic acid 

as a titrimetric reagent 

OF the polyaminopolycarboxylic acids containing more than four carboxymethyl groups, only 
diethylenetriamine-N,N,N’,N”,N”-penta-acetic acid (DTPA) has been thoroughly studied’ and 
proposed for some complexometric titrations .I-‘ More recently, it has been found that triethylene- 
tetramine-N,N,N’,N”,N”,N”‘-hexa-acetic acid (TTHA) shows a different behaviour in comparison 
with EDTA or DCTA as regards complex formation. With most bivalent cations this acid forms 
2: 1 complexes (with the exception of manganese), but it forms normal 1: 1 complexes with tervalent 
and quadrivalent metals (with the exception of gallium).6 Also, some interesting displacement 
reactions between EDTA and TTHA complexes have been discovered. These effects have been utilised 
for complexometric determinations where EDTA or DCTA are inapplicable, e.g., for the determina- 
tion of mixtures of thorium and lanthanum,’ mixtures of thorium and scandium,o mixtures of gallium 
and indium,’ etc. 

It seemed of interest to us to study from the analytical point of view a new polyaminocarboxylic 
acid containing five nitrogen atoms, tetraethylenepentamine-N,N,N’,N”,N~,N’,N’,N’-hepta-acetic 
acid (TPHA) : 

HOOCCHe CH&OOH 
\ / 

N--CH2-CH*--N-CH*---CH2-N-CHS-CHE-N-CHZ-CHa--N 
/ 

! I I 
\ 

HOOCCHp CH&OOH 
CHICOOH CH&OOH CHICOOH 

synthesised recently in the laboratories of Geigy Chemical Company (Base], Switzerland) from 
tetraethylenepentamine and iminodiacetic acid (995% purity). It was expected that polynuclear 
complexes would be formed under various conditions. 

TABLE I 

Metal Back-titrant pH Indicators Complex Comments 

Al Pb 5-5.5 x0 2:l 

Th direct 34 
Pb direct 5-55 
Zn direct 5-5.5 
Cd direct 5-5.5 
Ni Pb 5-55 
Bi direct l-2 

Lab direct 
Cr Pb 
Ca direct 

Mg 
Mn 

direct 
direct 

Th 3-4 

5.5-6 
5-6 

NH,OH 
1:2 
10 

NH&OH 
1:2 

x0 
x0 
x0 
x0 

E 
x0 

MTB 

hz3 

2:l 

;;: 

fi; 

Formation of 
1:l and 2:l 
complexes 
uncertain 

l:l? 
2:l 
2:l 

MTB 2:l 
MTB 2:l 

Good end-point; complex 
formed in cold even in presence 
of 10 g of KNO, 

Very good end-point ; reversible 
Very good end-point 
Good end-point 
Adequate end-point 
Good end-point 
Unfit for use 

Very bad end-point 
Adequate end-point 
Adequate end-point ; back- 
titration with Ca not good 

Very poor 
Adequate end-point 

l X0 = Xylenol Orange, MTB = Methylthymol Blue. 
b SC, Ce, Nd and Pr behave similarly to La; it is also impossible to titrate Fe. 
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Only sufficient sample was available for some exploratory titrations. The acid is soluble in water 
with a slight cloudiness and has a slight undefined odour. The pH of a 0.05M solution is about 3. 
We prepared a 0.05M solution of the sodium salt by neutralisation with sodium hydroxide to pH 6. 
All iitrations were performed with the usual met&chromic indicators in different media ai pre- 
viously described for TT’HA.s Our results are sumrnarised in Table I. 

The results of the exploratory experiments show that, with a few exceptions, TPHA is not a 
suitable titrant under normal experimental conditions (in aqueous solutions). Because of the small 
quantity of sample available, it was not possible to study the compound as a masking agent in gravim- 
etry, calorimetry, polarography, etc. 

The authors thank Dr. K. Krebser (Geigy Chemical Company, Base], Switzerland) for his interest 
and for providing the sample of tetraethylenepentaminehepta-acetic acid. 
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SENIOR, 
10 rende gratias a vos pro le permission de publicar un littera in interlingua. 10 spera que vos e 

le tote lectores de Talanta pote leger lo sin difflcultate. 
Pro illustrar le simplicitate de iste lingua artificial, vamos comparar le conjugation de1 tempore 

presente de1 verb0 to be in anglese e in interlingua: 

lam io esse 
you are tu esse 
he is ille esse 
we are nos esse 
you are vos esse 
they are illes esse 

Si le comparation esseva inter interlingua e germano, espaniol, italiano, or francese, le avantage de 
interlingua esserea etiam major. De plus, le tote verbos de interlingua forma le altere tempores per 
un method0 perfectemente regular. Per exemplo : 

IntUive to speak, parkar scriber audir 
write, hear 

Present Z speak, etc. io parla io scribe io audi 
Past I spoke, etc. io parIava io scribeva io audiva 
FlItare I shall speak, io parlara io scribera io audira 

etc. 
Conditional Z would io parkzrea io scriberea io audirea 

speak, etc. 

Le. nomines e le adjectives esse equahnente simple. 
IO-tree que Ie majoria de1 chemistas pote ja leger interlingua. Post alicun horas de studiar, 

poterean alsi scriber lo. Le problemas de1 communication inter le chemistas de1 varie nationes esserea 
multo simpliticate si le chemistas scriberea lor articulos e lor libros in interlingua. On pate emer 
dictionaries e grammaticas a Storm Publishers, 80 E. 11th St., New York, N.Y., U.S.A. 

10 suggere que Talanta coma jornal international promove le use de1 interlingua per acceptar 



192 Letters to the Editor 

Only sufficient sample was available for some exploratory titrations. The acid is soluble in water 
with a slight cloudiness and has a slight undefined odour. The pH of a 0.05M solution is about 3. 
We prepared a 0.05M solution of the sodium salt by neutralisation with sodium hydroxide to pH 6. 
All iitrations were performed with the usual met&chromic indicators in different media ai pre- 
viously described for TT’HA.s Our results are sumrnarised in Table I. 

The results of the exploratory experiments show that, with a few exceptions, TPHA is not a 
suitable titrant under normal experimental conditions (in aqueous solutions). Because of the small 
quantity of sample available, it was not possible to study the compound as a masking agent in gravim- 
etry, calorimetry, polarography, etc. 

The authors thank Dr. K. Krebser (Geigy Chemical Company, Base], Switzerland) for his interest 
and for providing the sample of tetraethylenepentaminehepta-acetic acid. 
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articulos scribite in iste lingua. De plus, io promitte de scriber mi proxime articulo in interlingua 
si vos lo publicara. 

School of Chemistry 
Ralph G. Wright Laboratory 
Rutgers, The State University 
New Brunswick, New Jersey 08903, U.S.A. 
12 November 1964 

Sincermente, 
WM. RIEMAN III 

SIR, 

For the benefit of your readers, I should perhaps explain that while I was still Editor-in-Chief of 
Talanta, I issued an invitation to Dr. Rieman to submit a letter in Interlingua, in consequence of his 
earlier letter (Talanta, 1964,11, 1092). 

Dr. Rieman wrote the letter here published, and sent with it a translation. However, because 
I myself found little difficulty in understanding his letter, and feel, like him, that the readers of 
Talanta will follow it easily, I did not arrange for publication of the translation. 

I would still be interested to know the extent to which an artificial language could cope with the 
highly special&d requirements of a scientific vocabulary. For instance (I quote from a recent paper 
in Talanta)“. . . a new analytical tool is introduced for the analysis of fluorescent molecule~uencho- 
fluorescence analysis. This field of research will have far-reaching ramifications in organic trace 
analysis. Analytical use is made of the quenching effect in spectrophotofluorometry. Compounds 
such as anthracene, phenanthrene, pyrene, benz(a)anthracene, benzo(a)pyrene, +x$dene, etc., have 
been found to be non-fluorescent in nitromethane solution, but hydrocarbons containing the fluo- 
ranthenic ring are fluorescent.” 

Because the decision about future communications in Interlingua now rests with you, I look 
forward with some interest to your reaction. 

Department of Inorganic and Analytical Chemistry 
The Queen’s University 

CECIL L. WILSON 

Belfast, Northern Ireland. 
22 November 1964 
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DERIVATIVES OF 2-(2-THIAZOLYLAZO)PHENOL AS 
ANALYTICAL REAGENTS-VII* 

SPECTROPHOTOMETRIC DETERMINATION OF ZINC WITH 
1-(2-THIAZOLYLAZO)-2-NAPHTHOL 

AKIRA KAWASE 
Metal Chemistry Division, National Research Institute for Metals, 300, ZChome 

Nakameguro, Meguroku, Tokyo, Japan 

(Received 5 March 1964. Accepted 12 October 1964) 

Summary-The spectrophotometric determination of trace amounts of 
zinc using derivatives of 2-(2-thiazolylazo)phenol has been studied. 
With zinc these compounds form blue or red-violet chelgta, which are 
mostly extractable with chloroform to give solutions exhibiting an 
absorption maximum near 600 rnp. 1-(2-Thiaz.olylazo)-2-naphthol 
(NT) is recommended for the determination of zinc dqyn to O-1 ,ug 
SandelI’s expression of the sensitivity is 04013 pg of zmc/cm*. The 
interference of 29 cations and 11 anions has been examined in the 
presence and absence of ammonium citrate and demethylglyoxime. 
Mercury(ll), manganese(lI), cadmium(H), uranium(VI), EDTA, cyan- 
ide and pyrophosphate interfere, but mercury(ll) and mangane@Il) 
can be masked by the addition of thiosulphate and periodate, 
respectively. NT has been applied to the determination of zinc in 
thorium oxide and magnesium. 

INTRODUCTION 

l-(2-PYR~DYLAZO)-2-NAPHTHOL, synthesised by Chichibabinl and applied to the spec- 
trophotometric determination of metals by Cheng and Bray,2 possesses useful 
analytical properties. By replacement of the pyridine ring in 1-(2-pyridylazo)- 
2-naphthol with a thiazole ring it should also be possible to obtain a chelating 
property. 

Because 2-aminothiazole is easier to diazotise and to couple with phenol than is 
2-aminopyridine, the preparation of 2-(2-thiazolylazo)phenol is very easy and it is 
obtained in good yield and in excellent purity. 2-(2-Thiazolylazo)phenol behaves as 
a weaker and more selective chelating agent than 2-(2-pyridylazo)phenol,’ because 
thiazole is a weaker base than pyridine. 

The author has already reported on the preparation of 2-(2-hydroxy+methoxy- 
phenylazo)-4methylthiazole (MMT)” and some derivatives of 2-(2-thiazolylazo)- 
phenolsb and their analytical applications to the determination of copper,@*@ 

l-(2-pyridylazo)-2-naphthol 
(PAN) 

l -(2-thiazolylazo)-2-naphthol 
(NT) 

l Part VI : see refe=nce 7. 
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4(2-thiaxolylazo)-l-naphthol NT-metal chelate 
(Me=Cu*+,Ni*+,Co*+,iW+) 

nickel*c,6b,s and cobalt; 4c*Bc*6~ MMT h as also been applied to the determination of 
zinCrb and iron.4d The stability constants of the metal chelates of the Z-(2-thia- 
zolylazo)phenol compounds have been evaluated’ and the infrared absorption spectra 
of the 2-(2-thiazolylazo)phenol compounds and their metal chelates recorded.* 

In the present paper, the spectrophotometric determination of trace amounts of 
zinc with eleven derivatives of 2-~2-t~~olyl~o)phenol (Table I) is reported. Of 
these derivatives, I-(2-thiazolylazo)-2-naphthol (NT) is recommended for the deter- 
mination of zinc. 

As expected from its higher pK, value, NT is a stronger chelating agent than MMT. 
Furthermore, NT forms more extractable chelates than MMT because of its higher 
molecular weight and having no polar group in the molecule. 

4-(2-Thiazolylazo)-1-naphthol has also been prepared14 and applied to the deter- 
mination of p~a~um. 1s The donor atoms of this reagent are one of the nitrogens 
of the azo group and the nitrogen of the thiazole ring, so that a different reactivity 
towards metal ions than that of NT would be expected. Thus, in practice, zinc 
forms a weak chelate with this reagent. 

EXPERIMENTAL 
Reagents 

Standard zinc solution. 0*6.538 g of high purity zinc was dissolved in nitric acid (1 + l), 10 ml of 
percbloric acid added and the solution evaporated until fumes of perchioric acid appeared. After 
cooling, the solution was diluted to 1 litre with water. The ~~ntration of the resulting solution 
was 10-W. Less concentrated solutions were prepared by appropriate dilution of this stock solution. 

10-W Reagent solutions. The 2-(2-thiaxolylazo)phenolic compoundsss*s~ were dissolved in 
methyl alcohol (MT, HMT, RT, HCT and DMT), water(SNT) or dioxan(NT, MNT, RNT, PNT and 
HNT). 

&.$I& ~~ut~o~. 34 of sodium acetate trihydrate and 12 g of borax were dissolved in 1 iitre 
of water, and the pH f o the solution adjusted to a desired value with dilute hydrochloric acid. 

Chloroform. “Guaranteed grade” reagent was redistilled. 
Other reagents were of “guaranteed grade” quality. 

Appaatus 

pH Measurements were made with a Horiba glass electrode pH meter Model M3. The measure- 
ments of absorption s 

.F= 
tra and absorbance were made with a Gary Model 14 spectrophotometer 

using l-cm matched SI IM cells. 

RESULTS AND DISCUSSION 

Selection of solvent for extraction 

Under optimum conditions, the orange 2-(24hiaiolylazo)phenolic compounds 
gave the following eolour changes with zinc ion: to intense radish-violet (reagents 
l-5 and 1 1), red (reagent 8) and blue (reagents 6, 7, 9 and 10). 
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Reqent no. Abbreviation 

: 

: 

: 
7 
8 

1; 
11 

NT 
MNT 
BNT 
PNT 
HNT 
MT 
HMT 

ET 
DMT 
SNT 

Chemical name 

With the exception of RT and SNT, the zinc chelates were only slightly soluble 
in water. To test their solubi~~ in organic solvents, a mixture of each reagent and 
zinc ion was shaken with benzene, chloroform, carbon tetrachloride, isoamyl alcohol 
or methyl isobutyl ketone (MIBK). In general, chloroform, isoamyl alcohol and 
MIBK were excellent extractants for all of the zinc chelates, whereas ‘benzene and 
carbon te~ac~oride were not. The zinc chelates of reagents 1-S and 11 were almost 
insoluble in water and only slightly soluble in organic solvents, especially the chelates 
of BNT and HNT, but could be very e5ciently extracted with chloroform. When 
the chelates of HCT and DMT were extracted with chloroform the extracts were 
green, indicting the chelates to be partially dissociated. All of the zinc chelates 
should be extracted from aqueous solution of high pH because their stability constants 
were not very large. ’ At high pH, however, the reagents were ion&d in aqueous 
solution. When isoamyi alcohol was used as extractant, the io&ed reagents were 
also extracted into the isoamyl alcohol phase and gave a high and fluctuating blank 
value. Therefore, isoamyl alcohol is not a suitable extractant. MIBK is unsuitable 
because it is relatively miscible with water. Chloroform is the most suitable extractant. 

Abs~rptiu~ spectra of zinc chelates 

Copper is known to form two types of chelate:‘n& one in which the me&l to 
reagent is in a 1: 1 ratio and the other in a 1:2 ratio. A similar occurrence was 
expected in the case of the zinc chelates. Therefore, absorption spectra were measured 
with solutions containing an excess of zinc in one case and an excess of reagent in 
the other case. 

One ml of 10-W zinc solution and 1 ml of lO-*M reagent solution were added to 10 ml of buff’ 
solutkm and adjusted to the optimti pH (Table II). The mixture was diluted to about 25 ml with 
water and twice extracted with a few ml of chloroform. The coml~med extracts were diluted to 25 ml, 
with chloroform and the absorption spectra measured over the range 3SO-750 q, using chloroform 
as reference solution. The absorption spectra of the zinc chelates of RT and SNT were measured 
under the same conditions except that water was used as the solvent, 

The results are shown in Figs. 1 and ,2. As the molecular weight of the. 2-(2- 
thiazolylazo)phenolic compound increased, the molecular extinction coefficient in- 
creased and the maximum absorption also shifted to a longer wavelength. The 
molecular extinction coefficient of PNT was, however, smaller than the expected 
value. This is believed to be caused by a steric effect of the 4phenyl group in PNT. 

2 
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Wavelength, m,u 

FIQ. 1 .-Absorption spectra of zinc chelates in chloroform : 
l-NT, 3-RNT, 
2-MNT, Q--pNT. 

5--HNT. 

400 500 600 700 
Wavelength, mp 

Fro. 2.-Absorption spectra’ of zinc chelates in chloroform or aqueous solution 
6-MT, 7-HMT, 8-RT, 9-HCT, 114NT. 

The absorption spectra of the chelates of NT, MNT, HNT, BNT and PNT had 
up to three maxima in the range 500-600 rnp, and were similar to the spectra of 
the nickel chelates.*b*5b The zinc chelate of HCT exhibited a high maximum at 
about 400 mp. This is caused by free HCI produced by dissociation of the chelate 
under these conditions. 

In the presence of a large excess of reagent, the absorption spectra of the chelates 
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could not be measured accurately because of the absorption of the reagents them- 
selves. Because the stability constants (log K 1’ K,) were 12-15,’ dissociation of the 
chelates was negligible as long as the concentration of the reagents exceeded that of 
the zinc. The remaining reagent concentration could then be calculated by assuming 
that a 1: 1 or 1: 2 chelate was formed. The absorption spectra of the zinc chelates 
could, therefore, be estimated by recording the spectra against the reagent solution 
with a concentration calculated as above. 

To 10 ml of buffer solution with the optimum pH (Table II), 1 ml of lo-‘M zinc solution and 
1 ml of lo-*M reagent solution were added. The mixture was diluted to about 25 ml with water and 
treated with 10 ml of chloroform. The absorption spectrum of the chloroform extract was measured 
against a reference solution prepared as follows. To 10 ml of buffer solution, 0.9 ml (for a 1:l 
chelate) or 0.8 ml (for a 1: 2 chelate) of IO-*M reagent solution was added, and the mixture shaken 
with 10 ml of chloroform. The chelates of RT and SNT were investigated in aqueous solution. 

A mixture of 5 ml of buffer solution, 1 ml of RT or 2 ml of SNT solution and 1 ml (or 2 ml in the 
case of SNT) of lo-‘M zinc solution was diluted to 10 ml with water. Absorption spectra were 
measured against the reagent. 

.The results are shown in Figs. 3, 4 and 5. Each of the absorption spectra in 
Fig. 3 is assumed to be that of a 1: 2 chelate and is similar to the absorption spectra 

400 500 600 

Wavdcngth, m+ 

FIG. 3.-Absorption spectra of zinc chelates in chloroform: 
l-NT, 3-BNT, 
2-MNT, 4-PNT, 

5-HNT. 

obtained with an excess of zinc (Fig. 1). From their absorption spectra and absor- 
bances, it appears that the extracted chelates were 1: 2 chelates. If thecomposition 
of the chelate of RT was assumed to be 1: 1 (Fig. 4, curve 8a), the absorption 
spectrum was negative at about 400 mp. This shows that the concentration of the 
reference solution was too high. When the composition of the chelate was assumed 
to be 1:2 (Fig. 4, curve 8b), the absorption spectrum was normal and resembled 
that obtained if excess of zinc was present (Fig. 2, curve 8). 

In the case of the chelate of HCT (Fig. 4, curve 9), the absorption spectrum at 
wavelengths longer than 500 rnp was similar to the spectrum obtained when excess 
of zinc was present, but the absorbance near 400 rnp was high. This shows that the 
formation of a 1: 2 chelate was more favourable in the presence of excess of reagent 

than in the presence of excess of zinc. 
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400 500 600 

Wovelength, mp 

FIG. 4.-Absorption spectra of zinc chelates in chloroform or aqueous solution: 

6-M-f, 8-RT, 
7-HMT, 9-HCT. 

Woveleng th , mp 

FIG. L-Absorption spectra of SNT-zinc chelate in aqueous solution: 
a-pH8.0,1:2; b-pH8*0,1:1; c-pH63,1:2; d-pH63,l:l. 

In the case of the chelate of SNT, when a 1:2 chelate was assumed to be present 
at pH 6.5, the absorption spectrum (Fig. 5, curve c) appeared to be that of the reagent 
alone. When the chelate was assumed to be 1: 1 (Fig. 5, curve d), the measured 
spectrum resembled that obtained when excess of zinc was present. From these 
results, it is thought that a 1: 1 chelate predominates, while a 1:2 chelate is formed 
slightly at higher pH. 

The results of the measurements of absorption spectra in the presence of excess 
of zinc are summarised in Table II. 

Efect of pH 
For evaluation of the optimum pH for determination of zinc, the effect of pH 

on the absorbance and on the absorption spectrum of the chelates was studied. 
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One ml of 10-‘&f zinc solution and 1 ml of lo-*M reagent solution were diluted to 10 ml and the 
pH adjusted to a value in the range 55-9.3. The mixture was allowed to stand for about 15 min, then 
shaken with 10 ml of chloroform. The absorption spectrum of the chloroform extract was measured 
over the range 500-750 rnp against chloroform. In the case of RT and SNT, 5 ml of buffer solution 
were used; each mixture was diluted to 10 ml with water and the spectrum measured against water. 

The absorption spectrum was not observed to change over the pH range 5.5-9.3, 
so that obviously only one type of chelate is formed. The zinc chelate of SNT having 
a I:2 ratio of zinc to SNT was assumed to be formed at high pH. The red shift of 
the chelate was not so large, while the influence of pH was so great in the spectrum 

PH 

FIG. C.-Relationship between absorbance of zinc chelates and pH: 
l-NT, 6-M-f, 
2-MNT, 7-HMT, 
3-BNT, 8-RT, 
4--pNT, 9-HCT, 
5-HNT, lO-DMT, 

1 l-SNT. 

of the reagent that the accurate determination of spectra of the chelates was im- 
possible, and the formation of a 1:2 chelate was questionable. 

The effect of pH on the extraction of zinc is shown in Fig. 6. MT, HCT and 
DMT do not give constant absorbances in the pH ranges studied here. The ex- 
traction of zinc with MNT, NT, HNT and BNT is complete over a wide range of pH. 
Because the reagent absorbance of PNT and HNT is high, a wavelength longer than 
the absorption maxima of their chelates is selected for the determination of 
absorbance. 

The reactivity of DMT with zinc is small, so that DMT is not used for subsequent 
experiments. The optimum pH and wavelength for the determination of zinc are 
shown in Table II. 
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Composition of chelates 

The method of continuous variation@ was employed to elucidate the composition 
of the chelates, presumed to be 1:2 from the results of the measurements of ab- 
sorption spectra described above. 

Solutions for the spectrophotometric measurements were prepared as follows. Each separatory 
funnel contained the reaeent (2 x lO+M) and zinc solution (2 x 10JM) in ditferent nrouortions. 
but the volume of each &mbined solution was held at 3-O ml. After adjustiug the sol&& to the 
optimum pH (Table II) with 10 ml of buffer solution, the mixture was extracted with 10 ml of chloro- 
form. The absorption spectra of the chloroform extracts were measured against chloroform over 
the range 500-750 rnp. 

For RT and SNT, 5 ml of buffer solution were used. The mixtures were diluted to 10 ml with 
water and the absorption spectra of the splutions measured against water. 

The value Y (Fig. 7) was calculated at the various wavelengths from the difference in absorbance 
of the chelate and estimated amount of free reagent. The necessary curves were obtained by plotting 
the composition of the solution expressed as mole fraction of zinc. 

All of the curves exhibit a distinct maximum or minimum at O-33 mole fraction, 
corresponding to a mole ratio of 1: 2, but in the case of the SNT chelate, the curves 
indicate the formation of a 1: 1 chelate at pH 6-5 and 8-O. Dissociation of the 
chelates of MT, SNT, RT and HCT was relatively high. Examples of the curves 
are shown in Fig. 7. 

Isosbestic point 

If the chelate formed had a 1: 1 or 1:2 combining ratio, the absorption spectra 
of the zinc and reagent system would give an isosbestic point. To determine the 
isosbestic point, the following solutions were prepared. 

To 10 ml (5 ml for SNT and RT) of buffer solution which had been adjusted to the optimum pH 
(Table Il), 2 ml of 2 x lo-%2 reagent solution and O-04 ml of 2 x 10-W zinc solution were added. 
The mixture was extracted with 10 ml of chloroform (or diluted to 10 ml with water for SNT and 
RT). The absorption spectra were measured over the range 500-750 mp. 

All of the absorption spectra have an isosbestic point in the range measured 
(Table II). The occurrence of an isosbestic point indicates that there is only one 
kind of chelate, in which the ratio of zinc to reagent is 1: 1 for SNT and 1:2 for 
the other reagents. 

Relationship between reagent concentration and absorbance of cheiate 

The following experiments were undertaken to obtain the optimum amount of 
the various reagents, and from these results, the molecular extinction coefficient of 
the chelates were calculated. 

One ml of lo-94 zinc solution was added to a mixture of 10 ml of buffer solution at the optimum 
pH (Table II) and 0540 ml of lo-“M reagent solution. The mixture was allowed to stand for about 
15 mm, then extracted three times with 3 ml of chloroform. The combined extracts were diluted to 
10 ml with chloroform in a lO-ml calibrated flask. The absorbance of the extract was measured at 
the optimum wavelength (Table II) against chloroform as reference. The blank absorbance of the 
reagent was measured under the same conditions. The difference between the absorbance of the che- 
late and the blank corresponds to the &elate absorbance. In this case, the decrease in absorbance 
of the reagent because of chelate formation was assumed to be negligible. For RT and SNT, 5 ml of 
buffer solution were. used and the absorbance was measured in aqueous solution, the other conditions 
being the same as described above. 

The results are shown in Table III. The MT and HCT chelates did not give a 
constant absorbance in the range of reagent concentration studied. One ml of reagent 
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solution is sufficient for complete formation of the chelate with 1 ml of IO-PM zinc 
solution, whereas RT and SNT require 2 ml of reagent solution to produce a constant 
absorbance. The molecular extinction coe%cients of PNT, RT and SNT were large 
at the wavelength measured. 

From the sensitivity and reagent absorbance data in Table ET and the known 

I 

(ZN/iZn)+ (Reagent) 

Fro, 7.-Chtinuous variation plots for zinc chelates: 
l-NT, &-MT, 
Z-MNT, 7-HMT, 
343NT, 8-RT, 
4--pNT, 9-HCr, 
+HNT* ll-WIT. 

order’ of the stability constants (Iog K,.KJ in 50 % v/v dioxan-water (NT > HMT > 
HCT > DMT > MT), NT, BNT and Hh4T are the most suitable of the compounds 
for iteration of zinc. However, because NT is the easiest of these reagents to 
synthesise and there is no difference in their chelating action towards other metals, 
further experiments were carried out with NT only. 

NT reacts with many other metals under the conditions used to form its zinc 
chelate. The foliowing metals @g) gave an absorbance corresponding to I pg of 
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zinc: cobalt(I1) (1*3), cobalt(II1) (P8), nickel(I1) (1*2), iron(I1) (3*4), iron(M) (9.5), 
copper (I -6), cadmium(I1) (2+8), manganese~1~ (I *3), merc~~1) (15) and 
indium(II1) (38). A detailed study of cation interference was not carried out at this 
stage because the above results indicted the great need for separations or masking 
before zinc could be determined with NT. 

The extraction curves of some chelates of NT in the absence of masking agents 
are shown in Fig. 8. Tbe following did not interfere with the de~rmination of zinc 

Fro. I.---Ektraction curves of some NT &dates 
(Mm--10 ,q; 2h-4~54 pg; Ni-5.87 c1&; Cd-10 pg; C&--5*89 pg: F+-558 fig; 

Cu--435#dg; Hg-10 JJg; In-10 fig; Pi%--20 &q$ 

under the conditions indicated in the Recommettded procedure: thiosuiphiite, citrate, 
acetate, oxalate and dimethyiglyoxime (Table IV). Large amount of hydrogen 
peroxide and periodate gave rise to low results by oxidation of the reagent. EDTA, 
cyanide and pyrophosphate prevented the reaction. Chloride, sulphate and nitrate 
were without effect up to at least 500 mg. 

Dime~yiglyoxime forms more stable chelates with iron, nickel, cobalt and copper 
than does NT, while it has no effect on the reaction between zinc and NT. Therefore, 
~methyl~yoxime is expected to be an exponent masking agent in the determination 
of zinc. If the pH was more alkaline than 7.5, the presence of 5 mg of dimethyi- 
glyoxime and 100 mg of ammonium citrate did not interfere (Table V). The ?mmonium 
citrate prevented the precipitation of some metals. 

In the interference studies of various cations, the foreign ions were ad&d under the 
same conditions as in the Recommended procedure (i.e,, dimethy~glyoxime and 
ammonium citrate present as masking agents) and their effect noted (Table VI). 
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TABLE IV.-ANION MTFWERENCE 

Anion, mg* 

Sodium thiosulphate 
Sodium citrate 
Ammonium citrate 

Sodium acetate 
Ammonium oxalate 
Sodium pyrophosphate 
Potassium periodate 

O-7 !X solution 

Zn foundp pg 

109 6.5 
100 

10 ;:: 

50 65 
100 
200 z:t 

100 6.5 
10 65 

100 
7 z:i 

2 drops 65 
Potassium cyanide 
Hydrogen peroxide 

10-W EDTA 
Dimethylglyoxime 

100. 
100 

1: 

1: 

o-0 

::; 

0.0 
6.5 
6.5 

l Anhydrous. 
b 654 pg of zinc present. 

TAXE V.-EFFFCT OF CXTUTE AND DIMETTMBLYOXIME 

Masking agent, Zn found,’ pg 

Ammoniumcitrate 100 

Dirnethylglyoxime 5 

PH 6.96 7.50 8.10 8.52 933 

Absorbance 0.472 0.502 0.502 0.505 0.499 

PH 6.95 7.55 8GO 8.50 933 

Absorbance 0.391 0.498 0506 0.506 0.506 

l%mnxmi~citrate 100 PH 700 7.50 8.00 8.52 8.95 

Dimethylglyoxime 5 Absorbance 0.471 0*500 0.503 0.506 @SO4 

l 6.54 pg of zinc present. 

Mercury(U), bismuth(III), manganese(H), cadmium(II) and uranium(W) cause 
interference. Moderate amounts of sodium, potassium and ammonium do not inter- 
fere. The chelates of bismuth and mercury are partially decomposed when they are 
extracted. The latter can be masked with thiosulphate. Bismuth decreases the 
absorbance, but can be tolerated up to 50 pg. Manganese forms a coloured chelate 
which is extracted under the conditions used for determining zinc, but its interference 
up to 50 pg is readily overcome by the addition of 2 drops of 0.7% potassium 
periodate solution before the addition of NT. Although the interference of uranium 
is relatively small, cadmium interferes seriously. A special separation step must be 
introduced if cadmium is’ present, such as anion exchange and dithizone extraction 
separation.lO 

Other experimental variables 

The reaction time for chelate formation was tested under the conditions specified 
in the Recommendedprocedure. The chelate was formed quantitatively within 5 min 
and no further increase in absorbance was noted up to at least 20 min in the presence 
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TABLE W.-CATION INTTWERENCE 

Zn found,* pg Cation, pg Zn found,. rug 

Ni* 50 6.3 cue 50 65 
100 

2:: 
100 6.5 

co* 50 Cap+ 100 65 
100 6.4 lugti 100 6.5 

co*+s 100 6.5 Al”+ 100 6.5 
F@+ 100 6.5 W+ 100 64 
Fe”+ 50 6.4 Ce’+ 100 6.4 

100 6.4 U~s-+lOO 
Hg* 50 7.1 La* 100 ;:: 

100 6.5b MO”+ 100 6.4 
Ina+ 50 6.7 WE+ 100 6.6 

Pb’+ 200 6.5 SbH 100 Ma* 50 13.3 Sn’+ 108 z:: 

50 670 Pdfi 100 6.6 
100 15.3 Bi* 50 6.2 

Cd’+ 2 7.7 5 9.3 crs+ :g ;:‘: 

10 10.6 V+ 100 6.7 

l 654 pg of zinc present. 
b 100 mg of sodium thiosulphate added. 
c 2 drops of O-7 % potassium periodate added. 

or absence of masking agents. A IO-min reaction time is recommended simply to 
allow a margin of safety. The extracted zinc chelate of NT was stable and no change 
in the absorbance was observed for at least 1 hr. 

Chloroform often contains oxidising substances produced by its own decompo- 
sition. If such chloroform was used for the extraction, the absorbance of the chelate 
showed a 2 % decrease over 10 min and this tendency was remarkable at low pH. 
In this case, good results can be obtained by shaking the chloroform with ascorbic 
acid solution and water. Redistillation is then unnecessary. 

The chelate was rapidly and quantitatively extracted into chloroform in a single 
equilibration by shaking about 50 times by hand. The reagent solution must be 
added to the buffered zinc solution. Because of precipitation of the reagent in aqueous 
solution, a sufficient excess of reagent does not remain in solution to give a rapid 
and quantitative reaction if it is added before the buffer solution. 

The chelate solution was found to follow Beer’s law over the range 0.1-8-O rg 
of zinc using the Recommendedprocedure. The Sandell expression of sensitivity was 
found to be 04013 rug of zinc/cm* compared with 04016 for dithizone and 0403 for 
Zinconll 

Recommended procedure 

Transfer test solution containing 0.1-8 yg of zinc to a 50-ml beaker. Add 10 ml of butYer solution 
and 1 ml of 10% ammonium citrate solution. Adjust the pH to 8, then transfer to a 50-ml separatory 
funnel. Dilute to 20-30 ml with water. Add 0.5 ml of 1% alcoholic dimeth lglyoxime solution and 
1 ml of 10-aM NT solution. Stand for 10 min. d Add 10 ml of chloroform an shake vigorously about 
50 times by hand. Drain the chloroform phase into a l-cm cell through a small absorbent cotton 
plug to remove droplets of water. Measure the absorbance at 581 w against chloroform. Run a 
blank experiment through the entire procedure and subtract the blank from the absorbance of the 
sample. Establish the amount of zinc from a calibration curve obtained with known amounts of 
zinc treated as above. 
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Determination of zinc in thorium oxide and magnesium 

The Recommended method was tested by analysing samples of thorium oxide and 
magnesium and compared with other procedures for the determination of zinc. 
Using the dithizone, extraction method, a preliminary separation was necessary. 
Zinc dithizonate was extracted from a buffered ammonium citrate solution of thorium 
oxide at pH 8.3 with a benzene solution of dithizone and from a sodium thiosulphate- 
acetate solution of magnesium at pH 5.5 with a carbon tetrachloride solution of 
dithizone. The extracts were then shaken with 0.M hydrochloric acid to obtain 
zinc in the aqueous phase. The results are shown in Table VII: there is a good 
agreement between the new method and the other procedures. 

TABLE VII.-DETERMINATION OF ZINC IN THORIUM OXIDE AND MAGNESIUM 
IJSING NT’ 

Sample 

Thorium oxide 
Magnesium 

Present 

0+tO028b 
0.022c 

Zinc, % 

Found 

040028 f OWOO3 
0.022 f 04004 

* Each value is the average of 5 determinations. 
b Dithizone extractiondithizone (photometric) method :I* 2.8 f 0.2 ppm; 

dithizone extraction-polarographic method? 2.8 f 0.1 ppm; anion 
,exchange-dithizone (photometric) method:” 2.6 f 0.3 ppm; anion 
exchange-polarographic method :I* 2.9 f 0.3 ppm. 

c Japan Industrial Standard Method :I* @022%; dithizone extraction- 
polarographic method :I* 0.022 %. 

Zusauuutig-Die spektralphotometrische Restimmung von 
Zinkspuren mit Derivaten von 2-(ZThiazolylazo-)phenol wurde 
untersucht. Mit Zink bilden diese Verbindungen blaue oder rotviolette 
Chelate, die sich meist mit Chloroform extrahieren lassen. Es ents- 
tehen Ldsungen mit einem Absorptionsmaximum in der Niihe von 
600 m,u. 1-(2-Thiazolylazo-)-2-naphthol(NT)wirdzurZinkbestimmung 
bis herunter zu 0,l pg empfohlen. Die Empfindlichkeit nach Sandell 
ist 0,0013 rg Zink pro cm*. Die Wrung von 29 Kationen und 11 
Anionen wurde mit und ohne Gegenwart von Ammoniumcitrat und 
Dimethylglyoxim geprtift. Quecksilber(II), Mangan(II), Cadmium(II), 
Uran(VI), EDTA, Cyanid und Fyrophosphat s&en, doch kiinnen 
Quecksilber(I1) und Mangan(I1) durch Thiosulfat bzw. Perjodat 
maskiert werden. NT wurde zur Zinkbestimmung in Thoriumoxyd 
und in Magnesium venvendet. 

R&uu&Gn a ttudie le dosage spectrophotometrique de traces-de 
zinc au moyen de d&iv&s du 2-(2-thiazolylazo) phenol. Ces composes 
forment avec le zinc des chelates bleus ou rouge-violets qui sont pour 
la plupart extractibles au chloroforme, donnant des solutions qui 
pr&entent un maximum d’absorption voisin de 600 mp. On recom- 
mande le I-(2-thiazolylazo)-2-naphtol (NT) pour le dosage du zinc 
jusqu’a 0,l rg (limite inferieure). L’expression de la sensibilit6 selon 
Sandell est de 0,0013 rg de zinc/cm*. On a ttudib l’interf&e.nce de 
29 cations et 11 anions en presence et en l’absence de citrate d’am- 
monium et de dimtthylglyoxime. Les mencure( manganese(II), 
cadmium(D), uranium(W), EDTA, cyanure et pyrophosphate 
interf&ent, mais on peut dissimuler les mercure(II) et manga&e(II) 
par addition, respectivement, d’hyposulfite et de periodate. On a 
applique (NT) au dosage du zinc dans l’oxyde de thorium et dans 
le magnesium. 
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Smnmug-o-Phenylenediamine and its Csubstituted derivatives, 
4methyls_phenylenediamine, dchloro-o- henylenediamine and 4- 
nitro+phenylenediamine, all react with P se enous acid in acid solution 
to form benxoselenadiaxoles, which can be extracted into tohrene. 
The distribution ratio, wavelengtla of maximum extinction, molar 
extinction coefficient and optimum conditions of formation have been 
studied for each benxoselenadiaxole. Iron(II1) and molybdenum(VI) 
interfere in the determination of selenium with these reagents, but the 
interference can be ovenwme by EDTA in both cases. Vanadium(V) 
interferes only ln the case of the 4-chloro- and 4-nitro-o-phenylene- 
diamines, and EDTA does not eliminate this interference. 

INTRODUCTION 

SINCE Hoste and Gillis1p8 proposed 3,3’-diaminobenzidine as a specific reagent for 
selenium, this reagent has found several analytical applications.s-7 It has also been 
employed for the fluorimetric determination of trace amounts of selenium.*-a Recently, 
Parker and Harvey lo have proposed 2,3_diaminonaphthalene as an excellent fluori- 
metric reagent for selenium. The use of the reagent in gravimetry and photometry of 
selenium has also been attempted.ll o-Phenylenediamine has been the subject of 
several investigations. 18-i4 The reaction of 4-dimethylamino-o-phenylenediamine with 
selenous acid has also been described16*16 and the reagent has found an application in 
the determination of selenous acid.l’ 

In this paper, critical studies are presented on the suitability of some commercially 
available 4-substituted o-phenylenediamines as reagents for selenium. 

EXPERIMENTAL 

Reagents 

O-5 % o-Phenyknedhztnine hydrochloride solution 
O-5 % 4-Methyl-o-phenyienediamine hydrochloride solution 
O-5 % 4-Chloro-o-phenylenediamine hydrochloride solution 
O-6 % 4-N&o-o-phenykedkamine hydrochloride solution 

One ml of each solution corresponds to about a 1OWmes molar excess for 2Opg of selenium. 
The solutions can be stored for a few days in a refrigerator. The 4-nitro-o-phenylenediamine is so 
stable that the solution can be used without any difliculty after standing for more than 1 week at 
room temperature. 

All the reagents are commercially available (Tokyo Chemical Industry Co,, Ltd., Japan). The 
commercial products can be purified as follows: Prepare a hot saturated solution of the relevant 
amine hydrochloride containing sodium bisulphite and Norit T‘SX-II” (N. V. Norit-Vereeniging, 

l Presented before the 12th Annual Meeting of the Japan Society for Analytical Chemistry, 
Ranaqwa, on 9th October, 1963. 
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Netherlands). Filter and add concentrated hydrochloric acid to the cooled filtrate. Filter the resulting 
crystals of amine hydrochloride and wash with a small amount of water. Store the purified material 
in a vacuum desiccator. Reagents thus obtained can be stored without any deterioration for more 
than 1 year. 

Stock sehium solution (1 mg of Se/ml). Dissolve 220 g of anhydrous sodium selenite in 1 litre 
of O*lM hydrochloric acid. Standard& the solution iodimetrically. A working solution of 5.00 pg 
of Se/ml is prepared by suitably diluting the stock solution with O+lM hydrochloric acid. 

Hydrochloric acid, reagent grade 
294 and 1 M formic acid 
0.1 M EDTA solution 
Toluene, reagent grade or redktilled 
Anhyakow sodium w&hate. Metallic impurities are removed by repeatedly washing a column of 

reagent grade anhydrous sodium sulphate with a chloroform solution of 8-hydroxyquinoline. The 
pm&d reagent is dried and stored in a well-stoppered bottle. 

Hitachi EPS-2 auto-record@ spectrophotometer 
Beckman M&l DU s~ctropkotometer with l-cm Pyrex and silica cells 
Toyo-Roshi Model GB gb&&ode pH meter 
Ho&a Model P gkass-electrode pH meter 

RESULTS AND DISCUSSION 

4Substituted e-phenylenediamines react with selenous acid to form 5-substituted 
benzoselenadiazoles as exemplified below : 

X X 

\= ,~-++H&sO,-_* 

0 

” IN\Se+3HO+H+. 0 =N/ 1 \ 
5-x-5 1,3- 

benxoselenadiaxole 

Spectral characteristics 

Twenty ,ug of selenhnn are taken in a lOO-ml separatory funnel. The solution is diluted with 
O.lM hydrochloric acid to 24 ml and 1 ml of Oaiamine reagent solution added. After standing for 
2 hr, the benxoselenadiaxole formed is extracted with exactly 10 ml of toluene, the funnel being 
shaken for 5 min on a shaker. After complete separation of the two phases, the aqueous layer is 
drawn off and the toluene layer washed once with 10 ml of 0.1 M hydrochloric acid. The absorption 
curves of the benxoselenadiaxoles are recorded on the toluene solution thus obtained over the wave 
length range from 300 to 420 rnp (Fig. 1). 
reagents themselves in toluene. 

In Fig. 2 are. given the absorption curves of the c-diimine 

As shown in Fig. 1, absorption maxima are found at wavelengths of’335,337,341 
and 350 rnp for benzoselenadiazole, 5-methyl-benzoselenadiazole, 5-chloro-benzo- 
selenadiazole and 5-nitro-benzoselenadiazole, respectively. Thus, the substitution of 
CHs-, Cl- and NOrgroups at the 5-position of benzoselenadiazole and 4-position of 
o-phenylenediamine shifts the absorption maximum to a longer wavelength, in 
accordance with previous observations on mono-substituted benzenes.18 Although 
the absorption curves of 4nitro-o-phenylenediamine and 5-nitro-benzoselenadiazole 
overlap considerably, the reagent can be effectively eliminated by washing once with 
O-1 M hydrochloric acid, while the 5-nitro-benzoselenadiazole is quantitatively 
retained in toluene (see the subsequent section). 

E$ect of pH 

The benxoselenadiaxoles have been formed at 20” and various pH. After standing for 2 hr, the 
product is extracted with 10 ml of tohtene at the same pH and the extract washed ona with O.lM 
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FIG. l.-Absorption curves of the 5-substituted banzosel~diazol~: 
1: 2J,3-banzosc1en; 
2: S-methyl-2,1,3-benzoseknadiazole; 
3 : S-chloro-2,1,3-benzoscl~k; 
4: S-nitro-2,1,3-benzoselenadiazole. 

I * 

0 280 300 320 340 360 360 400 420 440 460 

Wavelength, mp 

FIG. 2.-Absorption curves of the rl-substituted o-pheoylenediamincs: 
1: o-phcnylenediamine; 
2 : 4-methyl-o-phenyknediamine ; 
3 : 4-chloro+phenylenediamine; 
4: 4-nib-o-phenylenediamine. 

(2 pmole of relevant o-phenylmtdiamine extracted at pH 1O.L10.3) 
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hydrochloric acid. The extinction of the toluene extract is measured at the relevant maximum 
wavelength using toluene as reference (Fig. 3). The extinction thus obtained is a measure of the 
extent of reaction at each PH. 

As shown in Fig. 3, constant extinctions are obtained over the range of pH l-2.5 
for o-phenylenediamine and 4_methyl+phenylenediamine, while the pH ranges of 
constant extinction are <2*3 and <2 for 4-chloro- and 4_nitro+phenylenediamines, 
respectively. 

The acid dissociation constants of the o-diamine dihydrochlorides were determined 
spectrophotometrically. The pK-values decrease with increasing electron-with- 
drawing power of the substituent at the 4-position (Table I). Hence, the results given 

0’ 
0 I 2 3 4 5 

PH 

FIG. 3.-E&t of pH on formation of the Ssubstituted benxoselenadiaxoles: 
-A- o-phenylenediamine; 
- O- 4-methyl-o-phenylenediamine; 
-O- 4-chloro-o-phenylenediamine; 
-I-J- 4-nitro-c-phenylenediamine. 

in Fig. 3 are reasonably explained, if undissociated selenous acid (pK, : 660, pI& : 257’O) 
and singly protonated o-diamine are assumed to be concerned in the formation of 
benzoselenadiazole. * 

Time required for full coloration 

The time required for quantitative formation of benzoselenadiazole has been 
critically examined for each o-diamine at 20 f lo (Fig. 4). The reaction rate is 
greater at pH 2 than at pH 1 for o-phenylenkdiamine and 4-methyl-o-phenylene- 
diamine, while for Cchloro- and 4-nitro-o-phenylenediamines the rate is greater at pH 
1 than at pH 2. These results can be easily accounted for by taking into account the 
following facts: the concentration of reactive singly protonated species is higher at 

* Detailed results on the kinetics of these reactions will be published elsewhere. A kinetic study 
of the reaction of selenous acid with o-phenylenediamine** was found while we were preparing 
this manuscript. 
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TABLE&-PK-VALVW OFTHE~D~DI~~R~R~~ (20”; IONICSIY~ENGTHI~ = 1-O) 

u-I&mine PKl pK*’ 

o-Phenylenediamine 4.85(4*57,“’ 4.58=) 0*88(1*36,‘* 2.01’“) 
4-Methyls-phcnylencdiaminc 5.24 1.27 
~Chlor~p~ny~~ia~ne 4.04 -0.14 
~~it~p~nyi~~ia~~ 2.85 - 

*KS = Clrclc~+l 
I&W 

, where tot&l concentration of HCl and free amine are denoted as Gael and 

A, respectively. 

pH 2 than at pH 1 for ~pheny~enedi~~e and ~me~yI-~phenylenediamine* while 
the reverse situation holds in the case of the other two o-diamines (c$ pK-values listed 
in Table I). Anyhow, Z-23 hr are sufficient at 20” for full coloration in all cases. 
As expected, heating hastens the reaction and 5 min are su~ci~nt for full coloration in 

100 

90 

80 

too 

90 

ac 80 

80 

, 
0 30 60 90 120 IS0 Ma 

Reaction time, min 

FIG. &--$3kt of time on m~~um formation of the 5-substituted ~~o~lenadi~~l~: 

1: ~phenyle~i~i~; 
2: 4-methyl-u-phenylenediaminc; 
3 : ~or~ph~yl~iami~ ; 
4 : 4.nitro-o-phcnylcncdiaminc ; 
-o-ptr 1; -A--pH2. 
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a boiling water-bath. The benzoselenadiazoles thus formed are stable indefmitely in 
toluene and no change of extinction is observed even after standing for more than 10 
days at room temperature. 

Comparison of molar extinction coeflcients and distribution ratios 

The molar extinction coefficients of the benzoselenadiazoles are given in Table II. 
In the same table are also listed the distribution ratios. Because the distribution ratios 
are too high to measure after only one equilibration of the aqueous and organic 
phases, 10 ml of toluene containing benzoselenadiazole of known extinction are 
equilibrated 10 times with 50 ml of aqueous phase saturated with toluene. The dis- 
tribution ratio can then be easily calculated from the decrease in extinction. As 
shown in Table II, the molar extinction coefficients are satisfactorily high in all cases 
and the distribution ratio is sufficiently high for all but o-phenylenediamine. The 4- 
methyl- and 4-chloro-o-phenylenediamines are excellent as regards sensitivity as well 
as in the ~s~bution ratio of the corresponding 5-substituted be~oselenadi~oles. 

As observed earlier for aniline and &hydroxyquinoline derivatives,25*24*ss sub- 
stitution of chlorine at the Cposition of o-phenylenediamine most favours the 
extractability of the resulting benzoselenadiazole. Enhancement of distribution ratio 
of the 5-substituted be~o~lenadi~oles is in the following order: 

H- <NO,- <CHs- <Cl-. 

Beer’s law is obeyed over the range O-25 ,ug of selenium~l0 ml of toluene for all of the 
three 4-substituted o-phenylenediamines. 

TABLE IL-MOLAR l3XTINClTONCOEFFICIl?NTANDDISTfUBUTIONRATlOOFTHE 54UBSTlTtJTL?D BENZD- 
SELBNADIAZQLES 

Ekmoselenadiazole 
Molar extinction 

coefficient 

Distribution ratio* 

PH 1 k-2 

2,1,3-Benzoselenadiazole 17750 149 154 
5-Methyl-2,1,3-bcnzoselenadiazole 17900 657 657 
5-Chloro-2.1,3-benzmelenadiazole 18400 2580 2580 
S-~i~~2,1,3-~~o~te~dia~le 15460 367 367 

* The experimental values were recalculated to get values for a 1: 1 volume ratio of the aqueous 
and organic phases and only the chargeless benzoselenadiazole exists in both phases under 
these experimental conditions. Therefore, these values can be regarded as partition coekkients. 

Interference studies 

The following elements or compounds do not interfere with the determination 
of 20 pg of selenium at least up to the specified amount (reaction carried out in 
0-l M hydrochloric acid unless otherwise noted) : al~~~(III) (100 mg), arsenic(III) 
(1 mg), arsenic(V) (1 mg), barium(I1) (400 mg), cadmium(I1) (150 mg), calcium(II) 
(100 mg), chromium(II1) (0.05 mg), cobalt(I1) (50 mg), copper(M) (10 mg), lead(D) 
(300 mg, used as nitrate in 0.W formic acid), ma~esium(I~ (250 mg), manganese@) 
(IO mg), nickel(I1) (50 mg), tin(R) (O*l mg), tincfr~) (100 mg), iodide (10 mg)S sodium 
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chloride (0.5 g), potassium chloride (@5 g), potassium chlorate (0.5 g), ammonium 
sulphate (1 g), sodium nitrate (0.5 g), potassium dihydrogen phosphate (0.5 g), 
potassium bromide (@5 g), tartaric acid (150 mg), oxalic acid (1 g). 

When antimony ,or bismuth is present, it is recommended that the 4-chloro- or 
Cnitro-derivative be employed and the reaction carried out in l-2M hydrochloric acid. 
The presence of 150 mg of antimony(II1) and 100 mg of bismuth(III) is then without 
influence. 

Iron(II1) interferes in all cases, an orange product being formed both at pH 1 and 
2. In the case of o-phenylenediamine and 4-methyl-o-phenylenediamine, the colored 
products extracted in toluene -can be completely removed by washing once with 0.M 
hydrochloric acid and no interference is then appreciable for about 1 mg of iron(II1). 
With 10 mg of iron(III), however, a negative interference is observed. The toluene 
extracts for Cchloro- and 4-nitro-o-phenylenediamines in the presence of iron(II1) 
show a yellowish shade even after washing with O*lM hydrochloric acid and positive 
interference results regardless of the quantities of iron(II1). Because the formation of 
stable protonated diamine is more appreciable at pH 1 than at pH 2, the interference 
of iron(II1) is greater at pH 2 than at pH 1. The interference of iron(II1) can, however, 
be effectively eliminated by EDTA (Table III). 

TABLE III.-EFFECT OF IRON(III) ON THE DETSRMIN A-ITON OF 20 & OF SSLENIIJM (pH 1) 

Fe*rI added O*lM EDTA 
Extinction 

, 
w added, ml eMethyl- 4-Chloro- 4-Nitro- 

o-Phenyltw- o-phenylene o-phenylew o-phenylene- 
diamine diamine diamine diamine 

None 
0.4 
0.4 
1 
1. 
1 

1: 

:: 
10 
KP 
10 

0.450 

::z 
0.450 
0448 

1 - 
1 

o-077 

::g 
5 0.450 
5 0447 

10 0.453 

0.453 
0.453 

0.457 
0.454 

- 

o-073 
0.077 
0.024 
0.454 
0.454 
0.452 

0467 
0.4% 
0.490 
0.586 

- 
0468 
0.854 
2.2 

- 

0468 0.395 
0.469 0.392 
0467 0.393 

0.393 
0.593 
0.562 

- 

0;2 
1.12 
1.95 

- 

Molybdenum(V1) gives rise to a negative interference probably because of con- 
sumption of the reagent. This interference can also be suppressed by EDTA. 

Vanadium(V) also forms yellowish products in aqueous solution at pH 1 and 2; 
for o-phenylenediamine and 4-methyl-o-phenylenediamine, vanadium does not 
interfere if the toluene layer is washed once with 0.144 hydrochloric acid. For 4 
chloro- and 4-nitro-d-phenylenediamines, although 60 ,ug of vanadium(V) have no 
effect on the determination of selenium, 1.36 mg cause a positive interference, giving 
rise to a violet or yellow coloration in the toluene which cannot be eliminated by 
washing. Neither a higher acidity (1M hydrochloric acid) nor EDTA eliminates the 
interference from vanadium (Table IV). 
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TABLE IV.-EFFECT OF VANADIUM(V) ON THE DETERMINATION OF 20 pg OF SELENIUM (PH 1) 

Vv added, 
mg 

Extinction 
O.lM EDTA 

added, ml rl_Methyl- rl_Chloro- rl_Nitro- 
o-Phenylene- o-phenylene- 

diamine diamine 
o-phenylene- o-phenylene- 

diamine diamine 

None 
0.03 

0”:: 

0.12 
0.12 
1.36 
l-36. 
1.36 
1.36. 
1.36 

0~450 
0.450 

- 
1 

0.444 
1 0449 

0.450 
o-450 

; 0.448 
0447 

5 0.450 

0.453 
0.453 
0.453 
0.450 

- 
- 

0.455 
0.450 
0446 
0.447 
0449 

0.467 
O-467 
0468 
0468 

- 

0645 
1.04 
0649 
0.559 
0601 

0,393 
0.423 
0.430 
0.477 

- 

o&5 
1.12 
1.37 
1.42 
1.61 

.pH2 

More than O-1 mg of tin(IV) or chromium(II1) gives rise to a negative interference 
in all cases and neither higher acidity (1M hydrochloric acid nor the addition of 
EDTA is effective in the suppression of the interference. However these elements 
can be easily separated from selenium as oxinates. 

CONCLUSION 

o-Phenylenediamine and 4-methyl-o-phenylenediamine can be regarded as highly 
selective reagents for the determination of selenium when used with EDTA. Of 
these, the latter is the better because of the higher distribution ratio of fi-methyl- 
benzoselenadiazole. If iron(III), vanadium(V), tin(IV) and chromium(II1) are 
separated by extraction as Shydroxyquinolates from a slightly acidic medium (cu. 
pH 4), the other two reagents, Cchloro- and 4_nitro+phenylenediamine, can also 
be used successfully. These two o-diamines, in particular the latter, can be very 
conveniently employed for the determination of selenium in strongly acidic solution, 
e.g., the determination of selenium(V1) after reduction to the quadrivalent state in 
concentrated hydrochloric acid. Thus, taking into consideration the above findings, 
one can choose one of the four o-diamines to suit a particular problem. 

Zusammenfassung~-Phenylendiamin und seine 4-substituierten Deri- 
vate 4-Methyl-, 4-Chlor- und 4-Nitro-o-phenylendiamin reagieren alle 
mit seleniger Saure in saurer Losung zu Benzoselenadiazolen, die 
in Toluol extrahiert werden k&men. Verteilungsverhiiltnis, Absorp- 
tionsmaxirnum, molarer ExtinktionskoetBxient und optimale Bildungs- 
bedingungen fur jedes Benzoselenadizaol wurden ermittelt. Eisen(II1) 
und Molybd&n(VI) storen die Selenbestimmung mit diesen Reagen- 
tien, die Wrung kann jedoch in beiden Fillen durch EDTA beseitigt 
werden. Vanadium(V) stiirt nur im Falle der 4-Chlor-und 4-Nitro-o- 
phenylendiamine, und diese Stbrung IWt sich mit EDTA nicht 
beseitigen. 

R&sum&-L’o-phenylenediamine et ses derives 4-substituts, 4 methyl- 
o-phenylenediamine, 4-chloro-o-phenyl&nediamine et Cnitro+ph&nyl- 
enediamine, reagissent tous avec l’acide SelCnieux en solution acide 
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pour former des benzosr?lenodiazoles, extractibles au toluene. Pour 
chaque benzos&nodiazole, on a etudie le coefficient de partage, la 
longueur d’onde du maximum d’extinction, le coefficient d’extinction 
moleculaire et les conditions optimales de formation. Le fer(III) et le 
molybdene(VI) interfercnt dans le dosage du selenium au moyen de ces 
reactifs, mais cette inte drence peut Btre dliminQ dans les deux cas au 
moyen d’EDTA. Le % ahadium(V) n’interfere qu’avec les 4-chloro- et 
4-nitro-o-phenylenediaXmines, et I’EDTA n’elimine pas cette inter- 
ference. 
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NEUTRON-ACTIVATION ANALYSIS OF COPPER IN LEAD 
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Smnmary-Submicro~am quantities of copper were deteved in 
lead samples using neutron-activation analysis. The chermcal sepa- 
ration of copper was performed by extraction with 2,2’-diquinolyl 
(cuproIne) in isoamyl alcohol. No minor or trace constituents in the 
lead samples interfere with the copper determinations. 

INTRODUCTION 

ALTHOUGH copper is a common constituent of lead, a neutron-activation analysis of 
this element in a lead matrix has hitherto never been developed. Copper has been 
determined in various other materialsl-’ using a separation as CuCNS or CuS. 
Non-destructive gamma-spectrometric copper determinations have been performed 
by Cosgrove and Morrison* using decay measurements of the O-51-MeV annihilation 
radiation of *4Cu. ChinagliaQ and Petit and EngelmannlO used a rather specific 
64Cu determination based on the coincidence measurement of the two annihilation 
quanta. Other isotopes yielding p+ radiation can, however, interfere with the %u 
determination. Activation analyses based on irradiations with a Van de Graaff 
accelerator neutron source have been made by Guinn and Wagner.ll 

In this paper a copper determination in lead using 64Cu is described. A specific 
chemical separation procedure is used, based on the extraction of the 64cu-2,2’-di- 
quinolyl complex in isoamyl alcohol according to Hoste.12 

NUCLEAR PROPERTIES 

64Cu (t, = 128 hr) formed by neutron irradiation with an activation cross-section 
of 3-O b predominantly gives rise to annihilation radiation. A low-intensity y-ray 
of 1.34 MeV is valueless for a gamma spectrometric determination, in the presence 
of a mixture of radioisotopes from other contaminants of the lead samples, although 
the matrix itself is quite inert for neutron irradiation. Table I gives a survey of the 
nuclear values for most of the common minor and trace constituents of lead. 

If a chemical separation of copper is used, none of these elements can interfere 
with the copper determination. The 64Zn (n,p)64Cu reaction with a cross-section of 
22 mb can give rise to an interference, which was experimentally determined for 
irradiations in the BR-1 reactor at a neutron flux of 8 x 1O’l neutrons. cm-2. set-l. 
For a concentration of 100 ppm of zinc, the error in the determination of 1 ppm of 
copper was only 3%. The use of more thermalised irradiation positions of the 
reactor can further reduce this error to a significant degree if required. 

Neutron shadowing effects in the copper standards were avoided by the use of 
dilute copper solutions in quartz ampoules. As can be seen from Table II, the specific 
activity of copper remains unaffected by self-shadowing up to concentrations of 7 mg 
of copper in 250 ~1 of water (irradiation at 8 x 101’ neutrons . cm-2 . see-l in BR-1). 

+ Research Fellow I.I.K.W. 
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TABLE I.-RADIONUCLIDES PRODUCED FROM TRACE AND MINOR CONSTITUENTS OF 

LEADALLOYSBYIRRADIATIONWlTHTHEIlMALNEUTRONS 

Element 

Isotopic Product on 
Isotopic activation thermal 

Target abundance, cross sec- neutron y-radiation and 
nuchde % tion, barns irradiation Half-life energy, Me V 

cu oWJ 70.13 3.0 6Vu 12.8 hr 0.511; 1.34 
Vu 29.87 0.65 eVu 5.1 min O-83; 1.04 

AS r5As 100 4.3 ‘@AS 26.5 hr 0.55; 064; 1.20; 
1.78; 2.10; 2.80 

Sb “‘Sb 56 3.7 r=Sb 2.8 d 0566; 0.686; 1.137 
1.256 

l*lSb 56 1.3 l$rmSb 3.5 min O-060; 0.075 
l’sS b 44 1.1 is4Sb 61 d 0603; 0641; 0.716 

168; 2.09 
Yib 44 0.013 l-%Sb 1.3 min O-012 
lrrSb 44 0.013 1r4m&b 21 min 0.018 

4 lOTA g 51.9 23 l0BA g 23 min 0.430; O-511 ; 0600 
0.630 

lOOA 
g 48-l 54 “OAg 24 set 0660; 0.720; O-810 

0.880; o-940 
l@lA g 48.1 1.4 1lomA 

g 
270 d O-656; 0.681; 0.706 

0.764; 0.884; 0940 
1.38; 148 

zn ‘%I 50.9 O-25 06Zn 254 d 0.511; 1.11 
Y?n 17.4 0.62 r0mZn 13.8 hr @438 

Sn 1.1 
15.5 

0.013 rlsSn 112d 0.260; O-392 
OGOl l17mSn 14 d a161 ; 0.320 
0.007” lrrSn 40min 0.153 
0.01 l¶SmSn 9.5 mill 0.326 

Na ssNa 100 0.54 B’Na 14.8 hr 1.38; 2.76 

TABLE IL-NEUTRON SELF-SHADOWING 

Weight of copper, Count rate, Relative specific activity, 
mgl250 pl elm elm. mg 

17.322 296,470 17,115 
6.929 119,740 17,470 
l-732 30,537 17,730 
0.693 11,955 17,426 
0173 3,005 17,630 

EXPERIMENTAL 

Chemical separation of copper traces from iead 

The extraction of the copper-2,2’-diquinolyl complex in isoamyl alcohol can be used for the 
detection and the determination of trace amounts of copper. The yield is cu. 99% in the presence 
of gram amounts of lead for an isoamyl alcohol-water volume ratio of 1: 3.5. As appears from Table 
III, the extraction is practically quantitative for 100 pg-amounts of copper when 10 ml of a 0.02% 
2,2’-diquinolyl solution is used. Two successive extractions ensure a quantitative recovery from the 
aqueous phase. 

The inlluence of arsenic, antimony, zinc, bismuth and silver was carefully investigated using 
tracers of these elements. None of these common contaminants of lead is extracted together with 
copper, or gives rise to a measurable interference. 
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TASLJZ III.--cOPPER EXTRACnON 

cu &Tarrier. 
8% 
10 
15 

Z 
55 

:: 
170 
340 

Extraction, 
% 

99.1 
98 
99.0 
99.0 
990 
995 
99.2 
98.5 
73 

Procedure 

Lead samples of cu. 1 g are sealed in quartz ampoules and are irradiated in the BR-1 reactor 
at a neutron flux of 8 x 1Ou neutronscm-*. sec- I. The irradiated samples are dissolved in 30 ml of 
1M HNO, in the presence of 30 cg of Cu(NO,), carrier. The solution is neutral&d to pH 4-45 with 
NaOH and 200-300 mg of NH,OH.HCl are added to reduce the copper to the univalent state. The 
solution is shaken for 1 min with a lo-ml portion of a O-02 % 2,2’-diquinolyl (cuprome) solution in 
isoamyl alcohol. After centrifugation, both phases are separated. 30 /rg of Cu(NO,), are again added, 
and the separation is repeated. The isoamyl alcohol fractions are assembled and counted inawell-type 
NaI(T1) crystal scintillator. The radiochemical purity of the organic fractions was checked with a 
multichannel analyser. The aqueous fraction is y-spectrometrically controlled for @‘mZn and ‘Vu 
activities. In the presence of high activities of isotopes from Sb, As, Zn, Ag and Cd, it is necessary to 
wash the isoamyl alcohol fraction thoroughly with water. 

RESULTS 

The method was tested on a series of synthetic lead samples, on four commercial 
high-purity lead samples and on a lead alloy. 

TABLEIV.-ACTIVATION ANALYSISOFCOPPERIN LEAD 

No. 

Cu added per 
g of Pb, 

M 

Weight of 
lead, Cu concentration, Cu found, 

8 PPm PP” Average 

: 
3 
4 

: 

;: 
9 

10 
11 
12 
13 
14 
15 
16 
17 

6.88 
6.88 
6.88 
6.88 
344 
344 
344 

::z 

;:z 

344 
0 
0 
0 
0 
0 

1.0568 10.24+ 
1 a0304 10-24. 
1.0514 10*24+ 
I.0058 10.24’ 
0.5000 680 
0~5001 680 
0.5032 6.80 
03030 6.80 
0.5008 6.80 
0.5062 6.80 
0.9792 680 
1.0182 6.80 
1.0331 3.36 
1 +loO7 3.36 
1 GO74 3.36 
1.0171 3.36 
0.9792 3.36 

1040 
10.03 
10.23 10.20 &- 0.24 

IO-53 
6.51 
6.58 
6.47 
660 
640 

6.58 f 0.14 

635 
6.86 
6.72 
3.28 
3.17 
3.46 
3.20 
3.49 

3.36 -f O-16 

18 0 1 *cMlO2 3.36 3.30 
19 0 I.0198 3.36 3.34 
20 0 06671 3.36 3.67 
21 0 I-0001 3.36 3.32 

l Concentration of copper = concentration added + concentration initially present (3.36 ppm). 
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The synthetic samples were obtained by evaporating different amounts of a stand- 
ardised copper nitrate solution with gram amounts of lead powder of known copper 
content. The results of activation analyses of these synthetic samples are shown in 
Table IV. 

The results of the commercial lead samples are given in Table V. Some of the 
samples contain high concentrations of antimony (JM-4: 0.8%) and silver (VM-1: 
11 ppm); no interference, however, was observed from these elements. The copper 
concentration throughout the ingots appears to be inhomogeneous. The edges of 
sample VM-3 contain a concentration of copper almost twice as high as in the middle 
of the ingot. 

The lowest quantity of copper analysed was O-1 pg. Appreciably lower copper 
concentrations can, however, be determined. One can compute that an irradiation of 

TABLE V.-ACTIVATION ANALYSIS OF COPPER 

Weight of Cu found, 
Sample lead, g Activity, c/m PP” Average 

VM-1 0.8265 81,803 
1.2381 130,702 
1.2262 104,748 
1.1202 88,373 
I Xl496 103,640 

VM-2 0.6162 45,637 
0.4987 35,012 
0.5588 30,959 
0.4352 30,334 
0.6747 41,845 

VM-3 0.1391 61,621 
0.1391 60,500 
0.1391 59,551 
0.1391 59,985 
0.1391 60,187 
01391 57,804 
0.1391 56,764 
0.1391 56,789 
0.1391 56,379 

VM-4 00585 50,010 
00585 51.489 
0.0585 51,955 
0.0585 45,075 
0.0585 47,766 
00585 48,964 

JM-4 0.1031 20,580 
0.1002 19,699 
0.1077 19,669 
0.1032 18,773 
0.1066 18,513 
0.1063 18,953 
0.1116 17,385 
0.1030 16,563 
0.1033 13,259 
0.2011 14,353 

YM-3 0.1105 125,055 
0.1105 124,639 
0.1105 122,161 
0.1105 128,453 
0*1105 115,881 
0.1105 121,309 

3.00 
3.20 
2.59 
2.39 
2.99 
2.28 
2.16 
1.71 
2.15 
1.91 
4.11 
4.04 
3.97 
4.00 
4.02 
3.86 
3.79 
3.79 
3.76 
2.27 
2.34 
2.36 
2.05 
2.17 
2.22 

45.0 
44.3 
41.1 
41.0 
47.8 
49.1 
43.8 
45.3 
38.8 
43.2 

6.62 
660 
6.47 
6.80 
6.14 
6.42 

2.83 f @33 

2.04 & 0.23 

3.93 & 0.13 

2.23 f 0.11 

43.9 ,$ 2.9 

6.51 f 0.22 
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10 hr at 8 x 10” neutrons . cm-2. set-l should permit the determination of 0405 ,ug 
of copper. 

The copper determination can be completed within 03-l hr after the end of the 
irradiation. The reproductibility is generally better than 10%; the higher standard 
deviations of the results ‘of the analysis in Table V are rather produced by inhomo- 
genities of the copper in the lead-metal samples. 

The proposed method can be associated with a y-spectrometric determination of 
arsenic and antimony in the aqueous layer, using a technique previously presented.13 

Ackno&&ne~&-Thanks are due to Mrs. Van Audenaerde-Vantorre for technical assistance and 
to the “Interuniversitair Instituut voor Kemwetenschappen” for financial support. 

Zusannnenfassung-SubmikroGrammengen Kupfer in Bleiproben 
wurden durch Neutronenaktivlerungsanalyse bestimmt. Kupfer wurde 
durch Extraktion mit 2,2’-Dichinolyl (Cuproin) in Isoamylalkohol 
abgetrennt. Keine Neben- und Spurenbestandteile der Bleiproben 
stijren bei den Kupferbestimmungen. 

R&an&-On dose, dans des tchantillons de plomb, des quantitib de 
cuivre infkrieures au microgramme au moyen de l’analyse par acti- 
vation de neutrons. La tiparation du cuivre a ttt r&Ii& par ex- 
traction au 2,2’-diquinolyle (cupro’ine) en alcool isoamylique. Les 
constituants secondaires que peuvent renfermer les 6chantillons de 
plomb n’interfkrent pas dans les dosages du cuivre. 
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F-y-The polarography of the aquo and chloride species of 
rhodium(II1) has been investigated. The aquo corn lex was prepared 
by fuming in perchloric acid, and the various c % oride complexes 
were prepared by heating in the presence of chloride ion. In all cases, 
polarography gave irreversible diffusion controlled waves. It is 
essential that the solution constituents be carefull 
analytical polarography, and that the solutions be sta 6. 

reproduced for 
thsed by heating, 

because equilibrium is established very slowly at room tern rature. 
Mercury cathode electrolysis at a controlled potential sho WeBe that the 
polarographic reduction step involved 3 electrons. This is used as the 
basis of a coulometric determination of 1*5- to 15-mg amounts of 
rhodium in 0.2Xi.4iU chloride electrolyte at a potential of -0.2 V 
us. SCE. 

INTRODUCTION 

THERE-have been various papers concerned with the direct current polarography of 
rhodium(II1) in aqueous media. The behaviours of Na&hCb,f RhClsM and 
[Rh(NH&Cl)]Clss have been studied in a variety of non-complexing electrolytes and, 
in addition, ammonia,5 bromide,6 chloride,l cyanide,617 EDTA,s fluoride,7p0 oxalate,s 
y-picoline,l” pyridine,6*7s10J1 thiocyanates~7Js and thiourean have been employed as 
complexing electrolytes. In these latter cases the complex was generally formed by 
warming a stock solution of Na&hCI, or RhCls with the electrolyte, but in some cases 
the solution was not warmed and it is difficult to judge the nature of the species 
actually present on polarography. 

It was found possible to have a number of different rhodium(III) species simul- 
taneously present. For example, two waves could be obtained with y-picoline and 
pyridine electrolyteGo if the reaction was incomplete. The first wave was characteristic 
of.Na,$hCJ, itself, while the second, more negative wave resulted from the reduction 
of a new complex species. With these complexing agents acid solutions could not be 
employed, because under such conditions the chloride complex decomposed with 
di&ulty. With oxalates two different species could also be obtained. It was postulated 
that Na&hCg was first converted to a Rh(CsO&- complex, but prolonged heating 
gave a Rh(CsOJs8- complex with a more negative half-wave potential. 

Of the species investigated, the chloride complex is reduced at the most positive 
potentials. Cozzi and Pantan? observed that the polarographic wave was complex, 
and distinguished two composite parts in this case, and also with the bromide6 and 
thiocyanate’* complexes. The Brst part of the composite wave with bromide was 
found to be markedly a&cted by the presence of surface active agents in the solution. 
This suggests that it is probably an adsorption pre-wave. 

The number of electrons involved in the reduction steps has been determined, 
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generally by coulometry, but sometimes by analogy with the polarographic waves 
obtained with other complexes, usually those of cobalt(II1). In general, the reduction 
proceeds to the metal but there are conflicting claims. In some cases intermediate 
rhodium(I) and rhodium(I1) oxidation states are indicated as products of the electrode 
reaction, and in the case of fluoride9 a two-step reduction has been reported. In the 
cases of y-picoline and pyridine, a partial controlled potential reduction at a large 
mercury cathode gave a solution with a composite anodic-cathodic polarographic 
wave, confirming the existence of a stable intermediate oxidation state.‘O Plots of 
log (i/id - i)) VS. Edtue indicated that the electrode reaction was irreversible in the 
case of the chloride,l y-picoline,lO pyridine,‘O thiocyanate12 and thiourea13 complexes, 
but reversible in the case of the bromides complex. In spite of this irreversibility, 
Cozzi and Pantanil calculated a set of successive formation constants for the chloride 
complexes employing the method of De Ford and Hume.14 

Most of these electrolytes gave waves that are analytically useful with the emphasis 
on the polarography of “pure” solutions. Of the electrolytes, EDTA* and thiourea13 
have been recommended for the determination of rhodium in the presence of iridium. 
Douglas and Magee15 used oscillographic techniques to study the behaviour of a 
number of rhodium(II1) complexes and developed a procedure for the determination 
of rhodium in rhodium-palladium alloys using a thiocyanate electrolyte. Beran and 
DoleZaPs have also studied the oscillographic polarography of rhodium(II1) in a 
hydrochloric acid electrolyte, and they detected a stepwise rhodium reduction ac- 
companied by a catalytic hydrogen ion reduction. 

Although the polarographic behaviour of a number of complexes has been 
reported, no investigation has been carried out into the behaviour of the aquo species 
of rhodium(II1). In addition, there has been no attempt to devise accurate coulo- 
metric procedures for the determination of rhodium(II1). Such coulometric results 
as have been reported have been single approximate experiments designed to determine 
the value of n in the polarographic step. The present investigation is concerned with 
the polarographic and coulometric behaviour of the aquo and chloride species of 
rhodium(II1). 

EXPERIMENTAL AND RESULTS 

Polarograms were recorded on a Leeds and Northrup Type E Electrochemograph with the damping 
set in the No. 1 position. The cell was a conventional H-type with a saturated calomel electrode. 
The polarographic currents reported have been corrected for residual effects by subtraction of the 
current found in blank solutions at the same potential. The polarography was carried out at 25.0” 
unless otherwise noted. 

The controlled potential coulometric titrations were carried out using an apparatus patterned 
after that of Bo0man.r’ The conventional H-type cell had a capacity, V, of 100 cm3 and a mercury 
surface area, A, of I6 cm2. The mercury was introduced into the cell by a bottom stopcock and 
levelling bulb. The reference electrode was a Beckman saturated potassium chloride-calomel type 
(39170). 

For the usual analysis, approximately 80 ml of the appropriate base electrolyte were taken, de- 
aerated for 15 min and pre-electrolysed. The mercury was withdrawn from the cell, the rhodium 
solution was added and the entire electrolyte was de-aerated for an additional 10 min. The mercury 
was returned to the cell and the electrolysis was carried out. To keep the residual current as low as 
possible, the potential selected for electrolysis was the lowest value safely on the polarographic 
limiting current plateau. In calculating the quantity of electricity, Q, required for the rhodium 
reduction, a background correction equivalent to the product of the final constant residual current 
and time was made. 

For a diffusion-controlled electrolysis, the concentration of the reacting substance, C, at any 
time I, is given by 

C, = C,e-** (18) 
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where C,, is the concentration of the reacting substance at I = 0. If the reduction is diffusion- 
controlled, a plot of -2.303 log,, (1 - QJQ) against t is a straight line with slope of k SCC-~.~~ All 
electrolyses reported in this paper gave such straight line plots, and k values are given. 

pH measurements were made using a Cambridge Bench Model pH Meter. The glass electrode 
was a Cambridge wide range type (42558) and the reference electrode a Leeds and Northrup saturated 
potassium chloride-calomel type (1191-31). The meter was standard&d against a saturated potassium 
hydrogen tartrate solution prepared according to the directions of the National Bureau of Standards 
from their sample 188 (pH 356 at 25.0”). 

For controlled potential electrolytes and pH measurements in chloride solutions the reference 
electrode was used directly, whereas an intermediate bridge containing a 1M sodium nitrate solution 
was used with perchlorate-containing electrolytes. For coulometry and polarography involving 
chloride solutions, the agar bridge separating the cell compartments was prepared as a gel saturated 
in potassium chloride. With perchloratecontaining solutions, a gel 1M in sodium nitrate was 
employed. All potentials (V) reported in this paper are relative to the saturated calomel reference 
electrode. 

Spectra in the visible and ultraviolet regions were recorded using a Bausch and Lomb Spectronic 
505 with matched quartz cells of I- or lO-cm path length. For the mixed aqua-chloride complexes, 
the estimates of average composition were taken from the results of Wolsey, Reynolds and Klein- 
berg.eO The red RhCl,*- species gives spectrophotometric peaks at 519 and 410 rnp, the yellow 
Rh(HIO)ea+ species at 393 and 306 rnp. Between these are a series of mixed complexes of intermediate 
orange colours and with intermediate peak positions. 

All chemicals used were reagent-grade. Prepurified nitrogen (less than 20 ppm of oxygen) was 
used to displace and exclude oxygen from the solutions for polarography and coulometry. 

The standard rhodium solution was prepared from sodium hexachlorhodite, Na,RhCl,, supplied 
by Englehard Industries Inc. (Lot XXV-l); 10.0 g of the salt were dissolved in 5 ml of concentrated 
hydrochloric acid diluted with double distilled water. The solution was filtered and diluted to a 
final volume of 2 litres. The rhodium content was determined by thiobarbituric acid precipitation 
according to the method of Currah, McBryde, Cruikshank and Beamish.*l Three B&ml aliquot 
portions of the solution gave, after ignition in hydrogen, 12.12, 12.14 and 12G9mg of rhodium. 
Over the six-month experimentation period, no significant variation of coulometric results was noted, 
indicating that the rhodium(II1) was stable. As a working solution, the stock solution was diluted 
four-fold with double distilled water. 

Studies in Perchlorate Media 

The existence of the hexa-aquo complex of rhodium(II1) has been postulated by several 
authors.+** This complex has been prepared from a Na&hCl, solution b 
with sodium hydroxide and dissolution in perchloric acid,** by dissolving RK 

repeated precipitations 
(ClO,),GI,O in water- 

and by boiling Na,RhCl,*12H40 with 5M perchloric acid .l’ 
and a Rh(H10)8*+ species was postulated. 

In each case the solutions were yellow, 
Some controversy exists” over the nature of the species 

prepared by boiling Na,RhCI,-12H,O with 5Mperchloric acid, but the interpretation of the spectro- 
photometric results reported by these authors can be questioned. 

Polarography 

Solutions to be polarographed were prepared by fuming aliquot portions of the rhodium solution 
with equal volumes of 72% perchloric acid. The samples were fumed to a volume of about 2 ml, 
washed down with water and again fumed to the same volume. The resultant solutions were diluted, 
and sodium perchlorate was added to the extent of 0.1 mole per litre of final volume. The acidity of 
the solutions was adjusted, when necessary, by the addition of a 1M sodium hydroxide solution and 
they were then heated on a steam bath for at least 1 hr before cooling and making up to the final 
volume of 100 ml. The ionic strength was approximate1 
peaks, at 303 w and 392 mp, confirming the existence o r 

0.13M. Spectra of the solutions gave 2 

Polarography gave 2 reduction waves. 
the Rh(HIO)8a+ species. 

Over the pH range 1.5 to 2.7, the first wave had E 1,r = -0.38 V and a limiting current (id) 
independent of pH. The electrode process appeared to be diffusion controlled; id was proportional 
to the concentration of rhodium(II1) and to the square root of the height, h, of the mercury column 
(Table I). The temperature coefficient of id was + 1.6 % per degree (O-32”). The wave was irreversible; 
a plot of Edme W. -log [i/(id - i)] gave a straight line of slope 112 mV and El/, had a temperature 
coefficient of +3*7 mV per degree (O-32”). Above pH 2.9, El/‘d became more negative and i,, decreased. 
This effect can be attributed to hydrolysis.Ps 

At a more negative potential, the second wave occurred with a pronounced maximum. The usual 
suppressors-Methyl Red, gelatin and Triton X-l-had little effect. With a 0.147 mM rhodium(II1) 
solution, El/, was approximately -0.72 V; it became more positive with increasing temperature, 

.i 
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TABLE I 

id/c 
id, 

wmp id/c 

0.13M Perch/orate (id and t measured at -0.6 V) 

at h, at h, at h, at hl 
0.0263 0.26 9.8, 0.23 8.7, mean - id = 

Ch,l/2 
0.38 

0.0525 0.51 9.7, O-45 8.5, 

0.105 1.00 9.5% 0.89 8.4h 
0.300 2.80 9.3, 2.52 8.4, mean - id = 0.38 
0.420 3.85 9.1, 3.53 8*40 Ch,l/2 

0.588 5.39 9.1, 4.77 8.11 

O.lM Chloride (id and t measured at -0.3 V) 

at h, at hl at ho at hl 

0.0188 0.19 10.3 0.17 0.0376 0.38 10.3 0.35 
0.105 1.10 10.4 1.03 

9.2, id mean - = 0.42 
Ch11/2 

0.300 3.16 10.5 2.82 9.4; 
0.420 4.35 10.3 3.86 9.1, 
0.588 6.06 10.3 5.38 9.1, 

mean - id = 0.42 
Ch,l/2 

0.4M Chloride (id and t measured at -0.3 V) 

at hl, at hs 

0.0294 0.34 
0.117 1.33 11.4 

11.5 I 
15 min after dilution 

0.294 3.50 11.9 

0.0294 0.32 
0117 1.27 10.9 

11.1 J 24 hr after dilution 
0.294 3.35 11. 
0294 3.25 11.0 diluted and heated for 1 hr 

6M Chloride (id and t measured at -@4 V) 

at hs at h, 
00294 0.29 9.9, 
0.117 1.13 9.6, 
0.294 2.93 9.9, 

Capillary Characteristics 

Capillary (I) h, eff = 62-l cm m, = 2,021 mg/sec 
h, eff = 50.3 cm ml = 1.623 mg/sec 
0.13M perchlorate 11 = 4.40 set I* = 5.4, set 
O.lM chloride t1 = 42,se.c ta = 5.2, set 

CapiNary (2) h, eff = 62.0 cm 
0.4M chloride 1, = 3.5, set 
6M chloride 1, = 3.3* set 

but also more negative with increasing rhodium(II1) concentration. The electrode process was not 
diffusion controlled; the limiting current oould only be approximately measured as the minimum 
before the discharge of the supporting electrolyte but it showed little variation with h and it had a 
temperature coel’hcient of -2.7 % per degree (O-32”). The wave height was dependent on both the 
concentration of rhodium and the aoidity of the solution (Fig. 1). 

Additional experiments were performed using Rh(H,O),‘+ prepared by a second method. A 
portion of the working solution was taken and the rhodium(II1) was prectpitakd usmg a sodium 
hydroxide solution. The precipitate was washed once with water and taken up in 50 ml of perchloric 
acid solution of pH 1.3. The resulting polarogram was similar to those from fumedsamples, except 
that a.prewave representing about 5% of the total wave he@ occurred w,ith Et/, near0 V. This 
may be attributed to a chloride complex (ref. 22, uidc infra) which was not completely destroyed by 
the single precipitation. 



Aquo and chloride complexes of rhodium(II1) 231 

FIG. l(u).-“Second” wave at rhodium(II1) concentration of 0.147mM: 
0 Perchlorate media, values of CEc are in M x lo”. 
ci Chloride media, values of C,+ are in M x IO’. 

C Rh’ mM 
FIG. l(b).--“Second” wave at fixed pH: 

0 Perchlorate media, pH 233 f OG7. 
n Chloride media, pH 3.04 f 0.04. 
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Controlled potential electrolysis 

Samples of working solution were fumed with 10 ml of 72 % perchloric acid to a volume of 5 ml, 
washed down and fumed again to the same volume. This solution was added to a pre-electrolysed 
O*lM sodium perchlorate base electrolyte for coulometry at -055 V. For two samples the pH of 
the fumed solution and of the base electrolyte was adjusted to a value of 2.1 f 0.1 before.electrolysis 
(k = 0.05 set-I). For two other samples the fumed solution was used with no prior reduction of 
acidity (k = 0.14 set-I). Assuming a 3-electron reduction, the results are in fair agreement with the 
rhodium taken (Table II). 

TABLE II 

Reduction 
Background, Rh taken, Rh found, 

mmp mg mg 

Perchlorate medium, 

PHI 
Perchlorate medium, 

pH 2.1 

Chloride medium, 
0.2-0.4M 

Chloride medium, 
6M 

Chloride medium 
(after perchlorate 
fuming) 

06-03 7.56 7.52 7.46 

0.3-0.4 6.07 6.00 6.06 

0~01404 15.09 
10.59 
7.56 

607 

4.55 
3.04 
1.52 
7*39a 

0*08-0*16 9.08 
7.56 
6.07 
3.04 
1.52 

0.05 7.56 
6.07 

15.05 
1060 10.55 
7.56 7.54 7.50 
7.53 7.53 7.51 
6.06 602 6.06 
6.06 608 
4.57 
3.04 
1.55 1.55 
740 7.38 

9.04 
7.53 7.55 
6.05 
3.03 
152 

7.56 
6.04 

a Na,RhCI, solution provided and standard&d by Mrs. A. Lee 

Studies in Chloride Media 

In aqueous solutions containing chloride ions, rhodium(II1) exists in a series of complexes with a 
general formula of RhCl.(H,O),_,s-” where n is O-6. The distribution of rhodium among the various 
species depends on the concentration of chloride ion,1@**4 temperature po+ and time.zo~*4 At room 
temperature, equilibrium among the different species is established slowly. 

Polarography 

6M Hydrochloric acid. In this electrolyte RhCl,a- is the predominant solution constituent.“’ 
Solutions here prepared by heating aliquot portions of rhodium solution with equal volumes of 12M 
hvdrochloric acid on the steam-bath for about 2 hr. followed bv cooline and dilution with 6M 
hydrochloric acid. The resulting solutions were red in colour, and gave @ectrophotometric peaks 
at 519 and 410 rnp confirming the existence of the RhCl,a- 
did not shift over a period of at least 4 weeks. 

.species.*“~*’ The positions of the peaks 

Polarography of these solutions gave one composite wave as reported by Cozzi and Pantani.1 
The behaviour did not correspond to the existence of an intermediate oxidation state, because the 
ratio of component heights was variable* , neither does it result from the existence of two species, 
for RhCl,s- is the only significant contribution. Plots of Eame vs. -log [l/(id - i)] gave two inter- 
secting straight lines, the first of slope 170 mV, the second of slope 57 mV. Assuming n = 3 for the 
over-all reduction, both parts of the wave are thus irreversible. The second line extrapolated to 
-log [i/(& - i)] = 0 gave an arbitrary E 1 l o = -0.26 V. The limiting currents (Table I) were 
proportional to the concentration of rhodium(II1). 

0.4M Chloride. At chloride ion concentrations less than 6M, there is a replacement of chloride 
ion by water, and the rhodium exists in a series of mixed complexes .1@‘,84 Aliquot portions of rhodium 
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solution were evaporated with h drochloric acid as before to a volume of 5 ml, and were then diluted 
h to 100 ml with O*lM sodium c loride to give a fmal chloride ion concentration of 04M. (These 

conditions were similar to those used for much of the coulometry, vide infu.) Within 2 min after 
dilution, a spectrum was recorded which showed peaks at 509 and 406 mp, indicating that some 
exchange of water for chloride had already occurred. The peaks continued to shift at a decreasing 
rate over a period of 2 weeks. After this time the peaks we-m at 481 mc( and 379 w, indicat’ 

7” average constituent composition of approximately RhC1,.,(H,O),.sO“-. Polarography of t ese 
solutions was done 15 min after dilution, and repeated 24 hr later (Table I). In each case, the limiting 
current was proportional to the concentration of rhodium. During the 24&r time interval i,& 
decreased and Ells shifted by about 30 mV to a more negative value. These shifts suggest that re- 
placement of chloride by water gives a species more difficult to reduce and with a lower diffusion 
coefficient. This is in contrast to the long term behaviour reported by Simpson, Evans and &off.* 

It was found that the final spectrophotometric equilibrium behaviour could be achieved by heating 
the freshly diluted rhodium solution for 1 hr at 100” and cooling. These solutions were then polaro- 
graphed (Table I). 

O*lM Chloride. The polarography was also investigated under conditions comparable to the 
acidities and ionic strengths used in the investigation of the aquo species. Aliquot portions of the 
rhodium working solution were diluted with suitable volumes of O*lM sodium chloride solution. 
The acidity was then adjusted using 1M hydrochloric acid or 1M sodium hydroxide reagent. The 
solutions were heated on a steam-bath for at least 1 hr, cooled and adjusted to volume. The pH was 
measured before polarography. Spectra showed aks at 473 and 373 w, indicating an over-all 
constituent composition of approximately RhCl, & ,O),. This spectrum did not change over a 
2-week period. 

Polarography gave 2 reduction waves. 
The fh-st wave was a composite of two waves. When -log [i& - i)] was plotted against Edme, 

two intersecting straight lines were again obtained with slopes of 187 mV and 87 mV respectively. 
An arbitrary Ells = -0.07 V was found as before. 
degree (O-32”) indicated an irreversible reaction. 

A temperature coef6cient of +3.5 mV per 

Over the pH range 1.3-3.8 the limiting current was independent of pH. The electrode process 
appeared to be diffusion controlled; ia was again proportional to the concentration of rhodium(II1) 
and to the square root of the height of the mercury column (Table I). The temperature coefficient 
of id was +1.6x per degree (O-32”). Above pH 3.9, ia decreased with time, indicating hydrolysis. 
For rhodium concentrations greater than 0*214mM, it was necessary to add OG)l % Triton X-100 
to suppress a maximum. 

As was found in perchlorate media, a second.wave occurred, with a maximum which was un- 
affected by the usual suppressors (Fig. 1). El/, was approximately -l+tO V. 

Controlled potential electrolysis 

Controlled potential reductions were carried out in 0.2-0.4M chloride and 6M hydrochloric 
‘acid media. For coulometry in both media, aliquot portions of rhodium working solution were 
heated on a steam-bath together, with 2-5 ml of concentrated hydrochloric acid, to a red solution of 
final volume 2-5 ml. 

6M Hydrochloric acid. In this base electrolyte RhCl**- is the predominant species throughout 
the electrolysis. The rhodium solution was added to a pre-electrolysed 6M hydrochloric acid base 
electrolyte for electrolysis at -0.37 V (/c = 0.12 see-3. The results are consistent with a 3electron 
process and are calculated on that basis (Table II). 

0.2-0.4M Chloride. Spectra showed that in this medium the average solution constituent varied 
over the time of electrolysis from RhCl d- at the beginning to approximately RhCl,(H,Q),l- 90 min 
later. A base electrolyte of 0.1 M sodium chloride solution was used, giving a total chloride ion con- 
centration of 0*22-04OM, depending on the volume of the added rhodium-hydrochloric acid solution. 
The potential for electrolysis was -0.2 V (k = 0.05 set-I). The background current was significantly 
less than that in 6M hydrochloric acid, and the results are again consistent with a 3-electron process 
(Table II). 

Conversion of the aquo complex to a chloride complex. Aliquot portions of rhodium solution were 
fumed in perchloric acid as previously described, diluted to 75 ml and heated on a steam-bath for 
several hours with a large excess of sodium chloride. Coulometry at -@2 V showed about 75 % of 
the rhodium(II1) in the easily reduced chloride form. 

On the other hand, fumed samples were similarly diluted but their acidity was adjusted to 
approximately 2.5 with 1M sodium hydroxide solution before the excess of chloride was added. 
After 2-3 hr heating, the yellow solution had become pink. Coulometry of these solutions was 
quantitative (Table II). 
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CONCLUSIONS 

For both the aquo and chloride complexes, polarographic waves were found 
corresponding to the irreversible reduction of rhodium(II1) to the metal. In addition, 
in solutions of low acidity, a second reduction wave was observable. This second 
wave was not observable in more acid solutions because of the prior discharge of the 
supporting electrolyte. It was found that the reduction of the various rhodium(H1) 
chloride species occurred at more positive potentials than that of the rhodium(II1) 
aquo species. A similar behaviour has been noted by Kolthoff and Linganez7 in the 
polarographic reduction of the chloro and aquo complexes of cobalt (II) and nickel(H). 

With the rhodium(III), exchanges of chloride ions and water molecules occurred 
only slowly at room temperature in acid solutions. The chloride complexes are inert, 
yet only one polarographic wave resulted in systems where the rhodium(U) must 
have been distributed amongst a number of complexes. A possible explanation is 
that values of E,,, characteristic of the various inert complexes are so close together 
that only one polarographic wave is apparent. There is a claim’ that increased 
chloride concentration shifts E 1,a to more negative values, as would be expected for 
a reversible reduction in a labile system. However, our polarography in 0*4M 
hydrochloric acid suggests that the opposite is true, because replacement of chloride 
ion by water on standing gave the opposite effect, i.e., the E,,, of the rhodium(ll1) 
became more negative. (The E,;, of the wave in 6M hydrochloric acid cannot be 
directly compared with that in less concentrated chloride media because of the greatly 
differing ionic strengths.) Effects similar to ours have been noted in thiocyanate 
media.6 In any case, because of the wide variation in behaviour of the different 
rhodium(II1) species, analytical polarography can only be done when strict attention 
is paid to reproducing the solution constituents and to stabilising the system by 
heating. 

The number of electrons involved in the reduction of both the chloro and aquo 
species is 3. It was found that quantitative reduction of the rhodium(II1) could be 
carried out with 100% current efficiency on a mercury cathode. McBryde, Graham 
and OtP also studied the deposition of rhodium at a controlled potential, but using 
a platinum cathode and procedures based on the work of McNevin and Tuthill.2s 
In acid solutions they found that hydrogen was evolved simultaneously with the 
deposition of rhodium. This was eliminated in solutions buffered at pH 4, but in all 
cases the rhodium deposit was contaminated with oxide and it was necessary to reduce 
it in hydrogen for weighing. The coulometry reported here was done in acid solutions 
using a mercury cathode with its accompanying high hydrogen overpotential. 

The coulometry in perchlorate media is not suitable for quantitative work because 
of the large background corrections. Of the two methods in chloride media, coulom- 
etry in 0.2-O.4M chloride gives the smaller background corrections. In contrast to 
polarography, it is not essential to have a reproducible distribution of rhodium 

among the chloride complexes. The method is only applicable in the absence of 
interfering elements; the analysis would not be directly apfilicable to rhodium in the 
presence of the other platinum metals. 
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Zusammenfassuag--Die Polarographie der Aquo- und Chlorid- 
komplexe von Rhodium(II1) wurde untersucht. Der Aquokomplex 
wurde durch Abrauchen mit uberchlorsiiure hergestellt, die Chlorid- 
komplexe durch Erhitzen in Gegenwart von Chlorid, In allen Fallen 
ergaben sich irreversible diffusionskontrollierte polarographische 
Stufen. Wesentlich ist, da0 zur analytischen Polarographie die 
Bestandteile der Liisung sorgfitltig reproduziert werden und da8 die 
Losungen durch Erhitzen stabilisiert werden, da sich bei Zimmer- 
temperatur das Gleichgewicht nur sehr langsam einstellt. Elektrolyse 
bei kontrollierter Spannung an einer Quecksilberkathode zeigte, dr9 
der nolaroaranhische Reduktionsschritt 3 Elektronen einschliebt. 
Dies ‘wurde z& Grundlage einer coulometrischen Bestimmung von 
1,515 mg Rhodium in einer 0,2-0,4 m Chloridliisung bei -0,2 V 
gegen die gesiittigte Kalomeellekt~ode gemacht. 

R&sum&On a Ctudie la polarographie des esp&ces aquo et chlorure 
du rhodium (III). Le complexe aquo a CtC prepare au moyen d’acide 
perchlorique et les divers complexes chlores ont 6tt p&par&s par 
chauffagekn presence d’ion chloie. Dans tous les cas, la polarographie 
donne des vaeues de diffusion control&es irreversibles. 11 est essentiel 
de reproduirgsoigneusement les constituants de la solution pour la 
polarbgraphie anaytique et de stabiliser les solutions par chauffage, 
car l’tauilibre s’dtablit tres lentement a la temperature ambiante. 
L’Clect;olyse avec cathode de mercure a potent&l contr61e montre 
que le degre de reduction polarographique met en jeu 3 electrons. On 
utilise ce fait comme base d’un dosage coulometrique de 1,5 a 15 mg 
de rhodium dans un electrolyte 0,2 a 0,4 M en chlorure, a un potentiel 
de -0,2 V par rapport a l’electrode 6talon. 
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Summary-Cobalt in low concentrations in single c 
3 

stab, grown 
from sodium chloride melts containing cobalt chlon e, is rapidly 
determined, without destroying the crystals, by measuring the absorb- 
ance of the 21%rnp band. The lower limit for measurement of cobalt 
by this method is about 10’” cobalt ions/cc for a crystal piece 1 cm 
thick. The molar extinction coefficient of the 215rnp absorption band 
in the crystals is about 7000. Singlesweep polarography is used to 
calibrate the absorbance by determining the concentration of cobalt 
in solutions prepared from the cobalt-d;ped sodium chloric crystals. 
Cobalt can be determined in sodium chloride solution (0.05 p of 
NaCl/ml) in concentrations as low as 5 x lo-’ g/ml by single&ecp 
polarography. This corresponds to 2 x lOI cobalt ions/cc of crystal. 

INTRODUCTION 

BECAUSE of the interest in the formation of colour centres in alkali-halide crystals 
containing bivalent cations of the first transition series, a method for the non-destruc- 
tive determination of the cobalt content of cobalt-doped sodium chloride single crys- 
tals has been developed. The determination is made by relating the optical absorbance 
of cobalt to the concentration of cobalt in the crystals. The strong absorption band 
at 215 rnp in these crystals1 was used, because the absorption bands which have been 
reported2 in the visibleregion are extremely weak (only heavily doped, turbid crystals 
exhibit them). Because of its extreme sensitivity, single-sweep polarography was used 
for the determination of cobalt in solutions prepared from the crystals and the absorp- 
tion method was calibrated with this polarographic method. 

Crystals 
EXPERIMENTAL 

Cobalt-doped sodium chloride single crystals were grown in a helium atmosphere by the Kyro- 
poulos technique. In general, reagent-grade materials were used, although in some cases the cobalt(D) 
chloride was prepared from recrystalhsed hexa-aquocobalt(I1) chloride. The melts, which initially 
contained mole fraction of cobalt ions between 5 x 10-a and 1 x 10-a, were stirred for 1 hr. then 
the crystals were pulled from the melt at 10 mm/hr. When the growth was complete, the crystals 
were cooled to room temperature in a helium atmosphere. 

Absorbance measurements 
The absorption spectra of pieces cleaved perpendicular to the axis of the boule were measured at 

room temperature with a Gary Model 11 spectrophotometer. A few measurements were made at 
liquid nitrogen temperature using a Reckman DK-2 spectrophotometer equipped with a special 
stainless-steel Dewar vessel having quartz windows. All crystals used in this work were free from 
turbidity. 

Pobarographic measurements 
The concentration of cobalt in the crystals was determined polarographically using solutions pre- 

pared from the crystals. The polarograms were obtained with a Davis Differential Cathode-Ray 
237 
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Polarotrace in conjunction with a Moseley x-y recorder. The start potential of the Polarotrace was 
set at -1.20 V and the cobalt peak was measured at about - 1.45 V as. a mercury pool. The solutions 
used to obtain a working curve were prepared from single-crystalline sodium chloride and a 10 ppm 
solution of cobalt(H) ions. The cobalt solution was prepared by diluting a standard cobalt(H) 
sulphate solution obtained from Southwestern Analytical Chemicals, Austin, Texas, U.S.A. 05-g 
samples were. cleaved from crystal pieces whose absorption spectra had been measured and dissolved 
in enough water to yield 10 ml of solution. Distilled water which had been passed through an ion- 
exchange column was used in the preparation of all solutions. 

RESULTS AND DISCUSSION 

In cathode-ray polarography the reduction of cobalt is not completely reversible3 
and hence at low concentrations the wave is not normally well defined. The use of the 
slope compensating circuit of the Davis polarograph resulted in much better resolution 
and more accurate measurement of the cobalt peak (Fig. 1). The relationship between 

I I 1 I 

!O -1.40 -1.60 
VOLTAGE 

FIG. l-Single-sweep polarogtams of a 0.05 ppm solution of cobalt(H) ions (0.05 g of 
NaCl/ml supporting electrolyte) :- 

Curve A: without slope compensation. 
Curve B: with slope compensation. 

the peak height of the polarograms and the cobalt concentration is linear throughout 
the range of the study (5.0 x lo-’ to 5.0 x lo+’ g/ml); typical values are shown in 
Table I. A plot of peak height U.S. concentration gives a straight line passing through 
the origin, which shows that the sodium chloride used to make up the standard solu- 
tions contained no measurable amount of cobalt. The effect of the sodium chloride 
concentration on the height of the cobalt peak was investigated using solutions con- 
taining approximately 0445 and O-055 g of sodium chloride/ml. This variation in 
sodium chloride concentration had no effect orrthe peak heights. The reproducibility 
of the polarographic analysis’ of duplicate samples of known cobalt concentration 
indicated that the method is precise to z!z~OO/~ of the amount of cobalt present. It is 
estimated that cobalt can be determined at concentrations as low as 5 x lOMe g/ml, 
which corresponds to 2 x 1015 cobalt-ions/cc of crystal in this work. 

A typical absorption spectrum of a cobalt-doped sodium chloride crystal is shown 
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T..WLE I-COBALT CONCENTRATION us. PEAK HEIGHT IN 0%4 NaCl SOLUTION 

Cobalt (Co*+ x lo-8 g/ml) 

5.0 
10.0 
20.0 

2.X 

Peak Height (i*, divisions*) 
.___ 

6.5 
13.0 
27.0 
39.0 
51.0 

s Measured on 10 x 10 to the O%in. graph paper. Instrument 
settings are SSF = XIO-1, ASF = Xl, slope camp. = 3.0 
and cond. camp. = l/4. 

A 

L t I 

lo 250 300 330 4 

WAVELENGTH, mp 

K) 

FIG. 2-Absorption spectra measured at room temperature:- 
Curve A: cobalt-doped sodium chloride, sample thickness 340 mm. 
Curve B: nickeldoped sodium chloride, sampk thickness 6.66 mm. 

m Fig. 2, Curve A. The crystal has a strong absorption band at 215 rnp with a shoulder 
at about 245 mp. Measurement of the spectrum at liquid nitrogen temperature 
resulted in the resolution of the shoulder into a separate band at about 240 rnp with 
no appreciable shift in the position of the 215-rnp band. The incorporation of nickel 
into sodium chloride crystals gives rise to a band at about 242 mp,* whose absorption 
does not fall off to zero at 215 rnp. It was, therefore, necessary to determine, before 
using the 215-rnp band for analytical purposes, whether the shoulder in the spectrum 
of cobalt-doped sodium chloride was caused by a nickel impurity. The shape of the 
band in nickel-doped sodium chloride is shown in Fig. 2, Curve B. A polarographic 

* Kat@ reported the value 246mp. 
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determination of nickel showed that the nickel content of the cobalt-doped crystals is 
about the same as that of undoped crystals. Further, the nickel content of the cobalt- 
doped sodium chloride crystal, whose spectrum is shown by Curve A of Fig. 2, is only 
about one-tenth that of the nickel-doped crystal whose spectrum is shown by Curve B, 
although the absorption coefficient of the shoulder in Curve A is greater than that of 
the band in Curve B. The concentration of nickel in the cobalt-doped sodium chloride 
crystals is insuflicient, therefore, to produce the 245-rnp shoulder. 

Jain and Parasha? noted a marked dependence of the shape and perhaps height 

FIG. 32Proportionality between 215rnp band intensity and cobalt 
concentration in cobalt-doped sodium chloride. 

of the 215-rnp band upon the thermal treatment of the crystals. We found only a 
slight dependence, if any, upon thermal history. Because the visible spectrum of some 
of the doped crystals reported on by Jain and Parashar shows absorption bands, at 
least some of their crystals contained more cobalt than the ones investigated in this 
study. Possibly the difference in behaviour upon thermal treatment is a result of a 
differenoe in cobalt concentration. It is also interesting that no 24%rnp shoulder is 
discernible in their spectra. We found that in heavily doped, turbid crystals the 245rnp 
shoulder has a tendency to merge with the 215-rn,~ peak as the cobalt concentration 
rises. 

The absorbance per centimeter of the 215-m,u band as a function of the polaro- 
graphically determined cobalt concentration is shown in Fig. 3. The absorbance of 
the band was taken as the difference between the absorbance measured at 215 rnp and 
at 400 rnp for a given crystal piece. The molar extinction coeflicient of the 26rnp 
band as calculated from the straight line of Fig. 3 is about 7000. The lower limit for 
the detection of cobalt in cobalt-doped sodium chloride crystals by optical means is 
about 1016 cobalt ions/cc for a crystal piece 1 cm thick. 

AcknowledgmenC--We wish to thank Mr. E. J. Dibble for assistance in growing the crystals. 

Zusammenfassuq-Die starke Absorptionsbande hei 215 rnp in 
Einkristallen aus Kobaltchlorid enthaltenden Natriumchloridsch- 
melzen gestattet, schnell geringe Kobaltko~ntmtionen in den 
Kristallen zu bestimmen, ohne sie N zerstoren. Die untere Grenze 
fur diese Kobaltbestimmungsmethode ist etwa lo** Kobahionen pro 
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cma ftir 1 cm diclce Kristalle. Der molare Extinktionskoefhzient der 
215 m@ande in NaCl:Co-Kristallen ist etwa 7000. Dutch “single 
sweep”-Polarographie wurde Kobalt in den Liisungen aus NaCl:Co- 
Kristallen bestimmt. Kobalt lcamr in Natriumchloridliisungen (0,OS g 
NaCl/ml) in Mengen bis herunter xu 5 x 10-O g/ml bestimmt werden. 
Das entspricht 2 * 10” Kobaltionen pro cm* Kristall. 

R&um6-La forte bande &absorption apparaissant it 215 rnp dam 
les cristaux uniques d&elopp&s a partir dune masse fondue de chlorure 
de sodium contenant du chlorure de cobalt offre un moyen de dosage 
rapide de faibles concentrations de cobalt dans les cristaux, sans 
destruction de ceux-ci. La limite infbieure de dosage du cobalt par 
cette mtthode est d’environ 10” ions cobalt/cc poG un cristal d’un 
cm d’&aisseur. Darts les cristaux NaCl : Co. le coefficient d’absorntion 
mola& de la bande 215 m,u est d’environ 7600. On a utili& la p&o- 
graphie pour d&et-miner la concentration du cobalt dam des solutions 
pmparees a partir de cristaux NaCl:Co. On peut doser le cobalt 
dans des solutions de chlorure. de sodium (0,05 g NaCl/ml) B des 
concentrations aussi faibles que 5 x lo-* g/ml. Ceci correspond B 
2 x 10‘ ions cobalt/cc de cristal. 
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W-An improved method is described for the preparation of 
cacothelinc in a high dqree of purity. Using this material. the formal 
ledox potential of the &xc4xheline~~ cacothclinc couple in 1-6F 
hydrochloric acid me& has been de&m&d by three different 
methods. 

CACOTHELINE appears to have been used as a redox indicator as early as 1894 by 
Borgmannl in the titrimetric determination of tin(H) with an alcoholic solution of 
iodine. Kuchment and Gengrinotich* employed cacotheline as an internal indicator 
in the titration of iron(II1) chloride in boiling 2M hydrochloric acid solution with 
tin(II) chloride solution. Cacotheline has been used as a redox indicator by various 
workers and some of the uses have been summa&d by Lang.’ Syrokomskii and 
Silaevad titrated titanium(II1) in acid solution with cerium(IV) sulphate solution, 
adding cacotheline towards the close of the titration to serve as indicator. Sierra and 
MonlloId employed cacotheline as an indicator in the titration of iron(II1) with a 
standard solution of thiosulphate at the boiling temperature using copper sulphate as 
catalyst. The same investigator9 employed cacotheline and thiosulphate in the titra- 
tion of copper at the boiling temperature using zinc sulphate as catalyst and a 
mixture of thiocyanate-oxalate to prevent the formation of a precipitate. Also, they 
extended the use of the indicator to the titrimetric determination with sodium thio- 
sulphate of iron(I11) and copper when present in mixtures. Wehbels suggested 
the use of cacotheline as an indicator to detect the excess of tin(I1) chloride added for 
the reduction of iron(II1). Dichromate solution is then added carefully until the 
colour changes to yellow or greenish-yellow. The iron(H) formed by reduction is 
finally titrated with dichromate solution using sodium diphenylamine sulphonate as 
indicator. Hume and Kolthoffs made a similar use of cacotheline in the reduction of 
iron(I11) with tin(I1) chloride before titration with cerium(IV) sulphate. Wehber, 
Johannsen and HeydeckelO proposed the use of cacotheline and N-methyldiphenyl- 
amine sulphonic acid in the differential titration of titanium(II1) and iron( re- 
spectively, in mixtures. Szarvas and Lantos’l employed cacotheline as a redox 
indicator in the titration of iron(III), chromium(VI), cerium(IV) or vanadium(V) 
with tin(I1) chloride solution. They have used cacotheline and diphenylamine as 
redox indicators in the stannometric differential determination of iron(II1) and 

* Part I: Tahta, 1958, 1, 169. 
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chromium(W) or iron and vanadium(V) in mixtures. Recently, Mitsuokibokuis 
titrated tin(H) chloride with hexacyanoferrate(II1) in the presence of Na,PsO, or 
NasPsO, at pH 1 l-125, using cacotheline as indicator. 

In view of the importance of cacotheline as a redox indicator, systematic work on 
its analytical applications was started in this laboratory in 1955. During 1955-57 the 
formal redox.potential of cacotheline was determined under varying acid conditions.is 
Cacotheline was used as a redox indicator in the titration of (a) iron(III), hexacyano- 
ferrate(II1) and chromium(VI) with titanium(II1) chloride, (b) vanadium(V), chromium 
(VI), hexacyanoferrate(II1) and iodine by tin(I1) chloride.” Since this work was 
completed, Sxarvas and Lantos l4 have published some data concerning the redox 
potential of the cacotheline system. However, neither the earlier Indian workis nor 
the recent work of the Hungarian investigator@ specified the purity of the cacotheline 
employed. During the last two years the present authors have succeeded in obtaining 
cacotheline in a high degree of purity (99-99.5%). Therefore, it was considered 
worthwhile to present the data on the formal redox potential of cacotheline obtained 
by us using a pure sample of the indicator. Moreover, the methods used for deter- 
mination of the formal redox potential in the present work are different from that 
of the Hungarian workers, who employed spectrophotometric measurements. 

EXPERIMENTAL 

Improved Method for Preparation of High Purity Cawtheline 

Attempts have been made by us to obtain a sample of cacotheline of higher purity by varying the 
conditions of treatment of brucine with nitric acid, such as concentration of nitric acid, time and 
temperature of heating, etc. 
of 99-99.5 % purity. 

Ultimately, it was found that the following procedure yields cacotheline 
Ten g of dry brucine are dissolved at room temperature in 75 ml of 3.5M nitric 

acid; prepared from analytical reagent grade nitric acid at room temperature, and the mixture heated 
on a water-bath for 2 hr, with occasional stirring. It is then cooled to room temperature and kept 
in an ice-bath for 3 hr. The crystals of cacotheline are filtered off on a Buchner fun@ under suction, 
washed with 100 ml of water, then with 15 ml of acetone and finally with 30 ml of ether. 
is dried in air for 3 hr and for 6 hr in an air-oven at 110”. 

The product 

position temperature of 259’). 
The yield is 9 g of cacothcline (decom- 

Determination of Formal R&x Pote&als of the CacotheIine-Reduced Cacotheline Couple 
in 1-6Ft Hydbch~ric Acid MediaS 

Wettts 
O-OOSM Cawtheline solutkm. &pared by weighing out the pure solid and dissolving in water. 

The solution was standardised by electrometric titration with tin (II) chloride solution m an inert 
atmosphere. 

l By potentiometric titration with tin(H) chloride in a medium of 4M hydrochloric acid and 
under an atmosphere of carbcn dioxide. 

7 If the concentration of hydrochloric acid exceeds 6F, then the tin(E) chloride used in all three 
methods reduces the cacotheline hmversibly. 

$ Potential measurements in sulphuric acid media are in progress and will be reported in due 
course. 
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FIO. 1 .-Potentiometric 

VOLIMI! OC T,N@,,SOL”TtONIN,d. 

titration of cacotheline with tin(D) at different hydrochloric 
acid concentrations : 

A-A O*SF, 
B-B l-OF, 
C-C 2*OF, 
D-D 3.OF, 
E-E 4*OF. 

O*lN Tin(D) chIoria2 solution. Prepared by dissolving analytically pure tin in analytical reagent 
grade hydrochloric acid in the hot and suitably diluting with boii water. 
in an inert atmosphere and delivered through an automatic burette. 

The solution was preserved 
It was standardised by titration 

with a standard solution of potassium iodate using starch as indicator.le 
O*lN Ceriutrz(IV) surphoe solution. prepared from B.D.H. analytical reagent grade cerium(IV) 

sulphate and standardised against sodium oxalate potentiometrically. 

Procedure 

The different methods were employed for determination of the formal redox potentials. 
Met!& A. This method is similar to that used by Conant and Fieserl@ for determination of the 

6 
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N&OX potentials of sev& quinones, except that tin(H) chloride was emplayad as the titrant in 
plaoe of ticks chloride bcca~ the latter reduces cBcothoiine irreversibly. From the poten- 
tiomctric titration curvea of cacM&nc with tin@) chloride at various acidities the formal redox 
potantiats are eval~tcd. 
in Fig. 1. 

Typical po&ntiomctrlc titration curves at five different acidities are given 

Me&odB. Fifty ml of cacothclii solution are reduced at a given acidity with a calculated volume 
of tin@) chloride solution which is just enough to reduce the cacotheline and the mixture diluted 

voLune of ceaawm) wmA1c.d 

FIG 2.-Potentiomctric titration of a mixture of th@I) aud nducod ~ICC&&G with 
cerium(IV) sulphate. 

with hying acid or water as dukd to 1OOml. The concentration of reduced cacothelinc 
solutiou was 0902449&f. Fifty ml of this solution’ WQZ mixed with 50 ml of 0402449M cacotheliae 
sohttlou. Using this mixture with an immmcd platinum rod alactrodaasahalfoellandasaturated 
calomcl electrode as reference half ae;U, the e.m.f. of the vaulting cell ls mcasumd inth8wralWay. 
Fn>mthisvaluethafcwmplrsdoxpotenfiafofthecpcathlinesyslemipobtainad. Pxecautionsa~ 
taken to ox&de air throughout the operations. 

h&&od C. This method ls slmih~ to that used by Walden, Hammctt and Chapman= for deter- 
mlnatlon of the rulox potential of the ZerroIa-f&In system. A diitial potentiometric titration 
damixtureoftin(rl[)chlorideandrsducsdcacothelincis~outwithastasldard solution of 
aofumo sulphate or potasshnn dkhromate in IF hydrochloric acid. A typical dllaential poteu- 
tknwtrk tltratlon curve is given in Fig. 2. 
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The formal rcdox potentials of the cacothelim+cduced c.sx&&c couple obtained by the three 
methods (um& for liquid junction potential) arc given in Table X. 

Hydrochlorio acid, Form& rcdox potenti& (BMIB.), Y 

F 
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LE TITRAGE ENTHALPIMeTRIQUE DE 
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Clue, Roumanie 

(Rep le 3 Aout 1964. Accept4 le 19 Septembre 1%) 

R&arm16Dam ce travail on a pro&de au titrage enthalpimkrique 
des o,m,p-phenylene-diamines, par du l’acide clorhydrique, en 
s6ntant graphiquement les courbes de neutralisation, par des coor on- YYe- 
n&a droites et aussi par des coordonnkes obliques, atln d’&miner les 
effets thermiques secondaires. Par cette m&ode, on a pu mettre en 
evidence les deux de@s de dissociation dans tous les trois cas, et on 
a calcule les chaleurs de neutralisation correspondantes. 11 r&&e des 
valeurs des chaleun de neutralisation que l’ortho et la para-phknyltnt- 
diamine, ont un caract& basique plus prononck que l’aniline et que 
la m&a-phenyl&e-diainine, comme consequence d’un effet de con- 
jugaison dont l’intluence s’exerce par l’accroissement de la densid 
6lectronique chex les atomes d’azote dans les positions ortho et para. 
On constate aussi que la regle de Bredig ne s’applique pas g la s&e 
aromatique, justement en raison de l’effet de conjugaison signal& 

La methode enthalpimetrique consiste, comme l’indique la litterature, dans la dbter- 
mination de la variation de temperature AT au tours d’une reaction chimique, en 
fonction du volume de reactif ajoute An.’ 

Nous avons applique cette methode a l’etude de la reaction de neutralisation de 
quelques reactifs organiques contenant du soufre, introduits par nous ep chimie 
analytique, sans que, jusqu?ici, nous ayons pu appliquer cette methode aux reactions 
de precipitation de ces reactifs avec differents cations lourds (Ag+, Hgs+, Pbs+, cd&t, 
Cus+, BF, etc.). 

Les rktltats satisfaisants obtenus au titrage de quelques reactifs a deux fonctions 
thioliques (amides de l’acide hydrazin N-N’-bisthiocarbonique)8 nous ont incites B 
Ctudier d’autres derives bifonctionnels, tels que les diamines. Notre but est de tirer 
au clair certaines reactions de ces diamines, pour Ctudier ensuite une sCrie de com- 
binaisons que forment celles-ci, utiles en chimie analytique. 

Dans le travail present nous abordons une etude parallele sur des diamines ali- 
phatiques et aromatiques, mais ne presentons que les don&es relatives aux trois 
isomeres du diamino-benzene (0, m, p-phenylbne-diamine), que l’on emploie a la 
determination quantitative de quelques cations.3 

Dans cette premiere &ape, nous nous sommes arr@tbs B la reaction de neutralisa- 
tion de ces diamines, par du HCl, comparativement a I’aniline, afin de pouvoir 
Ctudier leur basicite en fonction de la position des deux groupes amino. 

DONNEES EXPERIMENTALES ET DISCUSSIONS 

1. Dtftermination de la constante enthalpimttrQue de la cellule de titrage 

Avant de proceder a un titrage enthalpimetrique, il importe de determiner la 
constante enthalpimetrique de la cellule, par titrage d’une solution de HC! IO-* m 

249 
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par une solution de NaOH 10-l m, en employant la relation : 

AH 
Q= Nmmo 

oh: Q est la con&ante enthalpimttrique de la cellule. 

Nm = nombre de moles du produit form6 

AH = AH” = 134 K&/mole 

ATo = variation totale de temperature, a la neutralisation de 250 ml de HCl IO-*m 
par du NaOH 10-l m. 

La courbe de titrage enthalpimetrique correspondante est don& dans la fig. 1, 
et la valeur de la constante enthalpimetrique est : 

AH 
Q=Nmm- = 0,003063 * g = 0,34205 Kcal/mole. 

, 

2. Le titrage enthalpimbtrique de I’aniline 

Afin de disposer d’un point de reference ZL l’interpretation des resultats, nous 
avons jug6 utile de titrer enthalpimetriquement l’aniline. La courbe de titrage est 
rep&en& a la fig. 2, et la chaleur de neutralisation calculee a la valeur: 

AH=-;. 
AT _ 0,34205 

- - . 0,86 = -7,916 Kcal/mole. 
m 0,03716 

Cette valeur nous servira de reference pour les don&es qui suivent (K = 5.4. 
1 O-10) 

3. Le titrage enthabimPtrique de la o-phknykne-diamine 

Dans ce cas le titrage a 6tC effectue sur une solution n/S o-phenylenediamine, 
par HCl n, la courbe de titrage enthalpimttrique &ant represende a la fig. 3. 

Les points B et C correspondent a la neutralisation des deux groups amino. 
Afin d’karter l’influence des effets thermiques secondaires, nous avons applique une 
transformation, en passant des coordonnk droites aux coordonnk obliques, en a 
l’aide des equations de transformation: 

x = xz/l + p2 (2) 

Y=y-px (3) 

ou X et Y sont les coordonnkes obliques, x et y les coordonnees droites et p = AT/An 
la pente de la demiere portion de la courbe (CD), fig. 4. 

On remarque que par cette transformation on obtient des valeurs moindres de la 
variation de temperature AT (les points E’ et F’) qui representent cependant seulement 
l’effet thermique de la reaction de neutralisation. La chaleur de neutralisation, 
correspondant aux deux paliers, a les valeurs suivantes: 

AHI=s.ATI= - 8,770 K&/mole 

AH, = s . AT, = -3,871 Kcal/mole 
m2 
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Comparativement a l’aniline, on observe que dam le premier palier l’o-phenylene- 
diamine est une base plus forte (chaleur de neutralisation plus grande); ce fait peut 
dtre explique par un effet de conjugaison de l’un des groupements amine avec le 
noyau ben&ique, ce qui provoque une augmentation de la densit &ctronique 
a l’axote du deuxii+me groupement amino et, par consequent, de la basicit de celui-ci. 
Cette explication nous paralt plausible, parce que le groupement amine est un sub- 
stituant du Ier ordre et que l’influence de l’effet de conjugaison des substituants du 
1” ordre se manifeste dans les positions ortho et para (voir ci-apres). 

La basic& de la deuxieme fonction diminue sensiblement par rapport a celle de 
l’aniline (la chaleur de neutralisation est plus faible). 

Nous soulignons le fait que la litttkature chimique ne consigne qu’une seule 
constante de dissociation pour l’o-phenyke-diamine, qui est plus petite que la 
constante de dissociation de l’aniline (K, = 2,35 . 10-10).4 Or le titrage enthalpim&- 
rique met en evidence aussi le deuxibme palier de dissociation de l’o-phenylhne- 
diamine, et de la chaleur de neutral&ion plus grande pour le premier palier de 
dissociation, il rbsulte que l’o-ph$yl&ne-diamine est une base plus forte que l’aniline. 
11 va sans dire que des recherches compl6mentaires s’imposent pour venir Ctayer ce 
point de vue. 

4. Le titrage enthalpimbtrique de la m-pht%ylSne-diamine 

Dans ce cas aussi le titrage a Ctt fait sur une solution d’environ n/5 m-ph&ylbne- 
d&nine, par HCl n; les courbes de titrage enthalpimetrique en coordonndes droites 
et obliques sont rep&e&es aux fig. 5 et 6. 

Les deux paliers de dissociation sont t&s nets, de meme que le fait que la variation 
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de temerature est beaucoup plus petite dam ce cas que dans celui de To-phCnyl&ne- 
diamine. La chaleur de neutralisation, pour les deux paliers, a les valeurs suivantes: 

AH, = s . AT1 = - 2,158 Kcal/mole 
ml 

et AH, = g, AT, = -0,1619 Kcal/mole. 
me 

I1 ressort des valeurs des chaleurs de neutralisation de la m-ph~nyl&wGmine 
dans les deux paliers que celle-ci a un cara&re basique beaucoup plus at&u& que 
l’aniline et que l’o-ph6nylk-diamine. L’explication en serait que, dans ce cas, 
l’effet de conjugaison ne se fait plus sentir. 11 nous semble de ce fait anormal que 

V 
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la litterature indique pour une constante de dissociation de la m-phenylbne-diamine 
une valeur plus grande que pour I’aniline, valeur meme plus grande que pour l’o- 
phenyltne-diamine (K, = 6,0 . 10-lo),’ ce qui ne nous semble ni possible ni exact. 
Nous exprimons notre opinion avec toute les reserve d’usage car d’autres verifications 
s’imposent. 

5. Le titrage enthalpimktrique de lap-phPnyl&e-diamine 

Titrage enthalpimetrique de la p-phenyltne-diamine sur une solution 10-l m, 
par du HCl m. Les deux courbes de titrage en coordonnees droites et obliques sont 
representees aux figures 7 et 8. 

Dans ce cas aussi les deux droites de dissociation sont visibles, et la variation de 
la temp&ature au tours du titrage est plus grande que dans le cas de la m-phtnylene- 
diamine, mais inferieure a celle que l’on enregistre avec la o-phCnylbnediamine. 
Les chaleurs de neutralisation, correspondant aux deux droites, sont: 

AHI=+. AT, = -8,703 Kcal/mol. 
ml 

et AHs=$. AT, = -2,482 Kcal/mol. 
In2 

II ressort de ces valeurs de la chaleur de neutralisation que sur le premier palier la 
p-phCnyl&ediamine est une base plus forte que l’aniline, quoique certaines sources 
bibliographiques indiquent une valeur de la constante de dissociation plus petite 
que pour l’aniline (K = 1,23 . lo-‘o).s 11 n’en est pas moins vrai que certains manuels 
donnent, pour le premier palier de dissociation de la p-ph&rylbne-diamine une valeur 
plus grande que pour l’aniline (K, = 1,3 . 10-*).4~‘s 

La basicite plus grande que manifeste la pphenylene-diamine s’exphquerait 
Cgalement par un effet de conjugaison, tout comme dans le cas de l’o-phenykne- 
diamine. Sur le second palier, la pphCnylbnediamine est une base plus faible m@me 
que l’aniline. 

En outre on constate que la regle de Bredig,? suivant laquelle la dissociation des 
polyamines augmente avec l’tloignement rtkiproque des deux groupes amino, ne 
s’applique pas dans ce cas, de m6me que, en general, dans la &tie aromatique. Selon 
cette regle, la m-phtnyltne-diamine devrait &re une base plus forte que I’o-phenylene- 
diamine. Or, il resulte des valeurs des chaleurs de neutralisation, correspondantes 
aux premiers paliers de dissociation des trois diamines que l’o-phenylbne-diamine a 
le caractere basique le plus prononce; vient ensuite la p-phenylbne-diamine, tandis 
que la m-phenylbne-diamine est une base plus faible meme que l’aniline. 

CONCLUSIONS 

1. on a pro&l& au titrage enthalpimetrique des o, m, p-phtnyltne-diamines par 
HCl, en representant graphiquement les courbes de neutralisation par des coordonnees 
droites et aussi par des coordonrks obliques, afin deliminer les effets thermiques 
secondaires. 

2. G&e B cette methode, on a pu mettre en evidence les deux droites de dis- 
sociation dans tous les trois cas, et on a calcul6 les chaleurs de neutralisation cor- 
respondantes. 
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3. 11 resulte des valeurs des chaleurs de neutralisation que l’ortho et la para- 
phCnyl&ne-diamine ont un caractere basique plus prononce que l’aniline et que la 
m&a-phQnyl&ne-diamine, comme consequence d’un effet de conjugaison dont l’in- 
fluence sexerce par l’accroissement de la densite electronique au niveau des atomes 
d’azote en positions ortho et para. 

4. On constate que la regle de Bredig ne s’applique pas a la serie aromatique, 
en raison de l’effet de conjugaison signal& 

!kamary-Neutralisation curves for the enthalpimetric titration of o-, 
m- and p-phenylenediamines with hydrochloric acid have been pre- 
sented on rectangular Cartesian co-ordinates, and also on oblique 
co-ordinates to ehminate secondary thermal effects. It has thus been 
possible to demonstrate the two degrees of dissociation in all three 
cases, and to calculate the corresponding heats of neutralisation. 
These values show that o- and pphenylenediamine are both more 
basic in character than aniline and than m-phenylenediamine, because 
of conjugation resulting in an increase of electron density at the 
nitrogen atoms in the o- and p- positions, It may be concluded that 
Bredig’s rule does not apply to the aromatic series because of this 
conjugation. 

Zmamrnnfassuns--Die Neutralisationskurven enthalpimetrischer Ti- 
trationen von o-, m- und pPhen lendiamin mit Sal&ure wurden in 

r;e cartesischen Koordinaten angege n, sowie in schiefen Koordinaten, 
urn sekundare therm&he Effekte auszuschalten. Es war so in allen 
drei Fallen moglich, die beiden Dissoziationsstufen zu zeigen und die 
entsprechenden Neutralisationswiirmen zu berechnen. Die Werte 
zeigen, da13 o- und pPhenylendiamin beide starker baaisch sind als 
Anilin und m-Phenylendiamin, da die Konjugation ein Anwachsen 
der Elektronendichte bei den Stickstoffatomen in o- und pStelhmg be- 
wirkt. Man kann daraus s&&Ben, dal3 wegen dieser Konjugation 
die Bredigsche Regel fti die aromatische Reihe nicht gilt. 
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F-f-The ten commonest caeaium salts have been investigated 
by the method of derivatography, their weight change, rate of weight 
change and enthalpy change bemg measured as a function of tem- 
perature. Gn the basis of these experiments, those temperatures at 
which the salts can be dried without danger of decomposition are 
deduced. The results can be interpreted by the acid-base theory of 
high temperatures. 

IN a previous communication1 we reported on our thermoanalytical investigations of 
analytical-grade ammonium salts. In the present paper our results gained with 
caesium salts are discussed. 

EXPERIMENTAL 
The derivatograph was as described previously .l The samples were again weighed into a platinum 

crucible, but 400-500 mg were taken and the rate of heating was lO”/min. Samples were pulverised 
in a porcelain mortar, then passed through a 0*045-mm sieve before being weighed. 

Most of the salts used in the experiments were either analytically pure or so-called purissimum 
reagents (E. Merck, Darmstadt, Germany). 

TABLE I 

DTG 
Figure Caeaiumsalt 

Temperature 
Formula DTA peaks,a “C M.p., “C peaks,’ “C of drymg,“C 

7 

8 

1: 

Fluoride CsF 

Chloride 

Bromide 
Iodide 
Sulphate 

CsBr 
CSI 
cs*so* 

AlUtIlilliUlll 
sulphate 

Carbonate 

C=WG,),~ 
lZH,O 

Chromate 

3Cs,co,* 
lOH,O 
C%Cr(% 

Dichromate C&r&, 
Nitrate CsNO, 

Endothermic: 
(142,180.260) 
Endothermic, 
reversible: 450 

Endothermic, 
reversible: 710 
Endothermic: 
90,110,220. 

820 
Endothermic: 
180,220,250 
Endothermic, 
reversible: 800 
(320) 
Endothermic, 
reversibk: 150 

680 (1% 260) 

640 

~620 

t600 

630 <600 
620 <SO 

1040 
90,110, 

220,820 

80.800 180,220 
250 

1020 

z 
(320) 

tlOO0 
Room 
temperature” 

<W 

<lOOO 
t360 
(370 

l Peaks indicated in brackets are from the presence of small concentrations of impurities. 
b Anhydrous caeshun aluminium sulphate can be heated between 250 and 650” without decom- 

position. 
c Anhydrous caesium carbonate can be heated between 300 and 700” without decomposition. 

+ PartI: seereference 1. 
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Caesium fluoride 
RESULTS AND DISCUSSION 

The derivatogram of caesium fluoride (Fig. 1) shows that the substance contained 
3 % of volatile material, which was removed up to 350”. Two peaks can be observed 
on the DTG curve and three peaks on the DTA curve. The first, endothermic peak 
of the DTA curve, which was not accompanied by any weight change, indicates that 
the substance also contained CsHF,, the melting of which was the cause of this peak 

DTA 

l C 
FIG. 1 .-Caesium fluoride. 

00 

at 142’ (in good agreement with the literature value of 142’l*). The first process 
accompanied by weight change (180”) is probably the departure of hydrogen fluoride, 
the amount of which is about 0.6%. The second process (peak at 260”) corresponds 
to the departure of water which is sufficiently strongly bound that it is not removed on 
desiccation over phosphorus pentoxide under vacuum. That the peak corresponded to 
water was proved by the following experiment : the sample was left in contact with the 
air for some minutes, then the derivatographic measurement repeated. Because the 
sample had taken up water, the height of this step increased (see dotted line in Fig. 1). 



Thermoanalytical properties of caesium salts 259 

When the temperature is raised even higher, no further changes took place up to 
the melting point at 680”. From the TG and DTG curves, however, it can be seen 
quite clearly that volatilisation of the substance began immediately above the melting 
point, in contrast with the previously recorded observation that it began only at about 
990”’ . 
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d30- 
x 

4D- 

50 - 
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3’ (I- 

I 0 BO 

l C 
FIG. 2.-Cksium chloride. 

Caesium chloride 
Caesium chloride crystals are completely stable up to their melting point. The 

DTA peak (Fig. 2), indicating an endothermic change at 640”, is from the melting 
point. If the temperature is raised further, volatilisation of the caesium chloride 
becomes more and more intensive, and up to lOOO”, under the given experimental 
conditions, a weight loss of 6% was observed. Duval and coworker+ found that 
caesium chloride is weight-stable up to 877”. 

On the DTA curve there is an endothermic peak at 450°, which is not accompanied 
by any weight change. This corresponds to recrystallisation of the caesium chloride, 
the original “caesium chloride” lattice being transformed to a “sodium chloride” 
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lattice structure. The process is reversible, as proved by the cooling curve of the 
substance obtained experimentally. 

The caesium bromide sample contained neither mechanically nor chemically 
bound water. On the DTA curve, indicating the enthalphy changes, only the peak 
from the melting point at 630” is to be observed (Fig. 3). In the region of this tempera- 
ture a slight loss of weight is indicated, arising from volatilisation of the sample. 

DTA 

r/ 

DTG 

l c 
FIG. f.--Ckesium bromide. 
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Fra. 4.-Caesium iodide. 

Caesium iodide 

The thermal properties of caesium iodide are similar to those of caesium bromide. 
Up to 620” there is no weight nor enthalphy change observable (Fig. 4). Above the 
melting point at 620*, the substance is slightly volatilised, as indicated on the TG 
curve. 
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Caesium surphate 

According to the thermoanalytical curves (Fig. 5), caesium sulphate is weight- 
stable up to 1040”. There is a reversible change of modification observable at about 
710”, where the orthorhombic crystals are transformed to hexagonal ones. The heat 
effect-in agreement with the literatures-is very small. Our investigations, however, 
by measuring the temperature in the sample itself, proved that this temperature is 
higher by 50” than that recorded in the literature. 
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FIO. 5.-Cacsium sulphatc. 

Caesium ahminium sulphate dodecahydrate 

Caesium aluminium dodecahydrate has a stable stoichiometric composition up 
to 40”. On being heated above 40”, water is lost in three steps (Fig. 6). These 
indicate that the water is bound by different strengths, which can be seen especially 
well on the DTG curve. From the latter it can be established that in the first step 4, 
in the second 6 and in the third 2 molecules of water of crystallisation are removed 
from the substance, similarly to the decomposition of potassium aluminium sulphate 

6 
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FIG. 6.-Cacsium aluminium sulphate dodccahydratc. 

dodecahydrate.’ On the DTA curve the first and second processes overlap con- 
siderably and as a result only an inflection point is observable on the DTA curve. 
After the departure of all water of crystallisation the anhydride is stable between 250 
and 680”. Above this temperature the sulphur trioxide bound to the aluminium 
oxide is lost (up to 920”), while the sulphur trioxide bound to the caesium oxide is 
lost only at a higher temperature. 

Caesium carbonate 

The thermoanalytical curves of caesium carbonate (Fig. 7) show that the sample 
contained a considerable amount of water of crystallisation. This corresponded very 
closely to the comwsition 3 CsCOs-10HsO reported in the literature.* According to 
the DTG curve, h&ever, the water of, crystallisation is somewhat surprisingly lost 
in four steps. In the fkst step about 0.5 mole, in the second about 1 mole, in the third 
also about 1 mole and iqr the fourth O-8 mole of &ater is lost. Experiments were also 
made under different circumstances, using a slower rate of heating, but in all cases 
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the water was found to depart in these four steps; the amounts of water corresponding 
to the individual steps did, however, change. The departure of water of crystallisation 
is also indicated on the DTA curves by four individual peaks, which contrasts with 
Reisman’s observations,s but the processes, because of their strong overlapping, 
could be discerned’ only by points of inflection. There is also an endothermal peak 
at 80” on the DTA curve, which is presumably caused by the melting of the substance 

DTA 

DT6 

l C 

FIG. 7.-Caesium carbonate. 

in its own water of crystallisation. Although caesium carbonate melts at 800”, a 
weight loss was observed even at lower temperatures (from about 700’3, this increasing 
with increase of temperature. 

Caesium chromate 

The derivatogram of caesium chromate (Fig. 8) shows that the substance has 
practically a constant weight. There is a reversible process with a slight enthalpy 
change at 800”, indicated by the DTA curve; this is caused by the change of the 
yellow, prismatic a modification to the yellow, orthorhombic @ one. The temperature 
of this transformation is not, however, to be found in the literature. The reversibility 
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of the process was proved by obtaining the cooling curve. The melting point of 
caesium chromate was found to be at 1020”. 
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FIG. S.-Caesium chromate. 
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FIG. 9.-Caesium dichromate. 

0 

Caesium dichromate 

Fig. 9 shows the derivatogram of a sample of caesium dichromate produced by 
Chemapol (Czechoslovakia). According to this, the substance is stable up to 300”, 
while at 320” (DTA maximum) a O-5 y0 weight loss occurred, probably because of 
some impurities. There is a reversible DTA peak at 400°, which, as far as we could 
establish, corresponds to the melting of caesium dichromate. At higher temperatures 
the substance volatilises. During the melting itself there is a small (ca. O*l “/,) loss of 
weight indicated, which can be seen on both the TG and DTG curves. Similar 
effects have previously been encountered in connection with the melting of numerous 
organic and inorganic substances. 

Caesium nitrate 
Caesium nitrate was prepared in our laboratory from silver nitrate and caesium 

chloride, The derivatogram (Fig. 10) indicates that the salt has a constant weight up 
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to 550” and decomposition takes place only above this temperature. There are two 
endothermic peaks to be seen on the DTA curve. The first, at 150”, indicates the 
reversible transformation of the hexagonal crystal form to. a cubic one, while the 
second, at 410°, shows the melting point. After melting, and above 6W’, decomposi- 
tion of the caesium nitrate begins, first to caesium nitrite, finally to caesium oxide. 

-0 
8 
ul 

The results gained by derivatographic measurements can be interpreted very 
satisfactorily by the theory of high temperature systems worked out by Erdey and his 
coworkersloJ1. Because the acidic cation was the same in all cases, the influence of 
the basic anions on the thermal properties of the substances was examined. 
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CONCLUSIONS 

From the investigations of the halides the melting point decreases with decrease 
in electronegativity (i.e., with increase of polarisability and diameter): CsF > CsCl 
> CsBr > CsI. There’ is a relatively greater difference between fluoride and chloride, 
which can be interpreted in terms of the especially strong basicity of the fluoride 
anion. 
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On the right-hand side of the Periodic Table occur the acidic cations (C*+, NW, 
SW, CrS+), which are unstable alone. They always occur in neutralised forms together 
with oxygen (CO s*-, NOa-, S0,2-, Cr0,2-) in the form of stable ions. 

By comparing the melting points of caesium sulphate, chromate and dichromate, 
it can be established that these are in good agreement with Erdey’s theory of high 
temperature reactions. Both the central acidic cations of sulphate and chromate have 
their oxidation number of +6, from which the basic anions SOk2- and CrO,a- are 
derived by neutrdisation with the 02- ion. The melting point of sulphate is higher 
(1040”), because it has been derived from the S8+ acidic cation with a smaller diameter, 
than the melting point of chromate (1020”), which is derived from the Crw acidic 
cation with a larger diameter. However, if one 02- ion of the chromate ion is replaced 
by another CQ2- ion Le., by a less strongly basic part, the strength of the bond 
formed in this case decreases further, and the melting point is, therefore, even lower 
(400”). 

In the decomposition of caesium aluminium sulphate dodecahydrate one can 
discern three types of water bound to the molecule by different strengths. This is 
also caused by differences in the strengths of acidic and basic ions. Four moles of 
water, which are removed in the first heating step, are bound to the acidic K+ cation, 
while the second 6 moles are bound to the acidic Als+ cation. The remaining 2 moles 
are co-ordinated to SO,s- ions, as in the case of potassium aluminium sulphate 
dodecahydrate.’ The difference in acid strength is also the cause of the fact that in 
caesium aluminum sulphate, first aluminium and only later caesium sulphate de- 
composes, because AP+ is a more strongly acidic cation than Cs+. 

The curious phenomenon that in the case of caesium carbonate, water molecules 
are lost in several well defined steps, can also be interpreted in terms of water mole- 
cules co-ordinated to various lattice points and bound by various strengths. A more 
thorough study of the phenomenon will be described later. 

From the derivatogram of caesium nitrate it is interesting to point out that the 
substance remains completely unchanged even 150” above its melting point. Decom- 
position of the molten substance only takes place higher than this temperature. 

Ac&twwl~ement--Several of the caesium salts were made available by the c~ttrtesy of E. Merck, 
Darmstadt, Germany, for which the authors wish to express their sincere thanks. 
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keit der fi” 

phisch untersucht. Gewicht, Geschwindi - 
Gewichtsiin erung und Enthalpicilnderung wurden & 

Tem~ratu~~tio~n gemessen. Auf Grund dieaer Versuche kOMten 
die Temperaturcn hrausgefunden we&n, bei denen dii Substanzen 
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stances peuvent We s&h&es sans danger de d&corn 
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sttion. On peut 
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POLAROGRAPHIC STUDY OF URANYL-PYRO- 
PHOSPHATE’ COMPLEX IN THE PRESENCE OF 

VARIOUS SURFACE-ACTIVE SUBSTANCES 
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Qf5y-The effect of various sufacaactive substances on the 
characteristics of the polarograms of uranyl-pyrophosphate complexes 
is studied in detail. In the absence of surface-active substances, 
reversible and diffusion-controlled reduction waves are obtained when 
the ligand concentration is O*OS-O*3OM and the pH 1*05-4*0. ond 

Ylv pH 4.0, the irreversible waves are rendered reversible by the ad ition 
of 0.04% a-naphthol, 0.02% /?-naphthol, and 0.002% Triton X-100 
and 0.18 % camphor, shifting the waves to a more negative potential. 
The formation of a 1: 1 complex is confirmed by conductometry. 

POLAROGRAPHIC studies of pyrophosphate complexes of various metals have been 
reported by Rogers and Reynolds,l Laitinen and Onstott,* Subrabmanya* and Ram, 
Kumar and Shinha. Vaid and Ramacharsv8 have also investigated the complex 
formation between P,O,& and bivalent metal ions and have proved the formation 
of a complex of the type [M(II)P,07]B- by potentiometric, conductometric and 
spectrophotometric methods. In these investigations, no mention is made of the 
uranyl-pyrophosphate system. 

The effect of surface-active substances on polarographic waves has been described 
by several authors. 7-10 They pointed out that such substances shift the half-wave 
potential, particularly of irreversible waves, to a more negative potential. 

In the present paper the influence of surface-active substances on the polarographic 
behaviour of uranyl-pyrophosphate complexes has been studied in detail. 

Apparatus 
EXPERIMENTAL 

All polarograms were manually recorded using a Sargent Model XII Polarograph, equipped with 
a Leeds and Northrup Students Kohlrausch slide wire. A modified Hcell, containing an external 
saturated calomel reference electrode (S.C.E.) and a potassium chloride-agar plug, was used. The 
cell was thermostated at 30” f 0.01”. 

The dropping mercury electrode used had the following characteristics in 02iWsodium perchlorate 
at an applied potential of -0.5 V us. S.C.E.: 
height h = 69.5 cm. 

m = l-705 mg/sec, t = 4.30 set at mercury column 

Reqents 

All the reagents used were polarographically pure. 
Uranylperchlorate solution. Prepared and analysed as described previously.” 
03M Stock solution of sodiumpyrophosphate. Prepared by dissolving 22.304 g of Na,PIO,*lOH,O 

(Wake Pure Chemical Industries Co., special grade) in water and diluting the solution to 1OOml 
with water. 

In order to obtain a higher concentration of camphor solution, a 10% alcoholic stock solution 
was used. 

269 
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RESULTS AND DISCUSSION 

The polarographic characteristics of the uranyl-pyrophosphate complexes were 
studied systematically over the pH range l-05-11*6 to establish the nature of the 
complexes and electrode reactions. In the pH range 1*05-4-O and a concentration 
of sodium pyrophosphate varying from O-05 to 0.3OA4, both the mean value of 
Es,, - E,,,and the mean slope of the conventional logarithmic plots were -0-060 V us. 
S.C.E. These are in excellent agreement with the theoretical value for a reversible 
one-electron reduction. 

The temperature coefficient of half-wave potential was -0.35 mV/“C in the 
temperature range 26-46”, providing further evidence of the reversible character 
of this process. The temperature coefficient of the diffusion current is l-57%/‘%, 
and the value of i,/h”s is 0.389 f 0*006 for the height of mercury column from 44 to 
89 cm at pH 2.50. Therefore, it is inferred that the electrode reactions were entirely 
diffusion-controlled. 

TABLE L-EFFECT OF pH ON URANYL-PYROPHOSPHATE WAVE 

[I~OmM UOr(CIO&. O*OSM Na,P,O, AND 0.2M NaClO,] 

-El/, (VS. S.C.E.), El,, - E,,,, Slope of id. 

PH V V log plot /JA 

l-05 0.174 -0.059 -0.059 4.12 
1.45 0.23 1 -0G60 -0G60 4.10 
1.75 0.255 -owO -0G60 3.85 
2.08 0.280 -0*060 -0.059 3.58 
260 0.325 -0G60 -0G60 3.21 
3.10 0.356 -0.059 -0*060 2.91 
3.35 0.377 -0G61 -0.058 2.30 
360 0.382 -0.059 -0+60 1.75 
4.00 0.398 -0.064 -0.061 1.44 
4.80 0.950 -0G95 -0G91 3.10 
5.70 0.994 -0.120 -0.114 4.05 
6.00 1.038 -0.106 -0.110 390 
7.50 I.024 -0G98 -0.096 3.81 
9.20 1.009 -O*lOO -0.114 2.81 

10.60 0.997 -0.098 -0.110 2.18 
1160 0.975 -0.094 -0G99 2.05 

Above pH 4.0, the reversible wave gradually turned into an irreversible wave; the 
value of Es,, - E,,, was in the range -0.094 to -0.120 V for the pH range 4-8-l 1.6 
and constant sodium pyrophosphate concentration (0.OSM)(Table I). In the pH 
range 4-0-4~8, the polarograms were badly deformed in shape and the diffusion 
plateau gradually disappeared. 

InpUence of pH and &and concentration 

The half-wave potentials for solutions of 1.OmM uranyl perchlorate in ‘0.2h4 
sodium perchlorate at varying concentrations of pyrophosphate (0.05-0*3OM), 
and over the pH range 1*05-4-O are given in Fig. 1. At pH lower than 1.05, the half- 
wave potentials kept a constant value at -0.174 V us. S.C.E., which is identical with 
the half-wave potential of the simple uranyl ion, showing that no chelate was formed. 
In the pH range l-05-4-0, the half-wave potentials were shifted to the negative side 
as the pH value was increased; the slope of the straight lines, -0*070, indicated that 
approximately one hydrogen ion participated in the electrode reduction. 
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The diffusion currents gradually decreased as the pH was increased up to 4-O 
(Table I). This is probably caused by the progressive ionisation of pyrophosphoric 
acid and ,pyrophosphate ions and the resulting changes in the nature of the uranyl- 
pyrophosphate complexes. 

The slope of the straight’line for the plot of -E,,, against the logarithm of the 
concentration of pyrophosphate should be -(p - q)OGO, where (p - q) is the 
difference in number of ligands attached to the uranium(VI) and uranium(V) 

0.40 - 

0.55 - 

0.50 - 

0.1 5&, I I 1 I I 

1.0 I.5 IA 5.5 5,O 5.5 4.0 

PH 

Fro. l.-Plot of --El/, as a function of pH: 

o-O~OSM, 
A-O*lOM, 
.-0*2OM, 
x -0~3Oiu. 

chelates. As shown in,Fig. 2, the slopes of the straight lines are +OGl and OWO, 
corresponding to values for (q - p) of 1 and 0, respectively, at a ligand concentration 
higher than OGM4 and lower than OG95M at pH 2.50. This indicates that two kinds 
of reduced complex species exist at ligand concentration 0*05_0~3OM. Fig. 2 also 
shows the variation of the diffusion current with the logarithm of the ligand concen- 
tration. The point of greatest change comes approximately at the log CM where the 
slope of the log cu w. -I&,, line also changes, indicating the possibility of the 
existence of different uranyl-pyrophosphate complexes at different ligand concen- 
trations. 

E$ect of surface-active substances 

As shown in Table I, the reversible waves turned to irreversible ones by shifting 
the &,, to a more negative potential at pH beyond 4.0. In an attempt to establish 
the reversibility of the electrode reaction, which is essential to obtain quantitative 
information about the complexes, various surface-active substances were used. 

The effects of Triton X-100, thymol, gelatin, a-naphthol, /?-naphthol and camphor 
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upon the half-wave potential, the slope of current-voltage curve and the diffusion 
current are shown in Table II. Fig. 3, which illustrates the polarograms in the presence 
of various surface-active substances, indicates that all the surface-active substances 
used, except gelatin, shifted the &,, to more negative potentials, besides rendering 
the waves more reversible in nature. These effects may be attributed to the hindrance 
of electro-reduction by adsorption of the surface-active substances on the electrode- 
electrolyte interface. The wave-heights observed in the presence of surface-active 

id, pa 

411 0.27 O.I# aal 0.U 

-E&H S.C.E 

FIG. 2.-Efkct of log Cy on --El/, and i,, at pH 2.50. 

substances were not appreciably changed. This may be because of the absence of 
visible maxima in the reduction waves of the uranyl-pyrophosphate. 

Thymol and gelatin were found to be the least effective agents to remedy the 
irreversible polarograms of uranyl-pyrophosphate complexes, even at the high con- 
centration of GO1 %. Although Triton X-100 shifted the reduction Wave to a more neg- 
ative potential and the wave also became steeper, the effects were not so pronounced 
as with a-naphthol and &naphthol. Camphor exerts the most remarkable effect 
on the polarograms. The higher the concentration of camphor, the steeper is the 
slope of the wave. a-Naphthol, /I-naphthol and a mixture of Triton X-100 and 
camphor were found to be the best agents for rendering the irreversible wave re- 
versible and symmetrical. The optimum amounts of these surfaceactive substances 
were found to be 0.04 % a-naphthol, 0.02 % B-naphthol, and 0402 % Triton X-100 
and 0.18 % camphor. Under these conditions, both values of &I, - El,, and the 
conventional log plots averaged -0460 V u+r. S.C.E. These resultsprovidean excellent 
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TABLX II.--EppeCr OF SURFACE-ACTIVE SUBSTANCES ON URANYbPYRO-TS 

WAVE [lmM UO&lO,),, OQSM Na,PP,, DW NaClG, AND v~umu~ 
SURFAC&ACRVB SUEST~ AT pH 6.01 

surfaa-active concn., ELI. - El/r, -El,, (UT. S.C.E.), 1L 
substance % V V ti 

- 

Triton Xi100 

Thyme’ 

Gelatin 

a-Naphthol 

BNaphthol 

Triton X-100 and 
/?-naphthol 

Camphor 

Triton X-100 and 
camphor 

- 

EiE 
O-0060 
O-002 
0.01 

O_ 
0.01. 

oa2 
0.01 
0.03 
0.04” 
0*05b 

0002 
0.01 
0.02” 
0.03 

-0-m 

--olal 
-0~100 
-0.080 

-0.101 
-@91 

-0.126 
- 

-0995 
-0.080 
-0.068 
-0959 

-0-090 
-0.071 
-0.060 
-0.046 

0.002 
O-01 I 

-0*140 

1938 

1.071 
1.140 
1.450 

1,005 
1914 

0997 
- 

1.024 
1.072 
1.090 
1.104 
1.124 

1.020 
1.055 
1-7 
1.075 

1.215 

3.70 

3.70 
3.75 
400 

390 
4.10 

3.90 
- 

3.48 

3:: 
398 
4.10 

3.80 
3.70 
31%0 
3.75 

0.005 -0.096 I.020 360 
0.02 -0*031 1.050 3.60 
0.06 -0.020 1.218 4.70 
0.10 -0.018 1.241 4.60 

0.002 
0.09 1 

-0.074 

oQo2 b 

0.18 1 
-0.060 

l Wave badly deformed 
b Reversible wave 

-Ed... VI S.C.E., v 
FIG. 3.-Polarograms of solutions containing l*OmM UO,(ClOJ,, O*OSM Na,P,O,, 

02M NaClO,, at pH 6.0 with various surface-active substances: 

(A) no surface-active substance; (3) 0+0004% Triton X-100; 
(C) 0906% Triton X-100; @) 0.01% thymol; 
(E) O+lO2% gelatin; (P) 091% gelatin; 
(G) O-01 % a-naphthol ; (H) 001% &-naphthol; 
(I) 0.002 % T&on X-100 and 0.09 % camphor; 

(K) 0@02% Triton X-100 and Ml % &naphthol; 
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method for making a quantitative investigation of the uranyl-pyrophosphate com- 
plexes at a pH beyond 4.0. However, the addition of a mixture of 0.002% Triton 
X-100 and 0.18 % camphor is inferior to the addition of 0.04% a-naphthol or 0.02% 
/?-naphthol because of the sublimation of camphor at higher concentration, thus 
influencing the reproducibility of the wave. 

Effect of pH and ligand concentration on polarograms in presence 
of surface-active substances 

The dependence of the polarographic characteristics on the pH was determined 
by polarographing a solution of ImM uranyl perchlorate in the presence of various 

TABLE III.-EFFECT OF pH ON THE CHARACTERISTICS OF POLAROORAMS IN THE PRESENCE OF 

SURFACE-ACTIVE AGENTS [l*O x lo-*M UOI(CIO&, 0.2M NaClO,, 0*05&f Na,P*O, AND 

VARIOUS SURFACE-ACTIVE SUBSTANCES] 

--El/l (0~. S.C.E.), Es/r - Gin, 
Surface-active substance pH V 

Slope of id, 

V log plot F&A 

Triton X-100 
(O-002 %) and 
camphor (0.18 %) 

B-Naphthol 

(0.02 %) 

a-Naphthol 

(0.04 %) 

5.85 1.300 
6GO 1.314 
6.80 1.296 
8.10 I.233 
950 1.265 

1040 1,230 
5.10 1.050 
5.67 1 G66 
6*00 1 G67 
6.50 1.082 
6.96 1.088 
7.31 1.093 
7.75 1.093 
8.10 1.091 
8.50 1.092 
9.00 l-081 
9.20 1.059 
9.50 1 @I3 
5.10 l-085 
5.45 1.092 
5.80 l-097 
6.30 1.108 
6.75 1.112 
7.30 1.113 
7.80 1.114 
8.41 1.115 
9.00 1.110 
9.30 1.089 

-0-060 -0.059 
-0960 -0.059 
- 0.065 -0.064 
-0.063 -0.061 
-0.057 -0.059 
-0.076 -0G79 
-0.065 -0G64 
-0.064 -0.062 
-0.060 - 0.059 
-owl -0.059 
-0~060 - 0.059 
-0+60 -0*060 
-0.059 -0.058 
-0G60 - 0.059 
-0.059 - 0.059 
-0.062 -0G60 
-0.066 -0Gio 
-0G86 -0.087 
-0.057 -0.058 
- 0.059 -0.059 
-0.060 -0.059 
-0.059 -0.059 
-0.056 -0.057 
-0.057 -0.057 
-0*060 -0*060 
- 0.058 -0.059 
-0Q60 -0.059 
-0.083 -0.085 

360 
3.61 
3.30 
2.95 
240 
2.10 
4.00 
3.91 
3.91 
3.70 
3.51 
3.47 
3.50 
3.40 
3.30 
2.85 

;:z 

4.05 
4.15 
4.20 
4.20 
3.70 
3.65 
3.30 

;:; 

3.00 

surface-active substances (Table III). The values of Es,* - E,,, and the slopes of the 
conventional logarithmic plots averaged -0GO V at pH around 5-l-9.0, indicating 
a reversible one-electron reduction. At pH lower than 5.1 or higher than 9.0, the 
electrode reduction became irreversible. The half-wave potentials are practically 
independent of pH, showing that no hydrogen ion is involved in the reduction. 

The half-wave potentials for a solution at pH 6.5 were plotted against the logarithm 
of the ligand concentration. As shown in Fig. 4, there is one breaking point at 0.2M 
sodium pyrophosphate in the /3-naphthol system, indicating the possible existence 
of two different reduced complex species. The slopes are ONlO and 0.060, corresponding 
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to (q - p) values of 0 and 1 for a ligand concentration higher and lower than 
0*2M, respectively. On the other hand, in the a-naphthol system, the slope of the 
log CM us. -E,,, plot is zero, showing that uranium(W) and uranium(V) have the 
same number of ligands. 

Mole ratio of complex 

The metal-ligand ratio of the uranyl-pyrophosphate complex was determined to 
be 1 : 1 by the conductometric titration method (Fig. 5). The result was in good 
accordance with that of Vaid and Ramachafl and of Rogers and Reynolds1 obtained 
by potentiometric, conductometric and spectrophotometric methods for bivalent 
metal ion-pyrophosphate complexes. 

-EI,#s. S.C.E., Y 
/ l.M .I4 

I I I I 

-0.4- 

-0a - 

-a. - 

-LO- 

O’ 
pl-la- 

2 

-1.4 - 

-I..- 

-EI~Ys. S.C.E., Y 

FIG. 4.-Plot of --El/* vs. log CM: 
A-0+)4% a-naphthol, 
o-092 % /?-naphthol. 

Na4PiOT added, ml 

FIG. 5-Conductometric titration [5-O ml 
of IOmM UOI(CIOI)I + 160 ml of H,O 

+ x ml of lOmA Na*P,O,]. 

Acknowie+vnent-The authors thank the National Council of Science Development which supported 
the work described. 

B-Der EinfluB verschiedener oberfliichenaktiver 
Subs-n auf die Eigenschaften der Polarogramme von Uranyl- 

T%h 
osphat-Komplexen wurde im Einzelnen untersucht. Ohne 

0 gchenaktive Stoffe wurden reversible und diffusionskontrollierte 
Reduktionswellen erhalten, wenn die Ligandenkonzentration zwischen 
0.05 und 0,3Om und der pH zwischen I,05 und 4,0 lagen. Bei pH- 
Werten Uber 4,0 lie&n such die irreversiblen Wellen durch Zugabe 
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van 0,04x a-N 
X-109 und 418 % 

hthol, 0,02 % /l-Naphthol, und 0,002% Triton 
& hor reversibel gestalten, wobei sich die Wellen 

xu negativerem Potential verschieben. Konduktometrisch wurde 
Bildung eines 1: 1-Komplexes bestlitigt. 

R&mm&Gn a 6tudi6 en d&ail l’effet de diverses substances tensia- 
actives sur les caract6ristiques des polarogrammcsdescomplexesuranyl- 
pyrophosphate. En l’absence de substances tensio-actives, des vagues 
de reduction &ersibles et a dilTusion contr616c ont Ct6 obtenues lorsque 
la concentration en complexe est comprise entre 0,05M et 0,3OM, et 
le pH entre 1,05 et 4,0. 
converties en va 

Au&l& de pH 4,0, les vagucs irr6versibles sont 

i 0,02% de fi nap 
es r6versibles par l’addition de 0,04 % d’a naphtol, 

tol, 0,002% de Triton X-100 et O,lS% de cam hre, 
d6pla9ant les vagues vers les potentiels plus n6gatifs. On a co r&m6 
par conductim&rie la formation d’un complexe 1: 1. 
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sllmplmry_-A cmparison is provided of the accmacy of two established 
spectrographic methads and a spcctrophoto~c method for the 
determination of gold in silver assay beads. The results indicate that 
the dckrmination for gold in beads can be accomplished 
precision and accuracy by the threa methods. 

with equal 

VARIOUS wet and dry methods have been proposed for the determination of gold in 
ores, concentrates, etc. From the practical point of view, the most useful of these is 
the classical fire assay in which lead and silver serve as the collector. The resulting 
lea9 alloy or button is cupelled to form finally a silver-gold alloy, which may be 
parted by acids to give gold which is weighed directly. 

For microgram amounts of gold particularly, the classical method has sometimes 
been modSed to allow the application of spectrographic or spectrophotometric 
adaptations. The latter techniques req$red dissolution of the parted residue in aqua 
regia and, subsequently, the removal of nitric acid by evaporations with intermittent 
additions of hydrochloric acid. This process is time-consuming, and, therefore, 
spectrographic methods are frequently used in those laboratories where suitable equip 
ment is available. By this process a great many determinations can be completed 
during a single day. While various opinions have been entertained concerting the 
relative accuracy of the two methods as applied to silver-gold beads, no information 
has been recorded to allow a reasonable comparison. The present work Was under- 
taken to provide such results and, in order to ensure an acceptable conclusion, the 
spectrographic results were obtained from two Jaboratories, each employing a 
distinct technique, and each having extensive experience in the application of their 
methods. These were the research laboratories of Falconbridge Nickel Mines 
Limited at Thomhill, Ontario and the Laboratory Branch of the Ontario Department 
of Mines at Toronto. The spectrophotometric analyses were made in the chemical 
laboratories of the University of Toronto, from which the .gold solutions were 
‘distributed without revealing the standard&i values. The following report 
includes a description of the three procedures used together with the results obtained. 

ApparoWs and reqqen’s 
EXPERIMENTAL 

Cupe~!~ Obtained from A. P. Green Fii Brick Co. Ltd., Toronto, Can&la. 
&ckmun Model B specrrophorometer with 5-cm Corex cells. 
“Hevi4ty” maj?& fiie 
Appkd Research Laboratories two-metre grating spcctrqrqh 

* C. L. Lewis, Manager, Falconbridge Nickel Mines Limited, Metallurgical Laboratoria, 
Thornhill, Ontario, Canada. 

t D. A. ModdIe, Chief Laboratory Branch, Ontario Department of Mines, Toronto, Ontario, 
Canada. 
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Standard gold solution. Prepared by dissolving spectrographically standardised gold in aqua 
regia, removing nitrous acid by evaporating 3 times in the presence of a few drops of HCl and a few 
mg of NaCl. The solution was standard&d by hydroquinone .r 
by a suitable dilution with O*lM HCl. 

Dilute gold solutions were prepared 
AU other chemicals were reagent-grade. 

Lead-gold alloys. Prepared by constructing lead boats from sheet lead and adding the desired 
volume of standard gold solution. This procedure avoided any possibility of loss of gold through 
faulty collection by the complete -assay fusion procedure. 

A 4” x 6” sheet of lead foil was folded into a boat with a base area of 2” x 4”. Five ml of a 
standard gold solution were added by a calibrated pipette to the boat, and the solution was then 
evaporated overnight in a steam cabinet. Ten mg of silver powder were added to the boat, which was 
then folded carefully to a roll approximately 15” x O-75” diameter, weighing 20-23 g. 

Procedures 

The lead buttons were cupelled on S. A. No. 8 cupels to isolate the gold-silver alloy. The opening 
temperature was 98OP, the 20-30 min drive occurred at 950” and the finishing temperature was 980”. 

The silver beads were parted in a small beaker by adding 5 ml of 1: 2 nitric acid and heating to 
incipient boiling. Heating was continued for S-1Omin until all of the silver was dissolved. The 
contents of the beaker were filtered through a 7-cm No. 42 Whatman paper, and the paper and beaker 
were washed thoroughly with water. Any silver chloride was removed by washing with 1: 1 aqueous 
ammonia and then with water. The paper and the gold residue were transferred to the parting 

TABLE L-RECOVERY OF COLD BY THE COLORIMETIUC MFFHOD 

Gold added, Gold found, Average, 
pg &? rug 

Blank 1.7 

1.5 

::: 1.7 1.5 

1.7 1.9 ::: 

19.1 20.1 19.7 19.3 
20.5 19.1 20.3 19.7 198 

*0*2 (24.2) 19.4 19.7 193 

19.5 20.3 19.9 20.5 
19.5 20.5 19.9 21.4 
19.5 21.0 20.1 21.2 

39.8 38.0, 39.4 38.8 
39.0 40.0 39.4 39.0 

40.6 (63.9) 39.0 37.2 39.2 . 
fO*1 

39.4 39.4 40.8 39.8 

60.8 
+0*3 

39.6 39.6 37.6 39.6 
39.6 - 39.8 40.0 

57.0 56.8 60.0 54.1 
57.2 59.5 59.5 57.8 
56.8 56.6 55.8 58.5 

58.5 56.5 55.0 58.3 
59.5 57.6 .57-o 58.3 
58.3 - 59.1 56.6 

1.6 
fO*l 

18.7 
18.7 
- 

20.3 
19.9 
19.7 19.9 

fO*5 
39.0 
39.0 
37.8 

39.4 
40.2 
39.6 

60.0 
60.4 
58.7 

398 
kO.6 

59.1 
58.9 
58.3 58.0 

+1.2 

beaker, which was heated overnight at 450” to bum the paper. Two to three ml of aqua regia were 
added, and the solution was then evaporated to dryness three times in the presence of 1 ml of 2% 
aqueous NaCl and a few drops of HCl. The residue was dissolved in an aqueous solution con- 
taining 10 % hydrobromic acid and O-2 % hydrochloric acid, and made up to a volume of 25.0 ml. 
The absorbance of the bromaurate was measured at 380 w in 5-cm cells against a water blank. 
A standard curve was prepared by adding hydrobromic acid to dilute gold solutions. The results are 
recorded in Table I. Blank lead buttons and lead buttons containing aliquots of standard gold 
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solutions were cupelled and treated as described. Results for blanks and standards are recorded in 
Table I. These results provide sufficient evidence that the spectrophotometric method, applied to 
the determination of gold in beads, may be used to determine the relative efficiencies of the spectro- 
graphic method. 

The following modification of the spectrographic method, developed by Scobie,’ was used by the 
Ontario Department of Mines for the spectrographic analysis of silver beads. 

Silver beads weighing approximately 100 mg were formed in a small steel die and mounted on 
pointed copper rods. The mounted silver bead as the lower electrode was arced against a conical- 
tipped graphite electrode using a high-voltage (5 KV) a.c. arc at 2.2 amp. An applied Research 

TABLE II.--COMPARIS~N OF AMOUNTS OF GOLD RECOVERED FOR THE THREE 
METHODS FOLJND 

Gold added,* 

IV 

0 

20.8 20.8 
20.8 20.8 
20.8 21.2 

Ave. 20.9 
*0.1 

41.5 41.5 
41.3 41.9 
42.1 41.9 

Ave. 41.7 
l 0*3 

61.2 61.4 
61.2 62.3 
62.3 

Ave. 

62.3 

61.8 
*o-5 

Gold found, /fig 

Calorimetric Spectrographict SpectrographicS 

0 0.6 
Ave. 0.15 

20.8 
21.0 
20.1 
20.1 
Ave. 

20.8 20.8 
20.8 21.0 
20.1 193 
20.1 19.7 
20.4 

*0.5 

41.1 
41.3 
39.8 
42.1 
Ave. 

41.6 41.9 
43.5 - 
39.4 40.9 
39.8 40.6 
41.1 

kO.9 

61.6 
61.8 
59.7 
60.0 
Ave. 

61.6 61.2 
63.2 61.4 
60.1 (30.7) 
61.2 60.8 
61.1 

*0.7 

8 
21 
22 

Ave. 

Ave. 

59 
57 

Ave. 

: 

20 
20 

21 
kO.5 

42 
38 

39 
fl 

60 
53 

57 
f3 

- 

: 

21 
21 

5 

5 
21 

Ave. 

40 
39 

39 

Ave. 

61 62 
54 64 

Ave. 

5 5 

22 20 

21 
fl 

42 42 

41 
fl 

60 62 

62 
Zt.1 

* These values were obtained for the standard curve and therefore represent the precision of the 
measurement. 

t Falconbridge Nickel Mines Limited 
$ Ontario Department of Mines, Laboratory Branch 

Laboratories Zmetre grating spectrograph was used. The fihn was calibrated by the iron line- 
group method of Dieke and Crosswhite. *s4 
3274 A was used for internal standardisation. 

The silver background adjacent to the copper line at 
The gold line used was 2675.95 A. A calibration curve 

was established from standard beads prepared by evaporating aliquots of standard gold solutions 
in lead boats, adding 100 mg of silver and cupelling. The weight of gold was calculated from the 
percentage of gold in the silver, and the accurate weight of the silver bead. 

The Falconbridge spectrographic method involved an arrested cupellation of the lead buttons. 
The procedure has been used for the determination of silver, gold, platinum, palladium and rhodium.6 

Lead buttons were cupelled to a weight of approximately 50 mg. The cupel was removed from 
the furnace and placed in a stream of nitrogen so that the bead was instantly frozen without oxidation. 
With experience, the bead weight could be judged accurately before freezing. 

Four holes, approximately l/32” deep, were pricked in the top of a clean, copper electrode with a 
center punch. The lead bead was attached firmly to the top of the copper rod by covering the bead with 
aluminium foil and tapping it with a hammer until flattened. The copper rod served as the lower 
electrode and was made the cathode. The samples were sparked against a graphite anode with a peak 
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VOlt8gC of 20 KV and a radio frequency current of 5 A. Lead was used as an internal standard 
employing the line at 3118.92 A. The gold lines used were at 2675.95 A, 2427.95 A and 3122.78 A. 

Standards used for calibration were prepared by melting pure lead in a graphite crucible, and 
dissolving various amounts of gold, silver and several platinum metals. The weight of gold in the 
sam 
beas. 

le was calculated from the percentage of gold in the lead and the accurate weight of the lead 

In pre aration for the comparison of the accuracy and precision of the described methods a 
& set of art] clal lead buttons was prepared as described above. These buttons were made up of samples 

of four different concentrations: 0 (blank), 20, 41 and 62 rg of gold. Each of these weights was 
contained in 5 ml of standard solution. Each lead button contained 10 & 1 mg of silver and weighed 
approximately 20 g. Simultaneously with the preparation of these buttons, the above thm weights 
of gold, each in 5-m! aliquots, were treated with hydrobromic acid, as described in the 

P 
rocedure, and 

the absorbances were determined from the standard curve. This procedure was fol owed to allow 
a direct comparison of the absorbance values with those obtained for the button. This precaution 
avoided the usual error of dilution, and was preferred to a calculation of the gold content from the 
gravimetric values. In this way an estimate of precision is also achieved. 

Several sets of the four different gold concentrations were determined by the calorimetric pro- 
cedure described after cupellation. Other sets of samples were analysed spectrographically, after an 
arrested cupellation of the button, by the Falconbridge Nickel Company. Buttons for the Pro- 
vincial Assay Laboratory were adjusted to contain 100 mg of silver by addition of silver powder, and 
we= subsequently cupelled. The results for samples analysed by the three methods are recorded 
in Table II. 

DISCUSSION 

The results recorded in Table I prove that the calorimetric procedure described 
may be used for the determination of the gold content of lead buttons. Table II 
indicates that the determination of gold in beads can be accomplished with equal 
accuracy by the sFctrographic determination in silver-gold beads or in lead-silver-gold 
beads, and by a calorimetric determination as bromaurate. 

Acknowle&ment-The authors are grateful to W. L. Ott of Falconbridge Nickel Mines Limited 
and W. D. Taylor of the Ontario Department of Mines for the spectrographic results. 

Zmamme&ssaag-Dieser Bericht vergleicht die Genauigkeit zweier 
bekannter soektroeranhischer und einer smktrophotometrischen 
Bestimmung&neth~e ?lti Gold in Perlen van’ der .%erprobe. Die 
Ergebnisse zeigen, dal3 die Goldbestimmung in den Perlen mit gleicher 
Genauigkeit und Richtigkeit nach allen drei Methoden durchg&lhrt 
werden kann. 

R&an&-Dam ce mtmoire, on compare les ptiisions de deux m&h- 
odes spectrographiques et d’une m&hode spectrophotomttrique 
6tablies pour le dosage de l’or dans les perles d’essai en argent. Les 
r6sultats montrent que le dosage de l’or dans lea perlea peut t?tre effectu6 
avec une m&me p&&ion et une m&me justesse par trois m&odes. 
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Summary-This review provides some factual information on the 
knowledge which has been assembled on chelating resins, particular 
emphasis being placed on their contribution to basic research into 
complexation reactions and on the fact that they add another unit 
operation to the analytical separations available. 

CHELATING resins are ion exchangers in which various chelating agents have been 
incorporated. Examples are dimethyglyoxime or iminodiacetic acid introduced into 
the matrix of a styrene-divinylbenzene polymer. These substances-invented some 
ten years ago-combine two well-known analytical processes: ion exchange and 
complexation reactions. The combination of the two processes in one single system 
is an innovation which greatly enlarges the scope of fundamental knowledge about ion 
exchangers and their applications. 

Chelating ion exchangers are distinguished from the ordinary type of ion exchanger 
by three main properties: 
(a) High selectivity. The affinity of particular metal ions to a certain chelating ion 
exchanger depends mainly on the chelating group and not on the size of the ion, its 
charge, or other physical properties which determine the order of preference in the 
case of the ordinary ion exchanger. 
(b) Bond strength. In ordinary ion exchangers the binding is electrostatic with a 
strength of the order of 2-3 kcal/mole, while in the resins dealt with here the binding 
energy is of the order of 15-25 kcal/mole. 
(c) Kinetics. While in the ordinary type of exchanger, exchange processes are more 
rapid and controlled by diffusion only, which is itself a function of the mobility and 
the concentration gradient of the ions entering and leaving, the exchange process in 
a chelating exchanger is slower and controlled either by a particle diffusion mechanism 
or by a second order chemical reaction. 

These three differences point the way to a further extension of the separation 
possibilities of cations and anions in different media on a chelating ion exchanger. 
The interesting property of this material to act as a solid complexing agent combined 
with the ability to carry out complexing processes in two-phased systems-solid- 
liquid-further widens the scope for fundamental research into complexation 
mechanisms. 

It is the aim of this review to provide some factual information on the knowledge 
which has been assembled on chelating resins, particular emphasis being placed on 
their contribution to basic research into complexation reactions and on the fact that 
they add another unit operation to the analytical separations available. 
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TYPES OF RESIN AND THEIR PREPARATION 

Information on chelating groups introduced into a polymer matrix has already 
been partly summarised in previous reviewPI and by Rieman and Breyer.3 In the 
present review, therefore, only the important new types that have been added in the 
meantime are covered. 

Polyvinylacetonyl ketone4 

This resin is prepared by ionic polymerisation of vinyl methyl ketone and its 
simultaneous condensation with acetic anhydride. The relevant ! 
described in the following general form: _ _ 

CH,=CH-C-CH8 + (CH,CO),O BFB, 
II 

0 

rei iction may be 

-CH,-CH-- 

/ 
c=o 
I 

CHs 

c=o 
I 

. CHs _ 

The monomer analogue of this polymer is acetylacetone, the chelating properties 
of which are well known. So far only the stability constants of the polymer with 
copper(I1) and uranyl ions have been determined (log Kvotr+ = 8.8; log Kc,,‘+ = 7-O). 

Phosphonic acid groups incorporated into a phenol-formaldehyde matrix5+ 

The reaction takes place in stages: 

PC1 HaCo l CICH,POClp 
' 205°C 

NaoH* CICH,POsNa, 

C,H,ONa + CICH,POsNa, HC’ l C,H,OCHIPOIHP + 3NaCI + HI0 

C,H,OCH,PO,H~ + CH,O A f CHyPOs*- CH*--POI*- 

b 

This resin shows special chelating properties with respect to the CU(NH,),~+ ion, 
and it may be expected to show a strong affinity to other metal ions producing phosphate 
complexes, which have, however, not yet been investigated. The chelating property 
of this resin is proved by the fact that the elution of metals with a salt extracts only 
5 % of the metals, while with an acid above 90 % are eluted. 

Iminodiacetic acid in a styrene-divinylbenzene matrix 

This resin is known under the trade names of Dowex Chelating Resin A-l and 
Chelex 100, and it is the only one available commercially and of which the physical 
and chemical properties have been explored to any extent. 

For the synthesis of this substance chloromethylated styrene-divinylbenzene is 
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used as the starting material, which undergoes a process of amination and is then 
treated with monochloracetic acid : 

-CH-CH2 -CH-CHp- 
I 

-CH-CHI 
I 

CII&lCOOH l lq 
CHICOOH 

/ 
CH,CI CH,NH, CH,N 

\ 
CH,COOH. 

Details of this synthesis are given in the patent published by the Dow Chemical 
Company.7 

Polymers of the same type, but with other amino acid functional groups-glycine, 
nitrilotriacetic acid and the like-have been synthesised and characterised by Morris 
et aL8 Heringsylo and Blasius and Bock.41 

Copolymers of the phenol-formaldehyde type 

Pennington and Williamsa polymerised formaldehyde with various derivatives 
of phenol, such as o-aminophenol, resorcinol, #?-resorcylic acid, etc., and obtained 
ion exchangers possessing superior selectivities for transition and alkaline earth 
metal ions. 

Glyoxal-phenol derivatives 

Considerable publicity was given recently to the work of Bayer,39 who succeeded 
in constructing very specific chelating agents and incorporating them into macro- 
molecules. He condensed o-aminophenol with glyoxal and obtained glyoxal-bis-2- 
hydroxyanil in a polymer matrix as a result. This substance shows a high affinity 
for copper, uranyl and nickel ions. The structure of the ligands taking part in the 
co-ordination process is as follows 

N N 
II II 

HC--CH 

The ions of the metals referred to are bound to the ligands at four locations (2 
oxygens and 2 nitrogens) and in addition to 2 water molecules. 

In a similar fashion Bayer synthesised another reagent, which instead of the 
hydroxylic groups contained mercapto groups, and he obtained a polymer specific 
for gold, silver and mercury ions. With this reagent Bayer extracted l-4 pg of gold 
from 100 1. of sea water. 

A polymer containing the ligand dimethylaminobenzylidenerhodanine 

This reagent, which commonly serves for the photometric determination of the 
copper group and the noble metal ions 0~0, S- Pt4+ and Pds+, was introduced into a , 
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polymer matrix by Lewandowski and Zczepaniak .m The chelating ion exchanger 
obtained showed selective absorption properties for these metals. 

Oxygen donor Iigands incorporated in a resin 

Blasius and Kynast42 introduced the following ligand into a resin matrix 

CH,-C=O 
I I 
b 6H 

0 OH 

The resulting resin showed a strong affinity for zirconium(IV), the structure of the 
complex obtained being octahedral. 

FUNDAMENTAL PROPERTIES 
Structure of the resins 

The relationship between the number of rings substituted by chelating ligands 
and the total number of rings, is found by elemental analysis of the resin. Work of 
this kind has been undertaken by Schwartz? as well as by Loewenschuss and Sch- 
muckler,ls who investigated the number of substituted rings in Dowex A-l and found 
that of every 8 rings in the resin 5 are substituted with iminodiacetic acid. 

Information on the location of the charges in the functional groups may be 
obtained by means of the infrared spectrum of the resin at various pH. A qualitative 
analysis of the Dowex A-l resin was made by Schwartzll at various pH, with the resin 
immersed in a buffer solution of acetic acid-sodium acetate and at constant ionic 
strength. 

The locations of the various groups as a function of pH, as obtained by Schwartz, 
are as follows: 

CH,COOH CHICOOH CH&OO- CH,COO- 

/ / / / 
RCHINH+NOI- + RCH*NH+ + RCH,NH+ + RCH,N 

\ \ \ \ 
CH,COOH CH*coo- CH,COO- CH,CO_O- 

pH 2.21 w 399 ---f 7.41 + 12.30. 

He arrived at these conclusions through the following experimental observations. 
At low pH in a sodium nitrate medium a characteristic absorbance of the nitrate ion 
was found at 7.21 ,u, which means that in an acidic medium Dowex A-l acts as an 
anion exchanger, assuming the form, of a quaternary ammonium salt of the type 
Rs.NH+NOs-. A further characteristic absorbance at low pH was found at 5-70-5.75 ,u, 
which proves that the carboxylic groups present are non-ionised. With rising pH 
this absorbance disappears. At high pH (12.3) an absorbance appears at 9-O p, 
proving the presence of a tertiary amine. 

Swelling 

This is a measure of the elastic properties of a resin and a very important source of 
information for thermodynamic and kinetic data. The water uptake (or swelling) 
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of chelating resins is especially pronounced because of their low cross-linking. In the 
case of Dowex A-1” the volume of the resin in the hydrogen form is O-45 and in the 
sodium form l-00. These large differences in volume are a great disadvantage in 
column operation. 

Schwartzll investigated the changes in the swelling of Dowex A-l as a function of 
pH, in the presence of sodium and zinc ions, respectively. In the sodium form there 
is an appreciable rise in swelling as the pH increases, whilst in the zinc form the rise 
is slight. This is because the co-ordination sites in the case of zinc are occupied by 
iminodiacetic acid, so that water cannot penetrate into the resin. 

Krasner and Marinsky14 measured the water uptake of Dowex A-l at various pH 
in order to get osmotic coefficient values, which are necessary for determining the 
dissociation of the iminodiacetic acid groups in this resin. 

Acidity constants 

The functional groups incorporated in macromolecules must have pKB values 
approaching those of the monomeric complexants. Taking Dowex A-l as an example, 
three acidity constants may be expected. In iminodiacetic acid, the analogous monomer, 
Chaberek and MartelP determined only two such constants, the third being difficult 
to establish experimentally. Marinsky and KrasneP showed that in the resin Dowex 
A-l the functional groups exist in three forms in different pH ranges. He determined 
the first acidity constant by means of potentiometric titration with sodium hydroxide, 
the value obtained being l-2 x 10d, which is close to the first constant of the monomer 
iminodiacetic acid16 (2.9 x W3). He then proceeded to determine the third constant 
of the resin, which has a mildly alkaline form and of which the structure is 

FI 
CH,-C-O- 
I 

-R-l&OH 
I 
CH,-C-O- 

4 

This was achieved experimentally by potentiometric titration with sodium hy- 
droxide labelled with ssNa and by controlling the activity of the sodium and hydrogen 
ions in both the aqueous and the solid phases. The value obtained was lo-14. 

Recently, Krasner and Marinsky14 redetermined the first acidity constant with 
the aid of a different, more accurate approach, namely, taking potentiometric neu- 
tralisation titration data and water absorption measurements as a function of pH and 
using an equation which is a combination of the Gibbs-Donnan equation and that 
of Katchalsky, in order to introduce the corrections necessary for obtaining the 
thermodynamic values. The second acidity constant is difficult. to obtain experi- 
mentally, because the second end-point in the potentiometric titration with sodium 
hydroxide is not sharp. Leyden and Underwoodl’ showed that if this titration is 
carried out in a medium of isopropyl alchol with tetra-n-butylammonium hydroxide 
as titrant, equilibrium is reached much more rapidly and two sharp end-points are 
obtained. No attempt was, however, made to pass from the apparent values resulting 
from that titration to thermodynamic values. 
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Acidity values have also been determined for other polymers, such as PAK 
(polyvinylacetonyl ketone) and PAA (polyacrylic acid). This work was done by 
Gregor, Luttinger and Lobe& ls who carried out potentiometric titrations with sodium 
hydroxide in order to correlate pH with a (the degree of neutralisation.) The acidity 
constants were then obtained through the Henderson-Hasselbach equation. 

Trostyanskaya and Nefedovan synthesised a resin containing the ligand di- 
ethanolamine as the functional group and studied its properties. They, too, titrated 
the resin with sodium hydroxide and found two end-points, one at pH 5.0, the other 
at pH 105 

Stabiiity constants with metal ions 

For determining the stability constants of the various metal ions with the chelating 
resins the stoichiometry of the reaction between the two must first be established, 
i.e., the amount (mmoles) of functional groups in the resin needed for each mmole 
of metal ion. It was found that two stoichiometric ratios are possible, depending on 
the experimental conditions. 

In the case of Dowex A-l, in contact with trace quantities of metal ions, complexes 
of the ratio 1 : 2 (of the form MR.& are formed, as between the metals and imino- 
diacetic acid in solution. MarinskyzO and Heringsl independently determined the 
first constant of such complexes by potentiometric titrations for nickel and copper 
ions, obtaining numerical results that were very close to the first constant between 
iminodiacetic acid and these metals in solution. 

If the process takes place in the presence of an excess of metal ions, complexes of 
the ratio 1: 1 (of the form MR) are formed. Loewenschuss and Schmuckler’s showed 
that the resin had the same maximum capacity for Cu2+, Fe?+ and Th4+, and that for 
each mmole of nitrogen in the resin 1 mmole of metal ion is adsorbed irrespective of 
the charge (which is analogous to complexation with EDTA). They also determined 
the apparent stability constants of copper and nickel with the resin through competing 
equilibria of the metal ions between the ligand iV-hydroxyethylenediaminetriacetic 
acid and Dowex A- 1. Gregor, Luttinger and Loebll* determined the stability constants 
of metal ions with the resins PAA and PAK by potentiometric titrations of the resin 
with sodium hydroxide both in the presence and in the absence of complexing metal 
ions. In order to calculate the constant from the experimental data they used a 
modification of Bjerrum’s method. 

Kinetics 

Three investigators carried out experiments with a view to finding the rate de- 
termining step in the chelating exchange process on Dowex A-l. Turse and Riemana 
used a modified limited-bath technique in order to study the exchange kinetics of 
several pairs of metals: calcium-magnesium, sodium-calcium, etc., and concluded 
that the rate-determining step is controlled by a second-order chemical reaction, the 
size of the particles having no effect. 

Other workers, however, reached the conclusion that the rate determining step is 
controlled by particle diffusion. Heitner-Wirguin and Markovitz35 also used the 
limited-bath technique in order to examine the exchange rate between the sodium 
form of Dowex A-l and the metals strontium, calcium and magnesium. They showed 
that the graphic correlation of Bt versus t (where B = a constant dependent on the 
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radius of the particles and the diffusion co-efficient, and t = time) gives straight lines 
crossing the origin irrespective of either the temperatures at which the experiments 
are carried out or of the radii of the particles. Measurements at different temperatures 
enabled them to calculate the activation energies and to show that these energies are 
higher in the case of a chelating exchange than in that of an ordinary exchange. 
Schwartz, Marinsky, and Spieglers6 came to a similar conclusion through a different 
experimental approach. They carried out self-exchange measurements using ‘%o, 
aaNa and &Zn isotopes in a manner similar to the experiments conducted by 
Boyd and Soldano3’ with ordinary ion exchangers. Their approach has the advantage 
that there are no swelling changes of the resin during the exchange process and no 
changes in the mobility and the charge of the exchanging ions, so that the system 
contains fewer variables and is less complicated. The divergence over the two pro- 
posed mechanisms now seems to have been settled in favour of the diffusion-con- 
trolled rate-determining step. Thus, the recent work of Yaron and Riema# has 
shown that Turse and Rieman’s earlier conclusion, that the rate-determining step 
is controlled by a second-order chemical reaction, was based on an experimental 
error in establishing the capacity of the resin. The error was due to the fact that when 
the sodium form of the resin is washed with water, partial hydrolysis takes place, 
which reduces the sodium capacity of the resin. To overcome this difficulty, a new 
series of experiments was carried out by the shallow-bed method, and this led to the 
conclusion reached by the other workers. 

Similar work was carried out by HojoP* who used a different resin for silver, 
mercury and copper ions. He, too, reached the conclusion that the process is con- 
trolled by particle diffusion. 

PRACTICAL APPLICATIONS 

Uses in nuclear chemistry 

It seems that chelating resins could serve as valuable tools for the production of 
radioactive tracers of high specific activity using the Szilard-Chalmers method 
(an n;y reaction). Neutron activation of a chelating resin to which metal ions are 
bound leads to a reaction which may be schematically described as follows: 

R-chelating ligand-M” + n + R-chelating ligand . . . M”+l + y 

where x is the atomic weight of the metal ion. 
The bond of that portion of the metal ions bound to the resin which undergoes an 

n,y reaction will be weakened, so that the labelled ions may be liberated from the 
resin by shaking the solid with a solution containing the metal ion M.as carrier. In 
this manner a solution of high specific activity may be obtained, but the method has 
so far not been tried in practice. 

Other applications In this field were made by ,Forberg and Lundgren,22 who 
separated transition metal ions (NI ‘Zf, Cu2+) on Dowex A-l from irradiated Na,PO,. 
Christell, Forberg and Westermark= measured the exchange between lanthanum 
and copper in a copper-saturated Dowex A-l resin, by measuring the activity of 
lmI.,a in both the resin and the solution phases. The same workers also tried to 
separate two lanthanides (Las+ and Lu3+) on a column of calcium-saturated Dowex 
A-l, but it seems that this separation has, as yet, no practical advantage over more 
conventional separation techniques for the lanthanides using ordinary ion exchangers. 
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Separation possibilities 

Herings@*a7 absorbed a number of transition and alkaline earth metals on columns 
containing resins with aminocarboxylic groups, then eluted the metals with dilute 
acids, and showed the relationship between elution curves and pH. He defined a new 
concept, the decomplexationpl? (DpH) : during the acidic elution process of a mixture 
of metals, each of the latter will appear in the eluent with a certain, characteristic 
pH, which is dependent on the stability constants of the various metals with the 
chelating resin. Correlation of the metal ion concentration leaving the column versus 
the pH pro#ces the desired DpH values, which may also serve to calculate the 
stability constants of the metals with the chelating resin. Schmuckler and Friedmans% 
showed that the separation possibilities of metal ions on Dowex A-l could be extended 
by the use of selective complexing agents in the feed and elution stages. 

Helfferichs@*” widened the scope for utilising ion exchangers by establishing that 
besides metals, ligands, too, could be separated on these resins. He called this process 
Zigand exchange, which means, in effect, that if the resins contain complexing metal 
ions, e.g., CuS+, Nip+ or Ag+, the solid sorbent may be used for selective exchange of 
the ligands bound to these metals, e.g., amines. With this idea he made an important 
contribution to the chromatography of ligands extant in nature-proteins, etc. 

Recovery of traces of metal ions 

Turse and Piemane succeeded in absorbing. l-00 ppm of Cu*+ from a medium of 
1M ammonium chloride on Dowex A-l with a 99% recovery or better. A concen- 
tration of O-32 ppm of Cd+ from 0.5M sodium chloride (ratio of electrolyte to copper 
of ca. 100 : 1) was achieved on other chelating resins by Pennington and Williams.% 
These examples prove that the strong bond of the metals to the chelating resins 
enables them to be extracted from very dilute solutions of high ionic strength, a 
process impossible with ordinary exchangers. 

Miscellaneous analytical determinations 

The most important use in this field is the determination of calcium in sodium 
hydroxides’ and in lithium salts .3s The small quantities of calcium (2-10 ppm) present 
in these salts were absorbed on Dowex A-l resin; the calcium was then eluted from 
the resin with 2M hydrochloric acid and titrated complexometrically. 

This use may be extended to the analytical determination of traces of complexing 
metal ions in pure salts and other compounds, where the metal ions must first be 
concentrated before they can be determined analytically. 

Extraction of metals from complexing media and slightly soluble salts 

It has already been shown that complexing metal ions may be extracted from a 
complexing medium, e.g., copper from a chloride, ammonia or phosphate, medium. 
What has to be clarified is the mechanism of binding, a problem attacked by Loewen- 
schuss and Schmuckler,ls who made equilibrium measurements of copper ions bound 
to bi- and tridentate aminocarboxylic ligands brought into contact with measured 
quantities of Dowex A- 1. They showed that with each copper atom entering the resin, 
1 molecule of the ligand to which the copper is bound in solution also enters. In 
other words, Dowex A-l may serve as a solid chelating agent in which a definite 
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quantitative relation exists between the absorptive capacity and the quantity of com- 
peting ligands (in the solution phase and in the resin). Rich= showed that even 
slightly soluble salts of various metals, e.g., lead sulphate or calcium fluoride,s may 
be dissolved with the aid of Dowex A-l, dissolution being fairly rapid (S-60 mm), 
but the mechanism of this process is not yet clearly understood. 

CONCLUSION 

The process of chelation in the solid phase presents a challenge both for basic 
research and to the industrial chemist looking for new analytical methods. The field 
is as yet rather young, and it is developing slowly because of the scarcity of suitable, 
commerciahy available substances. The only one of which the properties could 
be investigated and for which uses could be found is the resin Dowex A-l (Chelex-100) 
and it is this that has been mentioned on several occasions throughout the present 
paper. If any advances are to be made in this field, a great deal of synthetic work 
must be invested with a view to enlarging the variety of ion exchangers having different 
ligands. The aim of such syntheses should be to devise substances of high selectivity 
and rapid exchange. As regards selectivity, BayerJO stressed the interesting fact that 
chelating ligands bound to macromolecules have a higher selectivity for certain metal 
ions than the same ligands in their monomer form because of their particular steric 
arrangement. This is not so with the resin Dowex A-l, but for proteinic mercapto 
groups Bayer could show that while in solution they had afhnities to a number of 
metal ions, on a inacromolecule they had an exclusive afhnity to copper. 

R&um&Cette revue apporte des renseignemems exp&imentaux, 
concernant les connaissances que l’on a rassemb&s sur lea &sines 
chelatantes. On insiste particulierement sur leur contribution a la 
recherche de base darts les reactions de complexation, et sur le fait 
qu’elles ajoutent une autre technique fondamentale aux separations 
analytiques existantes. 

Znsamme&saunt-Diese Ubersicht vermittelt elniges Tatsachen- 
material tiber chelatbildende Harze. Dabei wird besonderer Nach- 
druck auf ihren Beitrag zur Grundlagenforsch~ tlber Komple 
bildungsreaktionen gelegt sowie auf die Tatsache, da8 thre Verwendung 
sich als neue Gnmdoperation den bisher bekarmten analytischen 
Trennverfahren zugesellt. 
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SHORT C~~~~~~CATI~~S 

Calorimetric determination of vanadium(V) with d-@pyridylazo)-rem&no1 

(Received 18 May 1964. Revised 7 October 1964. Acceped 9 October 1964) 

~~-~Y~Y~~~~R~I~L (PAR)l has%?en widely used as a reagent for the co~orimctrie deter- 
mination of metal ions, e.g., niobium,+s uranium,*-* cobalt,*J* Icad,* thorium,” scandhm~,~~J* 
indium:Qe gafliumlP*ls and palladium.‘* 

FIG. 1 .-Absorption curve of vanadium(V) compkx with PAR: 
l-PAR vs. water; 2-V + PAR VJ. PAR; 3-V + PAR tw. water. 

(03 ccrnoie of VK+ ; 5 pmole of PAR; 1 ml of buffer; vdumc, 25 ml; l-cm cuvettc), 

08 

0 04 

~2345678 

PA R.VMl 
FXG. 2.-Molar ratio method (O-Spmok of p+; 1 ml of buff&r; 0~1-4~molc of PAR; 

volume, 25 ml; l-cm cuvctte; 550 m,u VS. watcr).*8 
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We have now found that with PAR vanadium(V) gives a very sensitive violet coloration suitable 
for calorimetric determination of the latter. The absorption maximum is at 550 rm~ (Fig. l), where 
the absorption of the reagent itself is only small. The composition of the complex has been rnvestigated 
by three methods (Figs. 2, 3 and 4), which all show that the V:PAR ratio is 1: 1. The Rouguer- 

02 O-4 O-6 08 1-O 

M/M +lPARI 

FIQ. 3.-Continuous variation method:*O.*l 
0-l ,umole of Vs+ + PAR; 1 ml of buffer; volume, 25 ml; l-cm cuvette; 550 m/&r; 

with correction for PAR; 
O-the same, but with 0.5 ,umole of V6+ + PAR. 

08 

D 04 

0’2 

1 2 3 4 

ml 1O”M PAR-V 
Fro. 4.-Harvey-Manning plot for V-PAR complex:** 

a-0+05-0*3 ccmole of VL+; 1 ml of buffer; sodium chloride medium (p = 0.5); 
Spmole of PAR; volume, 25,ml; 550 rnp us. PAR; 2-cm cuvette; 

O-the same, but o~ce~oerscl--with excess of V6+ and insufhciency of PAR, 0~. water. 

Lambert-Reer law is followed over a wide range. of concentrations (0+&l &ml), which permits the 
determination of l-5 ~6 of vanadium(V) in 25 ml of test solution. 
method is one of the highest known for vanadium (Tabk I). 

The sensitivity of the proposed 
The V-PAR compkx is stable over a 

wide pH-range, so that various but% solutions can be used (Fi 5). 
In a previous paper*@ it has been established that -8 I,2 iaminocyclohexanetetra-acetic acid 

(DCTA) has a specifk action towards quinquevaknt vanadium ions in that it does not form stable 
compkxes in contrast to most other metal ions. This fact was used for increasing the selectivity of the 
calorimetric determination of vanadium with Xyknol Orange (X0) and more than 20 ions do not 
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05 

03- 
D 

02- 

07 
*-“% 

2 4 6 8 70 

Fro. 5.-pH-Dependence of the optical density of vanadium(V) complex with PAR 
(05 pmole of V‘+; 2 ml of buffer; IO~mole of PAR; volume, 50 ml; lcm cuvette; 

us. water.) 

TABLE I.--sENSlTlWTV OF VARIOUS CO IDRMWRlCWDSFDRTHE 
DETERMINATIDN OF VANADIUM . 

Sensitivity, Molecular 
extinction 

Method (for 1:: $Iv~ZLl) coethcient 
- 

Hydrogen peroxide 0.1800 (450 m#’ 300 (450 n&U)% 
Phosphotungstic acid oG2OO (375 nl#u)U 2000 (400 WY 
I-Hydroxyquinoline (CHCl, extraction) 0.0160 (550 m#’ - 
PAN (CHCl, extraction) 0*0030 (615 m/~)‘@ 16900 (615 w)” 
Xylenol Orange 0.0026 (530 m,~)‘~ 13000 (520 rnfi)*O 
PAR (in presence of DCTA) 0.0014 (550 m/4) ~ (550 W) 

then interfere with the determination. Hence, the influence of DCTA on the V-PAR complex has 
been studied and it has been established that the latter acts in a similar mmer to the V-X0 complex: 
a 5000-fold molar excess of DATA decmases the optical density by about 40% in respect to its 
nominal value (regardless of the pH of the solution in the range 5-8). EDTA breaks down the 
complex, but tartaric acid, oxalic acid, sodium fluoride, etc., have little influence. The maximum 
optical density of a V-PAR solution in the presence of DCTA is attained within 30 min, probably 
because of the equilibrium between the DCTA-V and PAR-V complexes; the optical density then 
remains constant for 2 hr. 

The 
one of tK 

resence of DATA prevents the reaction of many metal ions with PAR, making this method 
e most selective for determination of vanadium. The intluence of 30 ions has been studied 

and the maximum ratios below which no interference is observed are given in Tahle II. Only a few ions 
have a considerable influence on the proposed method, e.g., niobium, uranium and titanium. Other 
ions, such as indium, molybdenum, tin and thallium, do not interfere in moderate amounts, while the 
rest of the tested ions have no influence over a wide concentration range. The calibration curve must 
be constructed at a constant concentration of DCTA against a blank containing a constant concentra- 
tion of PAR. In the presence of coloured ions the blank should be prepared with the same concen- 
trations of the relevant ions. 

Procedure. Add to 5-15 ml of slightly acidic test solution, containmg l-5 pg of vanadium(V), 
5 ml of @05M DCTA, 1 ml of 2M ammonium acetate (adjusted with aoetic acid to pH 5.5 using a 
glass electrode and pH-meter) and 2 ml of OWlM PAR. Dilute to 25 ml. Measure the optical 
density of the solution after 30 min on a spectrophotometer at 550 rnp or on a Pulfrich photometer 
(filter S53) in a 5-cm cell against the same concentration of PAR, DCTA and buffer. 

The proposed method has many advantages compared with other calorimetric methods for 
vanadium. It has a high sensitivity and the interference from many elements can be masked with 
DCTA. Also, PAR undergoes no acid-base change witbin the pa-range ln which the vanadium 
complex is suitable for calorimetric determination. Finally, the pH-range for development of the 
V-PAR coloration is fairly wide, the actual development of the coloration is relatively quick and 

8 
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TABLE IL-DEIWWNATION OF Ipg OF VANADIUM IN THE 
PRESENCE OF FOREIGN IONS 

Foreign ion, 

&? 

Weight 
ratio of 

Vanadium(V), pg 

V6+ : Me Found Difference 

Fe’+ 
Ala+ 
Pba+ 
Zne+ 
cu=+ 
MnP+ 
cos+ 
NiO+ 
Bi8+ 
Sn4+ 
TP+ 
Sb”+ 
Gas+ 
Ins+ 
Las+ 
Ys+ 

b%?+ 
Ca2+ 
Sr2+ 
Ba*+ 
Ti&+ 
Zr4+ 
Nb6+ 
Cr0,3- 
MoOa*- 
WO&e- 
uoz2+ 

NaF 

loo00 
5ooo 
5ooo 
5000~ 
5000~ 
50008 
5m 

2OOb 
30bsC 
50b 

100”*c 
2000” 

10” 
2500 

1OOb 
2OOb 

1250b 
5000 
2500” 

1” 
156 
0.5b,C 

5OOOb 
50b 

250” 
0.5b 

50 mg 
Tartaric acid 50 mg 
Sodium phosphate 50 mg 

I:5000 
1:lOOOO 
1:5000 
1:5000 
1:5000 
I:5000 
1:5000 
1:5000 
1:2cMl 
1:30 
I:50 
1:lOO 
1:2000 
1:lO 
1:2500 
I:100 
1:200 
1: 1250 
1:5000 
1:2500 
I:1 
1:15 
1:0.5 
1:5000 
1:50 
1:250 
1:0.5 

1.00 +oao 
1.08 +0.08 
1.04 +0.04 
I.04 $0.04 
0.96 -0.04 
0.91 -0.09 
1 *OS +0.08 
1.08 +0.08 
1.06 +0.06 
1.01 $0.01 
1.08 +0.08 
0.96 -0.04 
1.05 + 0.05 
090 -0.10 
1.01 +0.01 
1.00 +o.Oo 
1.08 +008 
l-00 +o.OO 
1.06 -to.06 
1.05 +0.05 
I.00 +00l 
1.09 + 0.09 
1.15 -to.15 
1.04 f0.04 
1.00 +o.OO 
0.90 -0.10 
1.05 + 0.05 
1.00 +o.OO 
1.05 +0.05 
1.00 +00z) 

a Measured against the same concentration of the coloured 
ion. 

b Maximum ratio of V6+: Me. 
c In the presence of 10 mg of sodium potassium tartarate. 
d Previously boiled with DCTA. 

the reaction occurs in aqueous solution. Compared to the use of X0, PAR has the shortcoming 
that titanium, zirconium and uranium interfere to a higher degree with the determination of vanadium. 
On the other hand, PAR is better than X0 in the presence of molybdenum and tungsten. 

Bulgarian Academy of Sciences 0. BUDEVSKY 
Institute of general and Inorganic Chemistry L. JOHNOVA 
Soja 13, Bulgaria 

Summary-4_(2-Pyridylazo)rresorcinol has been found to undergo a 
very sensitive colour reaction with vanadium(V). In the presence of 
1,2-diaminocyclohexanetetra-acetic acid the reaction is highly selective. 

R&me-On a trouve que le 4-(2-pyridylaxo)-resorcinol donne, avec le 
vanadium(V), une reaction coloree trbs sensible. En presence d’acide 
1,2-diaminocyclohexanetetracetique, la reaction est hautement selective. 

Zusammenfasstmg4(2-Pyridylazo)-resorcin gibt eine sehr empfindli- 
the Farbreaktion mit Vanadium(V). In Gegenwart von l,ZDiamino- 
cyclohexantetraessigslure ist die Reaktion hochselektiv. 
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Determination of sulplmr monochloride by oxidation with chloramine-T 

(Received 5 November 1964. Accepted 21 December 1964) 

INVESTIGATIONS carried out by the present authors showed that a solution of sulphur monochloride 
in dioxan could be oxidised by an excess of acidified chloramine-T solution. The sulphur present 
in sulphur chloride is quantitatively converted to sulphuric acid. A rapid and an elegant method for 
the determination of sulphur chloride has been evolved and it is described in this communication. 

Reagents 

Chlorumine-T. About 15 g of a recrystallised sample of pure chloramine-T were dissolved in 
1 litre of water and stocked in an amber coloured bottle. The solution was standardised iodometri- 
tally in an acidic medium as described earlier.ls* 

Sulphur chloride. A sample of sulphur monochloride was treated with 10% of its weight of active 
charcoal and of pure sulphur; this was refluxed on a water-bath in an all-glass apparatus, then 
distilled under reduced pressure (28 mm at 41”)” The middle fraction of the distillate was collected 
and preserved in sealed tubes. A solution of such a sample (6 %) in carbon tetrachloride was analysed 
by two methods. 

The sulphur content was determined by the mercury decomposition method’ described by Rao 
and Rao and the chlorine was determined bv the sulohur iodide method described bv Rao.6 The 
analytical results indicated that the purity of the sulphur chloride was at least 99*9%‘and that the 
atomic ratio sulphur :chlorine was 1: 1. A solution of sulphur chloride in pure dry dioxan (6 %) also 
gave the same result. 

Procedure 

An aliquot of the sulphur chloride solution in dioxan (5 ml) was added to a known excess of 
acidified chloramine-T solution (50 ml of chloramine-T with 25 ml of 2M HCl and 10-25 ml of 
dioxan in a stoppered conical flask). The reactants in the flask were well shaken and set aside for 
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Determination of sulplmr monochloride by oxidation with chloramine-T 

(Received 5 November 1964. Accepted 21 December 1964) 

INVESTIGATIONS carried out by the present authors showed that a solution of sulphur monochloride 
in dioxan could be oxidised by an excess of acidified chloramine-T solution. The sulphur present 
in sulphur chloride is quantitatively converted to sulphuric acid. A rapid and an elegant method for 
the determination of sulphur chloride has been evolved and it is described in this communication. 

Reagents 

Chlorumine-T. About 15 g of a recrystallised sample of pure chloramine-T were dissolved in 
1 litre of water and stocked in an amber coloured bottle. The solution was standardised iodometri- 
tally in an acidic medium as described earlier.ls* 

Sulphur chloride. A sample of sulphur monochloride was treated with 10% of its weight of active 
charcoal and of pure sulphur; this was refluxed on a water-bath in an all-glass apparatus, then 
distilled under reduced pressure (28 mm at 41”)” The middle fraction of the distillate was collected 
and preserved in sealed tubes. A solution of such a sample (6 %) in carbon tetrachloride was analysed 
by two methods. 

The sulphur content was determined by the mercury decomposition method’ described by Rao 
and Rao and the chlorine was determined bv the sulohur iodide method described bv Rao.6 The 
analytical results indicated that the purity of the sulphur chloride was at least 99*9%‘and that the 
atomic ratio sulphur :chlorine was 1: 1. A solution of sulphur chloride in pure dry dioxan (6 %) also 
gave the same result. 

Procedure 

An aliquot of the sulphur chloride solution in dioxan (5 ml) was added to a known excess of 
acidified chloramine-T solution (50 ml of chloramine-T with 25 ml of 2M HCl and 10-25 ml of 
dioxan in a stoppered conical flask). The reactants in the flask were well shaken and set aside for 
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about 0.5 hr. At the end of this period 30 ml of 10% potassium iodide solution were added, and the 
liberated iodine was titrated agamst standard thiosulphate solution (0-W). The amount of chlora- 
miue-T consumed by sulphur chloride was then obtained from the titre, and the number of 
equivalents of the oxidant required per mole of sulphur chloride was calculated. No blank correction 
was found to be necessary, the blank being less that @05 ml equivalent of thiosul hate. 

The analytical values were found to be reproducible and the results of a ew representative F 
experiments are given in Table I. 

TABLE I.--OXIDATION OF SULPHUR MONOCHLORIDE WlTH 

CHLORAMINE-T 

Sulphur 
Expt. chloride taken, 
no. moles x RP 

- -- 
1. 1.38 
2. 5.69 
:: 6.89 

Il.38 
14.22 
28.50 

Chloramine-T 
consumed, 

quits X lo” 

Chloramine-T 
consumed per 
mole of sulphur 
monochloride, 

quills 

13.83 10-02 
56.87 9.99 
68.65 9.96 

113.80 1000 
142.70 10.03 
28440 9.98 

RESULTS AND DISCUSSIONS 
It can be seen from the results in Table I that 10 equivalents of chloramine-T are consumed by 1 

mole of sulphur chloride, as would be expected stoichiometrically from the equation 

SIClp + 8 HpO + 10 e -+ 2SO,*- + 2Cl- + 16H+. 

It was found advantageous to employ a 7 to I-fold excess of the oxidant over the stoichiometric 
requirement of the equation.* It is better to add some dioxan to the oxidant before adding the 
dloxan solution of sulphur chloride. Solutions of sulphur chloride in carbon tetrachloride were 
found to consume large quantities of chloramine-T even when the solution was homogenised for 
purposes of oxidation by the addition of dioxan or alcohol. Such solutions in carbon tetrachloride 
are, therefore, not suitable for this purpose. 

D. K. PADMA 
Department of Inorganic and Physicd Chemistry 
Zndiax institute of Science 
-alore-12, India 

A. R. VASIJLWVA MURTHY 

Sunuuary_-A rapid method is described for the determination of 
sulphur monochloride by adding excess of chloramine-T and deter- 
mining the excess iodometrically. 

Zasammeufassuug-Eine Schnellmethode xur Restimmung von 
Schwefelmonochlorid wird beschrieben. Es wird mit einem Uber- 
schut3 Chloramin T oxydiert und der UberschulJ mit Jodid und 
Thiosulfat bestimmt. 

Rkuue-On d&it une m6thode de dosage du monochlorure de 
soufre par addition dun exds de chloramine T et dosage de l’exc&s 
par l’iode et l’hyposulfite. 

+ The products of the hydrolysis of sulphur chloride are very varied, including in the present 
reaction, sulphide, sulphite, thiosul 

Y 
hate, polythiofate and elemental sulphur. In the present 

determination, if the solution of su phur chloride IS concentrated, there IS a possibility of the 
separation of appreciable amounts of elemental sulphur, and this is then d&cult to oxidisc 
further b 

K_1 
the chloramine-T. Therefore, a large excess of oxidant is recommended. If the 

sulphur c oride solution is dilute, as little as 30 % in excess is sufficient. 
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Precipitation of lead sulphate from homogeneous solution 
by hydrolysis of snlphamic acid 

(Received 10 June 1964. Accepted 6 December 1964) 

THE technique and advantages of precipitation from homogeneous solution have been amply presented 
by Gordon, Salutsky and Willard.’ They also reviewed the methods that have been employed to 
generate sulphate ions for the determination of barium, calcium, strontium and lead. Elving and 
Zook’ precipitated lead sulphate by hydrolysis of dimethyl sulphate in 70-80x methanol. Satis- 
factory accuracy and precision were obtained for amounts of lead in the range of 10 to 100 mg, 
except in the presence of large amounts of iron(II1) and aluminium(II1). The conditions under 
which small quantities of lead are precipitated arc somewhat stringent. The concentration of the 
methanol, amount of dimethyl sulphate added and digestion t‘ime required are dependent upon the 
quantities of lead and foreign ions present. There is also a tendency for the precipitate to “creep.” 
Jamagin and Kenneth precipitated lead sulphate by hydrolysis of sulphamic acid catalyzed by the 
presence of potassium chlorate. A small-sized, uniform precipitate was formed, the volume of which 
was measured after centrifugation. The successful use of the hydrol 
precipitation of barium sulphate 
phate by a similar procedure. 

*s6 led to the present investigation o P 
sis of sulphamic acid for the 
the precipitation of lead sul- 

EXPERIMENTAL 

All reagents met American Chemical Society specifications of purity. 
Stdek solutions of lead nitrate. Prepared by dissolving the reagent in distilled water. Definite, 

volumes of these solutions, measured by means of pipettes, were used in subsequent analyses. The 
quantity of lead present in the solution delivered by a given pipette was determined by evaporating 
the solution with an excess of sulphuric acid in a platinum dish. The lead sulphate thus obtained 
was ignited to constant weight in an electric muflle furnace at 550-600”. 

Stock solutions of possible interfering ions were prepared by dissolving the corresponding salts 
in distilled water. 

National Bureau of Standards copper-base alloys were aqalysed to check the analytical procedure. 

Apparatus 

Filtering media. Both porcelain filtering crucibles (Coors, fine porosity) and filter paper were used 
successfully for the filtration. Some difficulty was encountered in bringing the porous porcelain 
crucibles to constant weight if the excess sulphuric acid solution was not removed by a final wash 
with ethyl alcohol. With either medium, the precipitate was ignited to constant weight in-an electric 
muffle furnace at 550-600”. 

Preliminary experiments 
Preliminary tests were made to determine the optimum conditions necessary to effect complete 

precipitation of the lead sulphate. For these tests, 25 ml of lead nitrate stock solution containing 
approximately 100 mg of lead ion were 

E grade sulphamic acid and suIEcient disti 
ipetted into 250-ml beakers. A weighed portion of reagent 

each sample. 
ed water to give a solution volume of 100 ml were added to 

These solutions were heated to incipient boiling for varying times up to 2 hr. Portions 
of the supematant liquid were tested for completeness of precipitation by adding dilute sulphuric 
acid. Optimum conditions were obtained when 2 g of sulphamic acid were added to the solutions 
and the period of heating was 1 hr. 

htly 
The use of O-5- and l-g portions of sulphamic acid gave results 

which were sli 
*d 

low. The heating time and temperature were more critical than the amount of 
sulphamic acl . 
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each sample. 
ed water to give a solution volume of 100 ml were added to 
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In the analysis of many materials containing lead, such as brass and other alloys, the sample is 
dissolved in nitric acid. After the removal of tin, frequently the solution is evaporated almost to 
dryness to remove the excess nitric acid, either before or after the addition of sulphuric acid. In the I, 
sulphamic acid procedure, if nitric acid is present, sulphate ions are produced homogeneously by the 
following reaction in addition to the hydrolysis reaction: 

NHISOII- + NOs- -+ SO,*- + N1O + H*O. 

TABLE I.-DETERMINATION OF LEAD IN PRESENCE OF FOREIGN CATIONS 

Cation added, 

mg 

None _ 
- 

Lead, mg Cation added, Lead, mg 
Taken Found Error W Taken Found Error 

10.6 

Av. ii% 

None 99.7 

Av. WY 

Al(II1) 100 99.7 

Av. 9R 

AI 10 99.2 

Av. 

Al(W) 10 

9= 

11.7 

Av. 

Cu(II) 100 

ii? 

99.7 

Av. 

Cu(I1) 10 

Gi 

99.2 

Av. 99.2 

Cu(II) 10 10.6 

Av. m 

Fe(W) 100 99.7 

Av. W7 

Fe(II1) 10 99.2 

Av. 

10.7 
10.5 
10.7 
10.6 

99.8 
99.9 
99.8 
998 

99.8 
99.5 
99% 

98.7 
99.1 
99.9 -_ 
99.2 

11.5 
11.9 
11.8 
li 

99.8 
99.8 
99.7 
!%G 

99.1 
99.0 
98.9 
%G 

10.2 
10.3 
IG? 

99.8 
99.8 

100.4 
1BiI 

99.1 
99.3 
99.0 
99.1 

+01 
-0.1 
so.1 

0.0 

$01 
$02 
+01 
Gi 

+@l 
-0.2 

-0.1 

-0.5 
-0.1 
+07 

0.0 

--02 
+02 
$0.1 

0.0 

$01 
+0*1 

0.0 
+0*1 

-O*l 
-0.2 
-0.3 
-0.2 

-0.4 
-0.3 -_.__ 
-0.4 

+0*1 
+0*1 
+0*7 
$0.3 

-0.1 
so.1 
-0.2 
-0.1 

Mn(II) 100 99.7 

Av. 9m 

Mn(II) 10 99.2 

Av. !%G 

Mn(lI) 10 106 

Av. iG% 

Ni(II) 100 99.7 

Av. 99.7 

Ni(II) 10 99.2 

Av. 9!z 

Ni(I1) 10 11.7 

Av. 11.7 

Zn(I1) 100 99.7 

Av. W 

Zn(II) 10 99.2 

Av. 9X 

Zn(II) 10 10.6 

Av. 10.6 

99.0 
99.4 
99.7 
99.9 
99.7 
9% 

99.4 
99.4 
99.2 _- 
99.3 

10.4 
10.3 
10.8 
iiG 

99.8 
99.5 
99.5 
99.6 

99.4 
99.2 
99.3 
9!G 

11.6 
11.6 
11.6 -. 
11.6 

99.9 
99.9 
99.9 
99.9 

99.4 
99.4 
99.2 
99.3 

10.2 
10.4 
10.6 
104 

-0.7 
-0.3 

t-X.: 
0.0 

-0.2 

+0.2 
+0.2 

0.0 

+0*1 

-0.2 
-0.3 
+0*2 
-0.1 

to.1 
-0.2 
-0.2 
-0.1 

$0.2 
0.0 

so.1 
+0*1 

-0.1 
-0.1 
-0.1 
-0.1 

+0.2 
$0.2 
+0.2 
+0*2 

+0*2 
$0.2 

0.0 
+0*1 

-0.4 
-0.2 

0.0 
-0.2 

Mean deviation of all results: 0.18 mg 
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Thus, in the procedure developed, the sulphamic acid was added before the evaporation to remove 
the nitric acid. 

Procedure 
The following procedure is based on the preliminary investigations. 
Acidify the solution, containing up to 100 mg of lead ion, with 10 ml of dilute nitric acid, or use the 

filtrate from the tin determination of a copper-base alloy. Dilute to approximately 50 ml and add 
2 g of solid sulphamic acid. Cover the beaker with a raised watch glass and heat on an electric hot 
plate at incipient boiling until the volume is reduced to 2-5 ml. Add 25 ml of water and digest for 
30 min on a hot-plate or steam-bath. Cool to room temperature and filter, using a weighed porcelain 
filtering crucible or ashless filter paper. Wash the precipitate five times with 1: 20 sulphuric acid, 
then five times with small portions of 50% ethyl alcohol to remove traces of sulphuric acid. Ignite 
the precipitate to constant weight in an electric muffle furnace at 550-600”. 

TABLE II.-DETERMINATION OF EAD IN NATIONAL BUREAU OF STANDARDS 
COPPER-BASE ALLOYS 

Standard Sample No. 37 Sheet Brass 

Composition %” Lead found, % Error, % 

Lead (as sulphate) 
Lead (as oxide) 
Copper 70.290 0.930 -0.034 
Iron 0.290 

0.964 0.952 -0.012 
0.989 0941 -0G23 

Nickel 
Tin 
Zinc 

Composition 

0.520 
1.013 Mean 0941 

26.890 Mean deviation 0*007 

Standard Sample No. 52 Cast Bronze 

%’ Lead found, % 

-0.023 

Error, % 

Lead 1.52 150 -0.02 
Antimony 0.16 1.49 -0.03 Copper 88.33 - 

Iron 0.12 . 
Nickel 0.13 Mean 1.50 -0.02 
Tin 790 Mean deviation 0.005 
Zinc 1.89 

Standard Sample No. 63 Phosphor Bronze Bearing Metal 

Composition %” Lead found, % Error, % 

Lead 
Aluminium 
Antimony 
Arsenic 

Copper 
Iron 
Nickel 
Phosphorus 
Sulfur 
Tin 
Zinc 

9.74 9.67 -0.07 
0.05 9.71 -0.03 
0.55 964 -0.10 0.09 - 

78.05 
027 
z8 Mean Mean 0.02 967 -007 deviation 

z:: 
048 

a National Bureau of Standards Analyses. 

Interferences 
In order to study the effect of foreign cations on the determination of lead b 

method, a series of tests was conducted in which 10 or 100 mg of the cation were L! 
the foregoing 

a ded to the lead 
nitrate solution before the addition of sulphamic acid. The cations employed in this study were those 
which are most commonly encountered m the analysis of lead alloys. 
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Table I shows the results of these analyses. The pmsence of the foreign cations listed in the 
table does not appear to have any effect on-the determhration of lead by thd method. 

Several determinations were made in which the preci 
P 

itation was accomplished in a 50% ethyl 
alcohol solvent. Comparable results were obtained, but ore&n cations at high concentrations were 
partially precipitated as the sulphates. 

Analysis of standard samples 

Results of the analysis of National Bureau of Standards copper-base alloys by the sulphamic acid 
procedure are given in Table II. A l-g sample of alloy was dissolved in dilute nitric acid. Insoluble 
oxides were removed by filtration following the evaporation of the solution almost to dryness and 
redissolving the soluble nitrates. The filtrate was then analysed for lead by the foregoing procedure. 

DISCUSSION 
The determination of lead as the sulphate can be accomplished b 

homogeneously in solution by the slow hydrolysis and oxidation o ry 
generation of the sulphate ion 

sulphamic acid in an aqueous- 
nitric acid solution. Excellent results were obtained in the anal&s of samoles containine 10-100 ma 
of lead. Coarse, well-formed crystals of lead sulphate are prod&d which &e readily tran;ferred fro; 
the reaction beaker to the filter. Troublesome %reeping” of the precipitate does not occur and the 
lead sulphate is easily washed free from adsorbed ions. 

Photomicrographs in Figs. l-3 show that there is little, if any, difference in the size of crystals 
of lead sulphate produced by the ordinary sulphuric acid method and by the homogeneous pre- 
cipitation methods in alcohol-water solutions using dimethyl sulphate or sulphamic acid. Fig. 4 
shows the remarkable increase in sire and regularity of the shape of the crystals of lead sulphate 
formed by homogeneous precipitation with sulphamic acid in aqueous solution. The crystals produced 
by the sulphuric acid procedure are more needle-shaped than those formed by homogeneous pre- 
cipitation. All photographs are at the same magnification. As shown in Table I, the average devi- 
ation of all results from the true value was @18 mg. This average deviation did not vary signdlcantly 
with either the amount of lead taken or the amount of foreign cation present. The accuracy and pre- 
cision of the method for the analysis of three National Bureau of Standards cop 

p” 
r-base alloys are 

given in Table II. The method is believed to be superior to the other methods or the gravimetric 
determination of lead as the sulphate, in that the conditions for quantitative precipitation are less 
stringent. 
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Summary-The determination of lead as the sulphate is accomplished 
by generation of the sulphate ion homogeneously from the slow 
hydrolysis and oxidation of sulphamic acid in an aqueous-nitric acid 
solution. Samples containing 10-100 mg of lead from copper-base 
alloys or solutions containing varying amounts of aluminium(I11). 
copper(H), iron(II1). manganese(H), nickel0 and zinc@) ions have 
been analysed successfully. Coarse, well-formed crystals are obtained, 
which filter easily. 

Zusanunenfassuag-Die Bleibestimmung als Bleisulfat wurde so 
durchgefilhrt, daB das Sulfat homogen durch langsame Hydrolyse 
und Oxydation von Amidosulfont&ure in w&&iger, salpetersaurer 
Losung erxeugt wurde. Proben mit 10-100 mg Blei aus Legierungen 
auf Kupfergrundlage oder aus Liisungen mit wechselnden Mengen 
Al(III), Cu(II), Fe(W), Mn(II), Ni(II) und Zn(II) wurden mit Erfolg 
analysiert. Grobe, gut ausgebildete Kristalle wurdqn erhalten, die 
sich leicht flltrieren l&en. 

l To whom correspondence concerning this work should be sent. 



FIG. 1 .-Lead sulphate precipitated by conventional sulphuric acid method. 

FIG. 2.-Lead sulphate precipitated from homogeneous solution by hydrolysis of 
dhnethyl sulphate. 

300 



FIG. 3.-Lead sulphate precipitated from homogeneous solution by hydrolysis of 
sulphamic acid in 50 % ethanol. 

FIG. 4.-Lead sulphate precipitated from homoge?eous solution by hydrolysis of 
sulphamic acid in water. 
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R&rum-n a dose le plomb a Petat de sulfate en g&&ant l’ion 
sulfate en milieu homogene par hydrolyse lente et oxyda@nt de 
l’acide sulfamique en solution eau-acide nitrique. On aanalysc avec 
succ&s de.s Bchantillons d’alliages base de cuivre contenant 10 a 100 mg 
de plomb, ou des solutions contenant des quantites variables de Al(III), 
Cu(II), Fe(‘lII), Mn(II), Ni(I1) et Zn(II). On obtient de gros cristaux 
bien form&s, aisement filterables. 
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PRELIMINARY COMMUNICATION 

Nickel(H) a-beozildioximate: Red or orange? 

(Received 3 December 1964. Accepted 30 December 1964) 

IN 1913 Atack’ observed that a bright red precipitate, first obtained when nickel is precipitated with 
a-benzildioxime, becomes yellowish-red on coagulation. Subsequently, many others have described 
the chelate as being red in colour, although in two instance# it is characterised as orange. That 
nickel a-benzildioximate may possibly exist in two differently-coloured structural forms has not been 
previously reported. 

In experiments in this laboratory, Atack’s observation has been generally confirmed in that a 
red precipitate is first obtained, which on heating or standing changes colour to a yellow-orange 
compound. Further, our experiments indicate the yellow-orange. compound to be more stable. In 
fact, it is difficult to separate the red compound from solution because of its relatively rapid transition 
to the yellow-orange compound. A brown compound can also be obtained by quenching the 
transition to yellow-orange. 

Preliminary investigations with diffuse reflectance spectrophotometry indicate that the red and 
yellow-orange precipitates are two different compounds, whereas the brown precipitate appears to 
be a mixture of the two compounds. The red and yellow-orange compounds also show different 
crystalline structures when examined under the microscope. However, they both dissolve in chloro- 
form to give yellow solutions with the same absorption spectrum; orange crystals are obtained on 
evaporation of the solvent. The infrared spectra of the two compounds are very similar with the 
possible presence of a 

This phenomenon K”” 
at 3.3 ,u in the spectrum of the orange compound. 

glyoximate; 
as not been previously observed for the much-studied nickel(H) dimethyl- 

thus, this behaviour of the red and yellow-orange nickel a-benzilglyoximates is of much 
interest. The investigation of their structures is being continued and will subsequently be reported. 
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Summary-Preliminary investigations indicate that nickel(H) c&em& 
dioximate exists in two differently-coloured structural forms. Further 
work is in progress. 

Zusaauaenfamuag-Voruntersuchungen weisen darauf hin, dam 
Nickel(II)-a-benzyldioximat in zwei unterschieldlich geftibten 
Strukturformen existiert. Die Untersuchungen werden fortgesetzt. 

R&am&-Des recherches pr6liminaires montrent que l’a-benzildioxi- 
mate de nickel@) existe sous deux formes structurales diff&emment 
color&s. D’autres travaux sent en tours. 
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A CURRENT-INTEGRATING GAMMA ABSORFTIOMETER 
AND DATA LOGGER FOR ROUTINE URANIUM 

ANALYSIS* 

NORMAN P. WILBURN and WESLEY L. NICHOLSON 
General Electric Company, Hanford Laboratories, Richland, Washington, U.S.A. 

(Received 14 June 1963. Revised 21 September 1964. Accepted 20 November 1964) 

Summary-Uranium concentrations in aqueous and organic solutions 
are determined by gamma absorptiometry. A a%m source which 
emits photons of 60 keV is used with a scintillation detector. The 
output current from the phototube is integrated for 1 min to give a 
2-10 V d.c. signal which is recorded by a data logging system. A 
unique method requiring aqueous standards only is used to calibrate 
the system for both aqueous and organic uranium solutions. Detailed 
statistical analvsis of the experimental data is included. A deviation 
noted from B&r’s law is e$ained by inch&on of scattering effects 
into the describing model. Solution analvses made usine this model 
result in values a&rate to better than LO5 g/l. over The range of 
uranium concentrations from 0 to 120 g/l. 

INTRODUCTION 

A RECENT study of a solvent extraction process7 required the analysis of a large 
number of two-phase samples for uranium concentration in the aqueous and organic 
phases, aqueous nitric acid concentration and volumetric fraction of organic phase 
present in a systematic, rapid, relatively foolproof and accurate manner. It is the 
purpose of this paper to describe the apparatus and procedure used, and the method 
of calibration. 

The techniques involved are standard with the exception of the uranium deter- 
minations. Here, gamma absorptiometry is used but the detector current is 
integrated by an analogue integrator for 1 min rather than making a direct measure: 
ment of the steady current. Because the detector current is’ fluctuating with the 
source intensity, which has Poisson statistics, the standard deviation of a current 
measurement varies inversely as the square root of the time over which the measure- 
ment is taken. In previously described absorptiometers3*8 this time would be the 
time constant of the filtering network for steady currents. When the current is 
integrated, the measurement time is the integration time. In reference 3 the filter 
network time constant was 2 sec. Thus, it would be expected that the standard 

deviation of the current measurements could be reduced by 2w for this case 
through a I-min integration. 

Apparatus 
EXPERIMENTAL 

The uranium concentrations in the aqueous and organic solutions are determined by gamma 
absorptiometry in a manner similar to that described by Connally* and by Whitmer.~ The solution 
is placed in a glass cylindrical sample cell which has an inside diameter of 25 mm. Cells of 5-cm 
(American Instrument Company #5-1000) and l-cm (American Instrument Company #5-984) path 

l This paper was originally presented to the Instrument Society of America at the Seventeenth 
International Instrument-Automation Conference and Exhibit at New York City on October 19, 
1962. 
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lengths are used for organic solutions; a different set of lcm and 5-cm cells are used for aqueous 
solutions, and a 5-cm cell comaining distilled water is used exclusively as a reference. The measured 
path length through the solution along the axis of the cell is 5XtOOO rfr 09001 cm for the 5-cm cells 
and 1.0000 f 0.0001 cm for the l-cm cells. The circular &es of the original cdls have ,been ground 
such that the over-all path Length of glass plus solution is equal for ah the 5-cm cells and for all the 
l-cm cells as determined by optical measurements. 

t------4------4 

I I 1/2mW2lN. OIA Nal CRYSTAL / BRASS PHdTOTUBEHOUSlNG 

RCA6655A PKJToTU~E 

1/2IN BRASS BASE PLATE 

FIG. lB.-Section drawing of absorptiometer. 

The sample cell containing the solution is placed into a trough located between a source housing 
and a photomultiplier tubeuystal assembly as is pictured in Fig. 1A and shown schematically in 
Fig. 1B. Ten mg of “‘Am (with a half-life of 458 years) is used as a source. The source emits gamma 
photons of #keV energy at a rate of approximately 2.8 x lOlo gamma photons/min. A gamma 
energy scan of the source indicates that no significant number of photons of energy greater than 
75 keV are emitted. The source is housed in the same manner as described in reference 5. Althou h 
the housing itself affords little collimation, the brass plates at the ends of the trough collimate t t e 
low energy photons to a beam 1 inch in diameter. 

The photons transmitted by the cell and any others which are scattered around the cell are sensed 
by a scintillation detector consating of a Zinch diameter, O%nm thick sodium iod@Ie crystal attached 
to an RCA type 6655A multiplier phototube all contained in an assembly which has been described.’ 
This phototube utilises caesmm-antimony dynodes which results in good gain stability; the drift 
in gain is steady and about 0*6%/day. The gam of the phototube is temperature dependent (0.3 YXC). 
Unless the temperature is cycling up and down 4-5” at a frequency corresponding to that of removal 
and replacement of the sample cells (as is descrii Later), any temperature and long-term drift 
effects are eliminated by the data treatment. 

A Hammer Electric Company N401,500-18OOV power su 
E 

ly, quoted as stable to 1 part in 
10’. is used to provide approximately 1008 V ne@ve to the p tomultiplier tube dynode resistor 
chain, which consists of lO&KG wire wound resrstors. For this voltage and dynode resistor chain 
the gain sensitivity to fluctuations is 1 x/V. The high voltage is adjusted periodically so that a l+A 
current is abtained when the reference cell Alled with distilled water is in place. The fatigue rate for 
the RCA 6655A is not detectable for currents up to 1 PA. The high voltage supply 1s only dis- 
connected from the phototube for maintenance. After reconnection or voltage adjustment. at least 
2 days elapse before ihe system is again used. In this way the phototube “aginggrprobkzn is eliminated. 

The outnut current from the nhototube is inteerated bv a Keithlev Model 411C eicoammeter 
wired as an’analogue integrator b) the connection<f high quality cap&itors (Southe& Electronics 
PC505G4AE) between the input and but ut leads and the elimination of the feedback resistor. 
With the 5-cm and l-cm cells. 5+F and 1 g rcF capacitors are used, resuectivel~. The picoammeter 
as an amplifier has an open loop gain of 2OOO‘stabGto within 1% and thc^capacitbrs hav~temperature 
coe%ients of 0.01 %/“C. Here again. unless either the temnerature or amoli8er eain is chaneine 
in a cyclic ma&r &h a frequen;y approximating to that d the cell remo&l and”replacement~ az 
efkcts from drifts cancel in thb treatment of the data. 

Tests have been run to determine the stability of this integration system and to determine the 
combined magnitude of system transient effects and hysteresis effects characteristic of the phototube. 



_ - ____.. -_.. -. _ -_ -_- - _ -..__ ----.. 

FIG. lA.-Absorptiomcter and pE cell. 



These testsp which are described under B&~w&wI of Errors9 inb& that the inteptioa system is 
stable to O*Ol % and that any such phototube transient effects are kss than 0*2x. 

An integration is carried out whenever the “SEQUENCE TIMER” cycle is initiated (see Fig. 2). 
A timer cycle begins upon actuation of one of three pushbuttons mnemonically entitled “REF.“, 
“AQUEOUS” and “ORGANIC”. The timer motor drives a cam which in turn actuates three 

STEP si1m 
ADVANtE 

TIMER 

FIG, 2.-Simplified schematic drawing of integrating absorptiometer circuitry. 

microswitches, labelled “INTEGRATE”, “ZERO”‘, “ 
timer cycle consists of the following events: 

READ PRINT AND STEP” in Fig 2. The 

(1) The “ZERO” switch closes for I sec. This causes the integrating capacitors on two parallel 
integrators to be discharged and hence gives an initial condition of 0 V. 

(2) Two SW later the “INTEGRATE” switch closes. This actuates a relay which: (a} connects a 
relatively constant current source to the Iower picoammeter input, &) connects the phototube anode 
(which has been grounded until this time) to the upper picoammeier input, and fc) closes a switch 
which controls an externai time interval meter used only during calibrations to give the integration 
time T. The relative timing errors between them three sets of relay contacts is iess than 1 msec. 

(3) After approximately 1 min the “INTEGRATE” switch opens, which stops the integrations, 
(4) Two set later the “READ . . .” switch closes, which allows the digital voltmeter (DVM) to 

balance. The DVM is a 5-digit Kintel Model 502B, which has an accuracy of 0.01 % plus or minus 
1 digit and a stability of 0.02 % over a period of 1 week. 

The DVM balance causes a printout of the output voltage (VP) from the upper integrator, then 
a stepping switch advances, and the voltage of the lower integrator (V,) is read and printed. The 
latter voltage is proportional to the time elapsed during the integration period, which varies about 
@5% because of timer imperfection. Use of the ratio VP/V* in the calibrations eliminates thing 
and stability errors in the circuitry. 
inated by the data treatment. 

Drifts in the 14 V battery-75 M resistor current source are efim- 
This method of controlling and measuring the integration time was 

selected for its simplicity and low cost. 
After all the Vi, and V, are logged for a sample, other voltages obtained from a reference voltage 

supply (Vi& two precision potentiometer Wa, and Va$) and a pH meter cV,,t am logged in turn, 
Each voltage is logged into punched paper tape and printed on adding machine tape by a Kintel 
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Model 467-Tally 420-Hewlett Packard 561A data logging system and has recorded with it a 3-digit 
identification which contains information as to which type of solution is being analysed (organic, 
aqueous or reference), which sixe sample cell was used and from which sample port in the test facility 
the sample was obtained. 

Procedure for a typical sample analysis 
The mixed aqueous and organic phases from a sample are first transferred from a lOO-ml sample 

bottle into a clean calibrated lOO-ml burette. The phases are allowed to separate and the positions 
of aqueous-organic and organic-air interfaces are read to the nearest 0.1 ml. These readings are dialed 
into two appropriately labelled, digital indicating, lO-turn precision voltage-dividing potentiometers 
which are logged at a later time by the DVM (Vx and VxJ. The reference cell is then analysed as 
described above by pressing the “ZERO ANAL$SIs” button. An aqueous cell (either 1 or 5 cm 
depending upon the estimated sample concentration) is filled from the tip of the burette, placed in 
the trough and analysed by pressing the “AQUEOUS ANALYSIS’ button. An additional aqueous 
sample is withdrawn into a small beaker into which pH electrodes are then immersed (Fig. 1A). 

TABLE L-TYPICAL DATA LOGGER OUTPUT TAPE 

Printer tape Data logged 

197 - 09387-3” 
198 - 11252-3 
192 - 09542-3” 
193 - 11263-3 
194 - 08463-3c 
196 - 11274-3 
197 - 09390-3d 
198 - 11257-3 
199 + 14804-3 
900 + 02041-3 
901 + 09684-3 
902 - 00792-3 
?- 7% 

Identification Voltage Power of 10 by 
which voltage 
is multiplied 

VP 

V.8 
VP 
VS 
VP 
VS 

VP 
VS 
V % 
V% 
V% 
V PB 

for first reference analysis (REF3 
for first reference analysis (REF3 
for aqueous cell analysis (AQ) 
for aqueous cell analysis (AQ) 
for oiganic cell analysis (GRG) 
for oreanic cell analvsis (ORG) 
for se-&d reference’analysis (l&F*) 
for second reference analysis (REF,) 
voltage applied across Potentiometer 
aqueous-organic Pot reading 
orgar&air Pot reading 
pH of aqueous solution reading 

8 First two digits of identification are sample port number. 
b Third digit of identification is 1 for l-cm cell, 2 for 5-cm cell. 
c Third digit of identification is 4 for l-cm cell, 5 for 5-cm cell. 
d Third digit of identification is 7 for reference cell. 

The electrodes are connected to the pH meter which has a O-100 mV output amplified in turn by a 
30.00 to l*OO precision d.c. amplifier to give VP=. The remaining aqueous phase in the burette and 
some organic phase are drained and discarded. 

A l- or 5-cm organic cell is filled from the burette and analysed as described above by pressing 
the “ORGANIC ANALYSIS’ button. Finally, the reference cell is again analysed to complete 
the se uence. 

% 
After the Va is logged for the reference cell, the data logger steps on and successively 

reads t e other voltages as described above. The resulting printed output appears as shown in Table I. 
When all samples from a given run have been processed, the punched tape is idemiSed and sub- 

mitted for data processing. A data reduction code calculates uranium concentrations, etc., as is 
described in the next section. 

With the data-logging and data processing system described in this section, the analyses of 30 
two-phase samples can be obtained within 24 hr after they are taken. 

Mathematical model of absorption 

In the determination of the uranium concentrations from the data voltages the 

four ratios (V,/Vb REF1, (VP,V&AQ, (VIJV~)ORG and (VP/VJB,BF, are first computed. 

The four analyses in the sequence, reference-aqueous-organic-reference, are uniformly 
spaced in time; and it is assumed that the reference ratio applicable at the time of 
the aqueous and organic analyses may be computed from a linear interpolation 
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between the two reference ratios. Two quantities Q are then computed for the 
aqueous analysis and the organic analysis which are free from drifts inherent in the 
apparatus-such as battery voltage or resistance change in the circuit giving VS. For 
the acmeous cell 

QAQ = 

WP/YJ,, 

WP/VbREFl + WP/VRRF, 
and for the organic cell 

wP/viJo,G 

QdRo= VP/VJREF~ + !HVP/V&XF~ 

(1) 

(2) 

A normalised voltage VP/V, is proportional to the integrated photon flux at the 
face of the phototube. This flux consists of two kinds of gamma photons-those 
which have passed through the cell solution and those which have not. Assuming 
an average in-solution path length, Beer’s Law gives a simple mathematical repre- 
sentation of the flux from the former as a function of the uraniumconcentration of 
the solution. Also, assuming that a particular cell is always placed in the same 
position in the absorptiometer, the flux from the latter is constant. The resulting 
law is 

VP/V, = A + Be-C[U] (3) 

where [U] is the uranium concentration of the solution in g/l. The three constants 
A, B, and c in equation (3) are identified with scattering, solvent, and uranium at- 
tenuation, respectively. Here, scattering is an omnibus term covering the total 
geometry of the cell and the experimental apparatus, and the scattering properties 
of air and apparatus materials. The parameter c depends only on the average in- 
solution path length and the physics of attenuation of americium-241 gamma photons 
by uranium atoms. The parameters A and B, on the other hand, fluctuate with 
instrument shifts. However, A/B should be time invariant, depending only on the 
cell, solvent and experimental apparatus. The solvent effect should only be present 
in B. For a reference cell filled with distilled water, equation (3) reduces to 

(vP/v,),,, = A' + B' (4) 

When a sample cell and the reference cell are analysed alternately the A and B sample 
cell parameters and the A’ and B’ reference cell parameters will fluctuate as, a set, 
any two remaining in a fixed ratio. Thus, for each sample cell the ratio 

should satisfy 

where 

Q = (VdV8,h~~~ 

wPIYJREP 

Q = a + be-c[Ul (5) 

a = A/(A’ + B’) and b = B/(A’ + B’). 

Equation (5) will be called the mod$ed Beer’s law. Assuming good experimental 
procedure, a should depend only on the sample cell and b only on the sample cell 
and the solvent. Hence, for identical cells and a single solvent a and b should be the 
same. Following the calibration of a particular sample cell for aqueous uranium 
solutions, organic uranium solution calibration should entail only replacing “6” by 
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6’ = be, where log E is the zero shift from aqueous to organic solvents. The experi- 
ments discussed in the sequel were designed to test these assumptions for two different 
sample cell sixes and to estimate the aqueous and organic calibration functions. 

In the data reduction, the uranium concentrations are found directly from the 
inverse function of (5), expressing uranium in terms of Q and calibrated parameters. 
The volumetric fraction of organic phase in the sample is easily found after the 
burette readings are regenerated from Vx,, Vn, and Vn,. The amount of nitric acid 
in the aqueous phase is determined, by means of the HpH method which has been 
described,2 from the pH (which is directly calculated from VP,) and the uranium in 
the aqueous phase. 

Aqueous cell calibration 

The purpose of the aqueous cell calibration experiment was to calibrate as precisely as possible 
the four aqueous and organic sample cells over a uranium concentration range of 0 to 120 g/l. 
The experiment was designed so that individual calibration functions, expressing uranium concen- 
tration in terms of the ratio of the sample cell to reference cell voltage ratios Q, could be determined 
for each sample cell; further, that a statistical test could be performed to decide whether a single 
calibration function could be used for sample cells with a common path length; and finally, that 
the accuracy of the method could be estimated as a function of uranium concentration. 

The experimental data were collected in such a manner that a preliminary analysis could be per- 
formed to check the stability of the ratio of standard voltage to integration time (V,/T), to check 
the stability of the reference cell voltage ratio (VP/V ) 8 REP and to allow correction of the data for 
drift over the entire experimental period. 

The fundamental unit in the experimental design for the aqueous calibration (as shown in Table II) 
was the loading. The design consisted of 20 of these loadings. A loading specifies both the uranium 
standard solution used in each of the four sample cells and the order in which these cells are analysed 
on the absorptiometer. Within a loading, four different uranium standard solutions were used, one 
to each of the four sample cells. The analysis schedule consisted of 13 independent analyses. Here- 
after, the words sequence position are used to identify the 13 ordered spots in this schedule. The 
reference cell was analysed five times for each loading in sequence positions 1,4,7,10 and 13. Between 
each pair of reference cell analyses, two distinct sample cells were each analysed once. Thus, the 
complete analysis schedule for a loading always involved five reference cell analyses and two analyses 

TABLE II.-AQUEOUS CALIBRATION EXPERIMENTAL DESION 

Loading Analysis sequence within a loading 

number 1 2 3 4 5 6 7 8 9 10 11 12 13 

1 R A-O El R C-2 D-3 R B-l D-3 R A-O C-2 R 
2 R B-6 D-4 R A-l GO R A-l B-6 R C-O D-4 R 
3 R B-7 A-2 R D-6 c-9 R D-6 B-7 R C-9 A-2 R 
4 R D-8 B-O R G6 A-3 R B-O A-3 R D-8 C-6 R 
5 R A-4 C-7 R B-5 D-9 R G7 D-9 R A-4 B-S R 
6 R C-l D-2 R A-5 B-4 R A-5 C-l R B-4 D-2 R 
7 R C-5 A-6 R D-l B-8 R D-l C-5 R B-8 A-6 R 
8 R D-5 C-8 R B-2 A-7 R C-8 A-7 R D-S B-2 R 
9 R A-8 B-9 R C-3 D-O R B-9 D-O R A-8 C-3 R 

10 R A-9 C-4 R B-3 D-7 R C-4 D-7 R A-9 B-3 R 
11 R B-5 D-7 R A-4 C-6 R A-4 B-5 R C-6 D-7 R 
12 R C-5 D-8 R A-7 B-Z R A-7 C-S R B-2 D-8 R 
13 R C-4 A-5 R D-O B-l R D-O C-4 R B-l A-5 R 
14 R B-4 A-9 R D-l C-2 R D-l B-4 R C-2 A-9 R 
15 R, D-3 GO R B-6 A-8 R GO A-8 R D-3 B-6 R 
16 R D-6 B-8 R C-9 A-3 R B-8 A-3 R D-6 C-9 R 
17 A-O B-3 R C-7 D-9 R B-3 D-9 R A-9 C-7 R 
18 :: B-9 C-3 R D-4 A-6 R D-4 B-9 R C-3 A-6 R 
19 R C-l D-5 R A-2 B-7 R A-2 C-l R B-7 D-5 R 
20 R D-2 A-l R B-O C-8 R C-8 . A-l R D-2 B-O R 
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TABLE III.-AQIJEOUS URANIUM 
STANDARD SOLUTIONS 

Identification Concentration, g/l. 

Pure distilled water 
1.018 
4990 

10.044 
20.046 
40.324 
59.903 
81.364 

100.544 
120642 

of each sample cell. Barring drift in the absorptiometer, the two analyses of a sample cell were 
duplicates because the uranium solutions were not changed within a loading. In the complete schedule 
of 20 loadings, every sample cell was analysed twice when f&d with each of the 10 uranium standards. 
For each analysis on the absorptiometer, the month, the day and time of the analysis, the loading 
number, the sequence position number, the cell identification number, the uranium standard solution 
identification number and the absorptiometer data triplet VP, Vs and T were recorded. 

The complete experimental design is listed in Table II. The letters identify cells-R is the reference, 
A and B the l-cm path length cells, and C and D the 5-cm path length cells. The numbers identify 
standard solutions in order of increasing uranium concentration-Table III gives the specific cor- 
respondence. The letter number pairs (A-O, etc.) in Table II indicate cell-solution pairings for each 
loading. 

The experimental data were collected on three consecutive days in agreement with the experimental 
design as deoicted in Table II. Loadinas 1-5 were done on dav 1. 6-13 on dav 2 and 14-20 on 
day?. The average experimentation ti;e per loading was about 42 mm-12 min’to clean, dry and 
fill four sample cells, and 30 min to do the sequence of 13 analyses. 
mately 1 min (61.7 set) was actual absorptiometer integration time. 

Of the 2) min/analysis, approxi- 

The standard solutions with concentrations given in Table III were made up from crystalline 
uranyl nitrate hexahydrate (UNH). Enough concentrated nitric acid was added to make each 
solution log/l. in nitric acid. The standards were analysed according to a method described by 
Brouns.’ The method briefly consists of : (1) pipette an aliquot of the standard solution into a 
weighed crucible, (2) evaporate to dryness, (3) ignite to U,O, and (4) weigh crucible and content. 
Variation between two similar analyses of the same standard solution by this method was never 
greater than 0.3 %. This analysis procedure was repeated three times for each standard solution. 
The values quoted in Table III are the averages of the three determinations. At the 95 % confidence 
level, the precision of these averages is about 0.027 g/l. 

STATISTICAL ANALYSIS OF AQUEOUS CELL CALIBRATION 

In order to estimate the stability and drift characteristics of the absorptiometer, 
a preliminary statistical analysis (see p. 316 to 317) was done with data from 100 
reference cell readings. In summary, the standard deviation of the 100 standard 
voltage-integration time ratios (VJT) was 0*000189, approximately 0.1 y0 of the 
average reading of -0.18377. From a practical standpoint, variability of this mag- 
nitude is minor compared to other errors in the measurement processes. Even so, 
insight into the standard voltage measurement process is gained from analysis of 
this variability. In Fig. 3 the plot of the 20 loading averages shows that the (V,) 
voltage signal drifts continuously with time. Fig. 4 shows the sequence position (VJT) 
ratios averaged over the 20 readings. The total decay during the reading of five 
sequence positions is about 0*08°/0 of the average (V,/T) reading. The short term 
random fluctuation in the voltage signal has a standard deviation of 0+0003, less 
than 0.02% of the average signal. 
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The reference cell voltage ratios (V&r,) were also statistically analysed (see p. 
317). The results were similar to that for the (VJI’) data.. Fig. 5 is a plot of the 20 
loading averages and Fig. 6 a plot of the five sequence positions averaged over loadings. 
The long term drift in the <v,/Va> response could presumably arise from the gradual 
change in phototube sensitivity and source decay. For 24 of the 3-day experimental 
period the ratio (VP/V3 steadily decreased. Fig. 6 shows a significant within-loading 
decay similar to that of the (VJT) data. The standard deviation of the short term 
random fluctuation in the (V#,) signal is OW223. The average of the 100 (VP/V3 
readings is O-85374; hence, the standard deviation of the residual variability or noise 
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FIG. B.-Variation of reference cell voltage ratio with sequence position. 

in the (V,/V,) signal is about 0.25% of its average. On a relative basis the noise in 
the (V&r,) signal for the reference cell is about 15 times as great as in the (V,,/T) 
signal. 

There is no evidence that the (V,/V,) and (VJT) reference cell ratios are correlated. 
Probably any correlation resulting from the common component (V& is masked by 
the extreme variability in (VP). 

To eliminate as much as possible the time effect in the basic (V,/V& absorptiometer 
reading, sample cell data were normalised with a linearly interpolated reference cell 
response from readings taken immediately before and after that of the sample cell 
pair (see p. 317). For the experimental schedule (see Table II) used for the 
aqueous calibration, the appropriate weighting factors are either (3, +) or (4, 4) 
depending upon which reference cell, pre- or post-, is juxtaposed to the sample cell 
in the analysis schedule. In either case, the normalised sample cell reading has the 
form 

Q 
WVek4MPL, 

sAMpLE = (wPlYha~F, + GwRIVs)BEF, (6) 

The normalisation equation (6) is the same as (1) and (2) above. The distinction is 
in the application because (6) applies to the aqueous calibration data while (1) and 
(2) apply to routine analysis of aqueous and organic solutions. Assuming that the 
noise, on a relative basis, in the sample cell ratio (Vp/V&,rrLx is about the same as 
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that seen in the reference cell ratio and that the time effect in the absorptiomemr is 
removed by the normalisation, the standard deviation of the sample cell normalised 

reading QSAMPLE will be approximately 0.31%. This figure of 0.31% considers only 
the precision with which the in situ sample cell uranium concentration is estimated. 
In general, when the concentration of an aqueous uranium solution is measured with 
the gamma absorptiometer, additional errors may be involved which are completely 
independent of the absorptiometer analysis processes, e.g., residual contamination in 
the sample cell. If such is the case, the standard deviation of the total error could 
well be much greater than O-3 1%. Also, there is no guarantee that the standard 
deviation will remain 0.31% over the entire uranium range of interest. For trace 
uranium concentrations the standard deviation certainly will increase. 

The 160 sample cell voltage ratios (VP/V,), 40 for each of the four cells, A, B, C 
and D, were normal&d with adjacent reference cell data as in equation (6). The 
normalised data were analysed statistically to determine whether the normalisation 
process eliminated the time trend seen in the reference cell (V&r,) data, and whether 
path length was the only characteristic of the four sample cells which affected the 
absorptiometer reading. The details of the analysis are included on p. 317 to 318. 
The analysis indicated no significant time effect in the QsAYPLE values, so that the 
normalisation process proved successful. Data from the two l-cm path length cells 
A and B appeared to be replicates using a single cell, as did the data from the two 
5-cm path length cells C and D. 

As a result, the entire set of normalised ratios were expressed as 20 averages, 
each involving all readings using cells of the same path length and filled with the 
same uranium solution. The remaining degrees of freedom estimated the replication 
error about these averages. The replication standard error was approximately O$lO12 
in absolute units. It did not depend on sample cells or on uranium concentration. 
In relative units it increased from 0.12% to 0.25% for the l-cm cells and from 0.12% 
to 5.0% for the 5-cm cells over the entire concentration range of 0 to 120 g/l. The 
reference cell analysis prediction of 0.31 oh standard error in these normalised Q 
values was significantly greater than the above figure of O*l2o/o for zero uranium 
concentration Q values. Because sample cells with water only should behave exactly 
as the reference cell, normalisation actually removed (in addition to the time effects) 
some of the short term variability classified as random in the reference cell analysis. 
Implicit in this statement also is that there was no evidence of residual solution 
contamination in the sample cells or any other loading effect. All 20 averages are 
plotted as points using a logarithmic scale against uranium concentration in Fig. 7. 
A linear relationship in these points is in agreement with Beer’s law, equation (5) 
with the scattering parameter a = 0. The l-cm cell data are approximately linear. 
However, the 5-cm cell data clearly deviate from a linear relationship, indicating the 
necessity of a scattering parameter in the model. 

The modified Beer’s law (5) was fitted to the 10 plotted points for each cell size. 
The details of the estimation are on p. 318. The resulting aqueous calibration 
functions for the two cell sizes are listed in Table V. These functions are the inverses 
of the modified Beer’s law estimates, expressing uranium concentration explicitly in 
terms of Q. In Fig. 7 the model appears to fit the data adequately. However, 
statistical analysis (see p. 318 and Table IV) shows that the model fit is quite 
poor for two uranium solutions. Errors of 0,200 g/l in the standard values of 
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FIG. 7.-Aqueous ceil calibration data and modified Beer’s law. 

TABLE IV.-ANALYSIS OF VARIANCE-SAMPLE CELL CALIBRATION 

315 

Sum of squares ( x log) 
km cell l-cm cell 

=grees 
of freedom 

Uranium 

Calibration 11,308,297+6260 3,444,594.8437 2 

Residual 194.0300 43*0100 7 

CkllS @6661 0~0500 1 

Interaction 8*7252 21%525 9 

Replication 84*1700 86.2940 60 56s 

TOTAL 11,308,585*2173 3,444,7460502 79 75 

8 Four outlier observations were deleted from the l-cm cell analysis. 

Mean squares 
f x 106) 

km cell 1 cm cell 

27.7186 7.1443 

0.6661 0.0500 

0.9695 2,428 1 

l-4028 1.5410 

TABLE V.-A~usous URANIUM SOLTJTION CALIL%RATION FXJNCTION . 

Concentration 
range, g/l. 

40-120 

o-40 

Function, g/l. 

For l-cm path length 

U = 127.1 log, ( 
0.9412 

Q _ o-o554 > 

For 5-cm path length 

U = 27.70 log, 
0.9829 

Q _ o.o126 

Accuracy 
limits,8 ‘g/I, 

0~27-0~50 

0.07-027 

8 Standard deviation of uranium concentration estimate. 
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FIG. &-Accuracy of aqueous and organic uranium solution analysis using modified 

Beer’s law calibration function. 

these solutions would explain the significance. Fig- 8 is a plot of the accuracy of the 
aqueous uranium solution estimation as a function of uranium concentration. 
Accuracy is expressed as total standard deviation in g/l., which includes both the 
random error in an individual Q ratio and the deviation between the model and 
standard solutions. For both size cells the total standard deviation increases with 
uranium concentration. The 5-cm cells are more accurate for low concentration and 
the l-cm ones for high. The crossover point is about 40 g/l. The accuracy limits 
for each calibration function over the range of uranium concentration for which it 
has the smaller total standard deviation are listed in Table V. Using 42 g/l. as the 
point for switching from 5-cm cells to l-cm cell gives analysis accuracy of O-2 g/l. at 
zero with a monotone increase to 05 g/l. at 120 g/l. 

Details of statistical analysis 
The 100 standard voltage-integration time ratios (V,/T) obtained from the ref- 

erence cell analysis, were analysed with a two-factor (loading at 20 levels and sequence 

T-m VI-ANALYSIS OF VARIANCE-_(V~/T) REFEREN(X BLL DATA 

Sum of squares Degrees of Mean sum of 
source (x 10”) freedom squares ( x 10’) 

Loading 3-06116 19 0*16111 
Be&veen days 2-03001 2 1~01500 
Within days l-03115 17 0.06066 

Sequence position O-38250 0.09563 
Residual oGQQQ7 7: 0.00132 

Error 0.03142 38 0*00087 
Remainder 0.06857 38 0~00180 

TOTAL 3.54363 99 0.03579 
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position at 5 levels) completely crossed analysis of variance. Logding was a random 
factor and sequence position a fixed factor. Table VI shows the breakdown of the 
total variation in the (VJT) ratios. The 19 degrees of freedom for loading are par- 
titioned into between days and within days effects. Also, 38 degrees of,freedom, 
called error are broken out of the residual sum of squares. The error sum of squares 
measures the variation in the differences between adjacent sequence positions (l-2 
and 10-13) across the 20 loadings. This variation should better approximate the 
variability associated with linearly interpolated values than the residual variance, 
because the latter is really a measure of the non-additivity of the model rather than a 
true error estimate. 

Clearly, days are the major contribution to the voltage variability. Fig. 3 shows 
that there is no physical day effect in the loading averages. Both between and within 
days mean squares are measuring the same voltage drift. 8equence ‘position also is 
a significant effect as discussed in the main text. The error mean square issigni&antly 
smaller than the remainder mean square which indicates that the residual mean square 
overestimates the short term random fluctuation in the voltage signal. Using the error 
mean square gives a standard deviation of 040003. 

The 100 reference cell voltage ratios (V,/VJ were analysed in exactly the same 
manner as the (VJT) voltage data discussed above. The analysis of variance break- 
down is shown in Table VII. The conclusions from the analysis are similar to those 

TABLE VII.-ANALYSIS OF VARIANCE--(V#,,) REFERENCE CELL DA?A 

Sum of squares Degrees of Mean sum of 
source (x 103 freedom squares ( x 103 

Loading 7371.60 19 387.98 

Between days 586153 2 284077 
Within days 1690.07 17 99.42 

Sequence position 198.74 4 49.69 
Residual 40.53 76 7.12 

Error 188.73 38 4.97 
Remainder 351.80 38 9.24 

TOTAL 811087 99 81.93 

for the (VJT) data except that the sequence position and error mean squares are, 
though significant, less significant than for the (V,/T) data. The error mean square 
gives a standard deviation of 040223 for the short term random fluctuation. 

The 80 sample cell normalised Q ratios for A and B l-cm path length cells and 
the 80 for the C and D 5-cm path length cells were each analysed with a two factor 
(uranium at 10 levels and cells at 2 levels) completely crossed analysis of variance 
with four replicate observations at each of the 20 two-factor level combinations. 
Uranium was a random factor and cells a fixed factor. Table IV shows the results 
of the analysis. Four outlier observations from the I-cm cell data were replaced by 
three-replicate averages based on significantly large replicate variance. In both 
analyses the cells main effect and cells-uranium interaction were not significant 
compared to replicate error. Thus, the A and B cells and the C and D cells could 
be treated as identical in the calibration. A supplementary analysis which regressed 
the additive model residuals on loading and sequence position showed that the Q 
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ratio normalisation successfully removed the time effect in the absorptiometer 
response. 

For each cell size the 10 uranium level averaged Q ratios (each average was over 
eight individual Q values) were fitted to the modified Beer’s law (5) by least squares. 
The least squares parameter estimation was done by an iterative non-linear least 
squares programme on the Hanford IBM-7090 computer. In Table IV the 9 degrees 
of freedom for uranium are partitioned by this estimation into 2 explained by the 
modified Beer’s law, called calibration, and 7 measuring the variation in the average 
Q ratios about the calibration function, called residual. For both size cells the 
residual mean square is too large to be explained by random error, so that neither 
calibration function explains all the uranium level connected variation in the data. 
The major contributors to the two residual mean squares are the highly significant 
positive residuals at 10.044 g/l. and negative residuals at 120.642 g/l. A shift of 
0.200 g/l. in each of these two standard values would explain the significance. 

ORGANIC CELL CALIBRATIONS 

Because of the difficulties inherent in preparing organic phase standard solutions, 
a method to calibrate the absorptiometer for organic solutions was desired which 
used only aqueous phase standards, The modified Beer’s law (5) implies that the 
absorptiometer response loge (QORo - a) for organic liquids and the response 
loge (Qaa - a) for aqueous liquids differ by only a constant due to the incremental 
change in the solvent mass absorption coefficient (hereafter this effect is termed 
organic zero shifr). The following method may be used to check this zero shift theory : 

(1) Mix 50 ml of organic solvent with 50 ml of one of the aqueous standard uranium solutions (see 
Table III). (2) Allow the mixture to equilibrate and separate the two phases. (3) Analyse both 
phases independently on the absorptiometer using the same sample eel1 to obtain log, (Q_,e - a) 
and log, (QOf.s - a). (4) Repeat 1, 2 and 3 for several different aqueous standards (in the experi- 
ment the four standards, distilled water, 40.234 g/l., 81.364 g/l. and 120642 g/l. were used). 

When a mixture Equilibrates, the exact uranium concentration of each phase is 
not known. However, because equal volumes of aqueous and organic went into the 
mixture, the sum of the uranium concentrations of the two phases is the same as 
that of the aqueous standard originally used in the mixture. If the zero shift theory 
is correct, the model 

loge (Q.io - a) + loge (QORG - U) = 21oge b + loge E + CUT (7) 
is applicable for each aqueous standard uranium concentration UT and should fit 
the data as well as the modified Beer’s law (5) fits the aqueouscalibration experimental 
data. Moreover, the least squares estimate of the slope parameter c obtained by 
regressing loge (QaQ - 4 + loge (QORG - a) on UT should not differ significantly 
from the slope estimate of c calculated from the aqueous calibration data (see Table 
V). Once the zero shift theory has been checked, the proper E parameter is directly 
estimated from the zero uranium concentration data. 

An organic cell calibration experiment was designed to use the above method 
with the following purposes in mind: 

1. Determine whether the organic shift theory is substantiated according to the 
above criteria. 

2. If substantiated, estimate the magnitude of the shift log, E in equation (7) from 
the zero uranium data. 
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Calculate the precision of the estimate of loge E. 
Determine the precision with which uranium concentration in the organic phase 
can be assayed by gamma absorptiometry, when the calibration is accom- 
plished by zero shifting the aqueous calibration for the same instrument. 

The organic-phase solvent used in the pulse column test facility consists of 30% by volume of 
tributyl phosphate (TBP) in a kerosene-type diluent. The organic liquids for the calibration of the 
absorptiometer were prepared by taking a 2-l. aliquot of this solvent and scrubbing it in the following 
manner to remove any possible traces of uranium. First, contact organic with 25 g of sodium 
carbonate in 500 ml of distilled water and decant the aqueous phase. Second, contact organic with 
50 ml of 60% nitric acid in 500 ml of distilled water and d&ant aqueous phase. Third, wash organic 
with distilled water. The above process was repeated 4 times to obtain the first organic liquid 0, 
and 5 times to obtain the second liquid Oz. The experimental design for the organic calibration 
included these two organic liquids so that a check was possible on their purity. 

The above procedure gave water-saturated organic liquids for calibration. It 
was necessary to ensure that the organic was saturated with water before the equi- 
librations with uranium-containing aqueous phase standards because water is soluble 
to the extent of O-39 ml in 50 ml of the TBP-kerosene .4 The solubility of the organic 
solvent in the aqueous is negligible by comparison, being only 2.5 x IO4 ml in 50 ml 
of aqueous phase.4 

The experimental design (see Table VIII) for the organic calibration was a complete 
2 u 4 factorial with two equilibrations in each cell. The two factors of the factorial 

TABLE VIIL-ORGANIC CALIBRATION EXPERIMENT DESIGN 

Equilibration 
number Organic liquid 

Aqueous uranium standard 
solution concentration 

1 0, 0 
2 0, 1 
3 0, 2 
4 0, 3 
5 0, 2 
6 01 3 
I 0, 0 
8 01 1 
9 

:I 
3 

10 2 
11 0: 1 
12 01 0 
13 01 1 
14 0, 0 
15 0, 3 
16 0, 2 

were: (1) organic liquid at two levels, 0, and O,, and (2) aqueous uranium solution 
concentrations at the four levels mentioned above which were designated 0, 1, 2, 3. 
For each pairing of an organic level and a uranium concentration level, a single 
equilibration and the resulting separated organic and aqueous phases constitute a 
unit. Two such units were scheduled for each of the eight paired levels of the factorial 
design so that a check would be possible on the precision of the equilibration-sep- 
aration process. Thus, the entire experimental schedule involved 16 independent 
units. In Table VIII, the unit is identified with the equilibration number in the order 
in which the absorptiometer analyses were performed. The second and third columns 
in Table VIII give the paired levels for the equilibration. 
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The analysis of an equilibration was always done in the same manner: 

(1) Fi the A all (l-cm path length) and the D cell (km path length) with the separated aqueous 
phase. (2) Run the analysis sequence RDARADR on the absorptiom&er {here, R is the same 
S-cm path length distilled water reference cell as us& in the aqueous c&&ration), and record data 
as for an aqueous calibration loading. 
phase. 

(3) Empty, clean and fill A and D cells with separated organic 
(4) Run the analysis sequence RADRDAR and record as for (2) above. 

STATISTICAL ANALYSIS OF ORGANIC CALXBkATIGN DATA 

In order to determine whether the equilibration-separation process was repro- 
ducible and whether trace uranium was still being removed from the organic liquid 
by the Mth scrubbing, a preliminary analysis of variance calculation was performed 
on the organic calibration data. The details of the analysis are discussed on p. 322 
to 323. 

The results of the analysis, as summarised in Table IX, indicate that the absorptiom- 
eter stability during’ the organic calibration was similar to that during the aqueous 

TABLE IX.-ANALYSIS OF VARIANCE-• RGANICZEROSFKFT 

source 
sum of sqw (x l(r) 

l-cm cell 5-cm cell 
Degrees of freedom Mean sum of squares (x W) 
l-cmcell S-cmcell l-cmcell km cell 

Regression 20,051-6682 412,382*2937 1 : 20,051+682 206,191-1468 
Residual 0.0988 13.7915 2 o-494 2.7583 

Sub-total 20,051~7670 412,3%*0852 
Replication 0*2708 1.4574 1: 87 0.0226 0.1822 

TOTAL 20,@2*0378 412,397+426 15 15 

calibration. The 5-cm path length cell data show a significant decrease in the Q ratios 
for O8 solvent over corresponding uranium concentration Q ratios for 0, solvent. 
In physical units, this decrease corresponds to the removal of 0.04 g/l_ uranium 
during the Mth scrub. A change in uranium concentration of this magnitude could 
not be detected with the l-cm path length A cell. Data for both cells show that the 
ratio of the organic to aqueous uranium concentration is a function of uranium 
con~n~ation (this effect appears as a solvent-ura~um interaction in the analysis of 
variance Table XI). This was to be expected and was what prompted the addition 

TABLE X.-OROANIC URANIUM SOLWMON CALIBRATION FUNCTION* 

Concentration 
rang=, glj. Function, g[1. limitGb g/i. 

l-cm path leneth 

45-120 

o-45 

1 

u 127.1 loge 
0.9502 

Q _ 0.0554 

S-cm path length 

0.31-o-52 

u = 27.70 log. 
b 

Q _ o.o126 0~12-0~31 

a b = l-0547 for O1 solvent, 
b = 19585 for 0, solvent. 

b Standard deviation of uranium c4mixntration estimate. 

model (7) analysis. A more subtle effect was that there was a small but significant 
differ~ce between the ratios for the two organics f&r the three positive uranium 
concentration levefs. (This effect appears as a solvent-uranium-organic interaction 
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in the analysis of variance.) This difference did not change with uranium concen- 
tration. A simple explanation is that the two organics had different nitric acid 
concentrations. No attempt was made to determine the organic acid concentration 
nor to stabilise it during the scrubbing process. Finally, the preliminary analysis 
indicated that the equilibration-separation process was reproducible; in fact, the 
difference between the two duplicates was uniformly explainable in terms of the 
fundamental absorptiometer replication error. 

The 128 sample cell normalised Q ratios were split into A and D cell groups. 
Each group of data was reduced to 16 observations, one for every equilibration. 
First, the appropriate a scattering parameter was used to calculate loge (Q - a) for 
each Q ratio, then the two replicate analyses for each phase were averaged to give a 
single loge (Qns - a) and loge (Qoao - a) for each equilibration. These average 
logarithms were added to give the single observation, 

loge (Qas - 4 + loge (Qma - 4, 

for each equilibration. The organic distribution ratio interaction present in the 
individual loge (Q - a) readings was summed out of the data by this addition process 
and did not affect the check on the zero shift theory. The regression model of equation 
(7) was fitted by least squares to the 16 data points 

[loge (QAa - 4 + loge (Qosa - 4, Ul 
where U, the independent variable, was the aqueous standard uranium concentration. 
The regression analyses are discussed on p. 19 and summarised in the analysis of 
variance table of Table IX. 

The results of the analysis indicate that the organic calibration data fit the modified 
Beer’s law as well as the aqueous calibration data. The estimates of the attenuation 
parameter c in the zero shift model (7), given in the form -l/c, are 127.3 and 28.05 
for the A and D cells, respectively. These are not significantly different from the 
aqueous calibration function parameters 127.1 and 27.70 of Table V. Thus, both 
the fit of the zero shift model and the estimates of the attenuation parameter do not 
refute the organic zero shift theory for either cell. 

The organic zero shift parameters loge E in (7) were estimated from the zero 
uranium concentration data with the formula, 

loge e = log (Qoaa - 4 - loge (QnQ - a) (8) 

Here, the “bar” indicates average over-all appropriate loge (Q - a) replicates. For 
the l-cm path length A cell the averages each involve eight replicates. For the 5cm 
path length D cell individual zero shift parameters were estimated for the two organic 
solvents 0, and O,, so the averages each involved four replicates. The weighted 
average of these estimates corresponds to -4.16 g/l. and -4.20 g/l. for the 0, and 
0, organic solvents, respectively. The standard deviations of the resulting calibration 
function shifts are 0.14 g/l. for the A cell and 0.90 g/l. for the D cell. The organic 
uranium solution analysis accuracy of these calibration functions is plotted as the 
dash curves in Fig. 8. The difference between the dash and solid curves is the additional 
inaccuracy resulting from the zero shift method of adjusting an aqueous calibration 
function to give the organic one. From Fig. 8, the change-over point between cells 
is 45 g/l. for organic analysis. The organic uranium solution functions are listed in 
Table X along with accuracy limits for their recommended concentration range. 

S 
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TABLE XL-ANALYSIS OF VARIANCE-PRELIMINARY ORGANIC ANALYSIS 

source 
sum of squares ( x 1od) 
1 -cm cell 

w of Mean sum of squares ( x 10’) 
km cell freedom l-cm cell s-cm cell 

MODEL 
Uranium 
Organic 
Uranium-organic 

interaction 
Equiiibration 

PHASE DIST~B~ION 
Solvents 
Solvent-uranium 

interaction 
Solvent-organic 

interaction 
Uramum present 
Residual 

Equilibration 

RFPLICA’IION 

20,05 I *-MO 412,391*4096 
0*0819 4.3203 
0032 1 o-3553 

O-2387 I -4.574 8 0.0298 0.1822 

273.2753 5,743*9952 
351*9959 6,986*9578 

4.7969 100.2786 
0.1941 0.3379 
0.2321 1.5129 
1.5758 6.084 1 

3 

: 

: 

: 
8 

31 

6Ji83.9220 137,463+032 
0.0819 4.3203 
0.0107 0.1184 

273.2753 $743.9952 
117-3320 2,328*9859 

4.7969 loo-2786 
O-0647 O-1126 
O-0290 O-1891 
O-0494 o-1901 

Detail> of statistical analysis 

The I28 sample cell voltage ratios (VP/V,),, and (VP/V,),,, formed from the 
organic calibration experiment were normalised with interpolated reference cell 
voltage ratios (V~~V*)~~~ using (6). The normalised ratios QAQ and QoRO were 
adjusted with appropriate scattering parameters and natural logarithms were cal- 
culated to form a set of 32 pairs of [loge (Qao - a), log@ (Qoaa - a)] data for each 
cell size, one pair for every equilibration separation. The model for the sum of the 
components of each pair is given by (7). The model for difference of the components 
iS 

log,, fQac, - 4 - loge (QORG - 4 = -loge 6 -I- W-JAg - U,,,) (9) 

For each cell size the sums of the 32 pairs and the differences of the 32 pairs were 
each analysed with a three-factor (uranium at four levels, organic at two levels, and 
equilibrations at two levels) design. Uranium and organic were crossed and equi- 
librations nested in each uranium-organic pairing. The analysis of variance break- 
down for the design is given in Table XI. The two replicates for each equilibration 
give I6 degrees of freedom for sums and 16 for differences for each cell size. In the 
absorptiometer analysis schedule half of one run was not recorded. Therefore, one 
replicate degree of freedom was lost for differences with each cell. Sums and dif- 
ferences replicate sum of squares were pooled to give a replicate mean square with 
31 degrees of freedom. Equation (7) shows that the sums data for a cell should 
depend linearly on the uranium concentration and the organic shift parameter. The 
top half of Table XI, marked “IGODEL”‘, gives the appropriate variance breakdown. 
For both cell sizes, equilibration and uranium-organic interaction mean squares are 
not significant. For the l-cm cell the organic mean square is not significant but for 
the S-cm cell it is very significant. The non-significant interaction implies that 
equation (7) is an adequate representation of the sum data. The physical interpre- 
tation of the organic and equilibration non-significance is discussed in the main text. 

Equation (9) shows that the difference data for a cell should depend linearly on 
the organic shift and on the difference between the equilibrated aqueous and organic- 
uranium concentrations, the phase distribution. The average difference for a cell 
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should be just a linear combination of the average organic shift and the average phase 
distribution. The bottom half of Table XI, marked “PHASE DISTRIBUTION”, 
gives the appropriate variance breakdown. The solvent mean square measures the 
average difference between the phases, i.e., the average value of the model (9). The 
highly significant result is largely due-to the concentration increment UAs - U,,, 
because the zero shift loge E is numerically quite small. The significant solvent- 
uranium interaction means that the U,, - UoRO changes with total uranium 
concentration. In the customary breakdown, the 4 degrees of freedom for solvent- 
organic interaction would be partitioned into one for solvent-organic interaction and 
three for solvent-organic-uranium interaction. In such a breakdown both mean 
squares would be significant. The breakdown of the sums of squares in Table XI 
places all the significance in 1 degree of freedom, the average solvent-organic inter- 
action over the three positive uranium concentration levels. Thus, when uranium is 
present, the concentration increment U,, - Uo,, is different for the two organics 
0, and 0,; however, the increment is independent of the exact amount of uranium 
present. 

The non-significance of the equilibration mean square means that the phase 
distribution was reproducible in the two separate equilibration-separation processes. 

For each cell size the 15 degrees of freedom associated with MODEL were fitted 
by least squares to the regression function (7) with total uranium concentration U 
as a covariate. For the 5-cm cell a parameter was included for the significant organic 
effect. Table IX gives the variance breakdown for the regression analysis. For the 
5-cm cell the regression-residual partition splits the 7 degrees of freedom associated 
with uranium, organic, and uranium-organic interaction in Table XI. The replication 
is measured by the 8 degrees of freedom between equilibrations. For the l-cm cell 
the 4 degrees of freedom associated with organic and uranium-organic interaction 
are pooled with equilibrations to measure replication. The regression-residual 
partition splits the 3 degrees of freedom associated with uranium. The residual 
mean squares indicate that the model (7) fits the SUM data to 0.2% and 1-7Oh, respec- 
tively, for the l-cm and 5-cm cells. These percentage figures are in good agreement 
with the percentage ranges of the aqueous calibration data fit to the modified Beer’s 
law (5). 

DISCUSSION OF ERRORS IN CALIBRATIONS 

The analysis of the aqueous and organic calibration has demonstrated that the 
accuracy of the absorptiometer for either organic or aqueous phases varies from O-1 
to O-5 g/l. over the uranium concentration range of 0 to 120 g/l. This is because of 
the variability or random noise inherent in an in situ uranium estimation. 

In order to isolate the source of this variability, the variabilities in fhe four major 

components of the absorptiometer system were looked at in more detail. These 
components are : 

1. The integrating picoammeters [which give (V,) and (V,)] which includes all 
variability from capacitance changes, amplifier gain change, non-uniform 
integration time and integrator transient effects. 

2. The phototube, crystal and high voltage supply. 
3. The americium source. 
4. Removal and replacement of a sample cell. 
The phototube was disconnected from the lower integrator and a constant current 
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source was connected to this integrator input. The timer was run through its cycle 
several times and (V,) and (V,) were recorded. The ratios (VP/V,) were then computed. 
The standard deviation of these ratios amounted to GO1 y0 of the (V,/V,) ratio which 
gives an estimate of the variability of the first component. 

The source as a long-lived radionuclide has Poisson statistics. The variability in 
this component may be directly calculated from the source intensity, the geometry, 
the reference cell attenuation and the NaI crystal efficiency. Such a calculation 
gives an effective intensity of 1.5 x 10’ y/min at the phototube with a standard error 
of O.O26p/. 

A comparison of sample cell analysis where thesample cell was left in place for 
varying numbers of analyses and where it was ,removed and replaced in the normal 
manner showed there was nodetectable positioning effect, transient effect, or effect 
from phototube hysteresis. 

No method was readily available to determine the variability of the phototube- 
crystal-high voltage supply component. However, it appears, by process of elimi- 
nation, that the major part of the random noise in the absorptiometer calibration 
must be attributed to random short term fluctuations in the phototube-crystal system 
sensitivity or to possible high voltage fluctuations of a magnitude greater than the 1 
part in 106 quoted by the manufacturer. 

CONCLUSIONS 
The data-logging absorptiometer described in this paper has been in operation for 

approximately two years. About 2000 samples have been analysed during this time. 
An average of 30 samples/&hr day has been achieved by the laboratory using the 
apparatus and very few operator errors have been made. When an error has occurred, 
it has been gross and easily detected. An incorrect setting of the cell-size switch has 
been the most frequent error. Here, the data point is still salvable by adjusting the 
data for the capacitance change. The goal of a rapid, foolproof and accurate method 
of uranium analysis has thus been achieved. 

The method developed to calibrate the absorptiometer for organic phase solutions 
is original with this paper. The method clearly eliminates the necessity of preparing 
organic phase standards which is, in general, difficult. 
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his handling of the machine cakxlations. 
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Inclusion of the scattering term in the section Mathematical model of absorption, which greatly 
improves the model, was suggested by A. Whittaker. 

~Urankonmntrationen in wiiDrigen und organiscben 
L&ungen werden durch Gamma-Absorptionsmessung bestimmt. 
Eme s”Am-Guelle. die 60 keV-Guanten emittiert, und ein Szintil- 
lationsdetektor werden verwendet, Der von der Photozelle gelieferte 
Strom wird uber eine Minute intemiert und liefert ein 2-10 V Gleich- 
stromsignal, das in einer Datensi;cicheranla 
einer einzigen M&ode, die nur w&lge Stan 8e 

mgistriert wird. Mit 
ards erfordert, wird das 

&stem fdr wil&iae und oruanische Uranlosunaen geeicht. Elne 
eingehende statist&he Anal@ der Versuchsergel%is&ist beigefw. 
Eme Abweichune vom Beerschen Gesetz wird durch die Be&k- 
sichtigung von St&ueffekten im Modell erkl%rt. Lasungsanalysen mit 
dieser Anlage sind genauer als &O,S g/l bei Urankonzentrationcn von 
O-120 g/l. 
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R&urn&Les concentrations en uranium de solutions aqueuses et 
organiques sont determinees par absorptiometrie gamma. On utilise 
une source de e*rAm qui &met des photons d’energie 60 keV, et un 
dttecteur a scintillation. Le courant de sortie du phototube est 
integre pendant 1 min, donnant un signal de 2-10 V en courant continu, 
qui est note par un systeme enregistreur. Pour Ctalonner le systeme on 
utilise, tant pour les solutions aqueuses que pour les solutions organ- 
iques d’uranium, une methode unique ne necessitant que des Ctalons 
aqueux. Une analyse statistique detaillee des resultats exptrimentaux 
est incluse. On explique une deviation not&z par rapport a la loi de 
Beer par la presence d’effets de dispersion dans le modtle d&it. Les 
analyses de solutions faites avec ce modele donnent des resultats dune 
precision superieure P &0,5 g/l, pour des concentrations en uranium 
comprises entre 0 et 120 g/l. 
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Summary-The mutual interference effects of different concentrations 
of each of the alkali elements and hydrogen, as the chlorides in solution, 
on the intensity of the resonance fine for four different con~ntrations 
of each of the alkali elements have been studied. All concentrations 
have been expressed in millimoles per litre. The interference e%xts 
were greatest on the lowest concentration and .least on the greatest 
concentration of each eIement. In general, lithium produced the least 
efkct on the other elements, and the other elements had the least effect 
on lithium. Hydrogen ion, as hydr~hlor~ acid, caused suppression 
because of the anion &sct, with caesium being suppressed the most. 
Caesium and rubidium caused the greatest enhancement on the other 
elements. Because of their very low ion&ion potentials, the mutual 
interference effects of rubidium and caesium on each other were found 
to be very large. 

JNTRODUCTION 

THIS work, which was started several years ago, was designed to be a careful study of 
the interference effects for a broad concentration range of the alkali chlorides and 
hydrochloric acid upon the resonance line radiation of each of the alkali elements. 
Many brief studies on “interferences”, usually associated with a procedural develop 
ment and with limited concentration ranges, have been performed for lithium, sodium 
and potassium. In comparison, relatively few studies are available for rubidium and 
caesium. However, it is dificult to evaluate much of the results reported in the 
literature, because the work was performed with different types of instrument, different 
types of burner and fuel, and under different and sometimes unstated operating 
conditions. Very often, insufficient attention was given to such problems as purity of 
reagents, sources and degree of contamination, and care in the preparation of the 
solutions. The authors found rubidium and caesium salts from most sources to 
contain high concentrations of the other element, as well as of potassium. Work done 
with impure solutions, as indicated above, cannot yield reliable results. Much of the 
information in the literature is not in agreement, and there are often examples of 
conflict. For example, sodium and potassium have been reported to suppress2 and to 
enhance% their respective emission intensity. It has also been reported that excess 
sodium caused both high and low results for potassium, depending on the potassium 

* Work supported by the University of Alabama Research Committee and the Research 
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$ Present address: University of Alabama Medical Center, Birmingham, Alabama, U.S.A. 
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concentration,3 and only high results for different potassium concentrations.l* Higher 
concentrations of hydrogen chloride have been reported to enhanceZ1 and to suppress 
the emission of the lithium 671-rnp line. X6 It has also been reported that these effects 
were not observed when an optical system of adequate resolving power was used.” 

This study represents an effort to obtain more reliable interference effects results 
with respect to the elements of Group I of the Periodic Table, and to examine further 
some of the factors that effect the equilibrium constant expression : 

K = fM+lWl B21 
-==[I -xlP WI 

(1) 

when x = degree of ionisation of the metal atoms, 
and P = partial pressure for each species in the flame. 

The above may also be expressed directly in terms of the partial pressure equilibrium 
constant 

Although this paper represents results from a large number of solutions with 
different concentrations, this and other published results do not appear to be suffi- 
ciently quanti~tive to be reduced to a common correction factor, because there are 
numerous factors that can effect the partial pressure of the atomic species in the flame. 
However, because of the range of concentrations examined, the results will serve as a 
guide to the spectrochemist on the magnitude of the interferences that may be expected. 

The present study involved only aqueous solutions, the integral aspirator burner, 
and the use of oxygen-hydrogen fuel. 

EXPERIMENTAL 
~~~~~t and materials 

Beckman model 1)U spectrophofomefer equipped with the 9200 8ame attachment, oxygcn- 
hydrogen burner, 9200 spectrql energy recording attachment, and a Brown electronic recorder with 
a O- to lO-mV scale and a j4uzcond pen response. 

Borosilicafegfassware was used for all volumetric measurements but not for the storage of any 
solutions. All vohnnetric ware used in this study met the requirements as specified in N.B.S. Circular 
602 and Federal Speci8cations DDV48la. 

StmdizrdpIathm t&s or No. 27 hy~rntic syr&e tteedfes were used with the S-ml {sub-divisions, 
l/l00 ml) semimicro burettes. 

Polyethylene bottles were used as containers. These bottles were steamed, then leached with 
ion-exchange water before they were used. Water stored in these bottles did not show the changes 
observed by Delhez.’ When the solutions were stored for a few weeks or longer for future reference, 
the bottles were sealed with tape, because for small polyethylene bottles a cap screwed on tightly 
does not necessarily assure a sealed bottle. 

AU the alkali chlorides used in this work were Johnson, Matthey Specpure grade. The hydro- , 
chkwic add was mdkMed_ AU solutions ware prepared with ion-exchange water that had been 
previously distilfed, then passed through a column containing no metai or rubber parts. Attempts 
were made to use some standard A.C.S.-grade chemicals for some of the solution concentrations. 
However, these were found to be quite unsatisfactory because of traces of impurities of the analyte, 
and so were replaced with solutions prepared from Specpure chemicals. 

Procedure a~~re~aut~o~ 

Solutions. Four concentrations of each element; namely, 0.375, 0.75, I.5 and 3-O milliioks 
per litre, were studied in order to cover the usual concentrations that may be found in analytical work. 
The concentration of the added mutually interfering cations was varied from 0 to 2000 millimoles 
per litre for the alkali salts and from 0 to 5000 mdlimoles‘ per line for the acid. These units of 
concentration were used instead of parts per million, in order to have ail solutions in the same 
concentration ratios. In addition to the stock solutions, 1340 separate sample sohrtions were required. 
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In wise of questionable results all the solutions for a ties of a given con~entmtion, such as 0*3X5 
mil~mo~ per litre of caesium, were reprepared. To avoid other anion iufhsences, chlorides were 
used for au solutions. 

Tcrllip for inoprrritssj. All water used was from an ion-exchange cohunn containing no metal 
parts and charged with the mixed-bed resin Amberlite IR 400. All water, glassware, poiyethyleneware, 
and stock solutions were checked for contamination before use by lookh~g for the mso~ce line 
of each of the alkali elements. Thii was dose by aspirating the water or solution iu question into 
the flame and recording the response for the msonance line of the possible coqtaminating element. 
If no response was obtained, the items were co&lered to be satisfactory. 

A se&a ofsohttions with conomtmtions from O to 2000 ~~~ per litre for each alkali element 
were prepared from the stock solutions to serve as blanks. Each concentration of the series was 

Pm. L-Example of mutual interlbmnce as a function of concentratiori of analyte. 

checked by scam& 
those in which the h 

the resonance line for each analyte under the same operating conditions as 
e intensity of that analyte was determined. “These served as an additional 

check for wmaminatiort, as well as for possible line and background interference% 
If a very small amount of the analyte is present as an impurity in the interferent, or if weak lines 

of the interfemht am closely adjacent to the resonant line of the analyte, it is rea * de&ted in the 
r~~&ts unless cez-re&ons are made for background and weak-lhre hrtetierences. % ‘s is ISlustrated 
in Fig. 1 for the e#I&t of potassium on the w~~tion 0.375 mil~moie of caeslum per l&e. The top 
curve, unwrmctedS shows the effect of a possible minute trace of caesium in the potassium salt 
which is bemg added to the caesium solution, and increasing background as the concentration was 
increa&. By sv examination, traces Of caesium have been observed in some samples 
of commercial A.C,S,-grade potassium chloride, but not in others. 

The second curve shows the effect of potassium corm&e&l for background interference at 8521*1 A 
from the potassium chloride solutions. It is doubtful whether the very weak potassium doublet 
8503.8 and 8505.2 A produced any MWnce, because these lines were not observed on sensitive 
inframd emulsion when potassium chloride WBS bumed in a low current d.c. arc or when a 1M 
potassium chloride solution was aspirated into an oxygen-hyd lon as 2 hr. 

Ratio of &S??rr~tier. The samples were aspirated into the res& 
were recorded on the strip-chart recorder 

tmg intetities 
A pure solution was burned with each solution wntaining 

a given concentration of the mutually interfering elemen& in order to compare the intensities for the 
pure sample and the sample containing the mterfermg element. Two or three runs were made on 
each sample-reference pan at different times, and the intensities were calculated in terms of the 
ratio:” 

R = Ll~r*+mliterr*~eY&~ 
Iuutvts (3) 

By this method it was possible to detect drift or any unusual equipment variation, and to compensate 
for minor variations, such as slow drift or small variations in instrument settings. The values of R 
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greater than 1 indicate enhancement and those less than 1 indicate suppression of the intensities of 
the resonance lines for the elements. 

The slit widths were adjusted to obtain approxi~tely 0.3-O-4 full-scale responses for each element 
at each concentration. Changes were made when the enhancement or suppression became very 
large. 

DISCUSSION- 

The mutual radiation interferences on each of the alkali elements were studied in 
four concentrations, 0.375, @75, I.5 and 3-O millimoles per litre. Contamination 
effects, effects arising from line and band overlapping, and background interferences 
were examined, and com~nsations were made on the graphs. 

The mutual radiation interference effects of the acid and the other alkali elements 
on each individual alkaIi element are summarised in Figs: 1-4 and are tabulated in 

m Mole //itre 

FIG. Z.-Mutual interference effect of lithium and hydrochloric acid. 

Table I. At the low concentrations, these results are in general agreement with those 
listed by Dean.B A given concentration of the interfering element has the least en- 
hancement or suppression effect on the most concentrated solutions of the same 
analyte. This is illustrated in Fig. 1 by the effects of potassium and hydrogen chloride 
on the four concentrations of caesium. The concentration 1000 mmoIe/l. of po- 
tassium caused a radiation enhancement on the 3*0-mmole/l. concentration of caesium 
by a factor of 2, and the 0*375-mmole/l. concentration was enhanced by a factor of 
3.4. The 2M acid concentration caused twice as much suppression of the O-75- 
mmole/l. concentration of caesium as of the 3*0-mmole/l. concentration. 

In order to discuss the experimental results in Figs. 1-4 and Table I, the following 
equilibrium reactions must be considered, because these are involved in the reactions 
in the flame and affect the intensities of the resonance lines. 

M%M++e 

M+OH%MOH 

M + Cl % MCI 

H -t Cl r=, HCI 

H +OH%HOH 

(4) 

(5) 

(6) 

(71 

(8) 
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FIG. 3.-Mutual interference effect of potassium and sodium. 

Although these probably do not exist in a true equilibrium in the usual chemical 
sense, a steady state of balanced dissociation and recombination does exist. Thus, 
from the equilibrium constant values, dissociation energies and other physical con- 
stants, the effect of the competing reactions on the resonance line intensities can be 
estimated. Unfortunately, reliable values are still not available in the literature. 

The suppression effect of the aqueous hydrogen chloride results from the formation 
of the relatively stable chloride, 5~18 the reaction following the mass action law, 

hdrpcI1 
h,,l = K13 

(9) 

that reduces the number of free atoms available for excitation. 

m Mole//iffe 

FIG. 4.-Mutual interference efkct of caesium and rubidium. 
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TABLE I.-CHANGES IN EMISSION INTENSITY BECAUSE OF INTERFERENCE EFFECTS 

Change in emission intensity, % 
Concentration 

Interferent Analyte Concentration 

mm/l. PP” 0.375 0.75 1.5 3.0 mm/l. 
Na 

Li i 8.6 17.2 34.5 69.0 ppm 

1 6.94 0 
3 20.8 0 x 

0 0 
0 0 

5 34.7 0 0 0 0 
10 69.4 0.5 1 0 0 
30 208 2 1 0 0 
50 347 2 2 -0.5 

100 694 3 2 : -0.5 
300 2082 6 3.5 2 0 
500 3470 7 5 2 1 

loo0 6940 9.5 6 3 1 
(Slit width 0.10 0.08 0.05 0.045 mm) 

Li K 14.7 29.3 58.6 117.3ppm 

: 
5 

10 
30 

12 
300 
500 

1000 

0 0 0 0 
0 0 0 -1 
1 0 0 0 
1.5 0 0 0 
3 :. 0 0 
3.5 0 0 
: : 3 1 0 

lZ5 6 7 4 3 : 2 
(Slit width 0.05 0.04 0.04 0.03 mm) 

Li Rb 32.0 64.1 128.2 256.4 ppm 

1 
3 
5 

10 
30 
50 

100 
300 
500 

1000 

0 
0 
0 
0 
0 

: 
3 
4 
5 

(Slit width O-055 

0 
0 
0 
0 
0 
0 
1 
1.5 
1.5 
1 
0.045 

0 
0 
0 

2 
-1.5 
-1 
-1.5 
-1 
-1 

0.035 

0 
-1 
-1 
-1 
-1 

:; 

-3 
-3 
-5 

0.03 mm) 

Li 

1 
3 
5 

10 
30 
50 

:: 

500 

loo0 

cs 49.8 99.7 194.4 398.Sppm 

0 0 0 0 
0 0 0 0 

-0.5 -0.5 -0.5 0 
1 -1 -1 -1 
2 -1 -1 -2 
3 -1 -1 -2.5 

16 6 5 1 -1 -1.5 -2.5 

6.5 -3 1z.5 

; 9 -4 -5.5 
(Slit width 0.07 0.05 0.04 0.03 mm) 
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TABLE I (continued) 

Change in emission intensity, % 
Con~ntmtion 

Interferent Analyte Concentration 

mm/l. PPm 0,375 

t 2.6 

0.75 1.5 3-o mm/l. 
Li 

Na 5.2 10.4 20.8 ppm 

1 23.0 0 0 0 -1 
3 69.0 1 1 1 0.5 
5 115 2.5 2.5 2.5 2 

10 230 4 3 2 2 
30 690 6 5 4 3 
50 1150 8 7 4 3 

100 2299 10 10 6 5 
300 6897 12 10 9 8 
500 11,496 16 12 11 10 

(Slit width 0.1 O,i 0.08 0.06 mm) 

Na K 14.7 29.3 58.6 117*3ppm 

1 
3 
5 

10 
30 
50 

100 
300 
500 

Na Rb 32.0 64.1 128.2 256.4ppm 

1 
3 
5 

10 
30 
50 

100 
300 
500 

1 0.5 0 0 
4 2.5 1 0 
6 4 3.5 1 

12 6 4 2 
22 13 8 5 
30 19 12 8 
36 21 13 10 
50 32 20 14 
55 35 23 17 

(Siit width 0.05 OG4 0.04 0.03 mm) 

2 1 0 0 
5 3 1 2 

10 5 3 25 
15 9.5 6-f 5 
30 23 16 10 
46 33 22 14 
70 51 34 20 

100 74 54 40 
121 87 65 ’ 45 

(Slit width OW5 O-045 0.035 0.03 mm) 

Na 

1 
3 
5 

10 
30 
50 

100 
300 
500 

CS 49.8 99.7 199.4 398.7ppm 

2 1 1 0 
6 4 2 2 

11 7 4 2 
18 14 7 5 
42 34 20 11 
56 48 26 14 
78 70 40 25 

120 111 74 38 
140 129 87 48 

(Slit width O-07 0.05 0.04 0.03 mnr) 
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TABLE I (continued) 

Change in emission intensity, % 
Concentration - 

Interferent Analyte Concentration 

mm ‘1. ppm 0.375 

1 2.6 

0.75 1.5 3.0 mm/l. 
Li 

K 5.2 10.4 20-8 pptn 

1 39.1 0.5 I* 0.5 0 0 
3 117 0.6 1 0.5 0.5 0 
5 196 1 4.5 1 1 I 

10 391 2 8 1 1.5 I 
30 1,173 4.5 10 2.5 2.5 I 
50 1,955 5.5 16 3 3 2 

100 3,910 6 22 3 3 2 
300 11,730 6 40 4 3.5 3 
500 19,100 8 60 5 3.5 3 

(Slit width 0.10 0.10 0.08 0 06 mm) 

K Na 8.6 17.2 34.5 69.0 ppm 

1 1 1 0 0 
3 2 1.5 1 0 
5 3 2.5 2 0.5 

10 5 3.5 3 1 
30 8.5 6 4.5 2.5 
50 10 7.5 5.5 4 

100 12.5 9.5 7 4.5 
300 17 14 10 6 
500 20 16 12 8 

(Slit width 0.10 0.08 0.05 0.045 mm) 

K Rb 32.0 64.1 128.2 256.4 ppm 

1 5 6* 4 3 I 2* 
3 15 16 10 10 3 4 
5 27 30 22 16 6 8 

10 48 52 38 26 12 14 
30 77 84 60 44 26 30 
50 87 100 72 54 32 38 

100 98 130 82 68 40 50 
300 120 200 102 80 53 70 
500 124 355 108 84 64 85 

(Slit width 0.045 0.035 0.03 0.03 mm) 

‘K CS 49.8 99.7 199.4 398.7 ppm 

1 
3 
5 

10 
30 
50 

100 
300 
500 

10 15* 
27 45 
45 75 
81 104 

130 151 
152 173 
178 208 
220 240 
230 260 

(Slit width 0.05 

10 
23 
37 
58 
93 

115 
142 
160 
165 

@04 

6 
19 
22 
37 
62 
78 
97 

110 
118 

0.03 

3.5 
9 

II 
22 
40 
51 
66 
85 
99 
0.025 mm) 
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TALILE 1 (continued) 

Change in emission intensity, % 
Concentration 

interferent Analyte Concentration 
- 

mm/l. PPm a.375 

Li ( 2.6 

0.75 1.5 3.0 mm/l. 
__~ _______ 

- Rb 5.2 10.4 20.8ppm 

1 85.5 0 __ I - 0.5 -05 

3 256.4 I 0 -I -I 
5 427.4 2 0 I ~~ 0.5 

IO 854.8 2 0 0 0 

30 2,564 3 0 0 0 

50 4,274 3 1 I 0 

100 8,548 4 1 I I 
300 25,644 4 2 I I.5 

500 42,740 4 3 1 3 

(Slit width 0.10 0.10 0.08 0.06 mm) 
- 

Rb Na 8.6 17.2 34.5 69.Oppm 
-~ 

1 I I 0 0 
3 2 I.5 I 1 
5 3.5 2.5 2 2 

10 4 4 25 2.5 

30 5.5 4.5 4 2.5 

50 7.5 6 5 3.5 

100 10 7.5 6 5 
300 14 II 9 6 

500 I6 13 II 8 

(Slit width 0.10 0.08 0.05 0.045 mm) 

Rb 

1 
3 

5 

IO 

30 

50 

100 

300 

500 

-- 
Rb 

K 14.7 2).3 55.6 I17.3ppm 
-- 

6 4 2 1 
24 13 10 5 

38 24 15 9 

50 33 19 13 

62 44 24 16 

66 46 30 19 

72 53 34 22 

79 58 37 25 

81 63 39 25 

(Slit width 0045 OGI 0.03 0 025 mm) 

cs 49.8 99.7 i 99.4 398.7ppm 

I 26 20 11 5 

3 55 47 26 I3 

5 73 61 39 19 

10 108 91 56 34 

30 160 120 101 54 

50 188 143 116 60 

100 209 165 132 80 
300 252 188 150 93 

500 270 201 159 96 

(Slit width 0.05 0.04 0.03 0.025 mm) 
_. ~~ 
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TABLE I (confinued) 

Concentratibn 
Change in emission intensity, % 

Me&rent Analyte Concentration 

mm/l. ppm 0.375 o-75 1.5 3.0 mm/l. 
Li 

cs 2.6 5.2 10.4 20.8 ppm 

1 132.9 0 0 0 0 
3 398.7 0 0 0 0 
5 664.6 0 0 0 0 

10 1,329 0 0 0 0 
30 3,987 1 0 0 1 
50 6,646 2 5* 0 45 1 3* 1 1.5* 

100 13,291 2 11 0 8 1 7 1 4 
300 39,873 3 44 1 37 220 26 
500 66,455 3 87 2 76 2 39 2 12 

(Slit width 0.10 0.08 0.07 0.06 mm) 

cs Na 8.6 17.2 34.5 69.0 ppm 

1 1 1 0 0 
3 3 2.5 1 1 
5 4.5 3 2 1 

10 7 5 2.5 1.5 
30 8 6 3.5 2.5 
50 9 6 4 3 

100 12 8 5.5 4.5 
300 15 10 7.5 5.5 
500 17 11.5 9 6.5 

(Slit width 0.10 0.08 0.05 0.045 mm) 

cs K 14.7 29.3 58.6 117.3ppm 

1 
3 
5 

10 
30 
50 

100 
300 
500 

cs 

1 
3 
5 

10 
30 
50 

100 
300 
500 

8 5 4 2 
21 18 12 6 
28 24 14 10 
38 31 22 13 
49 42 33 26 
58 46 37 28 
70 54 42 35 
76 66 49 43 
82 70 54 47 

(Slit width 0.045 0.04 0.03 0.025 mm) 

Rb 32.0 64.1 128.2 256*4ppm 

16 10 6 4 

46 29 22 14 
57 38 34 18 
80 55 45 26 

98 68 56 40 

106 82 70 47 

120 90 82 56 

134 98 90 63 

139 101 93 70 

(Slit width 0.045 0.035 0.03 O-025 mm) 
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TABLE I (contim&) 

Change in emission intensity, % 
Concentration 

Interferent Analyte Concentration 

mm/l. PPm 0.75 1.5 3.0 Inmll. 
Li 

HCI 5.2 10.4 20.8 ppm 

1 
3 
5 

:: 
50 

:: 
500 

1000 

-0 0 0 
0 0 0 8 

8 0 0 0 0 0 
0 -8.5 0 0 

$5 r:., -1 -1.5 -0.5 -1.5 
-6 -4.5 -40 -4 

Gi.5 -12.5 -7.5 -12.5 -6.5 -10.5 -5.5 

(Slit width 0.10 0.10 0.08 0.08 mm) 

HCI Na 8.6 17.2 34.5 69.0 ppm 

1 
3 
5 

:o” 
50 

:: 
500 

1000 

0 0 0 
0 0 0 
0 8 0 0 
0 0 0 
0 0 0 

-0.5 0 -:*5 
I: -2 -0.5 -0.5 -1 

8 

1; -3 -4.5 -3.5 -1.5 -Y -2.5 
(Slit width 0.10 0.08 0.06 0.06 mm) 

HCl K 14.7 29.3 58.6 117*3ppm 

1 

; 
10 
30 
50 

:: 

1E 

0 

0” 
-Y 
-2 

7; 
-10 
-18 

(Slit width 0.045 

0 

0” 
-:.5 

r: 

-5.5 

-11.5 
0.045 

: 
0 
0 
0 

1:.5 

-3.5 
-6 
-9 

0.035 

1 
1 
0.5 
0 
0 

-7 
-2.5 
-3.5 
-7 

0.035 mm) 

HCl Rb 32.0 64.1’ 128.2 256+4ppm 

: 0 0 0 0 0 0 0 
5 0 0” 0 0 

10 -1 0 0 
30 
50 r: 1: 

-:.5 
-1 8 

100 
--: 

-3 -2 -1 
300 -7 -5 -2.5 
500 -15 -10 -7 -4 

loo0 -23 -17 -13 -7.5 
(Slit width 0.04 0.04 0.04 O-04 mm) 

4 
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TABLE I (continued) 

Change in emission intensity, % 

lnterferent Concentration Analyte Concentration 

mm/l. FPm 0.375 
cs 

HCl i 49.8 

075 1.5 3.0 mm/l, 

99.7 199.4 398.7 ppm 

1 0 0 0 0 
3 _. I 0 0 0 
5 -I a 0 0 

10 -2 -1.5 -1 0 
30 _.. 3 -2 -1 -0.5 
50 -4.5 -3 -1 -0.5 

100 -9 -5 -2.5 --I 
300 -20 -13 -6~5 -4 
500 -25 -20 -11 -6 

1000 - 37.5 -30.5 -20.5 -10 
(Slit width 0.05 0.05 0.05 0 05 mm) 

* Not corrected for background and other interferences; integral aspirator burner; oxygen, 
2.6 I./min ; hydrogen, 5.6 I./min. 

The greatest suppression of resonance line radiation (Fig. 1) is on the lowest con- 
centration of analyte, because at a given concentration of interferent its mass action 
effect is greater on the available analyte atoms, thus making a greater proportion 
unavailable for excitation. 

The degree of suppression for each of the alkali elements in the presence of hydro- 
chloric acid is illustrated in Fig. 2. Anion effects of both the chloride and the hydrox- 
ide are involved. At the low concentrations of hydrogen chloride the ratio M: MOH 
and Cl: HCI will largely be fixed, because of the high concentration of the OH and H 
in the flame. With an increase in the hydrogen chloride aspirated into the flame, and 
the resulting greater concentration of chloride, there is a shift in the metal atom-metal 
chloride equilibrium accompanied by a decrease in the M: MCI ratio [equation (6)] 
and a proportional decrease in the intensity of the resonance line radiation. The 
increasing suppression of the potassium, rubidium and caesium resonance line radia- 
tions is a result of the formation of the increasingly stable metal chlorides, withcaesium 
chloride having the highest dissociation energy. 

If the formation of the non-dissociated alkali-metal hydroxides is not considered, 
this is in agreement with the dissociation energies as determined by Bulewicz et u[.,~ 
but not in agreement with the values determined by Somayajuluz2 for caesium and 
rubidium chloride (Table II). Dissociation energies for the alkali-metal hydroxides 
are not available. However, based on the deviation of the degree of ionisation as 

predicted from the Saha equation23 and a study of hydroxide formation,14 the stability 

of the gaseous alkali-metal hydroxides is in the order Na < K < Rb < Cs < Li. 
Lithium forms a very stable gaseous hydroxide. There was no deviation for sodium, 
so the gaseous sodium hydroxide is so unstable as to be effectively absent in the flame. 
The gaseous potassium hydroxide is nearly as unstable as the sodium hydroxide, and 
the rubidium and caesium hydroxides are progressively a little more stable. 

In addition, the MOH : M ratios, l3 of Table II, would indicate that the formation of 
potassium, rubidium and caesium hydroxide molecules had no effect or only a minor 
effect on the resonance line radiation-suppression for these elements. The sodium 
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resonance line radiation was suppressed the least, because sodium hydroxide essenti- 
ally does not exist in the flame and the sodium chloride has the lowest dissociation 
energy. 

The suppression effect of hydrogen chloride on the intensity of the lithium re- 
sonance line is only a little greater than that for sodium. Lithium chloride has the 
greatest dissociation energy (Table II), and the hydrogen chloride should have a 
similar mass action effect to form lithium chloride as the other alkali chlorides, if the 
formation of the stable lithium hydroxide could be neglected. This would indicate 
that the lithium already exists largely as the highly stable lithium hydroxide, and that 

TABLE IL-PHYSICAL VALUES FOR GROUP I ELEMENTS 

* Ionisation in the flame, %’ 

Element Resonance Excitation Ionisation 
line, A potential, eV potential, e I/ A$;!; 

Li 6707.8 1.84 5.39 0.01 0.9 16.1 
Na 5890.0 2.10 5.14 0.3 5.0 26.4 

5895.9 2.10 
K 7664.9 1.61 4.34 2.5 31.9 82.1 
Rb 7800.2 1.56 4.18 13.5 444 89.6 
cs 8521.1 1.39 3.89 28.3 69.6 96.4 

Chloride 

Li 
Na 
K 
Rb 
cs 

Dissociation energy 

Bulewicz et aI.” SomayajuW 

110.5 + 3 kcal. 4.8 eV. 
97.5 + 2 4.12 
99.6 k 2 4.32 

101.5 * 2 4.76 
107.2 i 3 4.38 

Gaydon’O 

5.0 f 0.3 kcal. 115 eV. 
4.24 f 0.05 97.6 
440 f 0.05 101.4 

4.5 f 0.2 103 
4.6 f 0.2 106 

MOH 
- RatioIS 

M 

4.4 
0 
0.19 
0 
0.37 

* Based on a partial pressure of lo-@ atmos for the metal atoms in the flame. 

few lithium atoms are available to form the stable lithium chloride molecule, thus 
only a small suppression was observed. If the lithium hydroxide were largely dis- 
sociated, then there would be a large suppression arising from the mass action effect 
of the excess hydrogen chloride and the high dissociation energy of the lithium 
chloride molecule. 

The addition of a second ionisable substance, interferent, causes an increase in the 
partial pressure of the free electrons in the flame. This, through the mass action 
effect, will decrease the M+:M ratio in the analyte and increase the population of 
neutral atoms available for excitation. The partial pressure of the free electrons 
depends on the ionisation potential and concentration of the interferent. In addition 
the decrease in the ratio of MT: M is also dependent on the ionisation potential and 
concentration of the analyte. 

Thus, if the ionisation potential of the analyte is high, there will be few ions from 
any given concentration, so that even though a relatively large population of electrons 
is supplied from an interferent, the observed enhancement will be small. This is 
illustrated by the effect of the other alkali elements on lithium (Figs. 3 and 4). 

If the ionisation potential of the analyte is low, a relatively large percentage of the 
atoms will be ionised, so that an appreciable increase in the electron population from 
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the interferent will cause a large mass action effect, and the observed degree of enhance- 
ment will be large. This is most strikingly illustrated by the enhancement effect of 
caesium on rubies, and rubidi~ on caesium (Fig. 4). The degree of en~n~ment 
will be greadest on the lowest concentration of analyte, as illustrated by the effect of 
potassium on different concentrations of caesium (Fig. I), because the mass action 
effect of the electron population is greater on the analyte ions, thus making a greater 
proportion of the atoms available for excitation. In addition, a greater degree of 
ionisation would have taken place at the lower concentrations. 

Caesium, with its low excitation potential (3.89 ev) is highly ionised in the oxygen- 
hydrogen game (Table II). The relatively high concentration of electrons causes an 
appreciable decrease in the M+: M ratio of the analyte. The degree of this change is 
dependent on the IX+ population of the analyte, which in turn is dependent on its 
ionisation potential. Thus, at a given concentration of the analyte, a given. con- 
centration of caesium has the greatest enhancement on rubidium (excitation potential 
418 ev), and successively lesser effect on potassium (434 eV), sodium (5.14 eV) and 
lithium (5.39 eV) (Pig. 4). A similar relation is shown for the el%ct of rubidium on 
potassium, sodium and lithium, and of potassium on sodium and lithium. This was 
also observed for caesium and rubidium on the other alkali elements by Farquhar and 
Hill* and: by Bernstein? 

In the case of two in~~erents at a given con~ntration, the interferent with the 
lowest ionisation potential may be expected to have the greatest enhancement effect on 
the analytes with higher excitation potentials. Thus, the enhancement effect caused by 
caesium on the other alkali elements with higher ionisation potentials should be 
greater than that caused by rubidium, assuming no other factors to be present. These 
differences were generally observed (Fig. 4, Table I), although they were not always 
large. 

An interferent with a relatively high ionisation potential, such as sodium, will 
have the greatest enhancement effect on the resonance line radiation of the analyte 
with the lowest ionisation potential. Although the additional electron population 
produced by the interferent is not great, its mass action effect and subsequent en- 
hancement will be greater on the analyte which is ionised to the greatest degree in the 
flame. This is illust~ted by the greater e~n~ment effect of sodium and of po- 
tassium on caesium than on rubidium (Fig. 3). This greater enhancement of an 
analyte with the lowest excitation potential is illustrated by the results showing that 
the enhancement effect of rubidium on caesium is greater than that of caesium on 
rubidium; the effect of potassium is greater on rubidium than that of rubidium on 
potassium; and the effect of sodium is greater on potassium than that of potassium 
on sodium (Fig. 3 and 4). The enhancement effects of caesium on rubidium and of 
rubidium on caesium are somewhat greater than those reported in the more limited 
results by Pro et aZ?O 

The presence of lithium causes very little radiation effect on the other alkali 
elements (Fig. 2). In addition, the radiation intensity of its resonance line is least 
a&c&d by the presence of the other alkali elements. This would be a result. of its high 
ionisation potential (5.37 ev), so that only a very small percentage of the total atom 
population is ionised, and any mass action effect is very small. It is suggested that 
the gaseous lithium hydroxide is quite extensively dissociated in the oxygen-hydrogen 
flame,ll so that the small mutual radiation effect of lithium on the other elements is 
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a consequence of its high ionisation potential and not because of its hydroxide making 
atoms unavailable for ionisation. 

The effect of caesium on lithium (Fig+ 4) results from the relatively weak caesium 
6723.3 A line-addition effect on the lithium 67078 A line. Recording of caesium 
radiation in this region indicated the presence of this line but no band structures. 

The large enhancement of potassium on rubidium (Fig. 3) results from spectral 
interferences of the strong potassium 7699*0 A line, and at very high concentrations 
the 7664.9 A and 7699-O A doublet. Part of this error was thought to result from the 
presence of the Ks band in this spectral region.18 Xowever, a brief study using a 
spectrograph with a large reciprocal dispersion did not reveal these bands in any part 
of the flame. The true enhancement of rubidium is lower than would be expected 
(Fig. 3), considering the enhancement of sodium on rubidium and the excitation 
potential values (Table II). This may be the result of subtracting. an incorrect value 
for the blank, because the rubidium line appears on the shoulder of the spectral tracing 
for the potassium line. 

The temperature also influences the degree of the mutual-cation-enhancement 
effect. In a hot flame the degree of ionisation of an easily ionised analyte is large 
(Table II). A high concentration of electrons from an interferent will have a large 
mass action effect, so that the relative en~an~ment will be large. If the degree of 
ionisation of the analyte and interferent is less, as in a lower temperature flame, the 
degree of enhancement will be less. 

Zusammenfassuu8-Die gegenseitigen Stisreinflilsse verschledener Kon- 
zentrationen aller Alkahen und Wasserstoff, die sich als Chloride in 
der Liisung befanden, auf die Intensltat der Resonanzlinie wurden fiir 
vier verschiedene Ko~trationen ailer Alkalien untersucht. Alle 
Ko~n~~onen wurden in Millimolen pro Liter ausgedriickt. Die 
StLirungen waren am grii&en bei der geringsten und am kleinsten bei 
der hlichsten Konzentrationen jedes Elements. Allgem& beein8uSte 
Lithium die anderen Elemente am wenigsten und andere Elemente das 
Lithium am wenigsten. Salzsiiure bewirkte wegen des AnionetIekts 
Verringerung, am meisten beim Caesium. Caesium und Rubidium 
rufen die gri%te ErhGhung bei den anderen Elementen hervor. Wegen 
ihrer @hr niedrigen Ioni~tion~ten~le St&en sich Rubidium und 
Caesium gegensettig sehr stark. 

R&sum&-Les effets de l’influence mutuelle des diverses concentrations 
des 6lements alcalins et de l’hydrogene comme les chlorums en solution, 
sur les intensiter des raies de raisonnance pour quatre concentrations 
de chacun des elements alcalms ont et6 budies. Toutes les concen- 
trations sent exprim&es en millimoles par litre. Les effets de oette 
interf&ence se manifestent fe plus aux plus faibles concentrations et 
reciproquement. En g&&al, le lithium produit le plus faible e%et’ 
sur les autres elements, et les autres el6meuts ont le moms d’efIet sur 
le lithium. L’hydrogene, comme l’acide chlorhydrique, supprime cet 
effet par action de l’anion, principalement sur le Cesium, Le c&dum et 
le rubidium exercent la plus grande exaltation sur les autres &merits, 
A cause de leurs potentiels d’ionisation t&s bas, les &ets d’inter- 
ference mutuelle du rubidium et du c&&m sont t&s importants_ 
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Summa~-A new method is proposed for the determination of 
rhenium(VI1) at the microgram level. 2-Thenoyltrifluoracetone in 
isoamyl alcohol-benzene extracts rhenium(V11) quantitatively from 
7-9N sulphuric acid. Treatment of this organic extract with tin(I1) 
chloride and potassium thiocyanate gives a yellow coloured product 
which can be measured at 430 mp. Seer’s law is valid over the con- 
centration range of O-5-5 pg of rhenium/ml. The effect of diverse ions 
has been studied. 

THE well-known chelating agent 2-thenoyltrifluoracetone (TTA) has been found useful 
for the extraction of a large number of metals. The review article by De and Khopkarl 
covers the literature up to 1961, since when about another 50 publications have 
appeared. TTA has now been applied to the extraction of rhenium(VI1). With TTA, 
rhenium(VII) forms a coloyrless$n?lite which can be extracted with isoamyl alcohol- 
benzene from a sulphuric &I medium. For spectrophotometric evaluation of the 
rhenium(VI1) the organic extract is treated with potassium thiocyanate and tin(I1) 
chloride to give a yellow coloured product,s which can be measured at 430 mp. 
This forms the basis of a new method for the extraction and spectrophotometric 
determination of rhenium(VI1) at microgram level. 

Earlier work on the ether extraction of rhenium thiocyanate complex has been 
described by Sandell .2 2,4-Diphenylthiosemicarbazide forms a red coloured product 
with rhenium and it is extractable into chloroform.s Rhenium, reduced with tin(I1) 
chloride, can be extracted with benzildioxime-benzyl alcohol,* Tetraphenylarsonium 
chloride has been used to extract rhenium into chloroform.” In 4M sodium hydroxide 
solution rhenium has been extracted with pyridine.6 Thio-oxine in chloroform can 
extract rhenium from a strong hydrochloric acid medium.’ Methyl Violet in toluenes 
and diethylphosphorodithioic acid in benzene9 have been reported to extract rhenium. 
Other extractants for this element include 4-methylcyclohexane-1,Zdione dioxime,‘a 
dimethylglyoximeP a-furildioxime,12 thiourea and diphenylthioureals and toluene- 
3,4-dithiol.l* 

Apparatus 
EXPERIMENTAL 

A Unkam SP 600 spectrophotometer with l-cm glass cells was used for the absorbance 
measurements. 

Reagents 
The reagents used were either chemically pure or reagent grade materials unless otherwise 

mentioned. 
2-Thetwylrr@oracerone (PTA). An approx. O*lSM solution of TTA (Columbia Organic Chem- 

icals, Columbia. S. CaroIina, U.S.A.) in isoamyl alcohol was used. 
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Stock solution ofw@tmdmrperrkemte. Prepared by dissolving ammouium perrhenate (Johnson, 
Matthey & Co. Ltd., London, England) in water containing 0*3N sul~huric acid. The solution, 
standardised by the nitron method,‘” contained 344pg of r~ni~~rnl. Test sohitions containing 
34.4 ag of rhenium/ml were prepared by ten-fold dilution of the stock solution with 0+3N sulphuric 
acid. 

20% Potassium thiocyanate solution 
35 % Tin(n) CMoridc ~i~~~. Pmpad by dissofving 35 g of tit@‘@ chloride in 20 ml of 1: 1 

hydrochloric acid and d&&g to 100 ml. 

Wavelength. mp 

Fro, L-A. Absorption spectrum of rhenium thiocyanate [TTA chelate treated with 
tin(H) ~~o~~~~i~ thiocyanate] in isoamyl alcohol-benzene (Re = 1.478 x 

10~%W; TTA = 0.15A.f; 76N sulphuric acid) 11s. solvent mixture. 
B. Reagent blank es. solvent mixture. 

~enerai~~ed~re 
A suitable aliquot (05-4 ml) of ammonium Fhenate solution, containing 34.4 pg of rhenium/mI, 

was mixed with 10 ml of 76N sulphuric acid m a 250-ml separating funnel. For acidity studies, a 
suitable acid of desired strength was used. For the study of diverse ions, a solution containing the 
foreign ion was introduced before the addition of acid. Rhenium was extracted with 1Oml of 
O*lSA4 ‘TTA in isoamyl alcohol phts 5 ml of benzene (pre-equilibrated with the acid) by shaking 
for 5 min, then the layers were allowed to settle and separate. The aqueous phase was titrated for 
the determination of acid when necessary and teated for the 

.s 
resence of rhenium (duplicate Nat@. 

To the separated organic phase 25 ml of 1:4 hydrochloric act ,2 ml of 20% potftssium thiocyanate 
and 1 ml of 35% tin(D) chloride were added and the mixture shaken for 5 mm.* The resuhant 
organic extract was filtered (to remove traces of water) into a 25-r& volunttric flask and dihsted to 
.2f ml with isoamyl alcohol, The absorbance of this solution was then measured at 430 rnp against 
a reagent blank. 

RESULTS AND DISCUSSION 

The absorption spectrum of a solution of the rhenium(VII)-TTA chelate extracted 
and processed as under ~~~er~~~roce~~, is shown in Fig. 1. All further measure- 
ments were carried out at 433 rnp where minimum reagent absorption occurs. The 
absorptivity at 430 rnp is 16246& 196. 

E#ect of acidity 

The extraction of rhenium starts at an acidity of about 0-W sulphuric acid, 
gradually increases and becomes 100% from 7*6N (equilibrium 7*12N) sulphuric acid 
onwards. This is shown in Fig 2. The optimum acidity is 7*6-9&r in sulphuric 
acid (equilibrium 7*12-9WN). The distribution ratio’ in each case was calculated 
from the amount of rhenium in- the organic phase and in the aqueous phase (the 
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latter obtained by difference from the total amount taken), the values being recorded 
in Table I. 

A hydrochloric acid medium is unsuitable because the extraction is incomplete. 
The organic phase gave the test of rhenium(W) only-with thiocyanate, colour 

was developed only after reduction with tin(H) chloride and furthermore, reaction 

Sulptwric acid cottcentration, N equilibrium 

FIG. 2.-Extraction of rhenium-‘ITA chelate with isoamyl alcohol-benzene as a function 
of sulphuric acid concentration. 

with nitron gave a positive result. This ruled out the possibility of the existence of 
lower oxidation states of rhenium. The extracted species is pr~umably an ion- 
association compound having the structure: 

c-3 s -C-CH=C-CF, 

8 L-I 

“H+ ReO . 4- 

This is analogous to the cupferrate complex of pertechnetate, Cup+. TcO,- reported 
by Elving et at,‘0 

Calibration curve 

The absorbances of different amounts of rhenium were measured at 410, 420, 
430, 440 and 450 rnp against a reagent blank. The results prove that Beer’s law is 
valid, as in the ether extraction method,s at 430 rnp over the concentration range of 
O-5 to 6 pg of rhenium/ml. 

The optimum TTA reagent ~n~ntration is 0*15&f and the optimum period of 
extraction 5 min. The coloured system is stable for up to 2 hr, within which time 
measurements must be made. 

Diverse ions 

A number of binary mixtures of rhenium(W) with other ions were prepared for 
the examination of interferences in the Generalprocedure (7.6iV sulphuric acid). The 
tolerance limit for each ion (Table II), represents that concentration of the foreign 
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TMLE I.-E~~,G~~oN OF RHENIUM (68.8 ,us) AS A 
FUNCTION OF ACID CONCEN’raATlON 

Sulphuric acid, Distribution ratio,a 
N (equilibrium) D 

1 
1.17 

f.09 
3 
358 

t.34 
4.8 
5.09 
5.88 
6 
6.5 

7.12 to 9.04 

0.17 
0.20 
0.41 
0.45 
0.86 
1.48 
2.4 
3.66 
7.28 

13.4 
28.83 
39.2 
79.2 

100 % extraction 

L D = [Rev”] per ml of organic phase 
[Revu] per ml of aqueous phase. 

TABLE II.-E~pecr OF DIVERSE IONS ON THE DETERMINATION 
OF RHENIUM (68.8& 

Diverse ion Added as 

u*+ UOp(NO&.6H~O 
Fe’+ FeC11.6Hz0 
cls+ Cr,(S0,),.18HI0 
Mnl+ MnSO,.SH,O 
Co’+ CoS0,.7H,O 
Nil+ NiS0,.5H10 
Cu’+ CuSO,.SH20 
Zr’f ZrOCl, 
Th’+ Th(NOI),.4HI0 
Ta&+ Tantalum tartrate 
W’+ Na8WOI 
FQ1’- (NHLHROI 
F- NaF 
Cl- NaCl 
SCN- KSCN 
EDTA Disodium salt 
Citrate Citric acid 
TaNate Tartaric acid 
Oxalate Sodium oxalate 

Tolerance limit, 
w 

loo0 

:kz 
5ooo 
5ooo 
5ooo 
5ooo 
5ooo 
5ooo 
1000 
loo0 

10,000 
10,ooo 
10,ooo 
10,ooo 
10,ooo 
10,000 
10,ooo 
10,000 

ion in the presence of which the absorbance of rhenium is obtained within &20/b. It 
should be noted that silver, zinc, bismuth, aluminium, mercury(I1) and manganese(W) 
do not show any interference even in large amounts. It is interesting that manga- 
nese(VI1) is reduced by isoamyl alcohol in TTA solution and hence does not affect 
the extraction procedure. Thus, 68.8 pg of rhenium(VI1) can be extracted in the 
presence of 100 times its amount of manganese(VI1). 

Palladium(II), molybdenum(VI), vanadium(V), titanium(W), cerium(lV) and lead 
interfere, but moderate amounts of platinum(IV) and niobium(V) can be tolerated. 
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Moly~enum, if present, must be removed by a prelimin~ extraction. In the 
presence of mercury(I) nitrate and potassium thi~yanate,l’ moly~enum can be 
extracted with ether, then the rhenium can be extracted subsequently from the aqueous 
phase and measured as in the Genera/procedure. 

The interference from vanadium(V) and titanium(lV) can be removed by masking 
them with hydrogen peroxide in the acidic medium used. Cerium(IV) and pal- 
ladium(H) can be eliminated by prior extraction at pH 6 with O+M TTA. 

It should be possible to determine rhenium in fission residues by the proposed 
method. Thorium, zirconium, strontium, yttrium and caesium do not interfere. 
Uranium(V1) can be removed by preliminary extraction at pH 6 with TTA-benzene. 
Molybdenum and cerium (neodymium) can be removed as above. 

With 68.8 j&g of rhenium from ten runs, the absorbance measured was0%24 f 0.003. 
The sensitivity is 0*0112 lug/cm2 (c$ O$lO5 pg/cm2 in the ether extraction method). 
The proposed method compares well with the standard ether extraction method as 
regards speed, accuracy and sensitivity. 

It is superior to the standard ether method in that the solvent, uiz. isoamyl alcohol- 
benzene, is much less volatile and more stable than ether; also in that the colour of 
the thiocyanate system is fairly stable and there is no deposition of solid on standing 
as in the ether method, leading to unsteady readings. 

Analysis of an industrial material 

Unfortunately, no rhenium-containing industrial material was available to the 
authors to test the proposed method for determination of rhenium. The method 
was, therefore, tested by introducing rhenium into a dissolved standard steel sample 
and ascertaining the recovery of rhenium. 

A known weight (ea. 0.1 g) of alloy steel No. 64a (Bureau of Analysed Samples 
Ltd., Newham Hall, Yorks., U.K.; Fe 8076, Cr 4%, V 27& MO 4%, W 6%) was 
dissolved in sulphuric-nitric acids as described before,‘s 860 pg of rhenium (am- 
monium perrhenate) added and the solution made up to 100 ml. An aliquot of this 
solution (4 ml) was taken. Iron was first removed by adjusting the pH to 1 and 
extracting with two 50-ml portions of acetylacetone-chloroform (50%). To the 
aqueous phase was added concentrated sulphuric acid to make the solution 2N in 
this acid, molybdenum reduced with mercury(l) nitrate and the solution treated with 
thiocyanate and extracted with ether as described before. The residual aqueous 
phase was evaporated to about 2 ml, and 20 ml of l2N sulphuric acid and 5 ml of 
20 vol. hydrogen peroxide added. Vanadium was masked and rhenium extracted 
with TTA and determined as under General procedure. Chromium(II1) *and tung 
sten(V1) did not interfere in the analytical range used. 

The results from triplicate analysis as above were: 838,848 and 840 pg of rhenium 
(rhenium taken: 860 pg). 

Zusammenf~tmg-Eine neue Methode zuc Bestimmung vonRhenium- 
(VII) im Mikrogramtnbcrcich wird vorgeschlagen. 2-Thenoyltrifluor- 
aceton in Isoamylalkohol-Benzol extrahiert Rhenium(VI1) quantitativ 
aus 7-9 n sChwefels&mz Rchandlung des organischen Extrakts mit 
Zim@)-chlorid und Kaliumrhodanid gibt ein gelbes Produkt, das bei 
430 rnh photometriert werden kann. Das Bcersche C3esctz gilt von 
0,s bis 5 pg Rhenium im ml. Der EinfluD verschicdener Iown wurde 
untersucht. 
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w propose une nouvelle m6thode de dosagedu rhCnium(VL1) 
a I’6chelle du microgramme. La 2-thCnoyltrifluorac&one en alcool 
isoamyiique-benxene extrait quantitativement Ie rh6nium(VII) a 
partlr de ses solutions dans Pacide sulfurique 7-9 N. Le traitement de 
cet extrait organique par le chlorure stamwux et le sulfocyanure de 
potassium dome un produit color6 en jaune que 1’011 peut mesum 
a 430 mp. La loi de Beer est respect&e pour des concentrations en 
rh6nium comprises entre 0,5 et 5 pup/ml. On a 6tudit l’in!htence de 
divers ions. 
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Summary-The ra? at whic!~ tbioacetamide preci~itatea zinc sulphide 
from ammoniacal zmc solutions is controlled mamly by two types of 
reaction: reactions between the various zinc speciea and tbioacet- 

~i~~~a~~~~*~~~~~u~~~~~~~~ 

catalysed hydrolysis of thioaccmmide is relatively small. The rate 
expression for reactions of the first type is 

The rate of precipitation by the second process is controlled by the 
rate at which sulphide is formed by the ammonia-thimde 
reaction; this rate expression is 

dtCH,CSNH,I = dIznCIr)l 
dt 

- - = k[CH*~~*][~~]*. 
dt 

INTRUI)UCTION 
S+~~JDES carried out in these laboratories of the rates of pr~pi~~o~ of various metal 
stdphides by t~oa~t~ide FAA] have shown that these pr~pi~tion rates are cons 
trolled by either or both of two types of reaction process. These studies indicate that 
one of these processes involves a reaction between the metal and TM; the second 
process involves a reaction between the metal and the sulphide produced by reaction 
of TAA with one or more constituents in the solution. In the cases studied the rate of 
pr~pi~tion by this latter process is the same as the rate of production of sepia; 
therefore, the rate expression for the precipitation is identical with that for the pro- 
duction of sulphide. Kate studies have been made of the production of sulphide from 
TM by hydrolysis catalysed by acid1 and by base,* by ma&ions in ammonia-ammo- 
n&n chloride and in ~~~~-hy~o~ carbonate bu@erss and by reaction with 
hydrazine? 

The precipitation of zinc sulphide from acid solutions has been fiunda to proceed 
by both the direct reaction and the acid catalysed hydrolysis reaction: The rate 
equation for this precipitation at 90”, in units of moles, litres and minutes, is 

d [Zn*+] --=f 
dt 

4.2 x lw ‘zn~l’cHscs~~l + O-23 [H+][CH CSNH ] 
[H+]“a s $3. 

The present paper extends the study of the precipitation of zinc sulphide by TM to 
ammoniacal solutions. Precipitation of metals from ammonia buffer systems is of 

* Contribution No. 3144. 
t Communications co- g this article should be addressed to David H. Klein, Departnrmt 

of Chemistry, Hope College, Holland, Michigan, U.S.A. 
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interest because of the high stability of many metal-ammonia complexes, and because 
by control of the ammonia-TAA reaction one can vary the rate of sulphide formation 
at constant pH. 

EXPERIMENTAL 
Reqyenrs 

Reagent-grade chemicals were used throughout. The TM was Arapahoe Chemical Co. material. 
Stock solutions were prepared and, when necessary, were standard&d by conventional methods. 
Disodium ethylenediaminetetra-acetate (EDTA) solution, 0.01 V.(volume formal), was standardised 
against metallic zinc. 

Procedure 
A reaction solution was prepared from distilled water and stock solutions of ammonia, ammonium 

nitrate and zinc nitrate, and the ionic strength was adjusted to 0.65 with sodium nitrate when necessary. 
The solution, contained in a 38 x 20 mm-stoppered teat tube, was preheated to slightly above W, 
the desired volume of TAA solution at room temperature added and the tube immersed in a water 
bath at 40 f 0.5”. At timed intervals a sample of the suspension was removed and rapidly filtered 
through a fritted glass filter. Duplicate 5.00-ml aliquots of this filtrate were then acidified and 
boiled to destroy the excess thioacetamide and volatilise the hydrogen sulphide formed. These 
solutions were adjusted to a pH of about 10 with an ammonia-ammonium chloride buffer, and the 
zinc was titrated with the EDTA solution; E&chrome Black T was used as indicator. 

The initial over-all rate of precipitation was obtained from the experimental points by graphical 
methods. The reactions were followed until about 20-30x of the zinc had precipitated. 

RESULTS AND DISCUSSION 

The symbol [Zn(II)] represents the total (volume formal) concentration of zinc in 
4 

the solution; therefore, [Zn(II)] = 2 [Zn(NHJ,*+]. The ammonia concentrations 

given in the rate expressions are thenfr: ammonia concentrations, i.e., the total con- 
centration of ammonia added less the amount present in zinc ammines. 

Ammonia-thioacetamide reaction 

Peters and Swifts have studied the reactions of thioacetamide in ammonia buffers 
over the temperature range of 60” to 90”. The rate of production of sulphide is 
described by the following equation: 

d[CHsCSNH,] - 
dt 

= k[CHsCSNH,][NHslp 

where k = CO55 f 0401 litres.mole-s.min-l at 90”, and O-012 at 60“. 
The present work was carried out at 40”, and the corresponding value of k was 

determined, using a method similar to that of Peters and Swift. Seven experiments 
gave a mean value of k at 40“ of (5-O f O-2) x 1O-8 litres.mole-*.min-l. 

The sulphide produced by the ammonia-thioacetamide reaction was assumed to 
react rapidly and quantitatively to form zinc sulphide. Therefore, the rate of pre- 
cipitation of zinc sulphide by the ammonia-thioacetamide reaction could be calculated 
from the expression 

- drz;;l)l = 5.0 x 10-s[CHsCSNH,][NHs]s. 

Direct reaction 
Under the conditions of this study, both the ammonia-thioacetamide reaction and 

the direct reaction took place to a significant extent. The reaction rate observed was 
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the sum of the two reaction rates, from which the rate of the direct reaction was 
obtained by difference. 

cfect of zinc and thioacetamide concentrations 

Table I shows the results of experiments in which the initial thioacetamide con- 
centration was varied from @OiOOVF to 0~05OOVF at initial zinc concentrations of 
0~0100 and 04025OVF. When necessary, the total ammonia concentration was so 
varied as to keep the concentration of uncompiexed ammonia constant. The values in 
Table 1 indicate that the rate of the direct reaction is first order with respect to both 
zinc and thioacetamide. 

TABLE L-EFFECT OF ZINC AND THIOACETAMIDE CONciwrksnoNs 
ON THE INITIAL RATE OF PRECIP~ATION OF ZINC SULPHIDE 

Calculated rate of 
Observed rate NHs-CHsCSNH, Calculated rate of I 

TAA, ZnW, of precipitation, reacti0n.O direct reaction, Kdtreet.b 
VF VF mole.litre-‘.mirl mole.lirre-l.min-’ mole.litre-‘.min-’ litre.mole-l.min-l 

00100 0~0100 I .65 n 10-o 0.07 x 1O-b 1.58 x lo-L @I58 
WOl50 0~0100 2.58 0.10 2.48 0165 
00200 0~0100 3.44 0.13 3.31 0165 
@OS00 0~0100 8.39 0.32 8.07 0.161 
~0100 0+025w 0418 0.066 0352 0.160 

(Initial conditions: total NH, = 0.154 VF; calculated free [NH,] = @I I5 VM; [NH,+] = 0.265 VM; 
pH = 8.41. temperature = 40”.) 

8 Calculated from 
-d[Zn(lI)] 

expression - 
dt 

= 5.0 x IO-‘[CH,CSNHJ(NHJ*. 

b Calculated from expression T = K’[CHsCSNHJ[Zn(iI)]. 

c Initial total NH, = O-125 VF; initial free [NH,] = @I I5 KU. 

E$ect of ammonia concentration 

Bjerrum6 has found that zinc forms four ammine complexes in aqueous solutions, 
and has determined the formation constants. The general equilibrium expression for 
their formation is 

[ZnPJH&*+l 
[Zn(NH$t4,][NH,] = Kn. 

For each concentration of free ammonia the relative concentration of each zinc-ammine 
and ii, the average coordination number of zinc, were calculated. This information is 
presented in Table II. The concentration of the aquated zinc ion is negligible and not 
included in the calculations below. 

TABLE II.-Emc’r OF mm AMMONIA CONCENTI~ATION ON THE CON CENTRATION OS ZINC AMMlNES 

Average Percentage of total zinc present as 
Free (N&I, CO-OdiMtiOll 

VM number, ii ZWHA’+ Zn(NHJ,*+ Zn(NH&‘+ Zn(NHJ’+ 

0280 3.97 96.0 3.93 0.07 - 
0.115 3-89 89.8 9.79 0.47 - 

OMOO 3.84 85.5 13.4 0.94 0*0600 3.79 81.0 17.3 X:E 
0 WOO 3.69 73.0 23.1 0.53 
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Fig. 1 shows the dependence of the initial precipitation rates, both of the total 
reaction and of the direct reaction, upon the ammonia concentration. The observed 
relationship between the ammonia concentration and the rate of the direct reaction 
may be attributed to different rates of reaction of the various zinc-ammine species 
with thioacetamide. Individual second-order rate constants, kn’, for each zinc-ammine 

FREE NH3, VF 

FIG. 1 .-Effect of ammonia ~~ncentradon on rate of precipitation of zinc sulphide 
(initial conditions: [Zn(lI)] = 0.01 VF; CH,CSNH, = 0.005 VF; 

pH - 8.41; tcmpcmture = MO):- 
~4ver-al.l reaction, 
o-direct reaction, 
*NH-TAA reaction. 

species were computed from a system of simultaneous equations based on the values 
in Fig. 1 and Table II. These equations were of the following form: 

+ k , LWNH3h2+l + k , PWNW+l 

’ [ZWN ’ [Zn(II)] * 

It can be seen that K’, as given in Table I, corresponds to the term in parentheses 
in the above equation. 



Precipitation of zhc sulphide 353 

The best values of the individual second-order rate constants are: 

k,’ = 0.136, k,’ = O-39, k,’ = O-93, kr’ = 2.3 litre.mole-l.min-l. 

Efeccf of pH 
The effect of pH on the direct reaction was studied over a pH range of & 12 to 9.13. 

The results presented in Table III indicate that the rate of the direct reaction is in- 
versely proportional to the two-thirds power of the hydrogen ion concentration. 

TABLE III.-Emcr OF pH ON THE INITIAL RAm OF PRIicmTAmm OF ZINC SuLPIixLw 

Observed rate of Calculated rate 
precipitation, of direct reaction,” K’airect.b K#** 

PH mole.litre-l.min-l mole.litfe-l.mi~l litre.min-l.mole-’ ih&t.mol~‘~‘.min-l 

9.13 4-75 x IO+ 462 x 10-s O-462 3-84 x lo-’ 
8-84 3% 2-93 o-293 3.80 
8.41 1.74 1.61 0.161 
8.12 1.12 0.99 0.099 ::: 

(Initial conditions: [i%(U)] = 0405VF; [CH&SNHJ = 0~02ClOVM; total NH, = 0*134VF; free 
[NH,] = 0.115 VM; temperature = 400.) 
a Obtained from observed over-all rate by subtracting the rate of the ammonia-thioacetamide reaction, 
@ 13 X 1O-6 mole.litre-l.min-l. 
b Calculated Porn the e%preaslon -d[Zn(II)]/dt = K’[CH&SNHJ[Zn(II)]. 
c Calculated from the expression -d[Zn(II)]/dt = K”[CH,cSNHd[~n(II)]/[H~]*/t. 

According to Bjerrum6 the formation constants of the various metal ammines 
depend on the ammonium nitrate concentration; however, the variation in the 
ammonium ion concentrations was not large enough to a&t signi%antly the relative 
concentrations of the various ammines. 

Rate expression 
The true rate constants, k,,, may be obtained from the second-order constants, kn’, 

measured at .pH 8*41. The values of the true rate constants at 40°, expressed in litrer’s. 
mole-lrs.min-z, are : 

k4 = 3.1 x lo-‘, ks = &9 x lo-‘, ks = 21 x lo-‘, k1 = 53 x lo-‘. 

It can be seen that as n decreases by 1, the rate constant increases by a factor of about 
2.5. Therefore, 16, the rate constant for the completely aquated zinc ion, may be 
estimated as 1.3 x lo-$. Bowersox, Smith and Swift6 have studied the thioacetamide 
precipitation of zinc sulphide from non-complexing acidic media at 90”. Fxtrapolation 
of their data to 40’ yields a value of the direct reaction rate constant of 1 x lad. The 
agreement between this value and the estimated value of $ is surprising in view of the 
fact that in acidic media the rate varies inversely with the square root of the hydrogen 
ion concentration, while in the present work the rate varies inversely with the two- 
thirds root. 

The kinetic expression for the over-all rate of precipitation of zinc sulphide from 
an ammoniacal solution by thioacetamide at 40” is as follows, in units of moles, litres 
and minutes : 

- d[Zn(II)J = 10-7[CHsCSNH,] 
dt [H+]s’s (3.1 [Zn~H~)*s~] 

i- 8*9[Zn(NH&e+] + 21[Zn(NH&s+] + 53[Zn(NHs)“l 

-!- 130[Zna+]) i- 5.0 x 10-9[CH,CSNH,][NHs]*. 
6 
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Precipitation at high concentrations of zinc and thioacetamide 

At concentrations of zinc and thioacetamide somewhat higher than those in the 
above experiments, and particularly at the lower ammonia concentrations, the be- 
haviour of the system differed from that previously observed, the most apparent 
change being the precipitation of as much as four-fifths of the zinc during the mixing 
process. When this initial rapid precipitation was not observed, the course of the 
reaction was adequately described by the above rate expression and rate constants. 
Although the rate data from each experiment with concentrated solutions fit the 
expression 

dLWU1 - 
dt = K~i,&~W)1 

the value found for Kkirect depended strongly upon the method of addition of 
thioacetamide to the reaction mixture, the age of the thioacetamide solution and the 
presence of added seed crystals of zinc sulphide in the reaction mixture. This variation 
in rate, caused by nucleation effects, has been investigated and will be reported 
separately.’ 

ANALYTICAL CONSIDERATIONS 

The zinc-sulphide precipitate obtained with thioacetamide was relatively dense 
and granular and, therefore, could be readily separated from the supernatant by 
filtration or centrifugation. 

The results presented here suggest that with suitable modification of procedure 
thioacetamide may be substituted for hydrogen sulphide as a sulphide precipitant in 
ammoniacal systems. The dependence of the rates of both the direct reaction and the 
ammonia-thioacetamide reaction on the ammonia concentration permit the over-all 
precipitation rate to be varied over rather wide limits, even at constant temperature 
and pH. This increased control over the precipitation rate would seem to be ad- 
vantageous in carrying out effective separations in ammoniacal media; however, no 
definite conclusions concerning separations can be drawn until the behaviour of each 
combination of elements involved has been studied. 

Acknowle&ments-The authors are appreciative of financial support from the National Science 
Foundation. We are indebted to Dennis Peters for preliminary studies which indicated the general 
nature of the reactions involved in the precipitation of zinc sulphide from ammoniacal solutions by 
TAA and for assistance in the preparation of the manuscript. 

Zusammenfasstuq-Die Geschwindigkeit der FZUlung von Zinksulfid 
aus ammoniakalischen L&ungen mit Thioacetamid wird haupt- 
s&hlich durch zwei Reaktionstypen kontrolliert : Reaktionen zwischen 
den versctidenen Zinkspezies und Thioacetamid und Reaktionen 
zwischen Zink und dem aus der Reaktion zwischen Ammoniak und 
Thioacetamid stammenden Sulfid; die aus der durch Hydroxylionen 
katalysierten Hydrolyse von Thioacetamid stammende Sulfidmenge 
ist relativ klein. Die Geschwindigkeitsgleichung filr Reaktionen des 
ersten Typs ist 

d[Zn(IOl - - = nio kll[CH,CSNH,IIZn(NHI),‘+l[H+l-“a. 
dt 

Die F&lhmgsgeschwindigkeit nach dem zweiten ProzeLl wird durch 
Geschwindigkeit der Sulfldbildung aus Ammoniak und Thioacetamid 
bestimmt ; dkscr Geschwindigkeitsausdruck lautet 

- d[CH,CSNH,I = dVn(II)l 
dt - - = k[CH&SNH,][NH#. 

dt 
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R&urn&-On controle la vitesse a laquelle le thioacttamide precipite 
le sulfure de zinc a partir de solutions ammoniacales de zinc essentielle- 
ment par deux types de reactions: reactions entre Ies differentes 
especes du zinc et la thioadtamide, et reactions entre le zinc et le 
sulfure produit par une reaction ammoniaque-thioacetamide; le 
sulfure produit par I’hydrolyse du thioacetamide catalysee par I’hy- 
droxyde est relativement faible. 
du premier type est: 

L’tquation de vitesse pour les reactions 

d[Zn(ll)l 
- = ,$a k.[CH,CSNH,][Zn(NH,),?~+][H’]-*‘a. 

dt 

La vitesse de precipitation selon le second processus est control&e par 
la vitesse a laquelle se forme le sulfure dans la reaction ammoniaque- 
thioacetamide; cette equation de vitesse est : 

d[CH,CSNH,] __ 
dt 

= - ‘T = k[CH,CSNH*][NH$. 
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Summary-The rate of precipitation of nickel sulphide from a&no- 
niacal solutions by thioacetamide is controlled mainly by two types of 
reaction : reactions betw=en the various nickel species and thio- 
acetamide, and reactions between the nickel species and the sulphide 
produced by a thioacetamide-ammonia reaction. The sulphide pro- 
duced by the hydroxide-catalysed hydrolysis of thioacetamide is 
relatively small. The rate expressions for these two predominant 
processes are, respectively, 

d[Ni(lI)] 
- - = $0 k,lNi(NH,),P+l[CH~CSNH~IIH+]-a~L dt 

and 

- v = k[CH,CSNHJNH,]‘. 

INTRODUCTION 

PREVIOUS studies of the rates of precipitation of metal sulphides by thioacetamide 
(TAA) have indicated that two processes are involved in these precipitations. In one 

of these the TAA reacts with some constituent of the solution to liberate sulphide, 
which then forms the precipitate; in such cases the rate of sulphide formation limits 
the rate of the precipitation. Precipitation by the other process occurs without the 
intermediate ‘formation of sulphide from TAA. In the latter case the reaction 
appears to take place directly between the metal ion and TAA; this process is called 
the direct reaction. 

Within the accuracy of the measurements, the rate of precipitation of nickel sul- 
pbide from acidic solutions has been found to be controlled by the direct reaction only.2 
The rate equation for this precipitation at 90”, in units of moles, litres and minutes, is 

d [Ni2+] 
- - = 2-2 x 10”’ [Ni2f][CH,CSNH,][Hf]-1’2. 

dt 

An experimental studyS of the precipitation of zinc sulphide by TA&from solutions 
buffered by ammonia and ammonium ion has indicated that the hydrated* zinc ion 
and the zinc ammines are precipitated via both routes. The direct reaction with each 
zinc species is characterised by a different value of the direct-reaction rate constant. 

A study of the precipitation of nickel sulphide by TAA from ammoniacal solutions 
is presented here. In such solutions, sulpbide is produced predominantly by a TM- 
ammonia reaction, the rate of which depends upon the square of the ammonia 

t Contribution No. 3145. 
$ Communications regarding this manuscript should be addressed to David H. Klein, Department 

of Chemistry, Hope. College, Holland, Michigan, U.S.A. 
* Present address: Department of Chemistry, In.diana University, Bloomington, Indiana, U.S.A. 
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concentration. Washizuke4 has reported that precipitation occurs by a different 
mechanism in more concentrated ammonia solutions (0+1*2M); in these solutions 
the rate of precipitation of nickel sulphide appears to be dependent on the rate of a 
base-catalysed reaction between TAA, NH, and OH. fn the present systems, and in 
those studied by Washizuke, the rate of pr~ipitation by processes other than the 
direct reaction can be controlled by varying the ammonia concentration* 

EXPERIMENTAL 
Re~enls 

Reagent-grade chemicals were used throughout. The TAA was Arapahoe Chemical Company 
material. Stock solutions were prepared and, when necessary, were standardised by conventional 
methods. The reaction solutions were prepared from distilled water and stock solutions of ammonia, 
ammonium nitrate and nickel@) nitrate. The ionic strength of the reaction solutions was adjusted 
to 0.30 with sodium nitrate. 

The solution, contained in a 38 x WI-mm stoppered test tube, was preheated to siightly above 
W, the appropriate volume of TAA solution at room temperature added and the tube immersed in 
a water bath at 40” f 09. At timed intervals a sample of the suspension was removed and filtered 
through a fritted glass filter into a tube containin 

g 
solid disodium ethylenediaminetetra-acetate 

(EDTA). The excess solid EDTA was removed by A tration, and the concentration of nickel in the 
solution determined calorimetrically. 
reproducible to within 3 %. 

Confirmatory analyses showed that this procedure gave results 

The initial rates of precipitation reported below were obtained graphically from the experimental 
points. The re.ac&ns were fo8owed on& until a~p~ximat~ly 20% of tbe nicker was precipitated; 
this reduced the &“t of the i~rease in ammonia concentration caused by release of ammonia from 
the nickel ammines. 

RESULTS AND DISCUSSION 

In the subsequent discussion, the symbol [Ni(ll)] represents the total (volume 
formal) concentration of nickel in solution; therefore 

The ammonia concentrations shown in the rate expressions are for free ammonia, 

Ammonia-thioacetamide reaction 

The rate of precipitation of nickel sulphide as a result of this reaction was assumed 
to be equal to the calculated rate of formation of sulphide. The rate expression is 
therefore 

The value of the rate constant k at 40” has been found* to be 54 x 10-a lit&. mole-“. 
min-‘. 

Table I presents the results of experiments in which the initial nickel and TM 
concentrations were varied at constant PI-# and free ammonia ~~~~a~o~. The 
results indicate that the direct reaction rate is dependent on the Grst order of both 
Ni(II) and TAA concentration. 
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Eflect of pH 

The rate of the direct reaction was studied over the pH range of 8.67 to 9.49. As 
shown in Table 1, at these hydrogen-ion concentrations, the rate appears to beinversely 
proportional to the two-thirds power of the hydrogen-ion concentration. 

TABLE I.-EFFECT OF NICK~L,THIOACETAMIDE AND HYDROGEN-ION CONCENTRATIONSON THEINFFIAL 

RATE OF PRECIPITATION OF NICKEL SULPHIDE 

Rate of direct 
TAA, NW), [H’]*‘B 

VM ’ 
Observed rate, reaction,’ K,b 

VF VF pH mole. We-‘. min-’ mole. litre-I. min-’ mole. litre-I. min-1 

0.100 0~0100 9.22 7.1 x lo-’ 3.0 x 10-h 27 x 10-e 1.9 x 10-a 
0.200 0.0100 9.22 7.1 x lo-’ 6.3 x 1O-5 5.7 x 10-6 2.0 x 10-a 
0.100 0.0200 9.22 7.1 x lo-’ 6.0 x 1O-5 5.7 x 10-J 2.0 x 10-e 
0.150 0~0100 8.67 1.7 r: lO-e 3.2 x lO-5 2.7 x IO-” 2.0 x 10-n 
0.100 00100 8.94 I.1 I.~ 10 o 2.1 X 10-b I.8 x IO-5 2.0 x 10-e 
0.100 00100 9.49 4.7 10 i 4.7 .: 10-i 4.4 x 10-s 2.1 x 10-8 

(Free NH8 =y 0 08OVM; temperature = 40”.) 
: Calculated from observed rate by subtracting the rate of the NH,-TAA reaction, 5.0 x lo-* 

[CH,CSNHJ [NH,]‘. 
b Calculated from the expression K = rate of direct reaction multiplied by 

[H+]p’S 
[CH,CSNH,][Ni(ll)] ’ 

E$ect of ammonia concentration 

Nickel in aqueous solution forms six ammine complexes, the general equilibrium 
expression for their formation being 

[NW-4Jn2+l 
[Ni(NH,),_JNHs] = Kn . 

Bjerruml has determined the values of K,,. Therefore, for each concentration of free 
ammonia, the relative concentration of each nickel ammine and the average number 
of ammonia molecules co-ordinated to each nickel ion, ii, could be computed. This 
information is presented in Table II. 

Table III shows the dependence of the initial rates of the over-all precipitation 
and the direct reaction on the free ammonia concentration. At free ammonia con- 
centrations greater than approximately 0.3 molal, the rate of the ammonia-TAA 
reaction becomes so fast that, the direct reaction process makes a relatively small 
contribution to the over-all precipitation rate. The observed relationship between 
rate and ammonia concentration for the direct reaction may be explained by assuming 
that each nickel species reacts at a different rate. In principle, therefore, a series of 
simultaneous equations of the form 

- y = [CHsCSNH2](ke’[Ni2+] + k,‘[Ni(NHs)2+] 

+ ks’PWH2)2s+l + . . . + ka’lYiWH~s*l) 
could be set up and solved for the value of kn’. It was observed in the analogous case 
of zinc,* however, that the ratios of successive rate constants were approximately 
constant, i.e., that k,,‘/k,’ = k,‘/ks’ = ks’/ks’, etc. In order to simplify the compu- 
tations, the assumption was made that the ratios of successive rate constants are also 
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TABLE Iu.--EFFECT OF FRJX AMMONIA CONCENTRATION ON THE 

INITIAL KATE OF PRECIPITATION OF NICKEL SULPHIDE 

Q-050 0~0100 O~OSaO 2.9 x 1O-s 2.8 x 1O-6 5.6 x 10-e 2.8 x 10-g 
OG60 0~0100 O*lOO 4.5 x 10-s 4.3 x 10-s 4.3 x IO-2 4.3 x 10-s 
0.080 O*OloO 0~100 3.1 x 10-e 28 x 1O-6 2.8 x m-a 2.8 x 10-S 
0.110 0~0100 0,150 3.6 x 1O-g 2.7 x IO-6 1.8 x 10-a 2.5 x 10-J 
0.150 0.0300 0.100 4-4 x 10-S 3.3 x 10-5 1.1 x 10-s 3.3 x 10-J 
0.200 0~02t?O 0*200 6-9 x 1O-s 2.9 x 10-s 0.72 x IO-8 2.9 x 10-S 
0.250 0~3Ocl 0.200 7.4 X 104 I x IO-” 0.18 x lo-* 3 X 10-s 
0*2tM~ 0~0200 0*100 5 x 10-s 3 x 10-6 - 2 X 10-s 
0.293” 0GBO 0*200 13 X 10-S 4 x 10-e - 4 x 10-S 

fpH = 9-22; temperrrature = 40”) 
* Computed from observed rate by subtracting the rate of the NE&-TM reaction; 5-O x lo-$ 

[CH&SNH,J [NH,]‘. 

0 Computed from the expression K’ = 
Rate of direct reaction 
[CHJ!SNH,] [Ni(II)J ’ 

c Computed from the second-order rate constants for each nickel ammine species. 
B pK = 10-04. 

constant for the nickel ammines. Based on this assumption the best values of the 
individual second order rate constants, ka’, expressed in litre. mole-l. min-l, are 

k,’ = 2.9 

k,’ = 540 x 10-l 

k,’ = 8.6 x 1O-2 

kS’ = 1.5 x lO-2 

k; = 2.5.x 1O-a 

lC; = 44 X lo”’ 

b’ = 7.5 x 10-e. 

The rates of the direct reaction calculated on the basis of these rate constants are 
also presented in Table III. 

The true rate constants, knr were obtained from the second order constants, 4’, 
measured at pH 9.22 and 40”. The best values for these constants, in units of moles, 
l&es and minutes, are incorporated into the following equation, which describes the 
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over-all rate of precipitation of nickel sulphide from ammoniacal solution by thio- 
a&amide at 40”. 

$_ 3.5 X lO-‘~i~H~~~] + 6-O x l~~i~H~a~] + 1.0 

x 1O??WHa),z+j + 1.8 x 10-g[Ni(NHa)4@] + 34 

x 10-10[Ni(NH3)~+] + 5.3 x lW11[Ni(NH3),rB+]). 

Efect of temperature 

To determine the dependence of the pr~ipi~tion on temperature, experiments 
were performed at 25”, 40°, 50”, 60’ and 70” with solutions in which the initial con- 
centrations of the reagents were as follows: [Ni(II)] = @02OOVF, CH3CSNH, = 
0*05OOVP, NH&l = 0.06OVF; total initial NH, = 0*38VF, and calculated free 
ligand NH, = O-29 VM. The initial rates for each temperature are given in Table IV. 
Because of uncertainties concerning the values of the formation constants of the nickel 
ammines at the higher temperatures, and because of the likelihood of volatilisation 
of some of the ammonia, no attempts were made to calculate the temperature depend- 
ence of the ammonia-TM or the direct-reaction processes. 

TAB&E W.-EFFECT OF TEMPERATURE ON RATE OF PRECXPITA=ON 

Initial over-all rate 
of precipitation, 

Temperature. “C x 106 

z 
0.9 
4.5 

50 
60 1: 
70 50 

Initial Conditions: NW) = 0.02OVF; CH&SNH,= 095OVF; NH&l 
= 0.06OVF; free ligand NHI = @29VM; total initial NH* = 0*38VF. 

ANALYTICAL CONSIDERATIONS 

These studies have shown that the rate of precipitation of nickel sulphide by thio- 
acetamide can be varied over a wide range by the proper selection of the reaction 
temperature and the ~n~ntrations of the reagents. For example, calculations indicate 
that in a solution initially 0.01 VF in nickel(II), O*lOVF in tbioacetamide, 0*3OVF in 
free ammonia and having a pH of 10, the quantitative precipitation of nickel sulphide 
should require about 700 min at 40” ; however, at 90” the precipitation should be 
quantitative within about 5 min. 

The use of thioacetamide for the precipitation of nickel sulphide appears to have 
several advantages over the conventional hydrogen sulphide or ammonium sulphide 
p~ipi~tions. When a solution confining nickel nitrate, aqueous ammonia, arnmo- 
mum chloride and thioacetamide is heated at W, a dense, granular precipitate of 
nickel sulphide is obtained and the clear, colourless supernatant can be easily separated 
from the precipitate by decantation. Thus, the precipitation of nickel sulphide by 
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thioacetamide avoids the troublesome aspects of the ammonium sulphide precipitation, 
namely (I) : the voluminous precipitate which can be filtered only with great difficulty, 
(2) the yellowish to black colour of the filtrate caused by the presence of colloidal 
nickel sulphide, and (3) the lengthy procedure required to coagulate this precipitate. 
However, when thioacetamide is employed for the precipitation of sulphides and where 
subsequent operations are to be made with the same solution, the effects of the excess 
thioacetamide together with its hydrolysis and reaction products must be considered. 

It seems possible that thioacetamide could be used to advantage as a substitute for 
hydrogen or ammonium sulphide in the separation of zinc, nickel and cobalt as sul- 
phides from ammoniacal solutions in which aluminium, chromium and in some cases 
manganese, are present as tartrate or oxalates complex ions. Before thioacetamide 
can be employed for such separations, however, it will be necessary to determine 
experimentally the behaviour of each of the elements involved under the conditions 
to be used for the separation. 

Acknowle@nenrs-The authors are grateful for financial support from the National Science Founda- 
tion during the course of this investigation. Discussions with Fred C. Anson and Dwight M. Smith 
have been helpful in the preparation of the manuscript. 

B-Die Geschwindigkeit der F&hung von Nickels&id 
aus ammoniakalischen LiJsungen mit Thioacetamid wird haupt- 
SHchlich dumb zwei Reaktionstypen kontrolliert : Reaktionen zwischen 
den verschiedenen Nickelspezres und Thioacetarnid und Reaktionen 
zwischen Nickel und dem aus der Reaktion zwischen Ammoniak und 
Thioacetamid stammenden Sulfid; die aus der durch Hydroxylionen 
katalysierten Hydrolyse von Thioacetamid stammende Sulfidmenge. 
ist relativ klein. Die Geschwindigkeitsausdriicke fur die beiden 
vorherrschenden Prozesse sind 

d[Ni(lI)] 
- - = nio k,[Ni(NH&,*+][CHICSNH,][H+]-*/* 

dt 

dN(lOl 
- - = k[CH,CSNH,][NH,]*. 

dt 

R&us&--On contr8le la vitesse de presipitation du sulfure de nickel 
a partir de solutions ammoniac&s au moyen de thioac&amide 
essentiellement par deux types de reactions: reactions en& les 
differentes esp&ces du nickel et la thioacttamide, et &actions entre le 
nickel et le sulfure produit par une reaction thioac&amide-ammoniaque. 
(Le sulfure produit par l’hydrolyse du thioa&amide catalys&e par 
I’hydroxyde est relativernent faible.) Les expressions de la vitesse 
pour ces deux processus p&dominants sont, respectivement : 

d]Ni(II)] 
- - =nie k,[Ni(NH8),*+][CHsCSNHs][H+]-*‘s 

dt _ 
et 

d[Ni(Il)] 
- - = k[CH,CSNH,][NH,]* . dt 

REFERENCES 

i J. Bjerrum, Metal Ammine Formation in Aqueous Solution. P. Haase and Son, Copenhagen, 1941. 
* D. F. Bowersox, D. M. Smith and E. H. Swift, Talanta, 1959,2, 142. 
* D. H. Klein and E. H. Swift, ibid., 1%5,12, 349. 
4 S. Washizuke, Jqan Analyst, 1963, 1520. 
6 G. F. F. Lundell, H. A. Bright and J. I. Hoffman, Applied Inorgat& Analysis. Wiley and Sons, 

New York, 1953. 
* E. H. Swift, System of Chemical Analysis. Freeman and Co., San Francisco, 1939. 



Talant8.1%5, Vol. 12. pp. 363 to 369. Pqamon Pren Ltd. 

EFFECT OF NUCLEATION ON RATE OF 
PRECIPITATION OF METAL SULPHIDES 

BY THIOACETAMIDE* 

DAVID H. KLEIN? and ERNEST H. SWIFT@ 
California Institute of Technology, Pasadena, California, U.S.A. 

(Received 23 Jury 1964. Accepted 13 December 1964) 

Summuy--Observations have shown that the number of nuclei 
formed in thioacetamide precipitations of metal sul 

dp 
hides is usually 

dependent on the first power of the thioacetann t concentration, 
and is essentially independent of pH, temperature and metal ion 
concentration. Under certain conditions a second nucleation process 
has been observed, in which the number of nuclei formed is pro- 
portional to the thiid power of the thioacetamide concentration, and 
to the inverse first power of the hydrogen ion concentration. The 
rate of the direct reaction between metal ions and thioacetamide is 
directly pro~rtional to the number of nuclei formed, and the rate 
expression IS otherwise of zero order in thioacetamide. A partial 
explanation of this effect is proposed. 

INTRODUCTION 

IN a previous study’ of the precipitation of zinc sulphide from ammonia buffers by 
thioacetamide (TM), it was observed that the rate of precipitation conformed to the 
equation 

- d’zt(ll)] = K[Zn(II)][TAA] [H+]-*I* . 

The symbol [Zn(II)] represents the total formal concentration of zinc. Precipitations 
conforming to equations of this form have been observed previously and the process 
has been termed the direct reactions because the rate equation suggests a reaction 
betyeen the metal and TM directly, without an intermediate reaction of TM to 
yield sulphide. In the case of zinc, this equation was followed only at relatively low 
concentrations of TM; at higher concentrations precipitation proceeded so rapidly 
that essentially all the zinc precipitated during mixing. The precipitate obtained under 
these conditions was much more finely divided than that obtained At lower TM 
concentrations, suggesting that the phenomenon could be attributed to nucleation 
processes. 

This paper reports a preliminary study of nucleation in the TM precipitation of 
several metal sulphides, the bulk of the information having been obtained from systems 
in which zinc was precipitated from ammonia buffered solutions. The factors affecting 
nucleation can be most simply elucidated by studying the variation in the number of 

l Contribution No. 3146. 
t Communications regarding this manuscript should be addressed to David H. Klein, Department 

of Chemistry, Hope College, Holland, Michigan, U.S.A. 
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precipitate particles with varying conditions. This variation in the nl,unber of particles 
can be conveniently studied by measuring the turbidity of the precipitate suspension. 
The ratio of the intensities of the incident and transmitted beam is given by 

I - 3 e-rz 
10 

where 7 is the turbidity and I is the path length. The relationship between turbidity 
and particle size and number is complex, but for particles larger than the wavelength 
of light used, T is approximately proportional to Nid, where N is the number of 
particles per unit volume and r is the particle radius.8 Because 7 is proportional to the 
measured absorbance of the solution 

A cx NP. 

The volume of precipitate per unit volume is propo~ional to AV, and also to C, the 
moles of metal precipitated per unit volume, so that 

CKN9. 

Combining these two equations and solving for N, one obtains 

N ccA8/Ca. 

In the discussion below, the ratio P/C2 will be termed NrelatiVe. 

Reugenrs 
EXPERIMENTAL 

Reagent-grade chemicals were used throughout. Stock solutions were prepared and, when 
necessary, were standard&d by conventional methods. 

Apparatus 
A Bausch and Lomb Spectronic 20 colorlmeter was used to measure absorbance% PrelbGnary 

investigation revealed that over the range of concentrations employed, the suspensions obtained in 
this study gave measurements reproducible to within 5-10x. 

When rates of precipitation were determined, the general procedure followed in previous TAA 
precipitation studies was employed. The concentration of metal ion in solution at various times 
was determined by EDTA titration, either of a filtered aliquot of solution or of the precipitate 
obtained upon filtration of an aliquot. 

When the effects of varying the concentrations of the reaction constituents upon the number, of 
nuclei were studied, stock solutions were used to prepare series of four to six reaction solutions, 
which were identical except for the concentration of the constituent under examination. Except 
where otherwise noted these precipitations were carried out at room temperature with constant 
mechanical shaking. After the precipitation had proceeded to a suitable extent, an aliquot of the 
suspension was taken for the calorimetric determination of turbidity. Sirmdtaneously, another 
aliquot was analysed to determine the amount of material precipitated. From this info~on, 
AalP, pro~~onal to iV, was computed. 

RESULTS AND DISCUSSION 

Eflect of thioacetamide concentration on number of zinc w&hide nuclei 

The effect of TAA concentration on the number of particles formed was studied in 
a series of experiments in which varying amounts of solid TAA were added to stock 
buffer solutions and agitated thoroughly for 10 set, after which a fixed volume of zinc 
nitrate solution was added to each. The relative number of particles formed in each 
precipitating solution was then determined as outlined above. Because the method of 
mixing the components of the reacting system affects the number of particles formed, 
the above method was followed closely except where otherwise noted. Fig. 1 shows 
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the results of these experiments in a plot of log N US. log (PAA] X 108). It can be 
seen that at low concentrations of TAA, N is directly proportional to FAA], and at 
high concentrations N is proportional to lTAA]B. The two nucleation processes 
distinguished in this way will subsequently be referred to as t&first order nucleufion 
and the third order ~~~~rio~, and will be discussed separately. 

First order nucleation process 

Additional experiments similar to those outlined above on the precipitation of 
nickel sulphide from ammonia buffers, and of zinc, cadmium and nidkel sulphides 

I I I I I I 
0 0.2 0.4 0.6 0.6 1.0 

to9 ([T&q g K121 

FIG. l.-Effect of thioacetamide concentration on number of zinc sulphide 
nuclei (initial conditions: [Zn(II)] - O*OlOVF, NHI,,,, = 0,115 VF, 

NH,NO, = 0_23OVF, pH = 9.02, temperature co. 25”) 

from formate buffers (pIi about 5) showed that the first order nucleation is predomi- 
nant. Further experiments showed that the number of particles formed by this process 
is inde~ndent of the con~n~ation of metal ion, of ammonia, of pH and of tempera- 
ture. These results indicate that nucleation was taking place on indluble impurities 
in the TAA. In such cases the number of nuclei formed by this process should then 
depend only on the number of impurity particles, and hence on the quantity of a given 
sample of TAA and should be independent of other reaction conditions. 

This hypothesis was tested by carrying out the following experiments: 
(1) Six different samples of sohd TAA, from four commercial sources, were em- 

ployed to precipitate zinc sulphide. Three of the samples were obtained from the same 
source and differed only in lot number: these three samples produced an essentially 
constant number of particles. The samples from the other source yielded from two to 
four times as many particles as did the first set of samples. These results indicate that 
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the number of nucleating particles present in any sample of TAA depends upon the 
prior history of the TAA. 

(2) The variation of N with TM concentration was observed, using a TM 
solution which had been fiitered through a membrane filter (pore size 100 m& and 
for comparison, an unfiltered TAA solution. The results, shown in Fig. 2, indicate 
that filtration inhibits the first order nucleation, and only third order nucleation is 
observed. 

log(TAA ~10~) 
FIG. 2.-Effect of filtration on number of zinc sulphide nuclei 
[initial conditions: [Zn(II)] = 04lO50VJ7, NH,,,,*I = O.O99VF, 
NHINOI = 044OVF, pH = 9, temperature cu. 25” (room tem- 

perature)]. 
0 TAA unfiltered, 0 TAA filtered. 

Third order nucleation process 

A previous study of the TAA precipitation of nickel sulphide from ammonia 
buffered solution4 did not reveal the very rapid precipitation observed in the analogous 
precipitation of zinc sulphide, nor had the rapid precipitation been obtained in the 
precipitation of zinc sulphide from acidic solutions. 6 Consequently, experiments were 
carried out to determine whether the third order nucleation process related to this 
rapid precipitation is a specific phenomenon occurring only with zinc ammines, or 
whether it occurs more generally. 

Accordingly, the variation of N with TAA concentration was studied in the 
precipitation of nickel sulphide from an ammonia buffer (pH) 9, with TAA con- 
centrations from 0*074VF to l*OOVF. These experiments show that a third order 
nucleation does take place, but not to a significant extent unless the TM concen- 
tration is above about 0.6VF. In the previously noted studies of the precipitation of 
zinc sulphide from ammonia buffers, the third order nucleation became predominant 
at TAA concentrations above about O&W. 

In experiments in which zinc sulphide was precipitated from formate buffers, pH 
about 5, only first order nucleation was observed, even at TAA concentrations as high 
as 1.1 VF. When the first order nucleation was inhibited by prior filtration of the TAA 
solution through a membrane filter, first order nucleation was not observed, and the 
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third order process prevailed down to the lowest TAA concentration employed, 
0.01 VP’. Analogous experiments with filtered TAA have not been carried out with 
other metals. 

Precipitation of zinc sulphide from ammoniacal solutions was used to study the 
dependence of the third order nucleation process on con~n~ations of the reaction 
constituents. The number of particles formed at a given con~n~ation of TM was 
independent of the concentrations of zinc and ammonia, but was inversely propor- 
tional to the concentration of hydrogen ion over the pH range 8+6 to 10.2. The tempera- 
ture dependence of the third order nucleation was not studied. Current concepts of 
homogeneous nucleation require some metal ion dependence ; therefore, this process 
also appears to be heterogeneous, possibly involving particles different in nature from 
those responsible for the first order process. 

Nature of direct reaction between thi~~eta~ide and metal ions 

The precipitation of metal sulphides by TAA in general follows one or both of two 
reaction paths. The TAA may react to give sulphide, which then precipitates the 
metal ion; in previous experiments the rate of this precipitation has been found to be 
the same as the rate of formation of sulphide. The second process, the direct reaction 
previously discussed, does not involve prior formation of sulphide; the rate of this 
precipitation reaction has been found to conform to the following equation for a 
number of dipositive metals : 

- 7 = k [MJ[TAA] [H*]-’ s 

Mechanistically, the rate of a precipitation is fixed by the rate at which the pre- 
cipitating ions can diffuse to the surface of the precipitate particles, or by the rate at 
which the ions at the surface are incorporated into the particles, i.e., the over-all rate of 
precipitation is dependent upon either a diffusion process or an interface process, or 
both. In certain cases of pr~ipitations from homogeneous solution, the rates of these 
processes are limited by the rate at which precipitant is generated, so that the over-all 
rate of the precipitation will be controlled by the rate of generation of precipitant, 
with deviations only at the beginning and end of the precipitation, where the con- 
centration of one of the precipitating ions is quite small. 

Because the direct reaction does not involve prior formation of sulphide, equation 
(I) must describe either a diffusion process or an interface process. Diffusion-limited 
precipitation cannot be described by a rate equation of the form of equation (l);6 
therefore, the observed kinetics of the direct reaction can be attributed to an interfacial 
process. The rate at which an interfacial reaction proceeds depends upon the area of 
the interface. In a precipitating system this interfacial area is the product of the 
number of particles and the area per particle. Although the actual surface area per 
particle increases as precipitation proceeds, the effective growth area of the particles 
need not increase; it has frequently been observed’ that each growing particle appar- 
ently contains only a fixed number of sites which are active in growth. In this case 
the pr~ipi~tion rate will depend only on the number of growing particles in the 
system, and not on the surface area. 

Equation (1), with slight modification, fits this model, where the number of sites is 
proportional to the number of particles, and the number of particles is that number 
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formed by the 6rst order nucleation process, and so is proportional to the TM con- 
centration. Equation (1) may now be rewritten 

- F = k pAA&,[M] [H+]-f’* (2) 

where FAA&, the original TAA ~n~ntration, is directly proportional to the number 
of active growth sites. This modification of the observed rate equation predicts that 
the direct reaction is kineti&dly of zero order in TAA, i.e., that the rate of the pre- 
cipitation will not decrease as TM is consumed by the reaction. 

In previous studies 1*s*4*s of the direct reaction where equation (1) was observed, 
TAA was present in large excess. Thus, the concentration of TM remained essen- 
tially constant during the precipitation, and the dependence of the precipitation rate on 
TAA con~n~ation was determined by varying the initial concentration of TAA, a 
procedure which also varies the number of nuclei, and thus cannot determine whether 
the precipitation is described by equation (1) or (2). Experiments involving the 
precipitation of cadmium sulphide from acidic solution, and of zinc sulphide from 
ammoniacal solution, were carried out, and the results indicate that the precipitation 
is described by equation (2). In these experiments, the metal ion and TAA were 
present in equivalent amounts, or the metal was present in excess. Results from one 
of these experiments are presented in Table I. 

TABLE I.-DEPENDENCE OP RATEOF PRECIFWA~ON op CADMIUM SULPHIDE 
ON CONCENTXAnON OF TMOMXTAMIDE IN SOLUTION 

~~~~~ 
Time, CdS precipitated, 
min mole. litre-’ 

k,, 
Iitre. mole-‘. min-1 

ks,L 
litre. male-1. mih-I 

; oa77 0@020 0,027 0.028 0.033 0.023 

z 
O*OlOl 0*026 0.033 
0.0162 0.028 0.048 

60 0~0190 0.026 0.055 
72 0.0230 0.027 o-107 
89 0.0234 - - 

(Initial conditions: [Cd’+] = O*SOVM, TAA = 0.0235 VF, 
pH = 5.78 (formate buffer), temperature = 80”) 

= Calculated from 
d[Cd*+] - 

- - = (k,~AA]J[Cd’+]. 
dt 

* Calculated from - y = kJI’AA][Cd*+]. 

In order to form metal sulphide by the direct reaction, a reaction between the 
metal ion and TAA must take place. Because, according to equation (2), the solution 
concentration of TAA does not affect the rate, the metal-TAA reaction must take 
place under conditions such that the TAA concentration is constant. This will be the 
case when TAA is present as an adsorbed layer on the precipitate, provided that a 
large fraction of the available adsorption sites is occupied by TM even at low TAA 
concentrations. 

It is now possible to propose the following process to describe the TAA pre- 
cipitation of metal sulphides by the direct reaction. Nucleation takes place on particles 
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introduced into the system with the thioacetamide, the number of such particles 
usually being directly proportional to the. ,quantity of thioacetamide added. Each 
nucleus formed in this way adsorbs TM until essentially all its adsorption sites are 
filled. Metal ions ditfuse rapidly to the surface of the particles, but are incorporated 
into the precipitate only slowly, by reaction with the adsorbed TM molecules. Such 
a reaction can occur only at specific areas of the particle surface, each particle having a 
f&d number of these active growth areas. The role of hydrogen ion in the direct 
reaction is not explained by this process. The inverse half order hydrogen ion de- 
pendence of the direct reaction may indicate either a pa-sensitive adsorption of the 
metal on TM or an effect of pH on the number of active growth areas. 

Zuu&Es wurde beobachtet, da9 die Anzahl dcr bei 
Thioacetamidf&llungen von MetallsulSden gebildeten Keime im all@- 
meinen von der Thioacemmidkonzentration linear abhiingt und im 
gro9en turd ganzen von pH, Temperatur und Metallionenkonzentration 
unabh@ig ist. Unter bestimmten Bedingungen wurde ein zweiter 
Keimbildungsprozel3 beobachtet, bei dem die Keimzahl proportional 
zur dritten Potenz der Thioacemmidkonzentration tmd umgekehrt 
proportional zur ersten Potenz der Wasserstoffionenkonzentration 
ist. Die Geschwiudigkeit der “direkten Reaktion” zwischen Metal- 
lionen und Thioacemmid ist direkt proportional zur Keimzahl; im 
iibrigen ist der Geschwindigkeitsausdruck nullter Grdnung beziiglich 
Thioacetamid. Eine teilweise Erkhirung ftir diesen Effekt wird vorge- 
schlagen. 

R&sum&Des observations ont montre que le nombre de germes 
form&s dans lea precipitations de sulfiues metalliques au moyen de 
thioac&amide depend habituelkment de la puissance premiere de la 
concentration en thioac&amide, et est essentrelkment ind+endant du 
pH, de la temperature et de la concentration en ion mbtalhque. D&IS 
certaines conditions, on a observe un second processus d’amorcage, 
dam lequel le nombre de germes formes est proportionnel a la 
puissance troisieme de la concentration en thioacttamide, et in- 
versement proportiormel B la puissance premiere de la concentration 
en ion hydrog&ne. La vitesse de la “‘reaction directe” entre les ions 
metalliques et le thioac&amide est directement proportionnelle au 
nombre de germes form&, et l’equation de vitesse est autrement 
d’ordre zero dans le thioac&mide. On propose une explication 
partielle de cet effet. 

Ac/r~~w~e+nen~s--We are indebted to R. L. Causey for helpful comments and suggestions. We are 
appreciative of financial support from the National Science Foundation. 
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SELEKTIVE TRENNUNG VON SELEN(IV) 
DURCH EXTRAKTION MIT METHYLi’iTHYLKETON 

N. JORDANOV und L. FUTEKOV 
Institut fur allgemeine und anorganische Chemie der Bulgarischen Akademie der 
Wissenschaften in Sofia und Hohems P&lagogisches Institut in Plovdiv, Bulgarien 

(Eiqegangen am 17. August 1964. Angenommen am 5. December 1961) 

Zummmenfassrmg&len(IV) wird mit Methyliithylketon in salz- 
saurem Medium extrahiert und hierbei die optimale Acidit&t bestimmt, 
bei der die Extraktion vollst&ndig ist. Femer wird die Assoziations- 
kinetik der Selenchloridkomplexe mit Methyliithylketon sowie die 
Extraktionskinetik des Assoziats mit Chloroform untersucht. Hierbei 
wird auf die Moglichkeit hingewiesen, Selen in Gegenwart zahlreicher, 
in betritchtlicheren Mengen vorhandener Stoffe, danmter such Tellur, 
durch Extraktion zu trermen. Bestimmt wurde such der Selengehalt 
in Kupferkonzeutraten. Abschliessend folgen statistische Bearbeitung 
der Ergebnisse und Bewertung der Genauigkeit der Methode. 

DIE Trennung des Selens von anderen Elementen ist in der analytischen Praxis 
stets mit erheblichen Schwierigkeiten verknilpft. Ein Teil der tiblichen Methodenl* 
beruh auf der Red&ion von Selen(IV) zu Elementarselen, das mit Tellur oder einem 
anderen geeigneten Fiillungsmittel mit zur Fiillung gebracht wird. Diese Methoden 
kiinnen jedoch die vollstindige Trennung von Selen nicht gewiihrleisten. Anderen 
Methodent liegt die Extraktion zugrunde. Zur Anwendung gelangen unterschiedliche 
Extraktionsmittel wie Triphenylarsoniumcblorid,’ N-Dodecyltrioktyhnethylamin, Tri- 
benzylamin,s Ditizon,9 Methylisobutylketon, 10Tributylphosphat,ll Di&hyldithiophos- 
phors%ure,ls Triphenylblei, Is Tri-N-oktylphosphinoxyd, l4 3,3’-Diaminobenzidin16-80 
u.a. Auch diese Methoden vermogen nicht eine ausreichend vollstindige, selektive und 
anspruchslose Trennung des Selens von anderen Elementen zu verwirklichen. 

In der vorliegenden Arbeit weisen wir auf einen Weg der Selenextraktion hin, der 
den erwfihnten Erfordernissen in weitgehendem Masse Rechnung tr&t. 

EXPERIMENTELLER TEIL 

Nachdem wir eine Reihe von Extraktionsmitteln auf deren Wirksamkeit bei Selen geprtlft hatten, 
entschieden wir uns ftir das Methyhithylketon, das uns am geeignetesten erschien. Es stellte sich 
nPmlich heraus, dass sowohl reines Methylathylketon als such seine stark verdtinnte Chloroform- 
losung extraktionsfiihig sind. 

Man k6nnte erwarten, dass die Extraktion nach dem Oxonium-Mechanismus vor sich geht. In 
diesem Fall wiirden die gtlnstigsten Extraktionsbedingungen dann eintreten, wenn Selen in einem 
negativ geladenen Komplex vorliegt. 

In salzsaurem Medium hat man die Bildung von SelenQV)-chlorid-Komplexen beobachtet.a1-*7 
Nach Petzolda8 stellen sich je nach der Konzentration der Salzs%ure nachstehende Gleichgewichte ein: 

H&O, + 4HCl+ SeCl, + 3HI0 
SeCI, + 2HCl+ H&Cl,,. 

Durch spektrophotometrische Untersuchung der Komplexbildung im System Selen(Iy)/Chlor- 
ionen stellten Babko turd Mitjutewa** fest, dass bei 4,SM HCl die Bildung van Chloridkomplexeu 
einsetzt, denen die Autoren die wahrscheinliche Zusammen~e tzung Se(OIf),Cl, zuschreiben. 
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Untersuchung& Gber den .&tuss der Aciditiit auf die Extraktion wn Seien 

Zu 1 ml einer L&ung, die 100 ,ug Se enthalt, g&en wir jeweils 9 ml Sal&iure von unterschiedhcher 
Normal&it und anschlieesend 0,5 ml Methylirthylketon h&u. Die L&mg wird kr&ftig geschimelt, 
10 Min. liegen gelamen und nachher mit 10 ml Chloroform extrahiert. Abb. 1 veranschaulicht den 
2usammenhang xwischen Extraktionsgrad und Acidit& Man sieht, dass die Rxtraktion bei 4,5M 
HCl merklich 
RinkLang steht. 

ztmhnmt, was mit den Un~~uch~~rgeb~ von Rabko und Mitarbeitern im 
Rei 6,5M HCI ist die Extraktion des Selehs nahexu volIst&ndig. Reefs auf die 

~len~il~g lconnten wir xiehen, indem, wir seinen Gehalt in beiden Pha$en bestimmten. ZU 

diesem Zweck bedienten wir uns der photometrischen Methode, der die Messung der optischen Dichte 
einer Kolloidliisung xugrundeliegt, die durch Reduktion von Selen(JV) mit Zinn(II)~hlorid in 
Gegenwart von Wismutnitrat und Gelatine gewomren wurde. 

Untersuckang der Assozfctions- and Extraktionskinetik 

Unter Voraussetxamg dea vermutlichen Oxo~~-M~~srnus der Extraktion und Reriicksich- 
tigung des Ums~nd~, dass Me~yl~thy~eton sich ziemlich leicht in Wasser lost, hielten wir es fiir 

J 

xweckm&sig, xuniichst eimnal die Assoxienmg des Selen(fV)-chlorid-kompl- mit dem Methyl- 
Iithylketon in salmaurem Medium dumhxufuhren md damr das erhaltene Assoxiat mit Chloroform 
zu extrahieren. Die Angaben Uber die Assoxiationskinetik shrd aus Abb. 2 xu emehen. Demnach 
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ist die Geschwindigkeit der Assoziation nitch sehr gross. Bettigt die Konzentration des Selens 
1,2.10-M und die des Methyl&hylketons 0,35M, so vollzieht sich die vollst&uIige Assozierung 
imrerhalb von 15 Mm. Die Extraktion mit Chloroform geht vie1 schneller vor sich. 

Unter,r*en iiber die Riickextraktion wn Selen 

Zwecks analytischer Anwendung der Methode ist es von Belang, einen Weg zur quantitative-n 
Rtlckextraktlon des Selens zu suchen. Versuchsweise wurden zwar zahheiche einsch@ige Mittel 
angewendet, doch ohne Erfolg. S&lies&h wurde diese Frage in nachstehend geschilderter Weise 
gel&t. Der Chloroformauzmg wurde in einem Messkolben gesammelt und nacb Zugabe von 2 ml 
Wasser und 0,5 ml konz. Salpeters&ure im Wasserbad erhitzt. Es entwich z&r& das Chloroform, 
dann trat die Zersetzung des MethyRthylketons em. Man erhitzt bis zum Aufhoren der Gasent- 
wickhmg und volligen Bntfltrben der L&ung. Eigens angestellte Versuche ergaben, dass bei diesen 
Umsetzungen kein Verlust an Selen zu verzeichnen war. 

Untersuchung i&r die St&et&? Wirkung anderer Stoffe 
Konzentrationen bis 0,6M fur die Schwefelsiiure und 0,SM ftir die Salpetersihtre stiren die 

Extraktion nicht. Diese wird praktisch nicht gestort such van vielen anderen, in den Auszug nicht 
iibergehenden Stoffen, wenn diese in nachstehend angegebenen Mengen (Tabe1le.I) vorhanden sind. 

TABELLE I 

F@O 50 mg Bi(III) 50 mg Sb(III) 50 mg 

AI@I) 5Omg Ni(I1) 5Omg Sb(V) 50 mg 
0 100 mg Co0 50mg Au(III) 1,5 mg 

MnO 50 mg V(V) 30 mg Mo(VI) 5Omg 

Cd(n) 50 mg As0 lmg MgO 50 mg 

ZnO 50 mg As(V) 5Omg Te(N) 50 mg 

Auch geringe Mengen von Tl, In, Ga, Ge, W und Th stiiren die Extraktion nicht, w&rend das 
Vorhandensein starker Oxydationsmittel, vermutlich durch Oxydation van Selen(IV) zu Selen(VI), 
St&end wirkt. 1st die Menge der Begleitstoffe grosser als die in Tab. I angegebene, so werden sie 
teilweise mit extrahiert und manche von ihnen wirken dann stijrend bei der weiteren Bestimmung 
des Selens. In diesem Falle wird empfohlen, die organische Phase mit 34 ml ge$itiger l&nmg von 
Atrium Chlorid bzw mit demelben Menge von 7M HCl zurtlck zu extrahieren. 

Die Khtrung der mit dem Mechanismus der Extraktion verlmiipften Fragen der Komplexbildungs- 
und Assoziierungsprozease sowie der selektiven Extraktionswirkung des Methyl&hylketons in Chloro- 
form soll unseren nachtrgglichen Forschungen vorbehalten sein. 

Erforderliche Z&agenzien 
Anwenduq der Methode 

StunaIartZ6suq uon Sekn. Man lost 1,405O g tlber Phosphorpentoxyd getrocknetes Selenoxyd in 
Wasser bis auf 1 L. Diese L&sung enthiilt 1000 pg Se/ml. 
stehen Wsungen, die 100 bzw. 10 pg Se/ml enthalten. 

Durch entsprechende Verdttnnung ent- 

Zi&(ZZ)-chlorid, 25 y&e @suq+. Man lost 125 g SnCI, in 100 ml konz. HCl, erwRrint im Wasser- 
bad bis zum Klarwerden und verdllmit dann mit Wasser auf 500 ml. 

Wismut(ZZZ)-nitrut, 1 Y&e L&w. 5 g Bi(NO& wird in 150 bis 200 ml Wasser gel&t; man 
siiuert dann mit Salpetersiiure an his zum Klarwerden ,tk?r Lirsung und verdtlnnt mit Wasser auf 
5ooml. 

Gelutine, 0,5y&e L&w. 1 g miner Gelatine wird in 100 ml heissem W&r gel&t, mit 1 ml 
konz. HCl anges&uert und auf 200 ml verdtinnt. 

KonsentrieTte Salz-, Schwefel- und Sa@etersizure 
iUethyl&hylketon p.a.” 
Chloroform p.a. 

AnaQseqq 

45 bis 3,0 g des Probegutes (Kupfer- und BIeikonzentrate, Blei/Silber-Legierung, schwarzes 
Kupfer u.a.) werden in 5 bis 15 ml konz. Salpetersiture geklst. 
auf einige ml ein. 

Man erhitzt und dampft die L&sung 
Nach Zagabe von 2 ml konz. SchwefeMiure tird weiter erhitzt his zur Entwicklung 

von Dlimpfen (Sod. Man Ktlhlt ab, setzt 3 bis 4 ml Wasser hhrzu und erw&rmt abermals bis zur 

o Methylitthylketon wird bei der trockenen Holzdestillation gewonnen und ist deshalb oft gelb 
gef&rbt; Dann muss es abde&lliert und als farbioses Produkt gesammelt werden. 
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Zersetzung der Schwefelsllure. Der Rtlckstand wlrd mit 20 ml 7M HCl versetzt und filtriert. Das 
Filtrat wird in einem Messkolben van 50 ml gesammelt. 
Sfrure aus und den K&en ftlllt man bis zur Ma&e. 

Den Nkdemch@ w@ht man mlt derselben 
10 ml der Sun 

trichter, setzt 0,3 ml Mcthylllthyllceton hinzu, schuttelt und lllsst dann s! 
brlngt man in einen Scbeide 

re mung 15 Min. lang liegen. 
Nachher wird 3 Min. lang mit 10 ml Chloroform extrahiert. Die organ&he Phase wird in einem 
50 ml-Messkolben gesammelt, die wllmerlge Phase mit 2 bii 3 ml Chloroform g ewas&n und dann 
in dense&en Kahn gebracht. Nach Zugabe von 2ml Wasser und 45 ml ko~.~~~~~ 
erw&rmt man vorsichtlg im Wasserbad bis zur Emfermmg des Chloroforms; die E~ung wlrd 
darm Kngere Zeit fortgeaetzt bls zur valligen Zersetzung des Ketons. In dle farblose tasung bringt 
man 20 ml Wasser, 6 ml konz.Salzs&tre, 1 ml Wlsmutnitratl&ung und verdlmnt dann mit Wasser 
auf etwa 40 ml. Nach Zusatz von 0,s ml Zinn(II)-chlorld-mung wlrd energlmh get-&t, worauf die 
L&sung 15 Mm. lang stehen gelassen wird. Nachher setzt man 4 ml C3elatlnel6sung hinzu, Nllt mit 
Wasser bis rum Strich und photometriert bei d = 450 m,u. Man benutzt eine Ktivette mit Starke der 
absorbierenden Schicht 5 cm. Ah RezugslBsung wird Wasser verwendet. 

Die Bestimmung des Selengehalts erfolgt nach vorgezeichneter Standardkurve. 
Zu dem Zweck werden 10 bis 100 lug Selen extrabiert. Der Auszug wird in vorstehend 
beschriebener Weise a~~~~itet und die opt&he Dichte der jeweiligen Losung 
bestimmt. 

Stbtische Bewertung der Genauigkeit der Methode 
Die Bewertung der Genauigkeit der Methode erfolgt durch statistische Bearbeitung 

der Ergebnisse, die wir bei der Bestimmung von 30 pg Selen unter reinen Bedingungen 
und bei der Ermittlung des Selengehalts im Kupferkonzentrat erhielten.* 

I 

II 

30pgSe.N=10, E=O,l9l,s=0,0063,v=~. 100 = 346%. 

Kupferkonzentrat. N = 10, X = 225,7 g Se/t, s = 3,38, v = i. 100 = l,S9’$& 

~4elenium(IV) may be extracted by methyl ethyl ketone in a 
hydrochloric acid medium. The optimum acidity for the extraction 
has been determined. The kinetics of the association of the selenium 
c&lo&e complex with methyl ethyl ketone, and of the extraction of 
the- association complex by chloroform, have been exam&l. In 
consequence it is possible to separate selenium from considerable 
amounts of other materials, including tellurium, by extraction. The 
selenium content of co per conmtrates can be deter-. A 
statistlad examination bB the results, and an estimate of the accuracy 
of the method am hlchlded. 

R&m&-On peut extrahe le &nium(rv) par la m&hyl-&hyl&hme 
en milieu acrde chlorhydrique. On a d&ermin6 Paddlt6 opthnak 
pour l’extraction. On a examine la ch&ique de I%ssociation du 
complexe chlorure de s&l&Gum avec la ~yl~y~~, et celk de 
l’extraction du complexe 
s&e~~+ ll est possible de s6parer le 
d’autres prod&s, y corn 
d&e&ner la teneur en Se 6nhun dc concentrats de cuivre. P 

ris le telhnhun, par extraction. On peut 
On a inclus 

dam cette 6tude un examen statistiquc des hultats, et une estimation 
de la p&&don de la methode. 

wird,alssiedieD~t&tskonstantedmMediumsherabsetz IndimerHinsichtistdasMethyl- 
lithylketon maBgebllcher, das ln der Wasserphase ln wei@hendem Ma4 l&k&h ist. 
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ELECTRODES-III* 

CHELOMETRIC DETERMINATION OF IRON(II1) USING AN 
INDICATION SYSTEM OF TWO CARBON ELECTRODES 
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Summary-Two carbon (graphite) electrodes have been used for 
indicating the end-point in the biamperometric titration of iron(II1). 
Satisfactory results are obtained over a wide range of applied potentials. 
The absolute current values are related linearly to the values of the 
applied potential. At a potential of 06-2.0 V the current differences 
during the titration are from several ,eA to ten times these values. 
The influence of pH, applied potential and temperature on the titration 
have been studied; the eVect of interfering elements has been investi- 
gated. Under optimal conditions the determination is highly selective 
and accurate. It is possible to determine l-150 mg of iron(III). 

IN a preliminary communication ,I the possibility of using two carbon (graphite) 
electrodes for biamperometric detection of the end-point in titrations with EDTA 
was mentioned. Previously, the carbon electrode had been used as an indicator elec- 
trode in potentiometric and amperometric titration9 and also in polarography.P For 
biamperometric titrations with two polarisable electrodes (“dead-stop” method) an 
electrode system of two carbon electrodes has not yet been applkd5 

In the present paper the results are reported of a study of the conditions for the 
biamperometric titration of iron(II1) with EDTA using an indication system of two 
carbon electrodes. Recently, this titration was investigated with an electrode system 
of two platinum electrodes.6 

Reqents 
EXPERIMENTAL 

Unless otherwise stated, all solutions were prepared from reagent-grade chemicals. 
Fore&w ion soluths. Solutions of Ni I+, Cu’+, Th’+, Zr+, Al*+, Ti4+, UO,*+, Cop+, Zn*+, Cd’+ , 

Mna+, Hg*+, Pb*+, Mg’+ and Sn 
Buffer solutions (pH 14.2). 

*+ were prepared from salts soluble in water. 
Prepared from 1M trichloracetic acid @H l.l-1.5), monochloracetic 

acid @H 2-2.8) and formic acid (pH 4.2-5.3) by neutralisation with aqueous ammonia under poten- 
tiometric control of pH with a glass electrode. 

Stun&d iron(II1) solutton. Prepared by dissolution of behanite (99.8 % Fe) in a minimum amount 
of hydrochloric acid (1: 1) and a little 30 % hydrogen peroxide. After dissolution, the hydrogen 
peroxide was decomposed and the cooled solution diluted with redistilled water to 1000 ml. The 
amount of iron in this solution was determined gravimetrically [l ml E 1.027 mg of Peck)], and the 
value checked regularly. 

* Part II: see reference 7. 
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O-05M EDTA solution. Prepared by dissolution of 33-22 g of Chelaton 3 (Lachema, Bmo, 
Czechoslavakia) and dilutior~ to 2tH.W ml with red&i&xl water. The titre was determined by titration 
against standard lead nitratG solution with Xylenol Orange as indicator.8 

A&UWmS 
For indication of the stop” iIlstrument was used.* Two spectrograph carbon 

electrodes of f-mm diameter BratisWa~ C?.achoslovakia, 999% carbon) were used. They 
were placed in glass tubes and covered with plastic (denta@e) so that oniy 10 mm of their ksngtn 
remained exposed (Pig. 1). When not in usq the ekctrodes were kept immersed in water- 

The pH was measured with a glass electrode and an electronic pH meter Muhoscop KII (Labora- 
torni potfeby, Prague, Czechoslovakia). Polarographic meas urements were carried out with a polaro- 
paph LP 55 (Laboratomi pristroje, Prague, Czechoslovakia). 

I%ce&re 
The chosen amount of iron@I) was diluted to about 150 ml with redistiIied water in a 25@ml 

beaker and the pH adjusted under ~tentiomet~c control with hydrochloric acid or sodium hydroxide 
or with 15 ml of a suitable IlId buffer solution. The titrations were carried out at pR 1-5-2-O in 
unbutfemd sohuion at 20” with intensive stir&g (If500 rpm) using 095M EDTA sofution. Ah titra- 
$ons were started 2-3 min after @erting the ekctrodes into the solution During this time the 

azIi 
uilibrium” of the electrode reacuons was established. The change of current was read after each 
tion of titrant during the titration. The stabilisation of current vahres is satisfactory mainly at 

the end-point and after it. 
All data given in this paper are the arithmetical mean of three determinations, 

RESULTS AND DISCUSSLON 
rpuenc~ of pII 

It is well known tlutt the chelometric titration of iron takes place in a relatively 
acidic medium. From the point of view of selectivity, the optimum condition for this 
titration is, of course, the maximum possible acidity. The influence of pII on the 
biamperometric titration of iron(III) was studied in buffered Fig. 2) and unbuffered 
(Fig. 3) media. Titration proceeds satisfactorily at pH 1.1-2CI in the unbuffered 
medium and pH 1*1-4*2 in the buffered solution. At other values of pH, detection of 
the end-point is impossible. 

r~~~~~~ o~~~~~~~o~~~~~ 
The inSuence of the applied potential was investigated over the range M-2*0 V 

(Fig. 4). Satisfactory results can be obtained even at an applief potential lower than 
0*6 V, but in this case the amperometer used must be more sensittve. This phenomenon 
had previously been encountered in the biamperometric titration of thallium(III).7 
For measurements in the range O&2.2 V of applied potential, a microammeter with 
fulbscale deflection of Q-750 @ was used. The mean relative error of the determina- 
tiou of 15 mg of iron(III) was &O* f%= 

Z@uznce of temperaf ure 
Although the titration proceeds very well at room temperature, the influence of 

temperature was studied. It was found that at higher temperatures the stabilisation of 
current at the beginning of the titration is somewhat faster; no other differences were 
found. 

‘~~~.~~~~n’~ of ~~~~fr~~e~ 

?‘he aim of the following experiments was to find the appropriate ir&uence of the 
products of the electrode reactions. These products can cover the surface of the elec= 
&ode and change the indicator properties of the electrode couple. From this point of 
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O,OSM-EOTA, ml 

Fro. 2.-Influence of pH on the titration curve8 in buffered solution:- I-pH 1.1; 
2-15; 3-2.0; 4-2.8; 5-4.2. [Ma41 mgofFeJTIQ; totalvolume: 15Oml; tempera- 

ture: 20”; applied potential: l*OV.I 

I I I I I I’ 1 
0 

1 
12 

1 1 

3 4 5 6 7 6 6 

O.OCIM- EDTA, ml 

FIG. 3.-InlIuencc of pH on the titration curves in unbuffered solution:- Z-_PH 1 .l ; 
2-1.5; 3-2.0; 12.5. l15.41 mgof Fe(m); totalvolume: 15Oml; tempatm: #)“; 

applied potdid : 1.0 V.1 
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view. 50 determinations of iron were carried out under identical conditions over 24 hr. 
After each titration the electrodes were only washed with distilled water. Fig. 5 
shows the spread of the 50 titration curves. The relative error in these titrations was 
not geater &an &O*2°& 

~~bse~uently, attention was paid to the decrease of the current at the moment 

0,05M-EDT&. ml 

FJG. 4.-Influence of applied potential on the titration curves:- A--2.0 V; 2-l .8 V; 
3-1.6 V; 4-1‘4 V; S-1.2 V; 6-l.OV; 7-0.8 V; 8-@6V. (15.41 m~ofF~1~); 

total volume: 150 ml; pH: I.7 (uubuffer~); temperature: 2O”J. 

when the electrodes were inserted into the titration solution. In Fig. 6 is given the 
dependence of the current on time, where the start of the time axis is the time of 
inserting the electrodes. Curve 1 shows this dependence for the system of two carbon 
electrodes: in this case the electrodes were first soaked for 144 hr in O*lM potassium 
chloride solution. Curve 2 shows the dependence when the electrodes were first 
soaked for the same time in distilled water. These curves show that saturation of the 
carbon electrodes with potassium chloride has practically no influence on stabilization 
of the current. In both cases, after 5 min, only a small decrease of the current occurs. 
For analytical application it is enough to wait 2-3 min after inserting the electrodes 
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O,OSM-EDT*, ml 

FIG. S.-Spread of titration curves in 50 titrations [1541 mg of Fe(M); total volume: 
MO-180 ml; temperature: 20”; pH: 152.0; theoretical consumption: 5.20 ml of 

O.OSM EDTA ; applied potential : l-0 V]. 

250 - 
4 

2 ‘5x3 

5ofl 0 2 6 IO 

Min 
1 

FIO. 6.-Cwent-time curves at the stabilisation of current values:- ZalMKCl; 
2-+&tilled water. [W41 mg of Fe@); total volume: 150 ml; pH: 1.7 (unbufked); 

temperature: 20’; applied potential: 1.0 V]. 
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into the titration solution. However, when one starts the titration immediately, no 
great differences in the course of the titration are found. 

The decrease of the current just after the potential is applied is caused by polarisa- 
tion of the electrodes; this does not proceed immediately under the given conditions. 

The proposed end-point indication of the chelometric determination of iron(II1) 
permits the determination of l-150 mg of iron in a volume of 150 ml with reliable 
accuracy. The results of some titrations are summarised in Table I. The results from 

TABLE I 

@05M EDTA, ml Difference 

Present Found The&y Found mg % 

1.03 
2.06 
6.18 

15.41 
30.83 
51.38 
82.21 

102.76 
154.14 

1.06 
2.09 
6.12 

15.41 
30.68 
51.53 
81.62 

10340 
i55.53 

0.33 0.34 
0.66 0.67 
1.98 1.96 
5.20 5.20 

1040 10.35 
17.35 1740 
27.70 27.50 
34.68 3490 
52.03 52.50 

+ 0.03 
+0.03 
-0.06 

OGO 
-0.15 
+0.15 +0*29 
-0.59 -0.73 
+064 +0.63 
+ 1.39 +o+O 

+2.91 
+1.46 
-0.97 

-8.2 

this table (with the exception of the results of the titration of 1-2 mg of iron, when the 
error is greater) give a mean relative error of &O-87& 

Selectivity 

The selectivity of the proposed titration was verified by the titration of 15.41 mg 
of iron(II1) under defined conditions (pH 1.3-25; 20’; 1-O V) in the presence of a 
series of foreign ions. The results have shown that even a high concentration of 
nitrate, sulphate, phosphate, acetate, chloride and borate does not interfere. Also, 
many metals do not interfere, e.g., cobalt, lead, zinc, cadmium, calcium, barium, 
strontium, magnesium, manganese, uranium(W), iron(I1) and titanium(IV). On the 
other hand, even small concentrations of thallium(II1) interfere in the titration of 
iron(II1). Indium, gallium, zirconium, thorium and aluminium are titrated together 
with iron and thus interfere in the determination. Greater amounts than 50 mg of 
nickel and 80 mg of copper also interfere. Some metals can be masked with fluoride 
ions, particularly aluminium and also thorium and zirconium,1° as in the titration of 
iron(II1) with two platinum electrodes.6 

Analytical application 

The described chelometric titration has a similar analytical application to the 
titration with an indication system of two platinum electrodes.6 The described pro- 
cedure is probably best applied to the determination of iron(II1) in the presence of 
iron(I1) in various metallurgical materials.1° 

CONCLUSION 

The present study has shown the possibility of replacing the two platinum elec- 
trodes with two graphite electrodes in the ,biamperometric titration of iron(II1) with 
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EDTA. The obtained results are of the same accuracy and of the same selectivity. 
In an unbuffered medium the determination can be carried out at pH l-l-2.5 and 
in a buffered medium at pH 1.142. If a microammeter is used for indicating the 
end-point, a higher applied potential than 0.6 V should be used. 

The graphite electrodes are much cheaper than the platinum ones, which is an 
advantage in routine analysis. Another advantage is the possibility of determining 
iron(II1) in an acidic medium at room temperature, which was impossible using two 
platinum electrodes. 

Future papers in this series will present the utilisation of amperometry with two 
identical electrodes for the chelometric determination of some other metals which can 
be titrated with EDTA, e.g., thorium, indium, gallium, zirconium, copper and rare 
earths. 

As in the case of the titration of iron(II1) with EDTA using two platinum indicator 
electrodes, it is not yet possible to give an exact explanation of the electrode reactions 
involved in the titration with two carbon electrodes. 

In particular, the decrease of current during the titration before the equivalence point 
cannot yet be explained satisfactorily. An increase of current after the equivalence 
point was found in the chelometric titration of all metals, provided that indication with 
two identical electrodes of platinum or of carbon was used and, of course, the pH was 
kept at the optimum value for each titration. This phenomenon extends the previous 
presumption that the described biamperometric titrations with EDTA are possible 
only with metals forming redox systems. Metals which do not form redox systems have 
a different character in their titration curves. Because the metal ion and also its com- 
plex do not give the electrode reaction over a wide potential interval, there are no 
changes of current before the equivance point. Immediately after the equivalence 
point the presence of a minimum amount of free EDTA (which takes part in the 
electrode reaction) causes an increase in the current. 

Zusammenhssung--Zur Anmige der biamperometrischen Titration 
von Eisen(II1) mit EDTA wurden xwei Kohle-(Graphit-) elektroden 
verwendet. Refriedigende Ergebnisse wurden in einem weiten Bereich 
der angelegten Sparmung erhalten. Die absoluten Stromwerte hiingen 
linear von der anaeleaten Spannung ab. Rei 0,6 bis 2,0 V gehen die 
Stromdiffemnxen -w&rend her T&&ion von einigen PA-bis xum 
Zehnfacheti davon. Der EinSti von DH. Suanmmg und Temneratur 
auf die Titration wurden untersucht iowie’der Eit%uD von Stiirela 
menten. Unter optimalen Redingungen ist die Restimmung sehr 
selektiv und genau. Man kann l-150 mg Eisen(II1) bestimmen. 

R&a~~~&-Pottr l’indication du dosage biamperometrique du fer(III) 
au mo en d’EDTA, on a utilid deux &ctrodes de carbone (graphite). 
Des 2 ultats satisfaisants ont 6te obtenus dans un large domaine de 
potentiels appliques. Les valeurs absolues du courant sont Ii&s 
lineairement aux valeurs du potentiel applique. A un potentiel de 
0,6-2,0 V, lea differences de courant durant le dosage vont de plusieurs 
CA a dix fois ces valeurs. On a 6tudi6 les influences du pH, du potentiel 
annliouc et de la temperature sur le dosage; on a examint l’infhtence 
dd &ments interf&ts. Darts des conditions optimalea, le dosage 
est hautement dlectif et r&is. 11 est possible de doser l-150 me de 
Fe(II1). 
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CO~~BUTIO~~ TO THE BASIC PROBLEMS 
OF COMPLEXOMETRY-XVIII* 

MASKING OF IRON WITH FLUORIDE 

R. P&m and V, Vusr& 

W--Ve 
precipitation o?! 

simple conditions have been found for the quantitative 
non man acidic me&urn as K,FeF,. This facilitates the 

complexometric determination af a number of eiements, such ascopper, 
lead, nickel, cobalt, zinc and cadmium, in the presence of iron, alumin- 
ium, titanium and the rare earths. 

~NU~~~ has been usedQ to mask iron and aluminium in the determination 
of manganese, nickel, calcium and magnesium in ores, rocks and minerals, but it 
screens iron completely only in alkaline solution. It cannot be used if copper or 
cobalt are to be determined because its complexes with these metals are sufficiently 
stable to prevent complete reaction with EDTA. Flaschka and PtlscheP have screened 
iron@) with cyanide, but the method is unselective and has not found application in 
routine work 

The problem of screening iron in au acidic medium has not hitherto been satisfa&o- 
rily solved. Door&of, Ab and FabezA precipitated iron as potassium hexaguoro- 
ferrate(II1) and then titrated copper with EDTA using Glycinethymol Blue as 
indicator,s but some of the copper was adsorbed on the precipitate and a double 
titration was required to overcome this difficulty. The literature contains conflicting 
statements about the screening and interference effects of fluoride in the determination 
of iron with EDTA. Accordingly, we examined the masking of iron(III) with 
ammonium~ sodium and potassium fluorides in the presence of nitrate. We found 
that ammonia fluoride was without effect on the indirect determination of iron by 
back-titration of an excess of EDTA, whereas sodium and potassium fluorides gave 
precipitates of the hexaffuoroferrate(II1) which were sufficiently stable not to react 
with EDTA. This means that with a mixture of aluminium and iron it is possible to 
screen aluminium alone with ammonium fluoride or both aluminium and iron with a 
mixture of potassium and ammonium fluorides. A detailed study has yielded a simple 
method for the screening of iron, aluminium, titanium and lanthanides, which can 
be used for the analysis of alloys, efc., containing these elements. 

EXPERIMENTAL 
Rqenrs 

Solutions of EDTA, DATA. iron(H), lead(H), aluminium(III), zinc(H), cadmium(II) and copperfll) 
were made O*OSM and their concentrations were checked complexometricafly. 
MZre also prepa+:- 

The following solutions 
O*lM sodium fluoride, 1M potassium hydrogen fluoride, 2M ammonium 

fluoride, 1Mnitric acid, 25 % potassium carbonate and 0.2% Xylenol @range. 
ammonium fluorida were a&o used. 

Solid urotropibe and 

* Part XVII: T&nta, 1964,11, 1613. 
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Procedure 
Add ammonium fluoride to SO-100 ml of the acid solution (@3-05M HNOJ containing up to 

60 mg of iron. Cover the vessel containing the solution with a watch-glass and add 25 % potassium 
carbonate solution. Adjust the pH to W-55 with solid urotropine, and let the solution stand for 
5 minutes with occasional stirring. Add a known volume of EDTA or DCTA, and titrate the solution 
with WOSM lead nitrate, using Xylenol Orange as indicator. If all the iton has been precipitated, 
the amounts of EDTA or DCTA taken and found are the same. The results are shown in Table I, 
from which the optimum concentrations of ammonium fluoride, potassium hydrogen fluoride and 
potassium carbonate to be added can be deduced. 

TABLE I.-PRI?K~ITATIONOF~ONW~THFLUOIUDES 

Taken 

Fe(W), 

mg 

287 

2.87 

2.87 lo” 20 

2.87 lo” 30 

2-87 20” 5 

2.87 20” 

2,87 20” 

2.87 20” 

2.87 

14.34 
14.34 
14.34 
14.34 
14.34 
57.36 
57.36 
57.36 
57.36 

Rack- 
Added titration 

F. 25% O.OSM 0.05M 

ml K,COs, ml complexan, ml Pb(II), ml 

lo” 

lo” 

5 

10 

10 

20 

30 

30 

10 
20 
10 
20 
30 
10 
20 
- 
10 

3.00 EC 
2.96 D 
3GOE 
2.96 D 
3.00 E 
2.96 D 
3.00 E 
2.96 D 
3.00 E 

- 
3.00 E 
2.96 D 
3GOE 
2.96 D 
3*OOE 

- 
3.00 E 

- 
9.86 D 

10.00 E 
lOGO E 
1OGt.l E 
lOGO E 
25.00 E 
25.00 E 
2466 D 
25.00 E 

1.98 
199 
2.21 
2.15 
2.05 
1.98 
2.10 
2.10 
2.50 
- 
2.78 
2.98 
2,98 
2.99 
2.97 

3% 
- 
9.25 
9.83 
9.95 

1003 
9.98 
7% 

2690 
27.70 
24.93 

2.87 
2.72 
2.20 
2.36 
2.65 
2.78 
2.51 
2.51 
140 
- 
0.61 

G&i 

a-08 
- 
- 
- 
1.70 
0.47 
0.14 
- 

3Y.E 
0.28 
- 
0.20 

a 2M NH,F; L 1M KHF,; cE=EDTA,D=DClrA. 

It was found that the iron must be precipitated from a volume not greater than 100 ml, and the 
amount of precipitant needed was constant, irrespective of the amount of iron present; this meant 
that larger amounts of iron were more easily precipitated than small ones. Addition of sodium or 
potassium hydroxide also resulted in precipitation, but potassium carbonate seemed to be the beet 
reagent to use because the carbon dioxide liberated appeared to promote the precipitation. The 
ammonium salt could not be precipitated. Once the iron had been precipitated, dilution of the 
solution to as much as 300 ml had no significant effect on the precipitate. 

Determination of zinc, lead, cobalt, copper, etc., in presence of iron (ahminium) 

Follow the procedure given above: to the acid solution add 2.5 g of ammonium fluoride 
neutralised with 25 ml of 25 % potassium carbonate as described. Determine all elements indirectly 
by back-titration of excess of DCTA with lead nitrate using Xylenol Orange as the indicator. In 
Table II some typical results are given. 
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TABLE 11.-W AllON OF SOME ELEMENTS NTER MASRlNQ OF 

OP IRON AND AL- 

387 

Bade 
Taken, wg 0.05M titd0n Found, ng Difference. w 

compkxan, ml O*OSM 
Fe Metal ion Pb(NW,. ml Metal ion Metal ion 

2.87 
2.87 
2.87 
2.87 
2.87 
2.87 
2.87 
2.87 

2868 
2868 
2868 
57.36 
57.36 
2.81 
2.81 
1.41 

28.11 
13.99 
2.81 
140 AI 

20.13 Fe(III)b 
20.75 Al(IIIP 

10.36 PqII) 
207.21 PqII) 

2.89 Ni(I1) 
68.39 Zn(I1) 

3.14 CqII) 
57.98 Ni(II) 

566 Cd0 
113.31 Cd(H) 

10.36 PqII) 
3.42 Zn(I1) 
3.14 Cu(I1) 

10.36 (PbII) 
3.14 Cu(I1) 
1.40 Al(III) 

27.99 AI(IIIP 
3499 AhHIP 

3.14 Cu(II) 

103.91 Pb(II) 

1.00 Ni(I1) 

2.96 DCTA 2*00 
25.00 EDTA 4.98 

3.00 EDTA 1.99 
22.00 EDTA 1.13 

493 DCIA 4.05 
25.00 EDTA 525 

5.00 EDTA 3.98 
25.00 EDTA 4.83 

5.00 EDTA 4.01 
4.93 DCTA 4.00 
2.96 DCTA 1.99 
3.00 EDTA 1.92 
3.00 EDTA 1.98 
5.00 EDTA 3.99 
294 DCTA 1.93 
3.00 EDTA 2.50 
294 DCTA 2.00 

15.00 EDTA 4.96 

25.00 EDTA 3.80 

995 Pb(II) 
20741 Pb(II) 

2.96 Ni(II) 
68.12 Z&I) 

2.77 Cu(II) 
57.97 Ni(II) 

5.73 Cd(H) 
113.35 Cd(R) 

10.26 PqII) 
3.14 Zn(II) 
3.09 Cil(II) 

11’18 Pb(I1) 
3.24 Cu(I1) 

;;f ;ze(I 

1.39 Fe(m) 
2.99 Cue 

104.05 Pb(II) 

+Ostl7 Ni(Il) 
-0.17 Zn(I1) 
-@47 Cu(I1) 
-0.01 Ni(II) 
-to*07 Cd(H) 
+0*04 Cd(I1) 
-O*lO Pb(II) 
-028 ZqII) 
- 0.05 Cu(I1) 
-to*82 PqII) 
+0*10 Cu(II) 
+O*OJ Fe(W) 
+(j.Ol Fe(II1) 
-0.02 Fe(III) 
-0.13 Cu(II) 

-to*14 Pb(I1) 

Fe&i?+ Ni(II) - 

l Al mashed by 1 g of NH,F before addition of EDTA; in this case the determination of Fe(lII) or 
another element is carried out. 

* Ml of 0.OSM solution. 

RESULTS AND DISCUSSION 

Precipitation of iron with jluoride 

The fluoride complexes of iron(II1) are less stable than the EDTA or DCTA 
complexes. Iron can be determined by the addition of an excess of EDTAand back- 
titration with lead, even in 1M ammonium fluoride solution, without difficulty. If 
sodium or potassium ions are present, however, precipitation of the alkali metal 
hexafluoroferrate(II1) takes place. The addition of sodium fluoride will mask mod- 
erate amounts of iron in this way, but the low solubility of sodium fluoride (4% at 
room temperature) limits the amount of iron that can be screened. Furthermore, the 
presence of large amounts of fluoride in the solution causes the end-point of the back- 
titration to be rather indistinct. Potassium fluoride is more suitable as a reagent, 
giving a white microcrystalli 

P 
e precipitate, but again a large amount must be added. 

We have found, however, tha the fluoride can be introduced by addition of ammo- 
nium fluoride, and the potassium added subsequently, either as the fluoride or some 
other salt. The precipitate gives no reaction with thiocyanate, hexacyanoferrate(III), 
ammonia, EDTA or DCTA, but on standing with sodium hydroxide it gives a brown 
precipitate of hydrous iron(II1) oxide. 

Interference 

It has already been pointed out that aluminium, titanium and the rare earths are 
also masked. Aluminium (or titanium) can be selectively masked with ammonium 
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fluoride alone (neutralise with aqueous ammonia) and the iron determined. These 
combined procedures have been used for the analysis of various copper alloys. 

The masking of iron fails only in the presence of magnanese. We have observed 
an unexpected phenomenon : manganese is coprecipitated with fluoride. Probably 
it comes down as a double fluoride iron, which is more reactive than pure hexa- 
fluoroferrate(II1) and which always gives a positive reaction for iron with thiocyanate, 
hexacyanoferrate(III) and ammonia. This unfavourable effect of manganese will be 
studied further. 

Zusurm#rburmg--Schr einfache Bedin 
F8lhmg von Eisen als K,FeFI in saurem r. 

gen zur quantitativen 
edmm wurden gefunden. 

Das erleichtert die komplexometriscbe Bestimmung einer Anxahl 
van Elementen wit Kupfer, Blei, Nickel? Kobalt, Zink und ,Cadmium 
in Gegenwart von Eisen, Aluminhun, Titan und seltenen Erden durch 
Zugabe Uberschtissi r ADTA und Riicktitration mit Blei unter 

Y Venvendung von Xy en01 orange als Indikator. 

R&mm&-Gn a trouve des conditions t&s simples pour pr&ipiter 
quantitativement le fer a Mat de K&F, en milieu acide. Ceci 
facillte k dosage ComplexomCtrique d’un certain nombre d’&ments 
tels que k cuivre, plomb, nickel, cobalt, xinc et cadmium, en presence 
de fer, ahtmi&m,titane, et des terms rams, 

p” 
addition d’un exces 

d’EDTA et dosage en retour au moyen de 
servant d’indicateur. 

p omb, lc Xyltnol Grange 

REFERENCES 
1 R. Pfibil, Chem. Listy. 1953,41, 1333; Coll. Czech. Gem. Comm., 1954,19,58. 
* R. Ptibil, 3. KiW, B. Kysil and J. Vobora, C/rem. Listy, 1958,52,243; Coil. Czech. Gem. Comm., 

1959, u, 1799. 
* H. Flaschka and R. Ptischel, Ckemizt-Analyst, 1955,44,71. 
4 D. A. Doombos, G. Ab and J. S. Faber, Pharm. Weekblad, 1962,97,257. 
1 J. Korbl, E. Kraus and R. Pfibil, C/rem. L&y, 1957,51,1809; Coil. Czech. Chem. Comm., 1958, 

23,1219. 



T8lanla. 1965, Vol. 12, pp. 389 ha 394. Per9amo11 Rtn Ltd. 

DETERMINATION OF MINOR AND TRACE ELEMENTS 
IN NICKEL BY X-RAY SPECTROMETRY 

N. M. SINE and C. L. LEWIS 

Falconbridge Nickel Mines Limited, Metallurgical Laboratories 
Thor&ill, Ontario, Canada 

(Received 9 November 1964. Accepted 18 January 1965) 

Sammary-The authors have investi 
Ja spectrometry to the analysis of nick 

ted the applicability of X-ray 
for several element8 in the ppm 

range. Result8 of the investigation are presented and compared with 
optical spectrographic analysis as regards sensitivity, pncision and 
accuracy, speed and convenience. 

INTRODUCTION 

X-RAY spectrometry has become almost commonplace for the determination of major 
and minor constituents of alloys. It has also been used to determine trace amounts of 
metals in light matrices, such as rocks, slags, petroleum and solutions. However, when 
trace element concentrations are to be determined in metals, optical emission spectro- 
graphy is normally used, even though an overlap in ranges of the two methods is 
recognised. 

Little has been published about the determination of trace concentrations in 
metals by X-ray spectrometry. Michaelis, Alvarez and Kildayl investigated detection 
limits and interferences and developed analytical cun[es for twenty elements in low- 
alloy steels. They found that detection limits for most of these elements were below 
100 ppm, but those for silver, arsenic and zirconium were 9,7 and 6 ppm, respectively. 
Campbell and Thatchers calculated theoretical limits of detectability for several 
elements in iron. These ranged from 1 to 8.5 ppm for such elements as manganese, 
copper, chromium and titanium. 

X-ray spectrometry offers some advantages, even in this range; a greater amount 
of sample contributes to the analysis in a shorter time, and compared with optical 
emission spectroscopy the spectra are simpler with fewer line interferences. The 
results reported here compare the X-ray method with an already well-established 
optical emission method for nickel analysis. 

EXPERIMENTAL 
Apparatus 

Quantometer. 
work. 

An Applied Research Laboratories Vacuum X-Ray Quantometer was used in this 
This in.strument comprises a multichannel spectrometer, a power supply, a control cabinet for 

power to the X-ray tube and an electronic read-out console. 
spectrometer. Mounted around the sam 

Fig. 1 shows a schematic diagram of the 

% crystal and detector. The six fixed chatme 
le and X-ray tube are nine channels, each with its own 
are: iron, nickel, aluminum, magnesium, scattered radia- 

tion at 0.6A and copper. Each of these channels is equipped with the optimum arrangement of 
crystal; air or vacuum 
wavelength involved. TGe 

th; detector type, sim and window; and slit setting for the particular 
scanning channels together cover the range from 8.27A to 0*36A; i.e., 

silicon and elements of higher atomic number. The wavelength ran* of these scanning channels 
overlap to some oxtent (Fig. 1). allowing a choice of vacuum or air channel for some elements. A tenth 
channel, known a8 the external standard channel, has a small copp disk in a position to be irradiated 

beam; by the- reselected volt- 
age ls aazum ted. 

the undispersed radiation from thii disk 18 integrated until a 
Simultaneously, all channels integrate radiation at their particu pa r wavelengths. 

389 
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The detectors are Mating ~non-p~~~o~l ~-~pl~fi~t~on detectors) and Minitrons (flow 
Geiger detectors); the signal voltage developed by each is stored in a capacitor. At the completion of 
integmthm, as signalled by the external standard channel, the capacitors are discharged ~~t~~ 
at a rapid rate, driving the chart pen to give readings p~~~on~ to the 3uomsconce 
intensities. 

This array is in a research instrument which is used for many tasks. For the work described, only 
the copper and iron fixed channel and the vacuum scanner covering the 1*07A to 3,77A range were 
Used. 

SGiiEMATiC DIAGRAM OF VXQ 

Morcar~ andpcstles. 
melted nickel ingots. 

The mortars and pestles used for this work were fabricated from vacuum- 
They were originally made for use in the optical emission method; particuk%rly 

to avoid contamination from magnesium, silicon, ahm&ium and boron. Although nickel is softer 
than conventional mortar materials, these mortars have served the 

l&r! 
urpose very well. They are 

cleaned by grindink a little high purity nickel powder and the inner s aoes are oceasiomdly polished 
on a lathe with ~~d-~~~a~ plastic on a cloth backing. 

Preparath of sumpks and sCandan& 

Few nickel standards are available commercially. The National Bureau of Standards issuee three 
nickel oxide standards contah&rg several elements in concentrations useful for the X-my technique,* 
and four secondary standards of Nickel 200 are available from the Huntington Ahoy Products Division 
of the Wernational Nickel Compan~.~ 

Synthetic standards are useful and can be prepamd by adding impurity clement solutions to a 
nickel nitrate sohttion, eva~rating to dryness and reducing the oxides. to sponge by heating in 
hydrogen. Alternatively, ox&es, carbonates or other compounds ofim urtty elements may be added 
to powdered nickel *~~~~amancr~~dwh~honk~t~withpvrenidrcls~n~ 
powder for analyu 

Clean samples of milhqs, drilhngs, chips, etc., with warm 10% hydrochloric acid to remove 
surface ~n~minati~. Powders or salts are not cleaued. Dissolve 10 g of sample in about SO ml of 
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1: 1 nitric acid in a platinum dish. Add 20 ml of concentrated nitric acid in S-ml increments and 
evaporate the solution slowly on a hot plate at 250”. When the solution has evaporated nearly to 
dryness, place the dish in a mu&z furnace and heat at 400” until the sample has dried and mostly 
oxidised. Leave the furnace door ajar to allow in air to flush out fumes of nitrogen oxides, 

Loosen the sample from the platinum dii, transfer to a porcelain boat and place it in a hinged tube 
furnace. Pass hydrogen through the tube at about 500 ml/min and raise the temperature to 400”. 
Maintain this temperature for 20 min to allow complete reduction of the nickel oxide to nickel sponge. 
Remove the tube assembly from the furnace but maintain the hydrogen flow until the sample has 
cooled to room temperature. This decreases the danger of pyrophoricity. 

Grind the nickel sponge to uniformly tine powder in a mortar. 
Prepare briquettes in one of two ways: 
(a) Press about 10 g of nickel sponge in a lr i.d. mould at about 34,000 psi for 30 sec. 
(b) Place about 4 g of boric acid in the mould and tamp with a hardwood plunger to form a Rat 

SUfaCe. 

Distribute a minim um of 25 g of nickel sponge evenly over the boric acid and press at 34,ooO 
psi for 30 sets. 

The first method provides a solid nickel disk about 2.5 mm thick. It is the safer method but re- 
quires more sample, reagents and time than the other. In the second method, the nickel must be 
distributed evenly to avoid formation of thin places in the surface, but the smaller amount of sample 
makes preparation quicker and easier. It is also better when the amount of sample is limited. 

Good agreement was found in analyses of the two types of briquette. Density variations might be 
expected to.cause some differences but this was not found critical in the present work. Samples 
sliced from nickel rods, for example, gave results that agreed reasonably well with those from 
briquettes. 

Thus, one set of curvea may be applied to solid or sponge samples. A solid sample must be free 
from surface contamination and the surface should be ground and polished. The boric acid-backed 
briquettes are generally used for sponge prepared fromd rillings, chips, powders or irm ar samples. 
Nickel sponge powder, prepared as described here, is composed of irregular partic es that bond P 
together well whereas powders composed of spherical particles may crumble when briquetted. 

Development of analytical curves 

Only the iron and copper fixed channels and one scanning channel were used for this work. 
General parameters ‘are : 

X-ray tube-Tungsten target, end window 
Power-50 KV, 35 MA 

Wlimator-1.25” diameter 
Crystals-Lithium fluoride, 4” radius of curvature 

Detectors-Nonproportional gas-amplification 
Mode-Vacuum; sample chamber, X-ray chamber, 

and scanning channel evacuated. 
Air mode can be used for iron and copper at the higher concentration levels, but vacuum is required for 
titanium and for high sensitivities for other elements. 

Calibration curves for different elements and concentration ranges are prepared in the following 
way. Draw a trial curve on linear co-ordinates with chart readings from zero to one hundred as 
abscimae and elemental concentrations over the desired range as ordinates. Obtain the desired low 
and high chart readings from this curve for the low and high standards. Then take actual readings on 
low and high standards and correlate these mathematically with the desired readings to allow the 
desired curve to be approximated closely. Make adjustments to attenuators which vary detector 
sensitivity and to potentiometers which control the zero position and sensitivity of each channel. 
Analyse all the standards and plot the true curves. 

Good straight lme curves were obtained for the following elements in nickel (the most suitable 
concentration ranges given in brackets) :- manganese (10-80 ppm, 25-220 ppm and 0*02-040 “/,), iron 
(20-330 ppm, 0*02-0+14% and O*lO-120x), cobalt (25-200 ppm, O~Ol-O+lO% and Oal-1*0x), 
chromium (30-350 ppm and 0~02-0~140/, copper (25-500 ppm and 0*01-0~250/,) and titanium 
(30-330 ppm and O.Ol-O*lO%). The & radiation was used except in the case of copper when 
I&a radiation was used for the lower concentration range and K.x for the higher. The NiK, 
radiation interfered at low concentrations but the K,a was found to be more sensitive than NiKp 
radiation. It is possible to obtain extra zero and sensitivity controls for the channels so that the correct 
range is automatically available or to provide separate channels for measurement of different ranges, 
but in the present work, the samples were simply re-analysed under different conditions as required. 

Testswere made using ratios of the elements to nickel and to scatteredradiation but theseappcared 
to offer no advantage over the use of elemental radiation intensity alone. 
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Precision 

The method used in estimating precision is shown in Table I. Five briquct@ were pmparcd from 
the same sample and each was analyzed five times. Thus, tbt vertical cohmms show the rcproduclbllity 
of sampling and the horizontal columns show the reproducibility of sample ~ricntation and of the 
instrument itself. In most cases the precision of sampling was as good as instrumental precision. 

1 2 3 4 5 
F Se , vo 

2717-1 39 40 40 41 39 40 o-7 1.8% 
-2 t: 41 O-7 1.7% 

38 1.3 3.3% 
41 43 1.6 3.9% 

-5 :: 40 42 43 41 4: 1.2 2.9% 

41 40 41 42 40 41 
% 41 

1.3 I.2 1.6 1.0 l-3 1-l 
S” 1.3 \ 

3.2% 3-l % 3.9% 2.4% 3.3% 2.7% 
p 3.2% 

(i Instrumental precision 
b Sampling precision 
z = Arithrnetric mean 

S = Standard deviation = 

V = Coefficient of variation = y 

-- All figures but V are in ppm. 

DISCUSSION 

No attempt was made in this work to define or determine limits of detection. 
Michaelis et a1.l define detectability as “that concentration at which the coefficient of 
variation is equal to 100 %“. Campbell and Thatchers define the minimum detectable 
amount for the trace concentration range as “that concentration or amount that 
results in a line intensity above background equal to three times the square root of 
background for counting times that are not to exceed 10 min.” 

The maximum coefficient of variation encountered here was 20.9 % for iron at 73 
ppm. It is believed that the analytical ranges for all of the elements studied can be 
extended at the lower end with suitable standard samples. However, the limits reached 
are generally lower than were expected at the outset. 

It is not expected that limits of detection by the X-ray method will surpass or even 
match those that can be obtained by optical emission spectrography for these elements. 
On the other hand, it may be possible to reach lower detection limits for some re- 
fractory elements, such as tantalum or zirconium, by direct X-ray analysis than by 
direct optical emission analysis. 

Precision data for the six elements determined in two samples are presented in 
Table Il. A fairly high order of precision is indicated. A comparison of precision 
data, made by analysing seventeen pellets of a nickel sample by optical emission 
analysis and seven briquettes of the same sample by the X-ray method, showed no 
definite advantage of one method over the other. 
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TABLE IL-PRECISION OF X-RAY ANALYSIS 

Instrumental Sampling 
E,ement - ._--. - --..-- -- _-_-__--- -.--. -.- ._ 

X S V z S V 
___..___ --_-_. -__-._. -.- ..---. __-- 

Sample no. 4597 
__ _.__ _ _ _..... _-.__ _ 

Manganese 1992 IO 0.5% 1996 137 6.9% 
Iron 1040 32 3.2 1050 193 18.4 
Cobalt 880 13 l-5 880 12 1.3 
copper 330 IO 3-o 330 10 
Chromium 107 42 4.0 107 8.6 ;:; 

Titanium 127 7 5.8 127 21 16.0 
~___ _--- ~--- -_ __~ 

Sample no. 1091 
.-_^_ ___ - --.-.__- 

Manganese 136 2.2 1.6% 136 2.6 1.9% 
Iron 73 14 20. I 73 16 20.9 
Cobalt 7.5 6 8.4 75 6 8.6 

copper Chromium 100 6 5.9 100 6 g::: 60 4.9 8.1 60 5.7 
Titanium 75 7.6 10.8 75 7.3 98 

Average determination, z. and the standard deviation, S. are given in ppm. 
CoeRicient of variation, V, is in %. 

TABLE Ill.-ACCURACY OF X-RAY ANALYSIS 

Element X-ray 
Optical 

emission Chemical 

Sample no. 4597 

Manganese 
Iron 
Cobalt 
Copper 
Chromium 
Titanium 

0.199% 0*195 % 0*200% 
0.105 % O*llS% 0.120% 
OG88 % 0+90% 0.093 % 
0.033 % 0.032 % 0.030 % 
0.01 1% 0.012% 0.013% 
0.013% 0.012% 0*012% 

Sample no. 1091 

Manganese 
Iron 
Cobalt 
Copper 
Chromium 
Titanium 

136 ppm 
73 ppm 
75 PPm 

100 PPm 
60 PPm 
75 ppm 

128 ppm 
82 PPm 
6’ PPm 
81 PPm 
59 PPm 
78 PPm 

140 ppm 
74 ppm 
64 ppm 
72 ppm 
6’ PPm 
81 ppm 

Miscellaneous samples 

Manganese 
Iron 
Cobalt 
Copper 
Chromium 
Titanium 

16 PP~ 
26 ppm 
59 ppm 
45 PPm 
30 PPm 
26 ppm 

12ppm 
25 ppm 
59 ppm 
4Oppm 
21 ppm 
22ppm 

- 
- 

64 ppm 
- 
- 
- 
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Accuracy is indicated by comparing X-ray, optical emission and chemical analyses 
made on the same samples (Table III). Except for copper in sample 1091, where 
contamination is suspected, agreement is surprisingly good. 

It is difficult to compare the speed of the X-ray method with others for the 
analysis of nickel because of the variety of determinations involved. There are cir- 
cumstances, however, in which the X-ray method can be most rapid. For example, it 
allows simultaneous determination of one or more major elements and one or more 
minor or trace constituents in the same sample when both chemical and spectrographic 
methods would otherwise be required. The non-destructive nature of X-ray analysis 
allows reuse of the same sample briquette many times. 

Finally, while it is a distinct advantage for those with both types of equipment to 
be able to check one method against the other, it is perhaps even more important for 
the X-ray spectrographer to know that the usefulness of his method can be extended to 
these lower limits. 

Zusammenfassung-Die Autoren untersuchten die Anwendbarkeit der 
Riintgenspektrometri auf die Analyse mehrerer Elemente in Nickel im 
ppm-Bereich. Ergebnisse werden vorgelegt und beziiglich EmpSnd- 
lichkert, Genauigkeit und Richtigkeit sowie Geschwindigkeit und 
Bequemlichkeit mit der optischen spektrographischen Analyse ver- 
glichen. 

Rt?sum&--Les auteurs ont etudie la possibilite d’application de la 
spectrometrie de rayons X a l’analyse de divers &ments dans le nickel, 
dans le domaine des parties par million. On prt5sente les resultats de 
cette etude, et les compare a l’analyse spectrographique optique des 
points de vue sensibilite, precision et justesse, vitesse et commoditb. 
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Summary--The behaviour of three non-electrolytes has been studied 
in both frontal and elution chromatography with an ion-exchange 
resin as stationary phase and an aqueous solution of ethanol as the 
mobile 
tion is &* 

hase. On the basii of the plate-e@librhun theory, an equa- 
rived for the breakthrough graph m frontal chromatography. 

This is simply the integral of the equation for the graph in elution 
chromatography. Good agreement is found between the experimental 
breakthrough results and the equation, as well as between the dis- 
tribution ratios and plate numbers as evaluated by the two chromato- 
graphic methods. 

INTRODUCTION 

ONE of the research projects of this laboratory is the chromatographic resolution of 
racemic substances with optically-active ion-exchange resins as the stationary phase. 
Ion-exchange, salting-outls and solubilisatiorA* chromatography are included in this 
project. In preliminary resolutions, frontal chromatography has been more successful, 
than elution chromatography. Because frontal salting-out and solubilisation chroma- 
tography had not been studied from either a practical or theoretical point of view, it 
was desired to perform such an investigation with optically-inactive resins and solutes 
before attempting further experiments on chromatographic resolutions. In this paper, 
an equation is derived on the basis of the plate-equilibrium theory for the break- 
through graph in frontal solubilisation chromatography; also, the elution behaviour 
of three compounds taken singly and in pairs is compared with their frontal behav- 
iour with the aid of the plate-equilibrium theory. 

EQUATION FOR FRONTAL SOLUBILISATION CHROMATOGRAPHY 

From previously published equations’ of elution chromatography 

M= M*exp[T (y)(y)] 

M*=;& 

u* 
V=- 

c+1 
it can readily be shown that 

M= J tic+1) 
v* Jyy=P[T (T) (qy 

(1) 

(2) 

395 
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where M is the molarity of the migrant solute in any fraction of the eluate; 
M* is the maximum value of M; 

U is the volume of eluate collected from the beginning of the addition of the 
sample; 

U*is Uwhen M = M*; 
p is the number of plates in the column; 
C is the distribution ratio of the migrant; 
V is the interstitial volume of the column; 

and J is the quantity (mmol) of sample. 
In frontal chromatography 

s 

1, I. 
J = h-f,* dU 

(*=(I (3) 

where MF* is the molarity of the solute in the sample solution and hence the ideal 
final value of iUR, the molarity of the solute in any fraction of the eluate. 

If the solute molecules in the first small increment of sample in frontal chroma- 
tography are tagged with a radioactive tracer, these molecules would be distributed in 
the eluate fractions in the same manner as in elution chromatography; the presence 
or absence of other solute molecules in the portions of liquid subsequently added to 
the column would not alter the chromatographic behaviour of the tagged molecules. 
The same statement is true of any subsequent small increment of sample solution, and 
is also true whether the solute molecules in any increment are tagged or not. Therefore, 
it follows that the frontal graph is simply the integral of the elution graph. This has 
previously been found to be true for gas-liquid chromatography.5--7 Now by writing 
MF for Min equation (2) and substituting the value of J from equation (3), we get the 
equation of the frontal graph 

In the theory of probability 

*=X. 
(T 

Also from the equations4 
x= u-u* 

it follows that 

0 = u* 
J 

c 

p(C+ 1) 

J c 
u=u*+tu* p(C+l) (5) 

dU= U* J C 

p(c + 1) dt. 

Substitution of the last two equations into equation (4) yields 

MF 1 

s 

U=P 
y=_=- 

MF* 
--t2 dt 

& L’=O exp 2 (6) 
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Values of the integral can be found in probability tables after converting the desired 
values of U to the corresponding values of t by equation (5). When U = 0 

For any reasonable values ofp and C, the approximation is valid within the accuracy 
of the data in probability tables. 

It should be noted that the area under the Gaussian graph to be found in probabil- 
ity tables is the area from t = -co to t = t. Some probability tables give the area 
from t = 0 to t = t. These tables can be used by adding 04XlO to the listed values. 

In applying the foregoing equations to the interpretation of a symmetrical experi- 
mental breakthrough graph, it should be noted from equation (5) that when U = U*, 
t = 0 and Y = O-500. C can then be evaluated by equation (1) after V is determined 
experimentally or estimated from published data. a To determine p, any convenient 
value of Y is selected, and the corresponding value of U is read from the experimental 
graph. The value Y = 0900 is recommended because the breakthrough curve has a 
moderate slope at this point, permitting an accurate reading of the corresponding U; 
then t = 1.282. By substitution of this value and the appropiate values of U, U* and 
C in equation (5), the value ofp is calculated. It is desirable to repeat the calculation 
at Y = @lOO, t = -1.282 to test the symmetry of the graph; a symmetrical graph 
will give identical values ofp. 

EXPERIMENTAL 

A column, 6.25 cm x 3.80 cm*, of Dowex 50-X4, 200-400 mesh, was used. The resin had been 
previously conditioned by successive passages of 1M hydrochloric acid, water, 95 % ethanol, water, 
1M sodium hydroxide and water, with several repetitions of the cycle, ending with the resin in the 
hydrogen form. Finally, a sufficient volume of aqueous ethanol solution (3.00 volumes of 95% 
ethanol plus 7.00 volumes of water) was passed through the column to equilibrate it. The interstitial 
volume of the column was 7.85 ml. 

Acetophenone, nitrobenzene and @-naphthol of the best available grade were used without further 
purification. Each of these compounds was subjected to both elution and frontal chromatography 
with aqueous ethanol of the foregoing composition as eluent or solvent, respectively. In frontal 
chromatography the concentrations of solutes were between 4 x 1O-6 and 3 x lo-‘M. Eluate 
fractions of 36Oml were collected automatically and analysed by ultraviolet spectrophotometry. 
Elution or breakthrough graphs were plotted in all cases and used to evaluate Candp for the solute(s) 
present. A less extensive investigation was also made of the behaviour of /I-naphthol in both elution 
and frontal chromatography with Dowex 50-X8 as the stationary phase. 

RESULTS 

In most of the breakthrough graphs, the final concentration of the eluate fell a 
little short of the concentration of the feed solution. This may be the result of the 
presence in each of the three solutes investigated of a small percentage of a more 
tenaciously absorbed impurity. If MF * in equation (6) is taken as the concentration 
on the plateau after the breakthrough, the experimental curves follow equation (6) 
very closely. A typical example of the breakthrough graphs of two solutes in one 
solution is shown in Fig. 1. The maximum difference between the concentration of 
any fraction of eluate and the value calculated by equation (6) from the values of C 
and P of experiments 8 and 19 of Table 1 was only 3 x 10-6M. 

The elution graphs were nearly perfect Gaussian curves. A comparison of the 
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TABLE I.-SLJMMARY OF CHROMAT~GRAPHIC RESULTS 

Other Flow 
Compound compound rate, 

No. studied present Resins Type cmjmin C P 

3 
4 

: 
7 

f 
10 
11 
12 
13 
14 

:: 
17 
18 
19 

z 

2s 
26 
27 

E 
30 
31 
32 
33 

None 
None 

B-G&OH 

None 
8-C,,H,OH 

None 
None 

GH,CocH, 

GH6CocI3, 
C,H,COCH, 
GH,COCH, 

C,H,COCH, 
CJ&CCtX 
C,H6,cocH~ 

None 
None 
None 
None 

elution 
frontal 

frontal 
elution 
frontal 
elution 
frantal 

elution 
elution 
frontal 
elution 
frontal 
elution 
frontal 
elution 
frontal 
elution 
frontal 

frontal 
elution 
elution 
frontal 
elution 

frontal 
elution 
frontal 
elution 
frontal 

0.18 8.06 
0.18 7.82 
0.18 8O4 
0.18 8.10 
0.18 5.72 
0.18 MO 
0.18 968 
0.18 5.59 
0.18 5.67 
0.25 S-32 
,0.31 5.23 
0.46 5.08 
O-46 5.18 
0.70 5O8 
0.70 5.28 
Ol8 17.7 
0.18 18.3 
0.18 17.7 
0.18 18~3 
0.18 17.4 
0.18 17.9 
On18 17‘9 
0.18 17.6 
0.25 16.0 
0.31 16.0 
0.31 17.2 
046 15.3 
0.70 15.2 
0.70 165 
0.46 15.7 
046 16.7 
0.70 15.3 
0.70 16.8 

42 
38 
41 

:; 
32 
33 

E 

;: 
18 
19 
13 

:: 

:: 
33 

P: 

19 
17 
15 
12 
8 
7 

18 

:‘: 
13 

’ Resins A and B refer to two different cohunns of Dowex 50-X4. 

U, ml 

FIG. l.-Frontal graph of a solution 36.2 x lo-•M in acetophenone and 271.0 x lo-’ 
A4 in &naphthol at O18 cm per min (see text for other experimental &tails). 

Gnnll &rdrs -nrramm+ rvnatimmt~l nninte Tntoe A-de. renr-t nninta ralnllatCd 
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values of C and P, the number of plates per cm of column height, is given in Table I. 
The C values and the P values of experiments l-4 agree within the experimental 

error, indicating that these parameters may be evaluated for nitrobenzene by either 
of the chromatographic techniques with equal reliability. These results also indicate 
that /3-naphthol, which emerges from the column after nitrobenzene, does not affect 
the chromatographic behaviour of nitrobenzene, in the concentrations used in these 
experiments. 

Experiments 5-8 confirm the same observations in regard to acetophenone in the 
presence or absence of fi-naphthol. Experiments 9-15 show that C and P for aceto- 
phenone are slightly influenced by changes in the flow rate. This is an indication of 
lack of equilibrium. 

Experiments 13-33 show slightly larger C values for frontal chromatography than 
for elution experiments. The differences may be within the experimental error. The 
presence of acetophenone or nitrobenzene, both of which emerge from the column 
before /I-naphthol, does not affect the behaviour of @iaphthol. Experiments 22-33 
indicate again the effect of increasing flow rate. 

The experiments, both frontal and elution, with @iaphthol and Dowex 50-X8 
yielded P values between 10 and 12 and C values of 12.2. 

Acknowle&ement-The authors express their gratitude to the National Institutes of Health for 
financial support in this investigation. 

Zusammenfa~-Das Verhalten dreier Nichtelektrolyte bei Frontal- 
und Elutionschromatographie mit einem Ionenaustauscherharz als 
station&r und einer wliDrigen Alkohollbsun als beweglicher Phase 

j wurde untersucht. Auf Grund der Theorie es Bodengleichgewichts 
wurde eine Gleichung fiir den Durchbruchsverlauf bei der Frontal- 
chromatographie abgeleitet. Diese ist einfach das Integral der Gleich- 
ung fur den Verlauf bei der Elutionschromatographie. Es wurde gute 
Ubereinstimmung zwischen den experimentellen Durchbruchsdaten 
und der Gleichung gefunden, ebenso zwischen den Verteilungs- 
verhlltnissen und Bodenzahlen, die nach den beiden chromato- 
graphischen Methoden gefunden wurden. 

R&uun&-On a dtudie le comportement de trois non-electrolytes en 
chromatographie frontale et en chromatograhie d’elution, avee une 
resine echangeuse d’ions comme phase stationnaire et une solution 
aqueuse d’alcool comme phase mobile. Sur la base de la th6orie 
d%quilibre des plateaux, on a de&it une equation pour le graphique 
d”‘atIleurement” en chromatoaraohie frontale. Celle-ci est simnlement 
l’int6grale de l%quation du graphfque de la chromatographie d%lution. 
On a trouvt un bon accord entre les domrees expcrimentales d”‘aIiIeure- 
ment”et l%quation,et entreles coe&ientsde distribution etles numeros 
des plateaux, ainsi qu’ils sont &ah&s par les deux m6thode.s chromato- 
grahiques. 
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Sammary-A simple radiochemical separation of bismuth has been 
developed, based on two dithizone extraction steps, the sazond of which 
is a substoichiometric extraction. When copper, old, mercury, 
palladium, platinum and silver arc not present in m a tcrLgamounts, 
only the substoi~io~~ic dithizone extraction is necesqy. The 
method has been applied to the determination of bi~u~ by activation 
analysis in granite and in sllicor~ 

BISMUTH is a mono-isotopic element: on irradiation with thermal neutrons puomBi 
and 210Bi are formed according to following nuclear reactions: 

sssBi.(n, 7) slOmgi d = 0.019 barn, t/2 = 5.0 day 

aosBi (n, 7) 210Bi G = @014 barn, t/2 = 2.1 x 10 year, 

Of these isotopes only 210mBi is suitable for activation analysis. Because gamma 
spectrometry cannot be used’ for measuring the activity of this beta-emitter @: 1+15 
MeV; I.7 x lo-“% LX}, radiobismuth must be isolated in a radiochemically pure 
state. Of various organic reagents which form extractable chelates with bismuth, 
such as thenoyltrifluoracetone, thio-oxine, diethylammonium diethyldithiocarbamate 
and dithizone, the two latter reagents are probably the most suitable for the sub- 
stoichiometric separation of bismuth. However, in the case of dithizone the quantita- 
tive extraction data (Iog K) of a number of metal dithizonates are well known 
(Table I). 

Reproducibiliry 

Substoichiometric separation is reproducible only when the organic reagent used 
(dithizone in carbon tetrachloride in the present case) is consumed completely, 
forming an extractable chelate with the element under investigation. This condition 
is fulfilled if the pH of the extracted solution corresponds to the value calculated 
according to the fo~ulae:2ys 

pH > - ‘A log K - log o-001 c,$A 

V 
PH < PKHA i- log qs_& + log 7 

+ Part VIII: Tuiantu, lP64,11,1151. 
t Present address: 

England. 
Department of Chemistry, College of Advanced Technology, Biigham 4, 
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For carbon tetrachloride extraction (Vo, : VHIO = 1: lo), and for the case when 
O-1 % of the original concentration of dithizone remains unreacted (OWl cn& the 
pH of the treated solution must lie in the region 2.7 to 8 ; when 1% of dithizone 
remains unreacted, 1.7 Q pH > 8 (Kna = 2.8 x W6; qEa = 1.1 x lo-*; cnh N 
lo-5 M$ The good agreement of this theory with experimental results can be seen 
from Figs. 1 and 3. 

Metal 

TABLE L-EXTRACTION DATA OF METAL D~~HIWNATES” 
\ 

log K* Metal log K* :\,, Metal log KS 

4+ 7.18 
AlJ’ N 

AmSf 
Baa+ 
Bes+ 
Bis+ 
Bk’f 

Cal+ 
cd*+ 
Cea f 

cfs+ 
Co’+ 
CUP’ 
DyS+ 
Eu~+ 
Fe*+ 

N 
N 
N 
9.98 

N 
N 
2.14 
N 
N 
153 

1053 
N 
N 
N 

Fm8+ 
Gas+ 

Gd”+ 

Hg*+ 
‘In*+ 
La*+ 
Lu’+ 
Mg’+ 
Mna+ 

H,Mo& 
Nd’f 
Nps+ 
Ni*+ 
Pb’+ 
Pd’+ 
Pm’+ 

N 
1.3 

N 
26.85 

4.84 
N 
N 
N 
P 
N 

N 
N 
1.19 
0.44 

27 
N 

-++ 

PIIs+ 
PIP+ 
PoO,‘f 
S&++ 
Sm*+ 
Sr*+ 
Tbs+ 
Th4f 
Tl+ 
U”f 
uos*+ 
Ys+ 
YVf 
Zn’f 
Zr4+ 

N 
N 
N 
N 
N 
N 
N 
N 
N 

-3.3 
N 
N 
N 
N 
2.3 
N 

6 N = metal not extracted; P = metal partially extracted. 

The selectivity of the substoichiometric separation of bismuth with dithizone 
(HsDz) can be evaluated from the data given in Table I. Palladium, mercury, copper 
and silver (as well as gold and platinum, for which log K values are not known), 
interfere in the determination, being extracted simultaneously with bismuth even 
when a substoichiometric amount of dithizone is used. On the other hand, at pH > 9 
in the presence of cyanide ions only BI ‘S+, Ins+, Pb*+, Sn2+ (log K value not known 
precisely) and Tl+ are extracted as dithizonates into carbon tetrach1oride.l Of these 
ions, the extraction constant of In(HDz)S is the closest one to that of Bi(H~)*, and 

IBXHWBf 0% =. 1 e4 x lo5 VW 

bWD&J 0% [m3+1’ 

Accordingly, indium will not interfere in the determination of bismuth.2 From 
the above it follows that a highly selective radiochemical separation of bismuth, 
based on the preliminary extraction of bismuth from cyanide solution at pH > 9 using 
an excess of dnhizone in carbon tetrachloride, is possible. The bismuth is then 
stripped from the organic phase with an aqueous solution of mineral acid and sub- 
stoichiometric extraction of the bismuth carried out with a second portion of dithizone 
after adjusting the pH to 4 5 2. 
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EXPERUvfENTAL 

@I meter. Radiometer TTTI (Copenhagen, Denmark). 
Spectrophotmeter. Zeiss Universal (Jena, DDR). 
Separutory funn&, 50- and 150-ml vohune. 

Reagents 
Bismuth carrier, Pmpa& by dissolving analytical reagent grade metallic bismuth in a small 

vohuoe of nitric acid, evaporating nearly to dryness, then diluting to an appropriate volume with 
water (loci pg of bj~~th~~). 

Dithizme ~#~~t~~~. 7 x fO-“M in e&on tetraehloride. 
Acetate b@& QGf 5%). 
Borax bufer (pH 10). 

0.2M acetic acid phrs 0*2&f sodium acetate (1:9}. 
O*lM sodium hydroxide plus O*iXM sodium tetraborate (2:3). 

Rudiobismutb tracer. The RaE used as a tracer in preliminary experiments was prepared by 
dithizone extraction from an RaD preparation, 

Irradiation 

The test samples (LX. 05-l 9, of granite were sealed in quartz ampoules and irradiated in a 
neutron Rux of 7.5 x Ws neutrons. cm-*. m-1 for 190 hr in a nu&ar reactor. The bismuth 
standard ~~~rn~ 2 mg of bismuth) was sealed in a quartz ampoule and irradiated s~rn~~~usly 
with the test samples. 

Repr~d~cibi~~~ 
~~e~a~~e~~ of MerRod 

The optimum pR range for substoichiometric separation of bismuth was first investigated. To a 
series of separatory funnels containing 20 ml of water and 0.5 ml of 10% ascorbic acid, 200 p 
bismuth were added 

FIG. l.-hfluenoe: of pH on the extraction of bismuth (200 pg) using a substoichio- 
metric amount of dithiaone in carbon tetrachloride: 

C-spectrophotometric measurements, 
Cradiometric measurements. 

in the range from 0 to 12. After ad&mg X-5 ml of dithixone solution (a s~~t~i~h~o~tr~ amount), 
the extraction was carried out for 3 mm and the amount of bismuth present in the organic extract 
measured either spectrophotometricalty at 490 mp or radiometricaily (bismuth carrier IabeRed with 
RaE used and the activity of the evaporated organic 
From the curve obtained (Fig. 1) a suitable acidity (p K 

hase measured by a Geiger-MtUler counter), 
2-6) can be seen. 

The time necessary for reaching&x&action equdibrium has been tested by extraction of a solution 
of the following composition: JO-ml of water, 200 e of bismuth carrier, 5 ml of acetate buffer, 
O+ ml of 10% ascorbic acid; the pH was ad usted to 5 & 1 with dilute aqueous ammonia. This 
solution was shaken with 1.5 ml of d&iaone so I*’ Ut15zk and the BmoitIIt of Ri@KD& extmcmd iilt3ASUd 
s~~ph~o~~i~lly; the amount of bismuth extracted was plotted against the time of shaking 



(Fig. 2). The extraction was repeated with a seumd substoichiometric portion af dithizone. An 
extraction time of 2 min is 

The reproducibility of t % 
uite satisfactory. 
e substoichiometric separation was tested in the following way. The 

acidity of a series of solutions, containing known, increasing amounts of bismuth carrier and 0.5 ml 

M 40 60 
Tme, ret 

FIG. 2.-Time ne~~ry for reaching extraction equilibrium. Extraction of 200 ,ug 
of bismuth with two successive su~toic~o~~c portions of dithizone in carbon 

tetrachloride at pH co. 4 (spectrophotometric measurements) : 
CMirst extract, 
a-second extract. 

of IO% ascorbic acid, was adjusted to pH 5 f I. These solutions wem simult~y extracted 
with 200 ml of dithlzone solution for 3 min and t@e amount of extracted bismuth measured speetro- 
photometrically (Fig. 3). The same curve has been obtained by means of radiometric measurements 
using RaE as a tracer. 

FIG 3.-R~~b~fy of the ~~~~c extraction of biiuth with dithiione 
at pII cu. 4. The dotted line il&strat~ the intiueacc of a higher acidity (pH < 2). 

The selectivity of the substoichiometric separation was investigated by m@ans of microgram 
amaunts of radioisotopes of possible interfering ions. These radioisotopes are mixed with bismuth 
c&er (400 pg of bismuth) and the proposed radiochamical eon ca&ed out (see Proadurr). 
The selectivity of the scpamtion steps is evaluated from the a$yitiea pf the erg@ and aqueous 
ph”g”, reapeeti~ly. From Table II it c~f be seen that only mdmm, $ present F large amoun?, 
mterferes in the su~oi~~~ determu&Zon of bismuth by activation analyst. However, this 
in&&rence is not serious for well known nuclear reasons. 

The in&tmce of various anions, which can be present in the extracted solution from dissoh&io~ 
of the test samplea or as a corn-t of but&r and maski~ 

ti photometrically. If present in 0*2&Z concentration, the fo 
solutions, has been +died spectra- 

owing salts do not mterfem m the 
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extraction of Bi(HDz), at pH cu. 10 (percentage extraction stated in parenthesis): ammonium acetate 
(95 ya, sodium tartarate (95x), ammonium citrate (95x), sodium sulphate (95yd ammonium 
chloride (75 “/, sodium phosphate (80 “/. ammonium fluoride (0.1 M - 600&, ammonium fluoride 
and boric acid (O.lM f O*OlM; -95 %), potassium cyanide (95 %) and sodium tetraborate (95%). 

TABLE IL-INTERFERENCE WITH THE EXTRACTION OF BISMUTH CAUSED BY THE 
ADDITION OF RADIOACTWE TRACERSa 

Radioisotope added *O’Tl “Ga 

Total activity added,” 
=Pm 54,560 16,020 * 15,300 20,220 25,300 18,210 

Activity of dithizone 
extract from cyanide 
medium, cpm 48,720 30 15,120 18 150 60 

Activity of HNO, 
strip solution, cpm 32,880 0 11,520 0 0 (5) 

Activity of substoichio- 
metric extract, cpm 0 0 81 0 0 0 

% 0 0 0.5 0 0 0 

* 400 pg of bismuth present as carrier, interferring metals present in microgram amounts. 
b Only one-tenth of the total activity was actually measured. 

Procedure 

Dissolve the finely pulverised irradiated sample of granite in a mixture of nitric, hydrofluoric 
and sulphuric acids in the presence of bismuth carrier (200 rg of bismuth). Evaporate the solution 
to the appearance of fumes of sulphuric acid (nearly to dryness). Add 20 ml of hot O*lMnitric acid 
and transfer to a 150-ml separatory funnel, then add 10 ml of 2M tartaric acid (to prevent the 
hydrolysis of aluminium) and 5 ml of 10 % ascorbic acid, followed by 6Maqueous ammonia dropwise 
to pH 6-10. 

Add 10 ml of 10% potassium cyanide and 5 ml of borax buffer @H now cu. 10). Extract with 
three successive 5-ml portions of dithizone solution for 2 min. Wash the combined organic extracts 
with water, transfer to a 5&ml separatory funnel, then strip the bismuth with 5 ml of 2.8M nitric 
acid and 1 ml of 10 % ascorbic acid by shaking for 2 min. Add 5 ml of acetate buffer to the separated 
aqueous phase and adjust the pH to 5 f 1. Finally, carry out the substoichiometric extraction 
using l-5 ml of dithizone solution for 2 min. Evaporate to dryness 1.0 ml of the organic extract on 
a counting tray on which a disc of filter paper has been placed, and mount for counting. 

An appropriate amount of bismuth standard is treated and counted in the same way. The amount 
of bismuth (Y) present in the test sample is calculated from the relationship* 

where y, is the amount of bismuth present in the standard sample, and a and a, are the activities 
isolated substoichiometrically from the test and standard samples, respectively. 

Eure silicon can be treated in a similar way to that described above for samples of granite. 

RESULTS AND DISCUSSION 

The results of the analysis of granites and pure silicon by the developed procedure 
are summarised in Table III. The radiochemical purity of the substoichiometric 
extract was checked by decay measurements (Fig. 4) and by the method of successive 
substoichiometric extracts. The latter uses two successive, substoichiometric (1.5-ml) 
portions of extracting agent. In this way two extracts are obtained from the test 
sample for measuring activities a’ and u”. If these activities are equal, it can be judged 
that not only the reproducibility of the substoichiometric separation (see also Fig. 3) 
but also the radiochemical purity of the extracts obtained is satisfactory. 

Previous radiochemical separations of bismuth developed by different authors4-* 
for the activation analysis of various materials are rather complicated and time 
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consuming. fn comparison, the radiochemical procedure now described is simpler, 
because it is based on twd dithizone extraction steps, the second being the substoichio- 
metric one. The selectiviiy ‘of this method has been demonstrated by its application to 
the analysis of granite and silicon. When silver, copper, mercury, gold, palladium 

TABLE III.~S~~~~~ICHI~METRIC DETERMINATION OF BISMUTH IN GRANITES AND SIUCON 

Sample 

Weight, g 
mount cvl:, of Bi 
present in standard, ,~g 
Activity obtained from 
test sample,b a’ 

a” 
Activity obtained from 
standard sample, a, 
Amount of bismuth 
found, i~dg 

% 

Granite I* Granite IIe 

0.9237 O-5480 

8-O 8.0 

518 263 
534 219 

456 456 

9-l 4.6 
9.4 3.8 

1.0 x lo-ad 7.7 x lo-“’ 

Granite 11~ 

05482 

8.0 

207 
212 

456 

3.6 
3.7 

6.7 x 1O-a d 

Silicone 

45033 

8-O 

131 
- 

5461 

0.19 
- 

4.2 x lo-* 

* Activities, expressed in c/100 set, are mean values from 10 measurements corrected for back- 
ground and decay. 

b 4’ = first substoichiometric extract; 4’ = second substoichiometric extract. 
C Activity expressed in c/l000 sec. 
d of the order of lo-’ % of bismuth was found spectrographically, 

Time, doys 

FIG. 4.-The decay curves of dithizonate extracts obtained from irradiated samples of: 
l-bismuth standard, 
2-granite I, 
J-granite II. 

and platinum are not present in interferring amounts in the test material, the proposed 
procedure can be further simplified by using only the final substoichiometric dithizone 
extraction. 

Acknowledgement-The authors thank Professor Dr. V. Majer and Dr. M. Williams for their interest 
in this work and critical discussion. 
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Zasammenf&stmg-Eine einfache radiochemische Methode zur 
Abtrennung van- Wismut wurde entwickelt. Sie beruht auf Extraktion 
mit Dithizon in xwei Stufen; bci der zweiten Stufe wird untersttihio- 
metrisch extrahiert. Wenn Kupfer, Gold, Quecksilber, Palladium, 
Platin und Silber nicht in storenden Mengen anwesend sind, ist nur 
die unterstiichiometrische Extraktion mit Dithizon notwendig. Die 
Methode wurde auf die aktivierungsanalytische Bestimmung von 
Wismut in Granit und in Silicium angewandt. 

R&sum&On a mis au point une methode simple de @paration radio- 
chimique du bismuth, bas6e sur deux stades d’extraction a la dithixone, 
la seconde etant une extraction substocchiom&rique. Celle-ci est 
seule n&ssaire lors ue cuivre, or, mercure, palladium, platine et 
argent ne sont pas p l&e nts en quantites susceptibles d’interf&er. On 
a appliqu6 la methode au dosage du bismuth par analyse par activation 
dans le granit et le silicium. 
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DETERMINATION OF COPPER IN SEA WATER 
BY ATOMIC ABSORPTION SPECTROSCOPY 
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!3mmmuy-A commerical atomic absorption spectrophotometer is 
used without modification to establish the most suitable opera * 
conditions for the determination of copper. Usi 

Ime,~minilz! 
thedirectmeth 

of spraying aqueous solutions of copper into the 

g%disnotsuitableforde&mmm 
which can be determined is about 25 ,og/litre. However, this 

* ’ gcopperinseawater. Amethod 
based on the extraction of the copper-ammonium pyrrolidine dithio- 
carbamate complex into eth 1 acetate and spraying of the organic 
extract into the flame is satis actory, and it gives a marked increase in 4 
sensitivity. 

INTRODUCTION 

THE determination of trace metals has in recent times gained considerable analytical 
significance. Many methods and techniques have been applied to this end with 
varying degrees of success. The development of atomic absorption spectroscopy by 
Walsh,l*s however, provided a technique which has been particularly useful in the 
determination of trace metals because of its reduced susceptibility to interference. 
In this respect it is superior to emission spectroscopy and flame photometry, two 
techniques of great value in trace metal determination. 

In the short time since its innovation, a large volume of literature has appeared 
on the application of this technique to the determination of small amounts of metals 
in various n~terials.~ Allan’ used the technique successfully for the determination to 
trace metals in agricultural materials, while Men&# reported on its use for the 
analysis of industrial alloys and Erinc and Magee* used it for the determination of 
palladium in platinum metal alloys. 

Sea water contains very small concentrations of metals such as copper, zinc and 
nickel. Fabricand et aZ.’ employed atomic absorption spectroscopy for the determina- 
tion of metal concentrations in water from the Pacific and Atlantic Oceans. However, 
investigations of this type are not numerous and the lack of reliable measurements on 
trace constituents has been pointed out by several authors.* The present work was 
undertaken to investigate the minimum amount of copper which could be determined 
by atomic absorption spectroscopy, with the purpose of using the method for the 
determination of copper in sea water. 

EXPERIMENTAL 

A standard Uvispek H 700 spectrophotometer, fitted with a Hilger H 1100 atomic absorption 
atta&ment, was used. 
was employed. 

For the line source a standard Hilger and Watts copper hollow-cathode lamp 
Although trends in the results indicated that mod&ation of the sptaying &amber 

might be an advantage, no alterations were made to the standard commercial equipment. 

*Present address: Central Testing Laboratories, Go vernment of Pakistan, Rarachi, P&is&n. 
409 
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The regular arrangement of equipment and method of operation were used throughout. These 
have been described often, elsewhere, and will not be repeated here. Gatehouse and Williss established 
conditions for the determination of copper by the atomic absorption method. However, the instru- 
ment used was different to that in the present work and experience has shown that conditions are very 
much dependent on the apparatus used. The optimum conditions for the particular instrument used 
n the present work were, therefore, investigated. 

RESULTS AND DISCUSSION 
Efect of lamp current 

In their work Gatehouse and Willis9 found that the spectral line at 3248 A was the 
most sensitive for measurement of the absorption of copper. In investigations on the 
lamp current, therefore, this wavelength was used. An aqueous solution of copper 
sulphate (CuSO,*SH,O), containing 100 ,~g atom of copper/litre,.* was sprayed into 
the flame. The results are shown in Table I. Maximum response was obtained at a 
lamp current of 4-5 mA, which was, therefore, used in subsequent investigations. 

TABLE I.-EFFECT OF LAMP CURRENT 

Lamp current, Respo’nse 
mA (optical density) 

4.5 0.112 
10.0 0.105 
145 0.102 
195 0.095 
24.0 0*094 
28.5 0.092 
34.0 0.085 

(Slit width: 0.25 mm; air pressure: 20lb/in.*; 
propane gas pressure: 2 lb/in.*) 

Efect of slit-width 

In the instrument used by the earlier workers,s a slit-width of 3 mm was considered 
best for maximum absorption by copper at 3248 A. The spectrophotometer used 
in the present work, however, provided for slit-widths up to a maximum of 2 mm. 
It was necessary, therefore, to determine the optimum slit-width. The results (average 
values for a number of readings) are shown in Table II. Although the response 

TABLE IL-EFFFXZ OF SLIT-WIDTH 

Response 
Slit width, mm (optical density) 

0.50 0.108 
0,45 0.108 
040 0.110 
0.35 0.110 
0.30 0.110 
0.25 0.111 
0.20 0*111 
0.15 0.111 
0.10 0.120 

(Wavelength: 3248 A; lamp current: 
4.5 mA; air pressure.: 20 lb/in.‘; pro- 
pane gas pressure: 2 lb/in.*; solution 
spray&: 100 rug of copper atom/litre.) 

* pg atom/litre = pccg x atomic weight/litre 
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increases at lower slit-widths, it was not considered desirable to use these because re- 
sults below a slit-width of 0.25 mm were not easily reproducible. For a lamp current 
of 4.5 mA, the best results were abvays obtained using a slit-width of 0.25-0.30 mm. 

Eflect of air/propane gq pressures 

An air/propane gas flame was used throughout the work. Investigation of the 
gas pressure was considered necessary because, according to Elwell and Gidley? 
the time for a droplet to pass through 1 cm of flame is about 10 msec, so that lowering 
the gas pressure should decrease the velocity of the gases and, consequently, the 
velocity at which the droplets pass through the flame, thereby enhancing the sen- 
sitivity. The results for air and propane gas pressures are shown in Tables III and IV, 
respectively. 

TABU III.-EFFECT OF AIR PRISSURE 

Air pressure ReSpouse 
Iblitz.’ (optical density) 

z- 
0.124 
0.125 

24 0.132 
25 0.134 

:; 
0.137 
0.138 

30 0.137 
32 0.134 
34 0.132 

(Slit-width: @25mm; lamp current: 4.5 
mA; propane gas pressure: 2 lb/in.*; 
wavelength : 3248 A ; solution sprayed : 
100 /.~g atom of copper/&e.) 

TABLE IV.-Emcr OF PROPANE GAS PRESSURE 

Propane gas Response 
pressure, lb/in.’ (optical density) 

:.s 
0126 
0.129 

2 0.134, 
2.5 0.134 
3 0133 

(Slit-width: 0.25 mm; air pressure: 26 lb/in.‘; 
lamp current: 4.5 mA; wavelength: 3248 A; 
solution sprayed : 100 jbg atom of copperllitre.) 

Increase in the propane gas ,pressure above’ 3 lb/in? produced a tendency to 
luminosity dn the flame. From the point of view of response and reproducibility 
an air pressure of 29 lb/in.s and a propafie gas pressure of 2 lb/in.” were found to be 
the most suitable for aqueous solutions of copper. 

Eflect of absorbance path 

In spraying aqueous solutions of copper, the height of the absorbance path* in 
the game relative to the base of the flame was found to have a marked influence on 

* This is more fundamental than the burner position. 
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the response (Table V). It will be seen that an aqueous solution of copper sprayed 
into the flame gives maximum response at high absorbance path. 

TABLE V.-EFFECT OF ABSORBANCE PATH 

Absorbance Response 
path (optical density) 

LOW @040 - 
Low medium 0.046 
High medium 0.052 
High 0.053 

(Slit-width: 0.25 mm; air pressure: 29 
lb/in.*; lamp current: 4.5 mA; wavelength: 
3248 A; solution sprayed: 40 rg atom of 
copper/rnre). 

Analytical results 

Using the above optimum conditions for maximum response, a series of copper 
solutions, prepared from copper sulphate, was sprayed into the flame and the response 
recorded (Table VI). 

TABLE W.-RESPONSE FOR VARYING 
AMouNTs OF COPPER 

Copper pmnt, Response 
/4g/litre (optical density) 

250 0.006 
200 0.005 
150 0.004 
100 0.003 
50 @002 
25 0.002 
10 - 

The values shown for the response are an average of a number of readings at each 
concentration. Below 50 ,ug of copperllitre the sensitivity decreases and below 25 pg/ 
litre a sensible response was not obtained. 

For different amounts of copper a calibration curve was obtained and is shown 
in Fig. 1 (curve A). 

Copper in sea water 

The method was applied to the determination of copper in sea water drawn from 
the Belfast Lough. Satisfactory results could not be obtained, however, because 
of interference from other elements present in the sea water, principally sodium. 
In order to overcome this difficulty with the direct method, a new approach was 
made by way of copper complexes and their selective extraction into organic solvents. 

Behaviour of copper complexes 

The use of metal complexes sprayed into the &me from organic solvents is not 
extensive in atomic absorption spectroscopy. Erinc and Magee‘ determined palladium 
by extracting the palladium pyridine thiocyanate complex in hexone and spraying 
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the organic extract into the flame. More particularly, AllanlO formed the ammonium 
pyrrolidine dithiocarbamate complex of copper and extracted it into ethyl acetate. 
This extract, sprayed into the flame, gave an enhancement in sensitivity for the 
copper absorption. 

In the present work, the reagent ammonium pyrrolidine dithiocarbamate could 
not be readily obtained, so that preliminary investigations were begun with the widely 
used complexing agent for copper, sodium diethyldithiocarbamate. With copper 

Copper. pg/l (curvr 8) 

O.OMO IO 20 30 
I I I I I -0.007 

COPW. )r9/1 kurvr AI 

Fm. 1 .-Calibration curve For copper: 
A-Up to 250 ,q of copper/litrc (without extraction proocdure), 
B-up to 25 rug of copper/me (with extra&m procedufc). 

this reagent forms complexes which are readily soluble in carbon tetrachloride, 
chloroform and xylene. However, all the extracts of the copper complex were found 
to be unsuitable. Spraying into the flame resulted in an unstable, sooty flame giving 
inconsistent responses. Further, in the case of carbon tetrachloride, a large volume 
of chlorine was evolved in the flame. The reagent usedby Allan, ammonium pyrroli- 
dine dithiocarbamate was prepared after the method of Malissa and Scho!Enan.‘l 
Results using this reagent showed that the copper complex in the ethyl acetate, when 
sprayed into the game, yielded an increase 4-6 times that for the same concentration 
sprayed from aqueous solution. A procedure which was found to operate aatis- 
factorily is as follows. 

To 25 ml of an aqueous solution of copper in a 50-ml separating funnel, add 1 ml of 1% ammonium 
pyr&dim dithhafbamate sohltioJl. shake the mixture well for 15-20 ssc, tbml add 10 ml of ethyl 
acetate. Sbakcagahfor1miq. Aftcraeparationofthephamb+mo~thelowcraqucousphose. 
Filter the acetate phase into a 10-d vohmctric tlask and make up to the mark. Employing the 
c4mdit&nsbhedaboveforoperatiobofthe8t4mica~mspectrophotometer (Nob), sprar 
tbe8catate~intothcflrmsandrrcordthensponrc. 
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Note. Investigations showed that all the conditions de&mined for aqueous solutions of copper 
gave o@num response with the acetate extract except for the absorbance path. Results for a 40 peg 
atom/hue solution of copper extracted into ethyl acetate as the complex are shown in Table VII. 

TABLE VII 

Absorbance 
path 

Response 
(optical density) 

LOW 0.215 
Low medium 0.200 
High medium 0.130 
High 0.110 

It will be seen that, unlike the aqueous solution, maximum response occurs at low absorbance 
path. 

Analytical results 

Using this procedure the response for copper concentration in the range 2-5 to 250 
&litre was .measured. Results are shown in Table VIII. The results shown at each 
concentration represents an average value of a number of readings. A calibration 
curve was prepared for the range of concentrations and is shown in Fig. 1 (curve B)_ 

TABLE VIII.--RE~~~NSE FOR VARYING 
AMOUNTS OF COPPER USING 

EXTRACTION PROCEDURE 

Copper present, Response 
&h-e (optical density) 

2.5 
5 

10 
25 

1: 
250 

Blank 
(Rackground 

reading) 

0011 
0.014 
0.017 
0.021 
0.026 
0.033 
0.051 
0908 

Determination of copper in sea water 

It was indicated above that difficulties arise in the direct determination of copper 
in sea water because of the interference from other elements, particularly sodium. 

Before applying the extraction method to the determination of copper in sea 
water, the influence of large excesses of sodium and magnesium on the method was 
investigated. To copper solutions of know#concentration (2-5-250 pg/litre), sufhcient 
sodium chloride and magnesium chloride were added to make the solutions 16 % in the 
former and 1% in the latter. The solution was then complexed, extracted in the 
recommended manner and sprayed into the flame. Results are shown in Table IX. 
Figures in parenthesis are those obtained for solutions of the same concentration of 
copper, but without the addition of sodium and magnesium chlorides. The result 
shown at each concentration represents the average of a number of readings 

In the presence of sodium and magnesium only, a very small increase in the 
response was observed. It was supposed that the small increase in the response was 



Copper in seawater 

TABLE IX.-EFFECT OF SODIUM AND 

MAONESUM CHLORIDE ON RESULTS 

FOR COPPER 

copper 
concentration, 

pgllitre 
Response 

(optical density) 

2.5 0.012 (0.011) 
5 0.014 (0.014) 

10 0.017 (0.017) 
25 0.021 (0.021) 
50 0.026 (0.026) 

100 0.033 (0.033) 
250 0.051 (0.051) 

from the presence of traces of heavy metal impurities complexed and extracted in the 
same way as copper. Ethylenediaminetetra-acetic acid (EDTA) was added as a 
masking agent to the test solution in Table IX before formation of the copper 
complex and the determinations repeated. In this way the small increase in the 
response was eliminated. For the determination of copper in sea water the pro- 
cedure just discussed was used, with the addition of EDTA to the samples before 
complexing and spraying into the flame. 

The sea water was drawn from the Belfast Lough at a depth of 2 ft below the 
surface and, after sampling, was analysed with the following results: 

(a) 240 pg/litre. 

(b) 1.75 pg/litre, 

(c) l-75 pg/litre, 

(d) 290 pg/litre, 

(e) 1.75 pg/litre. 

The average value for these 5 samples is 1.85 ,ug of copper/litre. 
The values obtained are very similar to those obtained by Fabricand et al.’ for 

sea water drawn from the Altantic and Pacific Oceans and to those of Chow and 
Thompson.l* The latter workers used a spectrophotometric method for the determina- 
tion, while the former employed atomic absorption spectroscopy. It would appear, 
therefore, that the copper content of the water in the Irish Sea does not vary markedly 
from that of the Pacific Ocean. 
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Znsammenfassung-Ein handelstibliches Spektralphotometer fur atom- 
are Absorptionsmessungen ohne Anderungen wird zur Ermittlung 
der geeignetsten Arbeitsbedingungen zur Kupferbestimmung ver- 
wendet. Mit der direkten Methode, bei der wBDrige Kupferliisungen 
in die Flamme gespriiht werden, ist die Nachweisgrenze fur Kupfer 
etwa 25 pg/Liter. Diese Methode ist aber nicht zur Bestimmung von 
Kupfer in Meerwasser gee&net. Dieses Problem wird zufriedenstellend 
gelijst durch Extraktion des Kupfer-Ammoniumpyrrolidindithio- 
carbamat-Komplexes in Athylacetat und Versprtihen des organischen 
Extraktes in der Flamme. Mit dieser Arbeitsweise erzielt man eine 
bemerkenswerte Steigerung der Empfindlichkeit. 
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R&sum&-Afin d’6tablir le meilleur mode operatoire pour le dosage du 
cuivre, 0n.a employ6 sans modhieation un spectroplmtom&e d’absorp- 
tion atomique eo mmereial. Bn utilisant la methode dimete de pulveri- 
sation de solutions aqueuses de cuivre dam la Samme, la quantite 
minimaie de euivre dosable est d’environ 25 ,&litte. Toutefots, cette 
m&ode ne eonvient pas au dosage du euivre dans l’eau de mer. Une 
m&ode, baste sur l*extraetion du eomplexe ~~p~oli~ne dithio- 
earbamate d’~~~ en a&ate d’ethyle, et pulverisation darts la 
flammedcl’extrait organique, est satisfaisante, et offre un aeeroissement 
notable de la sensibilitt. 
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SHORT COMMUNICATIONS 

A modification of Leithe’s method for determhing nitrate 

(Received 9 November 1964. Accepted 4 January 1965) 

LN the Leithe method,l nitrate is reduced with a known amount of iron(H) solution (55 g of 
FeS04.7H,0, 20 g 6f NaCl and 900 ml of 1: 1 H,SOJlitre) and the excess iron(H) is then back- 
titrated using ferrom as indicator. 

Although freshly-prepared Leithe reagent gives excellent results, we have found that within 
l-2 hr a precipitate appears in the solution, and the blank values begin to decrease in an erratic 
manner, This experience contrasts with that of Leithe who prepared solutions stable for 1 day or 
longer. 

A reagent stable for at least 5 or 6 days can be simply prepared by dissolving the appropriate 
amount of FeS0,.7Ha0 in 1 litre of water containing HCl; the NaCl and HBSOl necessary to effect 
the reduction are added separately. Because the reduction depends upon reaction conditions, it has 
been necessary to determine conditions under which this reagent would give the most satisfactory 
results. 

Reagents and solutions 

EXPERIMENTAL 

Reagent-grade chemicals were used throughout. 
Standard solutions of nitrate were prepared by weighing out the desired amount of either KNO, 

or NaNO, and diluting to volume. 
The FeS04-HCl solution was prepared by dissolving 92 g of FeS0,.7Ha0 in 200 ml of water, 

containing 20 ml of concentrated HCI, and diluting to 1 litre. 
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a-Effect of H,O: 5 g of NaCl, 25 ml of H,SO,, 40 mg of NaNOs present. 
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b--Effect of NaCl: 25 ml of H&SO*, 20 ml of HxO, 40 mg of NaNO, present, 

ii,so,, mt 

c--Effect of I&So,: 5 g of NaCi, 20 ml of II@, 40 mg of NaNO, present, 

FIG. I.-The effect of reaction conditions on the determination of nitrate using 
FeSOI-HCl. 

The details of the Leithe procedure both for solutions of nitrate and for mixtures of nitrate and 
nitrite have been described in detail elsewhere.’ They were followed exactly. 

TO study the conditions in which the FeSO&CI reagent would be a satisfactory substitute 
for the Leithe reagent, a l&n1 aliquot of NaNC&, solution (4.00 g/litre) was placed in a 250~ml 
Erlenmeyer flask. A known volume of H,O, a known weight of NaCl, a 15-ml ah uot of the FeSO#- 
HCI reagent and a known volume of H&IO, were added in that order. The resu tmg solution was 9. 
boiled for 3 min and cooled; lOOmI of H,O were added and the excess iroa(I1) titrated with 
standard dichromate to the ferrotn end-point. 

On the basis of the results obtained from the above experiments, known amounts of nitrate were 
titrated in the following maruser: the sample was dissolved in 20mt of I&O, and 5 g of NaCl, a 
1 S-ml aliquot of the reagent and 20 mI of concentrated HpSOI were added; from this point on, the 
sample soIutions were treated aa previously described. To determine nitrate in mixtures of nitrate 
and nitrite. only one addition& modification was necessary to remove the nitrite interference. After 
the sample was dissolved in water, 2 g of urea were added; O-5 ml of concentrated HaSOl was added 
drop-wise and with vigarous shaking; the nitrate was then determined as before, 
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RESULTS AND DISCUSSION 

The results in Fig. l(a, b, c) show the effect of reaction conditions on the reduction of.the nitrate 
to FeNOSO, using the FeSO,-HCl reagent. The effect of chloride ori this reagent is similar to 
the chloride effect on the Leithe reagent. t That the amount of water and acid at&&the recoveries 
should come as no surprise, considering the rigorous conditions necessary in the bithe procedure. 
Increasing the amounts of NaCl and HBSOI improves the sharpness of the end-point; increasing 
the amount of water initially present decreases the sharpness of the end-point, and after 50 ml have 
been added the end-point colour-change is from orange to yellowish-brown, not from orange to 
uquu. 

Table I shows the results obtained using this procedure. Urea, recommended by Leithe for 
removal of nitrite, is effective; but, as the table shows, its effect is limited to about the equivalent 
of 46 mg of NaNO,. We have not found it necessary to add unglazed porcelain when using our 
procedure, although Leithe recommends it for his. 

TABLE L-DETERMINATION OF NITRATE 

NaNO*, mg NaNOI, mg 

Added Found 

040 20.6 20.2 

39.7 39.7 (n = 4, s = 0.3)d 
406 39.9 

59.P 60.1 (n = 3, s = 0.7) 
60.0s 59.9 

79.60 80.4 (n = 4, s = 0.8) 
800’ 80.6 

18.1 39.70 39.8 (n = 3, s = 0.3) 
30.2 39.74 39.5 (n = 3, s = O-2) 
40.4 40.0’ 39.8 
46.0 46-P 46.9 
60.0 30*8* 31.8 

29.6~ 

a Two different anal 
8 A second standar dy 

sts analysed the same standard. 

4 of um used 
analysed by a third analyst, 

0 g instead of 2. 
d n represents the number of determinations, s the standard 

derivation. 

An X-ra 
be FeS0.e IJ 

diffraction pattern of the precipitate which formed in the Leithe reagent showed it to 
,O (szomolnokite). If the reagent was prepared in the manner described by L&the, 

i.e., by dissolution of the FeS0,.7HI0 and NaCl ia 1OOml of HI0 followed by the addition of 
sufficient cold 50% H&SO, to give 1 litre of solution, preci 
did not begin for an hour or so. If the FeSO,.7H,O and J 

itation was gradual and, as noted above, 
aC1 were dissolved in 550 ml of I$,0 and 

450 ml of concentrated HISOl were added, a copious precipitate of FeSOA*HIO formed immediately; 
cooling the reaction mixture effected no apparent reduction in the amount of precipitate. 

Pittsburgh Pfute Glass Cu., ChemicaI Division G. W. LATIMER, JR. 
P.O. Box 4026 0. K. CHAMBERS 
Corpus Christi, Texas, U.S.A. 

Summary-A more stable rea ent, 
substituted for the FeSO,-Na E 

FeSO,-HCl, can be effectively 
l-HISO, reagent originally proposed 

by L&he for the dekrmination of nitrate. The NaCl and HISOl 
necessary to effect a quantitative reaction are added separately to the 
sample and blanks, rather than being incorporated in the reagent. 
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Zusanunenfasstrng-Das ursprtinglich von Leithe zuc Nitratbestimmung 
vorgeschlagene FeSO,-NaCI-H,SO,-Reagenagens kann mit Erfolg durch 
eine stabilere Ldsung von FeSO, in HCI ersetzt werden. 

R&rtnC--Le rbctif FeSO!-NaCl-H,SO,, propose a I’origine par 
Leithe pour le dosage des nitrates, peut etre efficacement remplace par 
un reactif plus stable, FeSO, en HCI. 
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Applications de Is chelatometrie-XVI: * Emploi du complexe cuivrique de 
1’E.D.T.A. pour le dosage volumetrique du glucose 

(Recu le 19 Decembre 1964. Accept& le 26 Janvier 1965) 

L(EMPLOI des reactifs cuivriques est trb r6pandu pour le dosage des sucres reducteurs; recemment, 
plusieurs mtthodes chtlatometriques ont CtC suggerees pour le dosage du cuivre contenu, soit dans un 
exces de reactif apres reaction, soit dans le precipite d’oxyde cuivreux. 

Street’ est, a notre connaissance, le premier a avoir employ6 l’E.D.T.A. pour doser le cuivre II dans 
un reactif utilise en exces; le reactif etait de formule classique stabilid a l’acide tartrique; Knight et 
Allen* puis Roche,s reprennent successivement la meme technique; le dosage est pratique sans 
filtration en utihsant la murexide comme indicateur. Jlischke’ filtre le milieu reactionnel pour pouvoir 
conduire le dosage en tampon ammoniacal sans etre g&t par le cuivre I “soluble” dans ces conditions 
et facilement reoxydb par I’oxygene atmospherique. Ce pro&de est voisin de celui que nous avons 
indiqu6 pr&%demments mais nous operions alors en milieu tampon pyridine avec le violet de pyro- 
catChine comme indicateur. 

En 1954, Bultasova et Horakova,6 ont dtcrit une technique dans laquelle l’oxyde cuivreux, isole, 
etait repris par l’acide nitrique pour permettre son dosage volumetrique par 1’E.D.T.A. ; une methode 
semblable a et6 mise en oeuvre r&cemment par Tamura et Miyazaki;’ ces auteurs utilisent Cgalement 
un reactif cuivrique classique a I’acide tartrique. 

En 1953, cependant, l’etude des conditions de reduction par les sucres du complexe cuivrique de 
I’E.D.T.A. avait et6 faite par Reiner et Preiss, B d’une part, et par Wagreich et Harrow,O d’autre part. 
En 1957, DOSS”’ utilisait ce mactif, alcalinid par la soude, pour r&liser des dosages directs, I’indica- 
tion du point final &ant don& par le Bleu de Methylene. 

En 1954, Potterat et Eschmann” exposent une technique utilisant ce m&e complexe cuivrique, 
avec redissolution de I’oxyde cuivreux dans l’acide nitrique suivie d’une mesure volumetrique au 
moyen de l’E.D.T.A.; diverses applications sont dbrites ensuite par ces m&nes auteursl*-ls puis 
par Raymond,lL par Malkus et Fara lB e p t ar Rentschler et a/.‘@ Hadom et Biefe+ Ctudient l’influence 
des acides amines; Hadom et Sutersl examinent celle des dextrines et Kupferschmid** celle des pep- 
tides, peptones et proteines. Malkusss suggere une variante dans laquelle la murexide est remplacee 
par le Bleu de Glycine-Thymol. Hadom*’ compare la technique originale a celle de la “double 
polarisation” et a la methode de Luff-Schoorl;*6-s7 ap&s les avoir fait essayer toutes trois par 18 
laboratoires sur 8 Chantillons de chocolat, il conclut qu’elle est la plus fiddle des trois. 

Potterat et Eschmat&’ n’avaient pas manqu6 de remarquer qu’a chaque atome de cuivre precipite 
B P&at d’oxyde cuivreux correspondait tine molecule d’E.D.T.A. lib6r& et done dosable au moyen 
dune solution tit&e de sulfate de cuivre. 

Toutefois, ces auteurs s’btaient heurtds a plusieurs difficult& et avaient definitivement abandonn6 
cette voie. Lea difficult& ttaient dues a la presence d’impuretes mbtalhques, une couleur trop pro- 
non&e de la solution et un mauvais virage. 

Etant don& Pint&% pr&ente par un dosage dvitant la skparation et la reprise du prkcipitb, nous 
avons voulu essayer si, au moins dans le cas d’un sucre “prop&, cette voie ne pouvait pas &e 
exploitee. Apr&s precipitation, la mesure de la quantite d’E.D.T.A. lib&e a d’abord et6 tent&e au 
moyen d’un set de zinc ou de man 

!? 
n&e en milieu tamponnl par le chlorure d’ammonium et en 

presence de Zincon ou de Noir Erioc rome suivant Kianunen et Merikanto” ou Kinnunen et Wenner- 
strand,*@ mais l’incertitude du virage avec ces sels nous a fait revenir 8naIement au sulfate de cui~rr. 

* Article p&&dent: Tahta, 1962, 9, 97. 
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D’autre part, nous avons vite renonCe il l’addition de chlorure d’ammonium dont la presence amelio- 
rait le virage, mais occasion&t en “dissolvant” l’oxyde cuivreux une reoxydation tres rapide de 
celui-ci m&ne en op&ant sous une couche de paralIlne comme le conseille Peska.*O Comme indicateur, 
nous avons retenu la murexide qui a don& satisfaction a la plupart des auteurs et evite de modifier le 
pH de la solution apr6s reaction, Nous avons toutefois, observe que, si la concentration de 1 a 2 
mmoles par litre indiqu& par Schwarxenbach et Flaschka, I7 et rappel&z par Potterat et Eschmann,” 
pouvait Btre. port& a une concentration cinq B dix fois plus forte en milieu ammoniacal, elle devait, 
par contre, &re consid&e comme un maximum dans le milieu sodique dans lequel nous devions 
travailler. Une dilution importante. s’averant necessaire, nous avons resolu le probldme en effectuant 
la reduction dana une. fiole laug& de 100 ml qu’il suffit de completer ensuite avec de l’eau distill&z; un 
pr&vement de 20 ml addrtionr& d’eau avant titrage nous a permis de satisfaire les conditions de 
dilution et d’ob@nir u.n v’ 

?Ie 
tout g fait net; cette mar&e de faire presente, en outre, l’avantage 

d%liminer la presque totah 
virage. 

de l’oxyde cuivreux, cette elimination ajoutant encore a la qualitd du 

PARTIE EXPERIMENTALE 

R4actifcuirviquc 0,l hi: nous avons utilis6 le reactif d6crit par Eschmanni* mais, en raison de la 
m&hode mise en oeuvre, noua avons dG adopter un pro&de de preparation permettant d&carter tout 

\ 

m&me sulfate pour faire 100 ml; on p&eve exactement 5 ml sur les 200 ml de la premiere solution; 
on introduit cette prise d’essai dans une fiole avec 250 ml d’eau distillQ et un peu de murexide pre- 
par& comme indiqu6 plus loin; On place la solution de sulfate cuivrique 0,l M dans une burette de 
5 ou 10 ml grad& en 0,02 ml et fait couler cette solution goutte a goutte dans la fiole jusqu’au virage 
de la murexide. Le vohme de solution utilise, multiplie par 39, donne celui a ajouter dans les 195 ml 
de reactif restant; ceci fait, on complete le tout a 220 ml au moyen d’eau distill&e. 

Murexide: on sait que les solutions aqueuses de murexide ne sont que tr&s brievement utilisablesS1 
et que la solution alcoolique a 70” se decompose lentement ;I* nous avons choisi une solution a 0,15 % 
dans l’Cthyl&ne-glycol suivant les recommandations de Brunisholz et al. ;** on peut toutefois remplacer 
cette solution par un melange set avec le chlorure de sodiums4-*5 ou avec le sulfate de potassium.a6 

SuIfate cuivriqueO,Ol M: 2,5 g de sulfate cuivrique pentahydrate sont dissous dans l’eau distillee de 
facon a obtenir un litre de solution. Le titre de ce reactif est ttabli au moyen dune solution d’E.D.T.A 
disodique 0,Ol M en presence de murexide a un pH compris entre 8 et 10. Nous avons utilid un poids 
connu de magnesium pur “dissous” dans l’acide chlorhydrique pour Ctalonner la solution d’E.D.T.A. 
avec le Noir Eriochrome comme indicateur et en operant a un pH voisin de 10. 

Eau distiflee: nous avons employ6 une eau distillQ frafchement bouillie pour la preparation des 
solutions ci-dessus aussi bien que pour la mise en oeuvre de toutes les operations de la presente 
technique. 

Mode ophatoire 

Dans une fiole jaugee de 100 ml en verre Pyrex surmontQ d’un tube de verre servant de condenseur, 
placer quelques t&s petits fragments de verre ou de porcelaine et introduire 10 ml de r&ctif cuivrique 
mesun% exactement au moyen d’une pipette; ajouter 10 ml de la solution de glucose il doser mesures 
avec la m&e precision; placer la fiole dans un chauffe-ballon tlectrique et porter a deuce ebullition; 
maintenir celleci pendant 10 min puis ajouter 25 ml d’eau distill&z froide par le tube condenseur; 
mfroidir a temperature ambiante, retirer le tube condenseur et completer B 100 ml au moyen d’eau 
distilled; agiter pour homog6n6iser et laisser reposer pendant quelques minutes. 

D&s que l’oxyde cuivreux s’est dCpos6, ce qui a lieu t&s rapidement, p&lever exactement 20 ml du 
liquide sumageant au moyen dune pipette; les introduire dans une fiole d’Erlenmeyer de 250 ml; 
ajouter 80 a 100 ml d’eau distill& et une quantite de murexide juste suffisante pour obtenir une leg&e 
coloration viola&. 

Ajouter la solution de sulfate cuivrique, au moyen dune burette de 10 ml graduQ en 0,02 ml, 
jusqu’au virage de l’indicateur; ce virage est t&s brusque et parfaitement net; il a lieu du violact au 
vert plus ou moms jaun8tre en passant par une teinte gris8tre paraissant presque incolore lorsque 
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l’indieateur est peu abondant; nous avons choiai cette teinte intermediaim comme point final de 
dosage. La solution de sulfate cuivrique n’&ant jamais exactemcnt centimolaire, ii nous a paru plus 
commode d’exprimer les mesutw en nombre de millimoles d’E.D.T.A. lib&6 plutot qu’en volume de 
reactif utilist; ce nombre est calcul6 au moyen de la formule ci-dessous: 

E=VXN’XS 

V = nombre de Elliot de solution de sulfate cuivrique utilld, N’ = molarite exacte de oette 
solution. 

La technique a Cte experiment&s sue des poids de glucose compris entre 5 et 25.mg; les resultat- 
obtenus correspondent, avec des diff&ences minimes, aux valeurs indiq&s par le tableau d’Eschs 
mann.” Ce tableau peut servir au calcul du nombre de mg de glucose p&em dans ies 10 ml de 
solution essay&e; nous avons remarque, toutefois, que ce nombre pouvait dtre calcule, pour les poids 
compris entm 5 et 25 mg que nous avons essay&, au moyen d’une seule formule que nous donnons 
ci-apr&s : 

Seraincourt 
Seine et Oise 
France 

P = E(5,75E t 36,l) + 0,26. 
CLAUDE HENNA&T 

R&sum&-I.e 
auantite d’E. b 

htcose peut &re dose par chelatometrie en mesurant la 
.T.A. hbtrt de son comolexe cuivriaue am-&s tiduction 

du cuivre II en oxyde cuivreux; la &sure est f&e, &IS filtration, 
au moyen d’une solution tit& de sulfate cuivrique en prtsence de 
murexide. 

Summary-Glucose can be determined chelatometrically by measuring 
the amount of EDTA liberated from its conner(II) comnlex after 
reduction of copper(H) to copper(I) oxide. T& EDTA is &umred, 
without flhration, by titration with a standard solution of copper(H) 
sulphate using Mumxide as indicator. 

Zusamme&ssung-Glucose kann chelatometrisch bestimmt werden 
durch Messung der EDTA-Menge, die aus ihrem Kupfer(II)-Kom- 
plex frei wird, wenn Kupfer(I1) zu Kupfer (I>oxyd reduxiert ist. 
Die EDTA wird ohne. Filtration durch Titration mit eingestellter 
Kupfer(II)-sulfatl6sung und Murexid ‘als Iudikator bestimmt. 
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LETTERS TO THE EDITOR 

SIR, 

Determination of sulphate with barium cbloranilate 

A recent paper by Agterdenbos and Martiniusr leaves the impression with the reader that the 
widely used s~trophoto~tric method for determining sulphate with barium chloranilate is of 
limited usefumess. The conclusions drawn by these authors were based on a mathematical treatment 
of the equilibria existing in solutions containing extremely small amounts of sulphate. The absorbance- 
concentration relationship for the reaction: 

barium chloranilate + sulphate -+ acid chloranilate + barium sulphate 
becomes non-linear at low concentrations of sulphate because of the solubility of the barium salts and 
the dissociation of the acid, and because of the changes in the ionic strength. 

These problems were considered by the developers of the method, and they were discussed in a 
paper pre&rted at tfK: Pittsburgh Conference on Ahalytical Chemistry and Apphed Spectroscopy in 
March 1957.’ Because the deviations from linear&v were caused bv easilv understood ~~tion~ins 
discussed in elementary textbooks of physical chemistry, this d&us&n was omitted from the 
publication.a 

Examination of the equations presented by Agterdenbos and Martinius reveals that the deviations 
from linearity caused by solubility and 

7 
uilibria relationships are sign&ant only below about 

0.2 &ml (@2 ppm) of sulphate if 4-cm ce 1s 
used l-cm cells. 

are used, or below O-05 ppm in the more commonly 

method is used. 
This concentration is well below the range of sulphate concentrations for which the 
However, Fig. 2 of their paper clearly shows that the method can be used at a concen- 

tration of 0.2 pg/ml in 4-cm cells. 
The results in Table IV of the paper purport to show the effect of the ionic strength on the error 

obtained in the m~su~ment of absorbance. However, no direct relationship between ionic strength 
and the magnitude of the error can be obtained from the results in this table, other than the welt- 
known positive error at high ionic strengths. Furthermore, the spread in the experimental values in 
Fig. 2 suggests that the error of one of the authors’ single measurements may be as high as &@04 
absorbance unit. 

Several criticisms may be offered about the authors’ experimental results and their theoretical 
treatment. The method used by them to prepare barium chloranilate (Le., by adding an excess of 
chloranilic acid to barium chloride solution) will surely produce a compound which is contaminated 
with chloranilic acid, so that high, inconsistent blanks will be obtained. They also gave no reason 
for using urotropine as a buffer rather than the highly satisfactory acetic acid-sodium acetate 
mixture.* Furthermore, the absorbance of blank solutions of barium chloranilate was not given 
by the authors. All of the commerical and experimental samples of barium chloranilate examined by 
the developers of the method gave absorbancea of at least 0.6 in l-cm cells at pH 45 at 332 ml&. 
Because absorbance of the blank increases as the pH increases, the blank solutions studied by the 
authors in 44x11 cells must have had extremely high absorbances. 

The authors infer that previous workers have assumed that the calibration curve passes through 
the origin. Careful examination of Fig. 1 of reference 4 and the slides presented in reference 3 
reveals that the developers of the method did not represent the calibration curve in this manner. 
Also, the authors have incorrectly neglected the contribution of the acid chloranilate ion to the total 
absorbance of the solution. 

In conciusion, the authors have correctly described some obvious but trivial limi~tions of the 
s~~phot~t~c method for determining sutphate with barium chloranilate These limitations 
should be apparent to chemists familiar with chemical equilibrium theory. 
for other exchange reactions used in analytical chemistry. 

They may be important 
The spectrophotometric method for 

sulphate is useful for most systems, and the calibration curve is linear in the practical range of 
absorbance. 

J. E. BARNEY, II 
Midwest Research Institute 
425 Volker Boulevard 
Kbmzs C&y, Missouri, U.S.A. 
16 Uctobcr 1964 
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SIR, 
When we saw Dr, Barney’s letter* we were appmciative.that he, who should be a specialist in 

this respect because he was the Arst investigator who applied barium chloranilate to the determination 
of small amounts of sulphate, had read our paper” and given some comments on our work. After 
we had read his letter, however, it seemed useful for us to reply to his comments.- 

I. 

2. 

3. 

4. 

5. 

6. 

Dr. Barney suggests that the results of our calculations are so seIf-evident that it is unnecessary 
to publish them. We cannot agree with this view. Of course, qualitatively, they are selfuvident. 
but they are so in many analytical determinations where equilibria play an important role. For- 
tunately, however, the magnitude of the effect is not large enough in many cases to cause a sig- 
nificant change of the calibration curve from linearity and signiticant influence of ionic strength on 
the curve. In the problem we studied, the magnitude of the deviations proved to be sufficiently large 
to be discussed quantitatively. We believe that our calculations give a good insight into the scope 
and limitations of the method. We are afraid that some error is involved in Dr. Barney’s state- 
ment that some figures from his references 3 and 4 give information on the calibration curves he 
obtained. We regret that we could not Snd any information of the ~su~~~t~~fe~~. 
(~nfo~~ately no report was available of the lecture. From the footnote to his paper in reference 
3 and from our reference I in this letter we conclude, however7 that his reference 3 should be 
regarded largely as a written report of this lecture,) 
Dr. Barney’s conclusions on the error made in the determination of the blank values in OUT Table 
IV are not well founded for at least two reasons. Firstly, he makes his conclwions from the values 
found in our Fig. 2. However, the experiments made to obtain the values in this figure were 
much more com$cated than those used to obtain the vales of Table IV. Secondly, the value of 
@oil he gives for the error in the absorbance is rather pessimistic. Our Fig. 2 clearly shows that 
the range found at the highest concentration level is about O-05 or O@i extinction unit, obtained 
from 6 or 7 determinations. This gives a most probable value of about 0.02 for the value of the 
standard deviation. An error of O-04 may. of courses be found, but it may be expected only in 
a few cases? even in the more ~rn~~~x~~~. 
We cannot agree with Dr. Barney% conclusions on the preparation of the 
we did not obtain satisfactory results when it was prepared according to 
(with a large excess of barium) may arise from slight differences in the preparation procedure. 
*Without further experimental evidence, however, we*cannot see that our procedure (using a 
smalf excess of chloranilate) should surely give rise to less satisfactory results than Dr. Barney’s 
procedure, because an excess of barium may give inconsistently low results, In fact, our investi- 
gation included a large variation in the amount of reagent used for determination of the blank, 
No influence of such a variation on the blank value was found and it was, therefore, concluded 
that the contamination of our reagent was not important. 
Dr. Barney% conclusions on the value of our blanks are badly founded by his comparison with his 
own valm because we clearlv showed the influence of alcohol co~tration and ionic strength 
and both were quite different $ his and in our experlmems. In fact, our value was about O-88 in 
a 4-cm cell. which seems favourable when comnard with his value of at least 0.6 in a l-cm cell! 
Regarding the use of urotropine, we prefer t& use of this buffer to acetate because it may be 
assumed that under our experimental conditions it has a lower ionic strength at the same buffering 
capacity. 
From the values we cited for the dissociation constants of chloranilic acid in water (pKt = O-85, 
pK* = 3.18}, it follows that no signit%ant contribution of the acid chloranilate may be ex ed 
in this solvent at about H 5-2, It is diiBcult to predict the apparent pH required to 

/p 
uh!? f this 

condition in about 70”, alcohol, but the fact that a small change in apparent pH did not 
intktence the value of E {page 881 of our paper) makes it probable that no signit%cant amount Of 
acid chloranilate were present in our experiments, 
Dr. Barney suggests that the results of our Table IV should show the effect of ionic strength on 
the error. However, it should be clear from both this table and page 882 that it only gives the 
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/p 
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relationship between ionic 
experiment agree well, and 

strength and extinction. The values given indicate that rlbory and 
Table IV on page 881 gives the informatjon which Dr. Barney wishes 

for some practical conditions! 
7. We do not believe that in practice the problem of the determination of small amounts~ofeulphate 

is restricted to samples with low and well known ionic composition. 
with his conclusion on the usefulness of the method. 

We cannot, the&are, agree 
In samples with favourable. ioniccsmposition, 

however, the method is useful (as we said on page 884 of our paper). 
Analytisch Chemisch Laboratorium 
der Rijksuniversiteit te Utrecht J. AGTERDENBOS 

Croesestraat 77a N. MAR~INIUS 
Utrecht, Netherlands. 
15 January 1965 
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Concerniug a certain international expeiiment 

SIR, 

In a paper by Cook et al., which appeared in this journal,’ results were given of an international 
comparison of analytical methods, designed to show the accuracy and precision of some techniques 
of routine trace analysis for nuclear materials. This interesting and, in its way, original work was 
arranged in order to compare the analytical results of some relatively common materials (aqueous 
solutions containing the nitrate salts of copper, chromium, manganese and mercury), obtained by 
four different methods in nine representative laboratories in various countries. The extensive and 
important material accumulated during the investigation has been subjected by the authors to an 
elementary statistical treatment :* in particular, mean values were calculated, also standard deviations 
and confidence limits of single determinations and of the average results; 
in the paper as tables and figures. 

all this data was presented 
The reduced data shows clearly that some of the methods compared 

are preferable from the point of view of precision and accuracy. In this way, the importance of the 
work carried out by the co-operation of international research workers is obvious and has been 
pointed out more than oncea~4 in reviews. 

However, in our opinion, the method chosen by the authorsi of presenting the results of the re- 
search is not the best, because the points of many important conclusions of the work are not made or 
remain obscure. It is necessary to point out separate1 
lated by the international researches (551 results in K 

that the vast experimental material accumu- 
al ) could serve as a source of far greater extent 

and variety of information (or international interest!), than the information which the reader can 
find in the paper in question. In particular, it does not seem to be quite correct to incorporate results 
(for their subsequent statistical treatment), some of which may-possibly not appertain to the same 
population. Bestdes, when dealing with samples of analysed results of dtfferent sixes (a) and different 
origins, it seems that for the sake of clarity the values of standards (s) should be given rather than 
confidence limits (Is), etc. 

Most probably in the treatment of such statistical material a multifactor analysis of variance 
would be very useful.‘-i* Such mathematical treatment would allow the clear revelation of errors of 
repeatability and reproducibility, as well as errors which are inherent in the different methods within 
the same technique, etc. Also, it would be useful to clear up these questions whether theaccumulated 
results are submitted to the law of normal distribution, or whether they are to fulfil some other 
statistical procedure for “ 

?ar Undoubtedly, it would 
ueexing out” the maximum information from the results. 

dly be possible for each reader to present his own “account” to the 
authors and to satisfy all claims of this type. That is why we should not judge the authors severely 
and this is not the purpose of our letter. Slips are almost inevitable in any new matter, and to criticise 
is always somewhat easier than to do the job. 

We consider it expedient that the authors of the article refer to the accumulated material once 
more and publish it in this journal as tables of all (without exception) initial numerical data. This 
would allow the specialist, assessing different methods of statistical treatment of experimental 
results and having different mterests, to treat the material according to hi own judgement--lege 
artis-and to extract for himself the maximum use of the information. We clearly mcognise that 
these deliberations am rather late, but nevertheless “Better late than never!” Brietly: Numerus 
fundamentum rei publicae. 
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with his conclusion on the usefulness of the method. 

We cannot, the&are, agree 
In samples with favourable. ioniccsmposition, 

however, the method is useful (as we said on page 884 of our paper). 
Analytisch Chemisch Laboratorium 
der Rijksuniversiteit te Utrecht J. AGTERDENBOS 

Croesestraat 77a N. MAR~INIUS 
Utrecht, Netherlands. 
15 January 1965 
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Concerniug a certain international expeiiment 

SIR, 

In a paper by Cook et al., which appeared in this journal,’ results were given of an international 
comparison of analytical methods, designed to show the accuracy and precision of some techniques 
of routine trace analysis for nuclear materials. This interesting and, in its way, original work was 
arranged in order to compare the analytical results of some relatively common materials (aqueous 
solutions containing the nitrate salts of copper, chromium, manganese and mercury), obtained by 
four different methods in nine representative laboratories in various countries. The extensive and 
important material accumulated during the investigation has been subjected by the authors to an 
elementary statistical treatment :* in particular, mean values were calculated, also standard deviations 
and confidence limits of single determinations and of the average results; 
in the paper as tables and figures. 

all this data was presented 
The reduced data shows clearly that some of the methods compared 

are preferable from the point of view of precision and accuracy. In this way, the importance of the 
work carried out by the co-operation of international research workers is obvious and has been 
pointed out more than oncea~4 in reviews. 

However, in our opinion, the method chosen by the authorsi of presenting the results of the re- 
search is not the best, because the points of many important conclusions of the work are not made or 
remain obscure. It is necessary to point out separate1 
lated by the international researches (551 results in K 

that the vast experimental material accumu- 
al ) could serve as a source of far greater extent 

and variety of information (or international interest!), than the information which the reader can 
find in the paper in question. In particular, it does not seem to be quite correct to incorporate results 
(for their subsequent statistical treatment), some of which may-possibly not appertain to the same 
population. Bestdes, when dealing with samples of analysed results of dtfferent sixes (a) and different 
origins, it seems that for the sake of clarity the values of standards (s) should be given rather than 
confidence limits (Is), etc. 

Most probably in the treatment of such statistical material a multifactor analysis of variance 
would be very useful.‘-i* Such mathematical treatment would allow the clear revelation of errors of 
repeatability and reproducibility, as well as errors which are inherent in the different methods within 
the same technique, etc. Also, it would be useful to clear up these questions whether theaccumulated 
results are submitted to the law of normal distribution, or whether they are to fulfil some other 
statistical procedure for “ 

?ar Undoubtedly, it would 
ueexing out” the maximum information from the results. 

dly be possible for each reader to present his own “account” to the 
authors and to satisfy all claims of this type. That is why we should not judge the authors severely 
and this is not the purpose of our letter. Slips are almost inevitable in any new matter, and to criticise 
is always somewhat easier than to do the job. 

We consider it expedient that the authors of the article refer to the accumulated material once 
more and publish it in this journal as tables of all (without exception) initial numerical data. This 
would allow the specialist, assessing different methods of statistical treatment of experimental 
results and having different mterests, to treat the material according to hi own judgement--lege 
artis-and to extract for himself the maximum use of the information. We clearly mcognise that 
these deliberations am rather late, but nevertheless “Better late than never!” Brietly: Numerus 
fundamentum rei publicae. 
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SIR, 
The letter of Drs. Blank and Geitz raises, apart from specific points related to our paper, a very 

general problem of science today, and that is the ever increasing number of scientific papers submitted 
for publication each year. Editors of journals, faced with this problem, exercise the right to reduce 
the length of a submission, if, in their opinion, unnecessary or unsuitable material is included. In 
our case, the preliminary report which included all results was considered by the Editor-in-Chief, 
who, however, preferred not to publish individual values which made up laboratory averages. We 
did not press thus point further because we believe that it is normal scientific practice for an interested 
worker to apply to authors of published papers for further clarification or additional data, which is 
normally freely given. In fact, as we knew that further statistical data could be derived from the 
collected results, we anticipated that such requests might be made; we were. and still are ver 
to suppl 

x 
& 

willing 
all the data (except the identification of the individual laboratories) to anyone WI mg it.* 

On e specific points raised by Drs. Blank and Geitz we comment as follows. 

1. The statistical treatment given in the paper was considered by us to be sufficient for our 
purposes, which was to obtain an estimate, in a comparatively simple analytical situation, of the 
relative value of the techniques as they are normally performed in a routine laboratory. It was hoped 
that the information obtained on these general aspects would be useful to analytical chemists in 
their everyday work and we believe this was so. 

2. We are aware. that the application of more elaborate statistical techniques might reveal other 
properties of the data, but we decided to limit the treatment to aspects which we considered of more 
general interest to the chemical profession and which could be put into a paper of reasonable length. 
Multifactor variance analysis, for instance, would have permitted the isolation of different causes of 
divergence in results among laboratories and perhaps to rate them according to some quality cri- 
terium, but this was not the purpose of the work. Moreover, we felt that tbe quite Iar 

u!e 
assortment 

of methods, elements, laboratories, operators, standards and other conditions wo d cause such 
analysis to be. of doubtful 

d 
neral chemical value. 

3. The use of ts instea of s in our expressions for the mean values allowed all data of different 
origin to be put on the same footing, considering that some of the means were derived from sets 
containing only 2 or 3 results, against the average of 5. It is obvious that ts contains not only the 
information on precision 
assigned a weight to the t! 

iven by s but also the intrinsic quality of this information. We could have 
ifferent sets, but we thought that the use of ts gave a more objective basis. 
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4. It should also be pointed out that no results were rejected, although we believed that systematic 
errors were included. In this respect our assumption was that the random distribution of systematic 
errors could be treated mathematically as if it were a proper distribution of random errors because 
the causes of these biases were not known. 

5. Finally, we wish to point out that our treatment is only one of those possible and claim in its 
favour only that it filled our needs at the time of writing and that its results were not of merely math- 
ematical interest but proved to be useful to chemists working in the field. 

G. B. COOK* 
International Atomic Energy Agency M. B. A. CRpsPrt 
Seibersdorf Laboratory, Seibersdorf J. MINCZEWSKI~ 
Niederiisterreich, Austria. 
15 February 1965 

* Please apply to G. B. Cook at address shown. 
TIPresent address: Comision National de Energia Atomica, Buenos Aires, Argentina. 
S-Present address: Institute of Nuclear Research, Warsaw, Poland. 



GENERAL OBSERVATIU~S* 

V. SvoBoDA and V, Crmur& 
Institute of Pure Chemicals, Bmo, Czechoslovakia 

(Rece&?t& 7 July I964* Acce~&& 4 &?nuar)t 1965) 

~~~-~I~~ afkafine sohztions of X ten01 Orange are de- 
colourised by the addition of cationic long-c !la. m quaternary salts. 
A defbtite minimal ratio of the detergent to the indicator is necessary to 
bring about the fu’ufl decoIourising effect. The formation of micelfar 
algal is supposed. In these one dye m&c&c is surrounded by at 
least five molecules of ~y~pyri~~~ bromide and six moiecutes of 
cetyltrimethylammanium bromide, respectively. According to ab- 
sorption spectra, the electronic structure of the Xylenol Orange in this 
state is that normally found at pH 6.4. Xybnol Orange, bounded in 
these a~gat~, is capabIe of forming coloured compIexes with a 
number of cations over a wider pS range than usual. Some ions, 
such as calcium and magnesium, not usually determined compiexo- 
metrically with Xylenol Orange as an indicator may be successfully 
titrated using the modified indicator. 

IT has bsen. known for more than forty years that acid-base indicators have altered 
their colour in the presence of micelle-forming detergents.Q This phenomenon, 
which takes place near the critical micelle concentration, has been explained by the 
preferential adsorption of one diss~i~ti~n form of the indicator onto the detergent 
micelles, with the consequent disp~~ment of the acid-base equilibrium in favour 
of this form.3 Studying the effects of anionic, cationic and non-ionic detergents on 
a large number of dyes, Hartleya has found that the greatest colour change occurs 
when the charge on the detergent micelles is opposite to that of the indicator ions. 
In agreement with this “sign rule”, the most marked effect has been observed for 
the interaction between an indicator with several charge points and an oppositely 
charged micelle. * However, for simple acid-base indicators, which exist in the appro- 
priate pH-ranges at most as bi- or tervalent ions, the largest effect alters the apparent 
pKa by about 1-S units. ~et~loc~romic indicators of the complexan-type are 
in aqueous solutions present, depending on the pH, as anions whose charge may 
vary from one to six .s*8 Because of the relatively high charge within certain p&ranges, 
an extremely large colour effect could be expected from the interaction of these dyes 
and cation-active detergents .4 Preliminary experiments, carried out with Xylenoi 
Orange and cetylpyridinium bromide (CPB) and cetyltrimethylammonium bromide 
(CTAB), respectively~ have confirmed this assumption. The addition of relatively 
small amounts of the above mentioned quaternary salts to the deeply coloured solutions 
of Xylenol Orange at pII 10-l 1 causes a marked coiour change corresponding to a 
shift in pH of about 4 units towards the acid region, The addition of some cations 

l Present& in part before the Section of Analytical Chemistry at the XXth Meeting of the 
CzechosIovak CheticaI Society, iiiina, July, f%3. 
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to this “decolourised” solution of Xyfenol Orange rest&s in the formation of intensely 
coloured(bright red to pure blue) complexes. Other complexan-type indicators behave 
in a similar manner. 

This paper presents a more detailed study, undertaken in order to establish some 
general conditions of this phenomenon and to assess the analytical worth of the 
reaction. Xylenol Orange has been used as a model indicator. 

EXPERIMENTAL 

AIt chemicals used throughout ibis work were of reagent grade purity. 
Xy&& Orange. A IO-$M standard solution was prepa& by dissdving the cakulated amount 

of the indicator (Lachema, Czechoslovakia) in redistilled water. This solution was prepared daily 
because of its low stability.? The working solutions were prepared by appropriate dilution of this 
stock solution. 

Cety~y~idini~m bromide and cety~frimet~ylummo~i~m bromide. Commercial products (Laebema) 
were used in the form of a O+OlM solution in 20% methanol (v/v). The solutions were standard&d 
by argentometric determination of the bromide ion content. 

&$e SU&&&S_ Ammonia~~~~um chloride buffer of pN 10-5 and a series of Sijrensen’s 
buffer solutions were used. 

0.05h-f EDTA and O.OIM metal solutions were prepared in the usual manner from appropriate 
salts. 

Apparatus 

Spectrophotometer. All absorbance measurements were made with either a spectrophotometer 
SF-4 (U.S.S.R.) using matched silica ceils of XI-mm light-path, or a Pulfricb photometer (C. Zeiss, 
Jena, DDR) with S-mm cells. 

pH meter. pW. values were determined with a glass electrode and a pIGmeter Acidimetr AK 
(Kovodruistvo, Prague, Czechoslovakia). 

Absorption spectra 
RESLJLTS 

The absorption spectra of the alkaline Xylenol Orange solutions show a charac- 
teristic absorption maximum at 580 my. After the addition of CPB (or CTAE), 
this maximum decreases, whilst a second absorption peak appears at 440 m,u. 
Visually, this change represents a djscolouration of the original purple-red solution 
to pale greyish-pink, or in more dilute solutions to almost coiourless. 

Fig. 1 shows the absorption spectra of a solution of Xylenol Orange at pH lo*5 
and on the same solution in the presence of CPB; to both solutions 2 drops of a 
0~05M EDTA solution have been added in order to avoid interference from any 
cations. Except for a small bathochromic shift of the absorption band at 580 mp, 
the second curve agrees welt with the dissociation form of Xylenol Orange at pH 64.” 

The change of the absorption spectrum of Xylenol Orange occurs gradually, de- 
pending on the amount of quaternary salt added. In Fig. 2, the absorbance of 
Xylenof Orange at 580 rnic is plotted against the concentration of CPB and CTAB, 
respectively. All the curves obtained have three sections; the first, short horizontal 
section is caused by the influence of mineral salts added in the form of buffer solution; 
the second, descending section, represents the successive effect of the detergent on 
the indicator up to the point at which the additional increase of the quaternary 
salt concentratian does not further diminish the absorbance of the dye. 

It may be inferred from these curves that this point and hence the full decolourising 
effect is reached at the minimal ratio of the detergent to Xylenol Orange of 4.94 in the 
case of CPB and 5-96 for CTAB. When this ratio has been exceeded, the absorbance 
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of Xylenoi Orange remains unaltered even when an excess of several orders of mag- 
nitude of quatemary salts has been added. 

It may also be noted that short-chain quaternary salts, such as tetramethyl- 
ammonium bromide, do not affect the absorption spectra of Xylenol Orange. 

I I 

400 500 600 700 

Wovelengfh, rnp 

FIG. 1 .-Absorption spectra of Xylend Orange:-2.0 x 10-5M X0 at pH 10.5 (3); 
at pH 6.4 (5); at pH 10.5 with 5.0 x lO+M CPB (6); and excess of Ca (1); Zn (2) 

and Mn (4). 

E$ect of mineral salts 

The presence of higher amounts of mineral saIts disturbs the effect of the cationic 
detergents on the absorption spectra of Xylenol Orange. This negative intluence 
may be seen in Fig. 2 where the length of the first horizontal branches of the curves 
is proportional to the amount of buffer solution added. Quantitatively, this effect is 
shown in Fig. 3, where the absorbance of the “decoloured” indicator solutions 
is plotted against the concentration of alkaline nitrates, chlorides and ammonium 
sulphate. The rate of increase in the absorbance caused by these salts depends 
mainly on the nature of the inorganic anion, the most marked one being brought about 
by the addition of nitrates. The individual cations, sodium, potassium and am- 
monium ion, have less effect on the absorption spectra of the dye. In the case of 
nitrates, the differences in the action of particular cations are virtually negligible. 
However, on addition of larger amounts of nitrates, a salting-out effect has been 
noticed; with the alkaline nitrates, whose concentrations exceed @2M, a reddish 
flocculant precipitate has been separated. 

All these effects could be observed in the presence of long-chain quaternary 
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I I I I I 
0 1 2 3 4 

Detergent concentration, M.1Ci4 

FIG. 2.-Effect of detergents absorbance of X0 solutions at 580 rnp in the presence of 
CPB:-conc. X0 = 5.4 X 10-sM(l); 4.1 x 10W5M (2); 3.0 x 10-6M (3) and 2.1 x 
lO+M(4); in the presence of CTAB:--conc. X0 = 4.1 x 10-sM(5); 2.1 x lo-“M 
(6); 4.1 x 10-5M X0 with tetramethylammonium bromide (7); pH of all solutions 

10.5. 
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FIG. 3.-Effect of mineral salts-absorbance of X0 at pH 10.5, 580 mp, cont. of X0 
4.1 x 10-SM with 5 x 10-W CPB:-Effect of NH,NO* (1); NaNO, (2); KNO, (3); 
NH&l (4); NaCl(5); KC1 (6); (NHJ$O, (7); 4.1 x 1O-6M X0 at pH 6.4 without 

CPB, with NH&NO3 (8) and NH&l (9). 
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salts only. Xylenol Orange, when alone at pH 6.4, shows at high concentrations 
of ammonium nitrate and ammonium chloride, only a slight decrease in absorbance 
associated with the normal “salt error” of acid-base indicator. 

Complex jiirmation 

Xylenol Orange decolourised by the cationic detergent forms, in an alkaline 
medium, with numerous metal cations deep-coloured, water-soluble complexes. From 
the analytical viewpoint, the complexes of Ca(II), Ba(II), Sr(II), Mg(II), Cd(H), 
Zn(II), Ni(II), Co(H), Mn(I1) and La(II1) are the most interesting. The colours of 
most of these complexes range from bright red to bluish violet, whilst the complex of 
tervalent lanthanum is pure blue. Absorption spectra of the complexes with Ca(II), 
Zn(T1) and Mn(I1) are shown in Fig. 1. 

The addition of EDTA to the solutions of these complexes brings about a de- 
colouration to the original pale-pink colour. This colour change is ins~n~neous 
and sharp with the complexes of Ca(II), Ba(II), Mg(II), Cu(II), C!d(II), Zn(I1) and 
Mn(lI), but the complexes of Sr(II), Ni(II), Co(H), La(U) and other cations react 
slowly. 

These complexes do not diffuse through a cellophane membrane into another de- 
tergent solution, whereas Xylenol Orange and its complexes in the absence of cationic 
detergents do. 

Effect of temperature 

No change in the absorbance of Xylenol Orange solutions in the presence of 
detergent could be observed in the temperature range from 20” to 60”. 

DISCUSSION 

All our attempts to isolate a product from the interaction of Xylenol Orange 
and detergent failed; the product is very soluble in water, and from the concentrated 
solutions, a mixture of detergent crystals and amorphous dye particles was always 
isolated, This mixture gave the individual components when washed out with an 
appropriate solvent. These results indicate that the interaction product exists in 
aqueous solutions as micellar aggregates. 

The fact that the formation of micellar aggregates occurs at lower detergent 
concentrations than the critical micelle concentration (estimated in pure solutions 
by various methods) does not disagree with this supposition. It is well known that 
in the presence of an appropriate dye, the induced micelle formation occurs even 
with concentrations at which the detergent alone does not form micelles.* 

From the experiments carried out it is not evident which of the groups of the 
indicator are involved in the bond with the detergent. However, the change in 
absorption spectra of Xylenol Orange, on addition of the detergent, suggests that 
the bond must involve the phenolic group .s Further, because the absorption spectra 
of the aggregates and that of free Xylenol Orange at pH 6.4 are identical, a similar 
resonance structure of the indicator may be assumed in both instances. The metal 
ion is able to react with the indicator which, however, still remains involved in the 
micellar aggregates, as evidenced by its inability to pass through cellophane mem- 
branes. 

High concentrations of mineral salts prevent the formation of dye-detergent 
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micelles. This is probably caused by the inorganic anion displacing the dye as a 
counter-ion. 

Although the theory is incomplete, the practical consequences in analytical 
chemistry are of some interest. The complexan-type metallochromic indicators of 
the sulphonphthalein series, which are superior because of their excellent colour pro- 
perties, have had no previous application in an alkaline medium. The use of a suitable 
cationic detergent enables these indicators to be used over practically the whole 
pH range. This fact may be exploited in the field of complexometric titrations as 
well as in the spectrophotometric analysis of some metal cations. Both these pos- 
sibilities are the subject of further detailed studies. 

Acknowledgmenr-The authors wish to express their thanks to Mr. J. Kiirbl (Biochemical and 
Pharmaceutical Research Institute, Prague, Czechoslovakia) for his helpful discussion of this work. 

Zusammenfassun8-Purpurrot gefgrbte alkalische Lbsungen von 
Xylenolorange werden durch den Zusatz von kationaktiven langket- 
tigen quatemlren Salzen entfiirbt. Ein bastimmtes Grenzverhiililtnis 
des ober!%chenaktiven Mittels zum Indikator ist erforderlich urn 
den Entfarbungseffekt voll zur Geltuny: zu bringen. Es wird die 
Bildung von mizellenartigen Aggregate5 voraus&setzt. In diesen 
Aggregaten ist iedes Farbstoffmolekiil mit mindestens fiinf Molekiilen 
Czylpyridiniu&bromid, beziehungsweise mit sechs Molekiilen Cetyl- 
trimethylammoniumbromid umgeben. Absorptionsspektren zeigen, 
dass die Elektronenstruktur von Xylenolorange in diesem Zustand der 
iiblichen, bei pH 6,4 vorgefundenen Struktur entspricht. Xylenol- 
orange in der Form solcher Aggregate besitzt die FLhigkeit gefsrbte 
Komplexe mit gewissen Kationen in einem breiteren pH-Bereich zu 
bilden als in d& normalen Form. Einige Ionen, wie’ zum Beispiel 
Kalzium und Mamesium. welche eewiihnlich nicht mit Xvlenol- 
orange als Indikabr bestimmt werd&, kcnnen, erfolgreich mi’t Hilfe 
des modifizierten Indikators titriert werden. 

R&sum&-Les solutions alcalines rouge-pourpre de Xyl&ol Orangk 
sont d&color&s par l’addition de.sels quatemaires cationiques & longue 
chaine. Un rapport minimal d&ini entre le d&ergent et l’indicateur 
est n&essaire pour apporter l’effet dkolorant total. On suppose la 
formation d’agrkgats micellaires. Dans ces agrkgats, une molkule de 
colorant est entour&. par au moins cinq mol&.des de bromure de 
c&ylpyridinium et six mol&ules de bromure de c&yltrim&hylam- 
monium, respectivement. Selon les spectres d’absorption, la structure 
6lectronique du Xylenol Orange dans cet &at est celle que l’on trouve 
normalement B pH 6,4. Le XylCnol Orangb, 1% dans ces agrbgats, est 
capable de former des complexes color&s avec un certain nombre de 
cations dans un domaine de pH plus grand que d’ordinaire. Quelques 
ions, comme le calcium et le magnesium, que l’on ne dose pas habituel- 
lement avec le Xyl&ol Orange comme indicateur, peuvent etre dods 
aver suc&s en employant l’indicateur modifit. 
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REACTIONS OF METALLOCHROMIC INDICATORS 
ON MLCELLES-IIt 

APPLICATION OF XYLENOL ORANGE TO 
CHELATOMETRIC TITRATIONS IN AN ALKALINE MEDIUM* 

V. CHRO& and V. SVOBODA 
Institute of Pure Chemicals, Bmo, Czechoslovakia 

(Received 7 July 1964. Accepted 5 January 1965) 

Suxumsry-Xylen& Orange in the presence of ~tylpyridinium bromide 
has been applied as a metallochromic indicator for the complexometric 
determination of some metal cations in an alkaline medium, Precise 
successive determinations of some pairs of metals in the same solution 
are possible. 

IN the introductory communi~tio~ of this series,l the behaviour of alkaline Xylenol 
Orange solutions in the presence of micelle-forming cationic detergents has been 
described. From the analytical point of view, the most interesting property of 
the aggregates formed is their ability to form coloured complexes with various 
cations. Some of them react practically instantaneously with EDTA solution, so 
that their successful application in ~omplexometric titrations could be expected. 
In preliminary experiments, among the metals forming sufficiently stable complexes 
with EDTA in the alkaline region, the most promising results have been obtained in 
the titration of calcium(II), magnesium(Ii), cadmium(II), zinc(H) and manganese(I1). 
The extension of the working range of Xylenol Orange to alkaline solutions allows 
the successive determination of some pairs of metals in the same solution. The 
results of such determinations are presented in this paper. 

Reagents 
EXPERIMENTAL 

EDTA. NJ25 and 0.05M solutions were prepared from disodium ethylenediaminetetra-ac&ate 
(Chelaton 3, Lachema, Czechoslovakia) and standard&d in the usual manner. 

Metal ions. 0.025M solutions of calcium, magnesium, cadmium, zinc lead and manganese were 
prepared from appropriate salts and standardised by means of conventional EDTA titrations. 

Buffers. Ammoniacal buffer solution of pH 10.5 and solid hexamethylenetetramine were used for 
pH adjustment. 

Indicufor. Xylenol Orange was used as a 1: 100 solid mixture finely ground with potassium 
chloride. 

Cetylpyridinium bromide. Used in the form of a saturated solution in 20% aqueous methanoi. 
Nitric acid. 10 % Aqueous solution. 
All chemicals used in this work were of reagent-grade purity. 

Procedure 

Determination of single metal ions. Dilute the sample solution to 100 ml, and add 10 ml of pH 10-5 
buffer solution followed by 1 ml of detergent solution and Xylenol Orange mixture. Titrate with 
EDTA to the end-point colour change. 

t Part I: see reference 1. 
* Presented in part before the Section of Analytical Chemistry at the XXth Meeting of the 

Czechoslovak Chemical Society, glina, July, 1963. 
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Determination of pairs of metal ions. The metal ion pairs are selected so that one ion may be 
titrated in acid and the other in alkaline solution. Acidify the solution to be titrated with a few drops 
of nitric acid, then add the indicator and solid hexamethylenetet~mine. Titrate with EDTA till 
the solution changes from dark red to clear lemon-yeUow.*~a Adjust the pH to 10.5 with IOml of 
ammoniacal buffer solution,.add l-2 ml of detergent solution and titrate the second cation with EDTA. 

RESULTS 
Determination of single metal ions 

The results of the determination of individual cations in an alkaline medium are 
given in Table I. All the tabulated values are the means of ten determinations. 

TABLE L-TITRATION OF INDIVIDUAL CATIONS 

Ion 
Standard 

Taken, mg Found, mg deviation, mg 

c-k”- 

Zn2+ 

Mn*+ 

Mge+ 

Cd?+ 

5.06” 5.06 *0*01 I 
10-I 1” IO.1 1 50.010 
20.33b 20.32 10.017 

562~ 5.62 zlzo.014 
11.24” 11.23 ho.016 
33.106 33.09 ho.028 

5.84” 5.86 *0@07 
11.71a 11.71 -to.010 
28.25* 28.25 :k 0.029 

6.14b 6.14 *OGl6 
12.280 12.28 & 0.007 
12.71b 12.69 i 0.042 
31.78* 31.80 kO.053 

4 0.025M EDTA used. 
* O*OSM EDTA used. 

The average recoveries of the determined cations agree well with the amounts taken. 
The standard deviations, show, especially in the case of determinations of calcium, 
magnesium and manganese, the excellent reproducibility of individual results. 
The results obtained for cadmium(I1) are less satisfactory; nevertheless, even in this 
case the results compare favourably with those from previously published methods. 

In all the determinations, the end-point colour change was distinct and sharp, 
within 1-2 drops of the titrant solution. The colours of the indicator-metal 
complexes vary with the metal ion; those of magnesium and zinc are red; that of 
manganese is violet; and those of calcium and cadmium are blue-violet. At the 
equivalence-point these colours change to colourless or pale grey, depending upon 
the amount of the indicator added. With calcium and cadmium, the colour change 
passes through a sky-blue shade close to the equivalence-point, which makes the 
colour change more remarkable, 

Determination of pairs of metals 

The presence of a metal of the alkaline earth metal group does not interfere with 
the first determination in acid solution, and the accuracy is unimpaired. 

As described in the preceding paper: mineral salts affect the formation of the 
indicator-detergent complex. Therefore, in these determinations, after the adjustment 
of pH, a greater amount of the detergent solution is necessary in order to obtain 
satisfactory results. 
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In all the titrations of the second cation in the alkaline region, the end-point 
colour change of the indicator is much better than that obtained when the corre- 
sponding metal ions are alone. This phenomenon is probably explained by the 
following reaction taking place, at least to some extent, 

Pb-EDTA + Ca-In $ Pb-In + Ca-EDTA 

so that at the end-point the lead-indicator complex is being titrated with consequent 
improvement in colour change. 

TABLE IL-TITRATION OF PAIRS OF METALS 

Taken, mg Found, qg 95 % Confidence interval, rng 

Zn % Zn Mg Zn % 

3.31 10.99 3.3f 10.98 *IO*016 %0*012 
9.92 8.55 9-87 8.54 *0*033 10.012 

16.53 6.11 16.54 6-11 10.033 10.012 
23.15 3.66 23.16 3.66 *0.016 f0.012 
29.76 1.22 29.78 1.23 rto.033 f0.012 

Pb Ca Pb Ca Pb Ca 

10.58 18.13 10.51 18.13 iO~OJ5 *0.041 
31.55 14.10 31.57 14.11 xto.053 *a021 
52.58 10.07 52.56 lO*O? ztO*lOS i 0.020 
73.61 6.04 73.60 6.05 &to.053 io.020 
94.64 2.01 94.63 2.02 f0*160 +0*020 

Table II shows the results of titrations of the metal pairs zinc-magnesium and lead- 
calcium. The titrations were performed for various ratios of cations. The values 
given in the table are averages of five determinations. The Dean-Dixon method,6 
which has been recommended for the statistical evaluation of data based on a small 
number of observations, was used. As may be seen from the tabulated values of 
confidence intervals, the results of individual titrations of the second cation have good 
precision. 

DISCUSSION 

Among the large number of metallochromic indicators used in complexometric 
titrations, Xylenol Orange is outstanding. However, its application has been limited 
by its own acid-base indicator properties, to the acid region. The interaction of 
Xylenol Orange with cation-active detergents permits the extension of its useful 
range to pH 11, where it behaves like its “acid’ form, giving with many cations 
“normal” complexes (cJ?*~). 

The titrations described in this communication represent only a few examples of 
the cases in which Xylenol Orange can be used in the presence of cationic detergents. 
For most of these determinations, of course, other, more or less suitable indicators 
have been proposed todate. Nevertheless, because of the excellent colour prop- 
erties of Xylenol Orange which are retained even in these instances, one can suppose 
that these new possibilities will find a very wide practical application in complexo- 
metric analysis. 



440 V. CHROM+ and V. SVOB~DA 

Zu~~nfass~-Xylenolor~ge wurde als ~et~lfarbindikator 
in Gegenwart von Cetylpyridiniumbromid zur komplexometrischen 
Bestimmung einiger Kationen in alkalischer Losung angewendet. Es 
ist mijglich gewisse Metallp~~ in derselben Liisung aufeinander 
folgend sehr genau zu bestimmen. 

Resume-Le Xylenol Orange en presence de bromure de cetylpyrid- 
inium a tte applique, en tam qu’indicateur metallochrome, au dosage 
complexometrique de quelques cations dans un milieu al&in. I1 est 
possible d’effectuer les dosages successifs prtfcis de quelques paires de 
mctaux dans la meme solution. 
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REFLECTANCE SPECTRA OF TWO SOLVATED 
VENOM 8-HY~ROXYQ~~N~LATE~ 
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Cleveland, Ohio 44106, U.S.A. 
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So--On precipitation of uranyl I-hydroxyquinolate from 
homogeneous soIution, two different chelates are obtained. 

UO~(C~H~NO)**C~H*N~H 
is dark red whereas ~~~(C~H*NO)~~.C~H~NOH is orange, On 
grinding, the dark-red chelate becomes orange. Refiectance spectra 
are used to explain the initial &our difference as well as the change in 
coIour of the dark-red compound to orange on grinding. 

IN 1961 Bordner et a1.l precipitated two uranium 8-hydroxyquinolates from homo- 
geneous solution with 8-hydroxyquiuoline (HQ) generated by hydrolysis of S-acetoxy- 
quinoline. Table I summarises the properties of the two precipitates. When the 

TAELE I.---PROPERTIES OF THE URANXUM ~-~~ROXYQUIN~LAT~S 
PRECH’XTATPD FROM HOMQGENEOUS SOLUTION 

l%XKRlla 

CoIour of precipitate 
pH of precipitation 
Exixss of reagent used 

in pr~ipitation 
procedure 

UQZQB-Q (U~~Q~~a.HQ 
dark red 

5.0 
orange 

6.8 
ea. 20”fold% 2-fold’ 

dark-red compound, UO,Q,*HQ, is ground, it assumes an orange colour very similar 
to that of (UO,Q&-HQ. To explain the colour differences and c&our change on 
grinding the compound UQsQz*13Q, a study of the reflectance spectra of the different 
compounds was undertaken. 

Reflectume and eye response spectra 

The reffecbnce spectra of the various compounds were obtained with a Cary 14 
~~~oFhotometer and are shown in Fig. lb. In general appearance the spectra 
are very similar. All exhibit high reflectance in the red region around 750 rnp. 
Sample 1 (oranges has a smaller refiectance in this region whereas the refl~~nces of 
sample 2u (dark red) and sample 2g (orange), which are chemically identical, are 
larger and dose to each other. Between 5oo-600 mp, or the yellow-orange region 
of the spectrum, a decrease in reflectance is observed in the order 2g r 1 > 2~. At 
the ultraviolet end of the spectrum all three show very small but identical reflectance. 

To explain these colour phenomena, it is first necessary to consider eye sensitivity. 
As a measuring instrument for luminosity, the eye is very seIective in that it does not 
respond equally to radiations of different wave~e~~hs. In the region %@-6Q0 mp, 
where colours range from green to yellow-orange, the eye is very sensitive, but in the 

* mnt address: Department of Chemistry, The Queen’s Univer~ty, Belfast 9, N. Ireland, 
R 441 
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region around 750 my (red) it is remarkably insensitive. A measure of eye sensitivity 
at normal brilliance levels for radiation of different wavelengths is given by the 
Rrlatiae Luminosity Factor (Eye Response). A part of the values for this factor 
given by the I.E.S. nomenclature and Photometric Standards, American Standards 
Association, ASA C-42,1941, is reproduced in Table II. The eye exhibits its maximum 
response at a wavelength of 555 rnp and the values for other wavelengths are given 
relative to this. 

Because of the insensitivity of the eye in the red region around 750 rnp, it requires 

TABLE K-RELATIVE LUMXNOSITY FACTOR 
(Eye Response) 

Wavelength of 
radiation, rnp Factor 

500 0.323 
510 0.503 
520 0.710 
530 O-862 
540 0.954 
550 0.995 
555 1.000 
560 0,995 
570 0.952 
580 0.870 
590 0.757 
600 0.631 

700 o-O&1 
710 0.002 1 
720 0GO105 
730 oGOO52 
740 0+0025 
750 omO12 
760 ONKIO6 

a large difference in reflectance for the eye to observe the difference. Further, in the 
region 500-600 m,u, where peak eye sensitivity occurs, small differences in reflectance 
will have a considerable effect on the eye. Thus, samples 1 and 2g, despite high 
reflectance around 7.50 rnp as shown in Fig. lb, appear predominantly orange to the 
eye because of moderate reflectance in the eye-sensitive region, whereas sample 2u, 
which has a reflectance as great as 2g in the red, appears red because its contribution 
to the reflectance in the eye-sensitive region is much less in comparison to samples 
1 and 2g. 

The si~ificance of the colour phenomena becomes more apparent by converting 
the reflectance-spectra values obtained with the spectrophotometer to eye-response 
spectra, which corresponds to what the eye actually sees. This is done by plotting 
the product of the relative luminosity factor and the reflectance at a particular 
wavelength uersus the wavelength. The results are shown in Fig. la. 

From the graphs it will be seen that sample 2g shows its highest reflectance at 
575 ml* (orange) with a smaller contribution at 625 rnp (red-orange). To the eye, 
therefore, this substance will appear predominantly orange but with a reddish tinge 
to it. Sample 1 will appear orange in colour. Sample 2u, on the other hand, with its 
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major peak at 600-625 rnp appears quite red because its reflectance in the yellow- 
orange region is much lower than for the other two samples. 

The reddish tinge in sample 2g can be seen in Plate 1 of Fig. 1, where 1 is the 
orange precipitate obtained at pH 6-8 [UOgQela*HQ] and 2u the dark-red precipitate 
obtained at pH 5-O (U02Qa+IQ). The small difference in colour between samples 1 
and 2g could be related to a slight difference in structure. 

The importance of the eye-response spectra becomes quite evident in that differences 
in the red region (750 mp), which looked significant in Fig. 1 b, now become insigni- 
ficant to the eye and that small differences in the yellow-orange region (5~~ rnp) 
in Fig. 1 b become significant. 

EJect @particle size on re~ect~&e 

While the foregoing discussion gives an explanation for the colour of the precipi- 
tate as seen by the eye, it does not offer an explanation for the change in colour of 
dark-red sample 2u to orange on binding. The particle size is the principal factor 
involved in this phenomenon, 

Johnsons has shown that a strong increase in reflectance takes place when the 
particle size of a sample decreases. An electron microscopic examination of sample 
2u (dark red) showed it to be comprised of particles very much larger than those in 
sample 1 (orange). Thus, when 2u is ground, there is an increase in reflectance in the 
eye-sensitive yellow-orange region around 525 rnp (c$ reflectance values for 2u and 2g 
in Fig. lb). Hence, 2g looks more orange to the eye. However, there is no similar 
increase in reflectance around 750 rnp on grinding 2u, but this is in agreement with 
Johnson’s2 views that deductions about reflectance increases on grinding are not 
accurate where the reflectance values are greater than 043, as in the present case. 

When samples 1 and 2g are ground to exactly the same particle size, their reflectance 
spectra curves are coincident in the yellow-orange region and differ only in the red 
region. 

In the simpler uranyl compounds, e.g., uranyl nitrate, the uranium atom is octa- 
co-ordinate. The central atom forms 6 bonds, partly covalent, which are in a plane 
orthogonal to the O-U-O plane. Thus, the uranyl group will show sexa-covalent 
character and involve the use of f-orbitals .3 Evidence in favour of this assumption 
is based on the strong tendency of the uranyl group to co-ordinate molecules of 
water in the solid state and solution .p Sacconi et aL5 have also shown that the uranyl 
group, even when bonded to two diketone radicals, tends to co-ordinate donor 
molecules. It would appear, therefore, that the uranyl group, even after reacting 
with two molecules of ~-hydroxyquinoline, is co-or~~n~tive~~ ~~~t~rate~ and capable 
of adding further molecules of solvation. In such circumstances, the rate of precipita- 
tion and the number of molecules of reagent available might determine the particular 
chelate formed. 

As seen in Table I, the dark-red compound UO,Qz*HQ is precipitated at pH 5.0 
with a calculated excess of reagent of about 20-fold present, whereas at pH 64 for the 
orange precipitate (U02Q&*HQ there is a 2-fold excess of reagent present. For 
comparison, two precipitations were carried out with the amounts of reagent used 
reversed, i.e., where formerly a 2-fold excess of reagent was employed, a 2%fold 
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excess was now used and vice versa; aI4 other conditions were maintained as before. 
The results were that, whereas previously at pH 6.8 an orange precipitate had been 
obtained, a dark-red precipitate now formed, The pr~ip~tate obtained at pH 5-O 
was still red, although the amount of precipitate formed was quite small because of 
the higher acidity and the lack of precipitant. The results thus confirm that the 
number of available molecules of reagent has a determining influence on the 
particular uranium chelate formed. 

Acknowk$pent--The authors acknowledge the partial assistance of the United States Atomic 
Energy Commission in supporting the investigation described herein under Contract AT(l l-1)-582. 
Thanks are also due to Dr. K. Takiyama who examined the precipitates by electron microscopy. 

2 i der F&&mg von Uran-~~h~~oxyc~~olat aus 
homogener L&ung erhah man zwei verazhiedene Chelate. 

ist dmtkehot, [UO*(C~*NGld*.C,H~NOH dagegen orange. Beim 
Mahlen wird das dtmkehote Chelat orange. Nit Hiife von Re- 
tlexionsspektren wird der anf&&iche Farbunterschied sowohl als 
such die Farbiinderung der dunkelroten Verhindung nach orange 
beim Mahlen erkl&t. 

R&m&--Lors de fa p~~p~~t~o~ du 8-hy~oxy~u~o~jnate d~~rany~e 
en milieu homogene, on obtient deux chelates differents. 

UG~(C~*NO)*,C*~~NGH 
est rouge Cm%, orpendant que IUG,(C~,NO>,~~~C,H,NarrNGH est 
orange. Far broyage, le chefate rouge fence devient orange. On 
utihse ks spectres de r&exion pour expliquer la di%%ence de couleur 
initiale ainsi que le changement de couteur du compose rouge fence 
en orange lors du broyage. 

l J, Bordner, I% D. Salesin and L. Gordon, T&Z&~ 196X, 3,579. 
a P. D. Johnson, Report of General Electric Research Laboratory, No. RL 721, July, 1952, Abdute 

Optieid ~~~a~~t~a~~~~~ DilgusyL RepeCunc~, 
9 E. Glue&auf and H. A. C. McKay, Elat~cre, 1950, 165, 594; C. A, Carfson and 6. R. Lester, 

J. CAem. Sot,, 1956*3650* 
It H. A. C. McKay, f. &rorg” N&ear Chum., 1947,4,375. 
5 L. Sacconi, G. Caroti and P. Paoletti, J. C&m. Sot., 1958,4257. 
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INFRARED SPECTRA OF CHELATE COMPOUNDS-IVt 

A STUDY OF THE URANYL CHELATES OF 
~-H~RUXYQUIN~~INE IN THE REGION ~~~5~ cm-r 

R. J. MAGEP and LOUB GCMXIN 
Department of Chemistry, Case Institute of Technology, Clevelaml 

Ohio 44106, U.S.A. 

Sag-previous ~v~~~ations have shown that two different 
uranium chelates of ~-hyd~xyq~noline can be precipitated from 
homogeneous solution. Dark red UOI(CBH,NQ)ICpH,,NOII is 
obtained at pII 5.0 and orange lJJO&,HH,NO)&*C&I~NOH at pH 
6.8; the normal cheiate UO&,HI,NO), is green. The i&a& spectra 
of the solvated compounds have been examined in the range 5OW-250 
cm-r and that of the normal &elate in the ran 

%i 
5~5~ cm-z. From 

this it is included that the solvated the tes have very similar 
-structures. 

IN earlier parts of this series’-a the results of infrared investigations of bivalent and 
tervalent metal chelates of S-hydroxyq~inol~ne in the region 5000-250 cm-r were 
reported, In the present work the crania chelates have been studied. 

In 1933 Frere* precipitated the Urania chelate of 8-hydroxyquiuo~ne by con- 
ventional means and obtained a deep brick-red precipitate for which the formula 
UO,QsHQ (where Q = C,H,NO) was given. Since then it has been recognised that 
uranium forms two compounds with 8-bydro~yquinol~ne~ a red compound with the 
above structure and the green normcll chelate UOzQPs However, in 1961 Bordner 
et al.@ pr~ipitated two different uranium S-hydroxyquino~t~ from homogeneous 
solution with ~-hydroxyq~i~o~~e generated by the hydrulysis of ~-~toxyq~inoline= 
One of the precipitates was dark red in colour while the other was orange. The 
analytical data indicated the composition of the two uranium chelates to be different. 
For the dark-red precipitate, obtained at pH 5@, the formula UO,Qe*HQ fitted the 
data and for the orange chelate, precipitated at pH 642, (~U~Q~~-HQ was appropriate. 

The precipitates were obtained by the procednres referred to above. Both the potassium bromide 
disc technique and the Nujol-mull technique were used to obtain the Mared spectra. In the former 
the discs were prepared using a Perkin-Elmer die in conjunction with an Ehnes hydraulic press 
capable of delivering 23,ooO lb total ioad on a ram 3” in diameter. Before use, spectroscopic-grade 
Potassium bromide was dried at 1SO” for 24 hr and ground to pass 100 mesh. 

All spectra were recorded on a Perkin-Ehncr Model 21 S~~rophotometer with a caesium 
bromide prism. Polystyrene was used for calibration purposes. 

* Present address: opulent of Chemistry, The Queen’s University, Belfast 9, N. Ireland, 
t Part III: reference 3. 
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Fm. 4.-The infrared spectrum of [UO,(C,H,NO),lr.~,NOH obtained at pH 68 in 
the region 15-40 ,u (2 mg of [UOa(CpHINO)t]t.CpHINOH in 400 mg of KBr). 

1122,9*66,95,9=37,9*02,8*78, 852,8.3,8*16,8.1,7-82,7*56,724,7*0,6*8,6*66,6*36, 
6.28, 6.22, 6.09, 5*14,4*87, 3.27, 2.92, 

only the principal peaks for the uranium chelate precipitated at pH 5.0 are 
given, because those for the precipitate obtained at pH 6.8 appeared to be identical. 
However, in the region between about 9 ,U (1100 cm-l) and 14 ,u (700 cm-l), it looked 
as if small differences in the spectra might exist. To investigate more closely if these 
tendencies were real or imaginary the spectra of the two metal chelates were obtained 
at improved resolution on the Beckman IR-7 instrument between 650 and 1100 cm-r. 
The Nujol-mull technique was employed, the concentration of the chelate being 
adjusted until the best resolution was obtained. The spectrum of the dark-red 
precipitate obtained at pH 5.0 is shown in Fig. 5 and that of the orange precipitate 
obtained at pH 6.8 in Fig. 6. 

Between the two spectra minor differences arise: 

(1) A small peak always occurs at 678 cm-l in the spectrum of the dark-red 
sample (Fig. 5) which is absent in that of the orange sample (Fig. 6). 

cm-l 

FIG. S.-The infrared spectrum of U0,(~H6NO),*~H6NOH obtained at pH 5.0 in the 
region 9-153 P ([UO,(C,H,NO),*GH,NOH in a Nujol mull]. 
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(2) The lengths of the major peaks at 823 and 8 13 cm-r are reversed in the spectra 
of the two chelates. 

(3) In the major peak at 888 cm-l a shoulder occurs in both spectra, but it was 
always more clearly resolved in that of the orange sample. 

To investigate more closely the shoulders on the peak at 888 cm-l as indicated in 
(3) above, a closer examination was carried out, at the greatest sensitivity available, 
in the spectral region 820-910 cm- l. Little improvement was obtained except that, in 
the spectrum of the dark-red chelate, the major peak occurred at 891 cm-l (888 cm-l 
in the orange compounds) and the shoulder in the spectrum of the dark-red chelate 
appeared to be resolved more clearly. 

Fm. 6.-The infrared spectrum of [UO&pH~NO)J2CBH~NOH obtained at pH 6.8 in the 
region 9-l 5.5 ,u ([UO,(C,H,NO),],C,H,NOH in a Nujol mull). 

U~~tC~~~~~)~. The unsolvated chelate, UO,Q,, is obtained by heating UO,Q,* 
HQ at 210-215”.7 The infrared spectrum is shown in Fig. 7, It will be seen that the 
spectrum differs in many respects from those of the dark-red chelate and the orange 
chelate (Figs. 5 and 6). If the three spectra are checked peak by peak it will be found 
that the differences between UOaQs and the other two are based principally on the 
disappearance or shifts of peaks from the latter. The principal differences are as 
follows : 

(1) The peaks at 1056 and 1068 cm-l occurring in the spectra of the dark-red and 
orange compounds have disappeared from the spectrum of UOzQa. 

(2) The peak around 890 cm-l attributed to UO,2+ stretching in the spectrum 
of the dark-red and orange compounds has shifted to 920 cm-l in the spectrum 
of UO,Qz and the shoulders on this peak which were so clearly indicated in the 
former have disappeared. 

(3) In the spectra of the dark-red and the orange compounds two peaks occurred at 
823 and 813 cm-1 and the lengths of the peaks differed clearly in the two spectra. 
In the case of the spectrum of UO,Q, these peaks are shifted, occurring at 878 
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and 869 cm-l, respectively, and the lengths of the peaks again differ, being in 
the same order as for the orange compound. 

The structure of the dark-red compound, U02(C,H6PIS0)2.C,KBNOH, has been 
discussed by several groups of authors, 6BaV9 but no mention is made by any of them of 
the orange chelate, [uo,(C,w,NO),],*C,W,NOH. In the present work it was hoped 
that the infrared inv~ti~tion might reveal su@cient differences to allow a definite 
conclusion to be drawn about the seethes of the two ~m~onnds. Nowever, as the 
above results show, the spectral differences are small, so that the only conclusion 
possible is that the two chelates are structurally similar and that differences, if they do 
exist, are very small. This similarity of the two chelates has also been demonstrated 
by a study of their reflectance spectra.1° 

It is felt that more positive conclusions may be obtained by a crystal structure 
determinations as carried out on the red compound by Hall eb &as Work in this 
direction is being undertaken and will be reported later. 

Acknowlet&ement-The authors acknowledge the partial assistance of the United States Atomic 
Energy Commission in supporting the investigation described herein under Contract AT(lI-11582. 

~~~~~n~-~~here Wn~e~uch~~ zeigten, bat3 aus homo- 
gener tosung xwei verschiedene Uranchelate YOII S-~y~oxych~olin 
gef%it werden k&men. Bei pH $0 erh%t man dunkehotes 

bei pH 6,s ora~gefarbiges [UOld(CoEf,NO)BI..CpH,N~~; das ~orrnu~e 
CheIat UO,(C.H,NO~, ist eriin. Die Infrarotsnektrt n der solvatisierten 
Verbindun~n-w~rde~“im ‘ieteicb 5000 - 2Sd cm-r, das des normalen 
Cheiats von 5ooO - 650 cm-’ auf~no~n. Aus den Spektren 
wird geschlossen, da@ die sobatisierten Chelate s&r ~~R~~~~~ Struktur 
besitzen. 

R&urn&--Des recherches ant&ewes ont montr& qu% 
solutions homog&nes, on peut prttcipiter deux ch6lates cKZi2 
et de ta ~-hy~ox~qu~no~~ine difE&nts. L.e prAzipit6 rouge fonc6 
~~~~~*H~NO~~,~~H~NO~ est obtenu B pH S$, l’orange 

E~~,(~,~,N~~,l,~,~,N~H 

B pH 6,8; le chelate ?wrmul UO&H,NO), est vert. On a examine 
les qxxtres infra~roug~ des composes solvan% entre SQOO et 250 cm-3 
et celui du chelam normal entre 5ooO et 65Ocm-I. La conclusion 
en est que les &&&es solvat& ont des structures trh semblables. 
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THE OXIMATION OF BIACETYL 
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~--Spectrophotometric evidence indicates that the reaction of 
biacetyl with hydroxylamine proceeds through the formation of two 
carbinolamine intermediates. The second of these intermediates is 
also encountered in the reaction of biacetyl monoxime with hydroxyl- 
amine. The rate-limiting step in the oximation of biacetyl is the slow 
dehydration of the initially formed intermediate, as is evidenced from 
the various rate constants obtained for the two reactions over the 
range O-10”. When nickel(I1) is present in the biacetyl-hydroxylamine 
system, the formation of nickel dimethylglyoximate proceeds by two 
independent mechanisms, whereas only a single mechanism is re- 
sponsible for precipitate formation in the biacetyl monoxime-hydroxyl- 
amine system. 

INTRODUCTION 

PREVIOUS studiesle3 on the precipitation from homogeneous solution of nickel 
dimethylglyoximate have indicated the necessity of further study of the reaction of 
biacetyl and hydroxylamine to form biacetyl monoxime and dimethylglyoxime: 

CHsCOCOCH, + NH,OH A CH,C( :NOH)COCH, + H,O (1) 

CHsC( :NOH)COCH, + NH,OH A CHsC( :NOH)C( :NOH)CHs + H,O (2) 

Since the classical studies of Barrett and Lapworth, Olander,5 Conant and 
BartletP and Westheimer,’ there have been many subsequent studies of the reactions 
between nitrogen bases and carbonyl compounds. The results of these experiments 
show striking maxima in the rate-pH profiles of these reactions. This effect has been 
attributed to the opposing effects of the decrease in the concentration of the free 
nitrogen base at low pH and general acid catalysis. 

Jenckss has shown that the rate-limiting step in the formation of oximes at neutral 
pH is not the attack of the nitrogen base on the carbonyl, but is the acid-catalysed 
dehydration of an addition compound. The reaction mechanism proposed by 
Jencks is: 

OH 
\ \/ 

C=O+H,NR, C -’ - C=NR + HOH. 
/ ’ 'NHR ’ 

Salesin, Abrahamson and Gordon3 have studied the effect of pH on the reaction 
of hydroxylamine with biacetyl at 15-O”. These investigators found that the specific 
rate constants for reactions (1) and (2) were highly pH dependent, with the rates 
being faster at lower pH values. 

* Present address: Department of Chemistry, McMaster University, Hamilton, Ontario, Canada. 
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The present investigation was undertaken to determine the existence of and to 
study the properties of intermediates formed during the reaction between biacetyl 
and hydroxylamine, to determine the temperature dependence of the reaction rate 
constants and to note the effect of nickel@) on the reaction sequence. 

Reagents 
EXPERIMENTAL 

Bizczryl. PF/HS-grade biacztyl (Burdick and Jackson Laboratories, Muskegon, Mich., U.S.A.) 
was purified by the method of Salesin et al.% 

I I I I 

2000 2600 3200 3.900 4400 

Wavelength, & 

FIG. I.-Spectra of biacetyi, biacetyl monoxime and dimethylglyoxime in aqueous 
NH&l solution: 

(pH = 7@@--adjusted with NH8 
t _ 5” 

[NH&l] = 7.1 x 10-2M) 
____ Biacetyl 
- - - - - Biacetyl monoxime 
- - - - - - - Dimethylglyoxime. 

Biacefy~ monoxime. Hugest-pity-Grade biaeetyl monoxime (Fisher Scientific Co., Cleveland, 
Ohio, U.S.A.) was triply sublimed at 35” and 1 mm of mercury. 

Hydroxylamine hydrochloride. Analytical Reagent-Grade hydroxylamine hydrochloride (Fisher 
Scientific Co,, Cleveland, Ohio, U.S.A.) was recrystallised from 95 “/, ethanol. 

All other chemicals used in the investigation were reagent grade. 

Apparatus 

All pH m~suremen~ were determined with a Beckman Model 9600 pH meter calibrated with a 
pH reference buffer solution (pH 7-00 j, 0.01) at 25“ (Fisher Scientific Co.). 

The spectrophotometric studies were made with a Cary Model 14 recording spectrophotometer 
equipped with a thermosta@ cell compartment. 

A Burroughs 220 computer was utilised in data-fitting computations. 

Procedures 

The following spectrophotometric procedures used in studying the bia~tyl-hy~oxyl~i~ and 
the biacetyl mono~~I~hy~oxyiamine systems in the absence and in the presence of nickel(H) 
utilised the spectra of Fig. 1 in order to follow the various species in the reaction solution. (The 
ultraviolet spectra of aqueous biacetyl monoxime, dimethylglyoxime and nickel dimethylglyoximate 
solutions have been reported previously.s) In correspondence with the conditions employed in the 
precipitation of nickel dimethylglyoximate,’ the amount of hydroxylamine used in all reactions was 
in large excess compared to the oximes. 
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Series 1: The same procedure as reported by Salesin et al.’ for studying the reaction between 
biacetyl and hydroxylatie was used in this series of experiments with the exceptions that (a) the 
pH was held constant at 7.00 f 0.02, at 25”, and (b) the temperature was varied over the range 
5.0” to 35.0”. The time required from mixing of reagents to the recording of the results was about 
4 min. 

Series 2: Exactly 0.5000 g of hydroxylamine hydrochloride was dissolved in 90 ml of water, 
and the pH was adjusted to 7.00 f 0.02, at 25”; the final volume was 100-O ml. 

A portion of the hydroxylamme solution was used as the reference solution; exactly 16.00 ml, 
at 25”, were placed in the 5.O-cm sample cell, and the cell was placed in the thermostatted sample 
compartment of the Cary 14 until temperature equilibrium was reached. 

A biacetyl solution was prepared by dissolving 1.545 ml, at 25”, of pure biacetyl in 100.0 ml of 
solution. The kinetic experiment was started when 0.050 ml of this solution (25”) was added to the 
hydroxylamine solution in the sample cell in the Cary 14. 

The wavelength was held constant at 2838 A. The temperature for the series was varied over the 
range 0.5-10.0”. 
0~10-0~15 min. 

The time required from mixing of reagents to the recording of the results was 

Series 3: The same procedure was used as described in Series 2 above, except that the hydroxyl- 
amine solution was replaced by an equivalent NH&l-HCl solution (pH 7.00). 

Series 4: The hydroxylamine solution, prepared as described in Series 2 above, was used as the 
reference solution. Exactly 3.150 ml of the solution were added to a IGcm cell, and the cell was then 
placed in the thermostatted sample compartment. 

A solution of biacetyl monoxime was prepared by dissolving 0.1497 g of the solid in 250.0 ml of 
solution. The kinetic experiment was started when 0.050 ml of this solution was added to the 
hydroxylamine solution in the sample cell. 

The wavelength was held constant at 2250 A. The temperature for the series was varied over the 
range 0.5-10.0”. 

Series 5: The same procedure was used as described in Series 4 above with the modification 
described in Series 3 above. 

Series 6: Exactly 1.2500 g of hydroxylamine hydrochloride were dissolved in 225 ml of water, and 
4.146 ml of 1.674 x IO-%M nickel(I1) solution were added. The pH of this solution was adjusted to 
7.00 & 0.02, at 25”, and the solution was diluted to 250.0 ml. 

A portion of the hydroxylamine-nickel solution was used as the reference solution. Exactly 
16.00 ml, at 25”, of the hydroxylamine-nickel solution were placed in a 5Gcm cell, and the cell was 
placed in the thermostatted sample compartment. 

The experiment was started when 0.050 ml of a biacetyl solution, prepared as previously described, 
was added to the hydroxylamine-nickel solution in the sample cell in the Cary 14. 

The wavelength was held constant at 3600 A. The temperature for the series was varied over the 
range 0.5-10.0”. 

Series 7: Exactly 0.5000 g of hydroxylamine hydrochloride was dissolved in 90 ml of water, and 
0.281 ml of 1.674 X 10-BM nickel(I1) solution was added. The pH of this solution was adjusted to 
7.00 * 0.02, at 25”, and the solution was diluted to 100.0 ml. 

A portion of this solution was used as the reference solution. Exactly 3.150 ml of it were placed 
in a 1 .O-cm cell, and the cell was then placed in the thermostatted sample compartment. 

The experiment was started when 0.050 ml of a solution of biacetyl monoxime, prepared as 
previously described, was added to the hydroxylamine-nickel solution in the sample cell in the Cary 14. 

The wavelength was held constant at 2250 A. 
range 0.5-10.0”. 

The temperature for the series was varied over the 

Series 1 
RESULTS AND DISCUSSION 

The results of the experiments are shown in Fig. 2 and Table I. The values of 
k, and k, [the rate constants of equations (1) and (2)] were calculated using the 
mathematical model and approximations previously proposed.3 

As can be seen from Table I, the values of the rate constants, obtained by the use 
of approximations, show deviations at each temperature. To eliminate the approxi- 
mations, a computer programme was utilised in which the best values of the rate 
constants were determined by numerically fitting the experimental results. The results 
of the re-analysis again confirmed the values of k, shown in Table I. Further, (a) the 
changes in k, were even more random with respect to temperature change and (b) the 



454 0. E. HILEMAN, JR. and L. GORDON 

numerical fit to the curves of Fig. 2 became poorer as the temperature was lowered. 
Reliable values of k, simply could not be obtained by numerical analysis because of 
the insensitivity of the calculated absorbance values to changes in the trial values of 
this parameter. However, a direct way to’ arrive at values for k, was to arrange a 
series of experiments, similar to the biacetyl-hydroxylamine series, with the biacetyl 
replaced by biacetyl monoxime. From the previous model, one would predict the 

Elcpsed time. min 

FIG. 2.-Absorbance versus time for the continuous spectrophotometric monitoring 
of the biacetyl-hydroxylamine system 

([Biacetyl] = 1.080 x 10-4M 
[Hydroxylamine] = 7.194 x 1O-aM 

1 = 2250 A). 

absorbance versus time dashed curve shown in Fig. 3, whereas the solid curve of 
Fig. 3 shows the results observed at 5.0”. 

The observation of Fig. 3, coupled with (a) the poorer numerical fit of the results 
as the temperature was lowered and (b) a non-linear Arrhenius plot for the specific 
rate constant k, of Series 1, indicated that the model3 used for the biacetyl-hydroxy- 
lamine system was inadequate to explain the observed results. 

Series 2 and 3 

Because it was not possible to obtain reliable values of k, and k, from the observa- 
tions of Series 1, the experiments of Series 2 and 3 were devised to follow the 
concentration of biacetyl rather than biacetyl monoxime and dimethylglyoxime. The 

results are shown in Fig. 4. 
To explain qualitatively the observations shown jn Fig. 4, the following model, 

incorporating Jencks’ concept of a reaction intermediate, was formulated : 

CHa 0 CH, 0 

k, (fast) 

\/ 

+ HeNoH l kl(fast) 

’ ‘CH 0 t 
/A\H 

Ho CH, “\ 

(3) 
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CH, 0 CH, 0 
\C/ ‘\C/ 

I + H,O 
C 

/p 
Ho CH, N 

’ ‘CH HON 8 
\ 
OH 

or in abbreviated notation: 

(4) 

(34 

I, ” b M + Ha0 
SlOW 

(4a) 

Initially, the concentration of I, is zero. If the extinction of I, is larger than that of 
biacetyl at 2838 A, then the rapid initial increase of the absorbance can be explained 

TABLE I.-RESULTS OF THE PRELIMINARY KINETIC 
STUDIES IN THE BIACETYL-HYDROXYLAMINE SYSTFM 

M x 10% k*( x lW, 
Temp., “C hole-‘.min-’ I.mole-‘.min-l 

5.0 0.195 8.47 
0.236 7.90 
0.393 5.73 

15.0 0.975 5.87 
0.870 4.37 
0.7908 2.80a 

25.0 1.81 8.81 
1.75 8.55 

35.0 3.99 644 
8.09 26.3 

* Calculated from the results of Salesin er a1.l 

by the rapid formation of I1 (see Fig. 4, part A of curve). However, as the concentra- 
tion of I, increases, the reverse rate increases and the over-all rate formation of I, 
decreases. Thus, the rate of absorbance-increase decreases (see Fig. 4, part B of curve). 
When the rate of formation of I, becomes less than the rate of formation of biacetyl 
monoxime [near equilibrium for reaction (3)] the absorbance of the system decreases 
(see Fig. 4, part D of curve). 

Attempts to extract the postulated long-lived intermediate carbinolamine into 
several organic phases were unsuccessful. However, direct proof of the presence of 
the intermediate was obtained by observing an absorbance maximum in the ultraviolet 
spectrum not associated with any of the known reactants or products. The position 
of this absorbance maximum, initially at 2320 8, varied with time, the shift being 
toward shorter wavelengths. The extinction coefficient, cIl, of the intermediate and 
the rate constant, k,, associated with equation (3) were obtained by the following 
numerical analysis. 

From equations (3) and (4) the following may be written: 

dA 
- = 1 

dB dir dM 

dt 
&B -$ + &I, dt + CM dt 1 (5) 
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Time, min 

FIG. 3.-Absorbance versus time, expected and found, for the biacetyl 
hydroxylamine system 

([Biacetyl mortoximel = 8.94 x 10-5ill 
[Hydroxylamine] = 7.19 x 10.*M 

t = 5~00” 
1 = 2275 A 

pH = 7.0). 

0500- 

T=0.50° 

u-i)=0 

I I I I 
0 500 1000 1500 moo 

Time, min 

monoxime- 

FIG. 4.-Absorbance versus time for the bia~tyl-hydroxylamine system 
([Biacetyl] = 5.537 x 10-4M 

[Hydroxylamine] = 7,193 x 10-2M 
1 = 2838 ,&I. 
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where B, I, and M = solution concentrations of biacetyl, intermediate I, and biacetyl 
monoxime, respectively; 

En, &rl, and ElyI = extinction coefficients of biacetyl, inte~ediate I, and biacetyl 
monoxime, respectively; 

A = total absorbance of the solution; 
1 = path length of the solution in cm; 
t = time in min ; 

k,, Lx, k, = specific rate constants for reactions (3) and (4). 

When t is very small, the value of dM/dt and the rate of the reverse reaction (3) will 
be zero. Further, it was experimentally noted that the initial rapid absorbance 
increase is first order with respect to biacetyl, i.e., (dA/dt)u = 2(dA/dt)n,, and 
(dA/dt), = 2(dA/dt),,,. Therefore, equation (5) can be integrated as follows: 

A = l(B,[l - exp (-kit)]&r, + [B, exp (+‘t)f+J (6) 

where B, = initial concentration of biacetyl. 
Equation (6) contains two unknowns, i.e., k,’ and eI . To obtain their values another 
equation was derived from equation (5) by neglect&g (ABlAt)+, the smaller term, 
because en is much smaller than or,, 

where k,’ = k,(H); 

k,’ = 
AA 

(At)(Q(B)l 
(7) 

B = average concentration of biacetyl over the time interval At. 
Then, equations (6) and (7) were used in an iterative calculation to arrive at k,’ and 

&rl, the best values for which are 0*053/min, at 5*0”, and 
2OO(Abs units)(litre~ 

respectively, (cm)(mole) ’ 

With this value for cI, and with the averaged results (5 runs) obtained at 3-O”, the 
value of k,’ at 3.0” was calculated to be 0*0509/min from equation (6). 

At OP, the results were too uncertain during the initial minutes of the reaction 
to be used for calculations of k,‘. At lO*O”, the initial reaction took place too quickly 
to gain reliable results with the experimental techniques employed in this investi- 
gation. 

If it is assumed that the concentration of the biacetyl monoxime is zero during 
the early stages of the reaction, the following equation for k_, can be derived from 
equations (5) and (6): 

’ 
k_, = (&I, - En)1 

- k,’ tfi-B@:;;j 
(8) 

A - B,,E,> 

(En - &rl)l_ B” 

Table II shows the results of the calculation of k_l obtained by using the averaged 
values at 3-O” and 5.0” over various reaction time intervals. 

The calculation of k, [cf. equation (4)] is based on the assumption that the 

4 
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absorbance change during part D of the curve shown in Fig. 4 results from reaction (4) 
only. The following equations are based on this assumption: 

In I, = -k,t + In (I& (9) 

TABLE II.-RESULTS OF THB CALCULATION OF 
k+ AT 3.0” AND 5.0” 

Temp. = 3-O” Temp. = 50” 

min k-,, min-* min k_l, rnit+ 

12.5 
17.5 
20.0 
22.5 
27.5 
30.0 
32.5 
37.5 
40.0 
42.5 
47-s 
so*0 
52.5 
57.5 

ii!.! 
67.5 
70.0 
72.5 
77.5 
80.0 
82.5 
87~5 

z!i.! 
97.5 

lOO*O 
102.5 
105.0 
110.0 
1150 
1200 
125.0 

0*00292 
0.00480 
0*00590 
0+0685 
0.00875 
0~01120 
@01120 
0*01010 
0.01118 
0~01006 
@OOY51 
0w!u8 
0*00912 
0.00884 
0.00819 
0*00870 
0~00831 
000727 
000792 
0.00725 
0*00673 
0~00680 
oxH.x47 
OGO615 
000626 
OGO651 
WOO692 
0.00637 
0+0637 
000638 
000632 
0+0601 
0.00565 
0.00573 
OGO566 

mean = 0Q0749 

8.0 040494 
IO*0 om519 
12.0 OGO478 
20.0 0~00811 
22.0 0~00816 
24.0 OW648 
32.0 ow75s 
34.0 0~00805 
36.0 OGO686 
52.5 0*00550 
55.0 0.00552 
57-5 oGO555 
65-O 0.~559 
67.5 0.00532 
7@0 0.00524 
77-5 0+0516 
80.0 ow539 
82.5 0.00520 

110.0 0~00500 
115.0 o-00479 
12@0 ow493 

mean = 00058, 

where (I&, = initial concentration of I, 
Because A = k1, 

In A = -k,t + !n A,, (10) 

Thus, as can be seen from equation (lo), a plot of the ~~ga~~?~~ ofthe accordance 

uersus time should be linear with a slope equal to -k,. Fig. 5 shows such plots for 
the results obtained at 05, 3.0, 5.0 and 10-O“ with values of ka given in Table III. 
frhe plots shown in Fig. 5 can also be used to obtain a value of eI1. By extrapolating 
to time zero, where A,, = er,(I&l, and assuming (I& = Be, the value of Q, found 
was 199, in good agreement with the value of 200 found previously.] 
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Table III shows the energy of activation calculated from the temperature depend- 
ence of the various specific rate constants. The value of the energy of activation 
obtained from the specific rate constant, k,, of the Salesin model is 16 Kcal per mole. 
A comparison of the two models for the system is shown below: 

Model by SaIesin et aL3 

B+H 
AEl* = 16Kcal/mole 

+ I**+M (11) 
Present model 

B+H AEo* = 3.1 Keal/mole 

’ &3* 

AEIl* ss 0 

1, AEd* = 12.9 Kc&/mole 
+ Ic*+M (12) 

where I,* = an activated complex (n = A, B, C); 
AEn* = energy of activation (n = 1, 2, 3, 4). 

-0.355 - 

3 

5 
+) 
b 
1: 
0 T=0.50* 

-0.445 

z? 
J 

0 

T=3.00’ 

T = 1aoo* T=5.00” 

-“.5351C100 2350 3700 

Time, min 

FIG. 5.-LogI absorbance versus time for the biacetyl-hydroxylamine system. 

Within the limits of experimental error, AEs* was found to be nearly zero. Thus, 
the total energy barrier in the formation of biacetyl monoxime from biacetyl and 
hydroxylamine is the same for both models. Furthermore, the activated complexes 
I** and I,* must be identical, and they represent the structure with the highest 
energy in the system. 

Series 4 and 5 

The results of these series, shown in Fig. 6, can be qu~i~tively 
again using the proposed carbinolamine intermediate as shown below: 

OH 
\ 

0 C& 
\/ 

NH\oIH/CH, 

c Wf-t) c 

i: + H,NoH *k_ 1 (far&) 
d 

CHj ‘N II . \ 
CH’ ?‘KEI II 

explained by 

03) 

‘OH 
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HOHN OH CHs 
\I/ 

HON CH, 
NC/ 

d- --S+ I + H,O 

CH’ \NOH 8 

080 

500 

Time, min 

Fro. 6.-Ahorbance WKWS time for the biacetyf mon~~im~~ydroxyl~mine system 

f[BiacetyI monoxime] = 9254 x W5M 
~Hydrox~~~mjne] = 7.082 x 10-aM 

?‘ = 2250 it). 
or in abbreviated form : 

rvf + H ~~~(~~~ I, fW 9 

12 @z; * D + H,Q WW 

where I, and D = solution ~~~~~trations of intermediate I, and dim~thylg~yoxime, 
respectively ; 

kg, k_, and !c~ = specific rate constants for reactions 13 and 14, respectively. 
The proposed reaction sequence for the biacetyl monoxime-hydroxylamine system 

was again tested by scanning the ultraviolet spectrum just after mixing the reactants, 
and an absorbance maximum, not associated with biacetyt monoxime or dimethyl- 
glyoxime, was observed, The position of the peak, initialIy at 2300 A, varied with 
time, the shift being towards shorter wavelengths. A method suitable for the calculatian 
of k8 and k+ was not found. Because of the very large values of the various extinction 
coeficients, the approximations used jn the bia~etyl-hydro~y~amine system were not 
applicable to the biacetyl monoxime-hydroxylamine system. The calculation of k3 
must be done from ob~rvat~ons made during the initial rapid drop in the absorbance. 
fn as much as most of the initial absorbance change has taken place before the first 
results are observed, reliable values of k3 could not be obtained. Without ks, k_3 
cannot be calculated from the results abserved at a later and more accessible reaction 
time interval. 

During the latter stages of the reaction, reaction (14) becomes predominant. 
Thus. ‘he absorbance change is caused primarily by the changes in concentration of 
the intermediate, I,, and dimethylglyoxime. The total absorbance of the reaction 
mixture at any time can be expressed as: 
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wI~ere Q, and en =z extinction coefhcients of i~t~~rn~iate I, and dimethylgiyo~im~, 
respectively. 

If the concentration of biacetyl manoxime is some small fixed amount after IOOQ 
min of reaction, equation (IS) can be rewritten as 

where CI = Me+J f M(eAi;r - ~~1) 
cl, = E&l - En1 

A - Cl 
A plot of log -e c I metsus t&m should be a straight line with a slope of 

--k4J2*303, Such a ;lot is shown in Fig. 7 with the values of k4 given in Table III, 

Time, min 

A summary of all the kinetic results obtained during the study of the formation 
of dimethylglyoxime from biacetyl and hydroxylamine in the absence of nickel(I1) 
is shown in Table III. 

Salesin EC aI,” reported that the over-ail rate of the formation of biacetyl rno~o~irn~ 
was faster than the rate of formation of dimethylglyoxime in the biacetyl-hydroxyl- 
amine system, Accordingly, the solution concentration of the biacetyt monoxime 
should inGreafe to sane maximum value and then decrease as the dimethylglyoxim~ 
is formed_* However, this was not observed in the present j~~esti~atio~, and the 
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ditference can be easily explained, To determine biacetyl monoxime and dimethyl- 
glyoxime, Salesin used a sep~ation~ procedure in which the reaction mixture was 
acidified,3 As a result, all of the I, present in the mixture was immediately converted 
to bia~etyl rno~o~irn~~ and thus reported as such. (The same reasoning also applies 
to the intermediate I, and dimethylgly~xime.) 

The results are shown in Figs. 8 and 9, respectively. The two absorbance maxima 
at t = 3GY’ in Fig. 8 are the “nucleation bursts” ~appeara~~ of nickel dimethyl- 
glyoxim~te~ reported by Salesin.? At 5W’ these maxima have overla~~d so that 

1.100 

Time, min 

F%G. 8.-Absorbance uersfls time for the biacetyl-hydroxy~a~fie-ni system 

(t%zcetyt] = $537 X 10~%4 
[Hydroxylamine] = 7.193 x lO+M 

a = 3600 & [NiQI)] = 2.77 X 10~5% 

only a break appears in the curve. In Fig. 9, a single nucleation burst is evident by 
the change of slope at about I70 min in the curves obtains at 1= 2250 L$ ; this is 
confbmed even more strongly at 3600 A, where only nickel dimethylglyoximate 
absorbs. 

A comparison of the large initial absorbance of the system in Fig. 6, where 
ni~k~l~II) is absent, with the comparably large initial absorbance of the system in 
Fig. 9, where nickel~I1) is present, shows the virtual absence of the lesser absorbing 
nickel monoxime complex. Further, a change in the nickel co~~~~ratio~ by a factor 
of one-half in the two systems of Figs. 8 and 9 had no effect on the absorption curves, 
and hence on the rate-controlling reactian, Thus, it was concluded from these two 
observations that the absorbance change of the system of Fig. 9 was the result of 
the following reaction sequence: 

Cl3a) 

2~ -t_ hi fast N ND, + 2~ (17) 
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Time, min 

FIG. I).-Absorbance trersus time for the biacetyl rnono~hy~oxy~~~kel 
system 

([Biacetyl monoxime] = 9.254 x 10-&M 
[Hydroxylamine] = 7.082 x lo-*M 

mi(II)] = 4-625 x IO-%f 
rZ = 2250 A). 

the fast equation being responsible for the over-all absorbance decrease. Values of 
k4 were obtained from the slope of log absorbance (ZZZI rf) versus time from the first 
17Omin portion of two of the curves of Fig. 9. These compare with previous values 
as shown in Table IV: 

TABLE IV 

k4, mirl 
Temperature, 

“C N&II) absent Ni(I1) present 

o-so 2-l x lo-’ 2.5 x IO-’ 
5.0” 3.3 x 10-4 3.3 x 10-a 

The very close agreement of the values of k, in the two systems shows that nickel(I1) 
has no effect on the dehydration of the carbinolamine intermediate I,, i.e., the rate- 
controlling reaction. 

Extension of this conclusion to the biacetyl-hydroxylamine-nickel(H) system leads 
in a similar way to the following reaction sequence, 

B+H 
kl(faa 

4 1, 
k_~(fastJ 

11--2+ M + H,O (44 

W 

k,ffaat) 
M+H4 o I 

k_8ffast) 
Wa) 

12 + D + Hz0 W) 
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2D + Ni(T1) a NiDz J- + 2H+ (17) 

where the slowest step is the dehydration of I, (cf. Table III). If the react& sequence 
is valid, then a plot of log absorbance (3600 A) versus time for the first 120 min of 
Fig. 8 should be linear with slope equal to lit,. The values of ks thus obtained compare 
with previous values as shown in Table V: 

TABLE V 

k2, min-’ 
Temperature, 

“C Ni(II) absent Ni(I1) present 

3.0” 1.46 x 1O-4 1.2 x 10-a 
5.0” 1.89 x lo+ 2.2 x 10-Z 

.- 

The change in the values of k, by a factor of 100 shows clearly that nickel(I1) must 
play a significant role in the previous reaction sequence, i.e., numbers [(3a) to (14a) 
inclusive], in as much as nickel dimethyl~yoximate is produced at a rate far faster 
than is indicated by the rate of formation of dimethylglyoxime from biacetyl and 
hydroxylamine only. 

Because nickel(I1) has already been shown to have little effect on the biacetyl 
mono~me-hy~oxylamine part of the reaction sequence, it must then exert its influence 
by complexing with the intermediate I,. From the following results from Table III 
and the previous values of k,, (repeated in Table VI), 

TABLE VI 

kl’, min-’ k2, min-” 
Temperature 

Ni(I1) absent Ni(II) present 

3” 5.09 x lo--= 1-2 y lo-.2 
5” 5.30 x IO-2 2.2 x 10-z 

it can be seen that the over-all rates of formation of I, and nickel dimethylglyoximate 
are comparable in the two systems, i.e., biacetyl-hydroxylamine and biacetyl-hydroxyl- 
amine-nickel(II), respectively. Thus, in the latter system, the rate-limiting step must 
be the formation of I, [c$ equation (3a>]; I, is then immediately complexed by 
nickel(I1). Furthermore, the complex must then proceed, by a series of very fast 
reactions, all involving nickel complexes, to the end product, nickel dimethylglyoxi- 
mate. These conclusions now provide an explanation for the multiple nucleation 
bursts initially reported by Salesin (cJ two absorption maxima of Fig. 8); this is in 
contrast to the single burst observed in the system of Fig. 9. 

In the biacetyl-hydroxylamine-nickel system, there is not only the complex 
between nickel(I1) and I, as follows, 

Ni2+ + I, e NiI,+ + H+ (18) 

but also likely the following complex. 

NiI,+ + I, ;;i Ni(I& f Hf (19) 

Some of the NiIf complex may be converted, by dehydration of the intermediate 
and further reaction with hydroxylamine, to NiD f. The latter complex will have to 
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wait for additional dimethyiglyoxime to be produced by the dow reaction sequence 
involving biacetyl and hydroxylamine in order to precipitate nickel dimethylglyoxi- 
mate. The Ni(I& complex is also converted by dehydration to NiD,. In addition to 
this over-all path in which the two nickel carbinolamine intermediates are involved 
in the precipitation of nickel dimethylglyoximate by equations (18) and (19), there is 
another independent path. This path involves precipitation of the solid red chelate 
by equation (17). Thus, there are at least two independent paths giving rise to the 
two nucleation bursts. In contrast to this, there can be only one path, hence one 
nucleation burst, with the reaction sequence involving biacetyl monoxime and 
hydroxylamine. 

Acknowledgment-The authors wish to acknowledge the partial support of the United States Atomic 
Energy Commission under Contract At-(1 l-1)-582. One of the authors (0. E. H., Jr.) acknowledges 
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Zusanunenfassun~-Spektralphotometrische Ergebnisse zcigen, da0 
die Reaktion von Biacetyl mit Hydroxylamin fiber zwei Carbinolamin- 
Zwi~henst~en verlauft. Das zweite von diescn Zwischenprodukt~ 
f5ndet man such bei der Reaktion von Bicetylmonoxim mit Hydroxy- 
lamin. Der geschwindigkeitsbestimmende Schritt bei der Oximierung 
von Biacetyl ist die langsame Dehydratation des ersten Zwischen- 
produkts, wie aus den verschiedenen Ge~hwindigkeitsko~tanten fiir 
die zwei Reaktionen zwischen 0 und 10” hervorgeht. Bei Gegenwart 
von Nickel im Biacetyl-Hydroxylamin-System geht die Bildung von 
Nickel-Dimethyl-glyoximat nach zwei ~abh~gigen Mechanismen 
vor sich; dagegen ist nur ein Mechanismus ftir die Neiderschlags- 
bildung im Biacetylmonoxim-Hydroxylamin-System verantwortlich. 

R&sun&--Des preuves spectrophotom&iques montrent que la 
reaction du diac&yle avec l’hydroxylamine passe par la formation de 
deux carbinolamines intermediaires. On rencontre egalement le 
second de ces intermediaires dans la reaction de la diac&yle-monoxime 
avec ~hy~oxyl~ine. Le stade qui limite la vi&se d’oximation du 
diac&yle cst la dbhydratation lente de l’intermdiarie initialement 
form& C%ci est mis en evidence par les diverses constantes de vitesse 
obtenues pour les deux reactions entre 0 et 10”. Lorsque le nickel(E) 
est present dans le systeme di~tyle-hydroxylamine, la formation de 
dim~thylglyoximate de nickel pro&de par deux mecanismes indtpen- 
dams, cependant qu’un seul mt5canisme est responsable de la formation 
du precipitt dans le systtme diacetyle-monoxime-hydroxylamine. 
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Summary-A new method for the spectrophotometric determination of 
copper with polyaminocarboxylic acids is presented. The ligand 
chosen is ethylenediamine-N,N’-di-a-propionic acid (EDDPA) which 
compares favourably, in sensitivity and selectivity, with all the other 
similar compounds previously proposed. The copper complex absorbs 
at 670 rnp with a molar extinction coefficient of 140 at any pH between 
3 and 8. Beer’s law is obeyed over the range O-400 ppm of copper and 
the temperature and ionic strength do not adversely affect the method. 
Nickel interferes when present in comparable or greater amounts than 
copper. 

INTRODUCTION 

SEVERAL methods for the s~~trophotomet~c determination of copper with 
polyaminocarboxylic acids have been proposed in the past few years. These methods 
have several advantages over the spectrophotometric procedures using diethyl- 
dithio~rba~~, dithio-oxamide or dithizone, such as greater simplicity and rapidity, 
few interferences, wide range of suitable pH, high stability and solubility of the 
complexes formed. The main inconvenience is their low sensitivity, the limit being 
about 10 ppm of copper, but this is not very important in routine problems of 
copper analysis, when this element is present in appreciable percentages. 

Nitrilotriacetic acid (NITA),’ ethylenediaminetetra-acetic acid (EDTA): 1,2- 
diamin~clohexanetetra-antic acid (DCTA),3 ethylene~ycol-bis(~-~inoethylether)” 
tetra-acetic acid (EGTA)4 and 2,2’-diaminodiethylethertetra-acetic acid (EEDTA)S 
have all been suggested as spectrophotometric reagents for copper. These substances 
are all potentially hexadentate ligands, excepting NITA, which is tetradentate and 
forms tetrahedral complexes if it is the sole ligand in the co-ordination sphere. 

Although the intensity of the colour is not directly related to the type of structure, 
it is somewhat surprising that no complexan has been suggested with the property 
of forming square-planar complexes when completely co-ordinated, because it is 

known that the cupric ion has a marked tendency to such arrangements. 
The obvious choice would be ethylenediamine, N,N’-diacetic acid (EDDA), (I), 

which is, however, rather difficult to prepare, because of the easy replacement of the 
hydrogen atoms bonded to nitrogen 

HOOC-CH,-H-N-CH,-CH,H-CH,--COOH 
I 

467 
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Not long ago, Irving, Shelton and Evans studied a sterically hindered complexing 
reagent derived from EDDA6 and differing from it by having cc-propionate instead 
of acetate groups (II) 

CH3 CH, 

I 
HOOC-AH-NH-OHM-CH~-No-CH-COOH 

II 

This reagent, e~ylenediamine-N,N’-di-~-propionic acid (EDDFA), gives com- 
plexes only slightly less stable than EDDA and is far easier to prepare. Indeed, the 
two cc-methyl groups hinder the replacement of the remaining hydrogen atoms bonded 
to nitrogen and furthermore the compound is easily obtained in a fair state of 
purity. 

Ethylenediamine-N,N’-di-~-propionic acid intensifies the blue colour of dilute 
copper solutions more strongly than similar complexing agents. 

COMPARISON WITH OTHER METHODS 

The sensitivity of the present method relative to procedures using other poly- 
aminocarboxylic acids is best appreciated by examining the maximum values of the 
molar extinction coefficients of the respective copper complexes. We have investigated 
the variation of absorbance with pH for several complexans, using 100% excess of 

TABLE L-MOLAR EXTINCTION COEFFKXENTS OF COPPER 

COMPLEXES 

Ligand 

NITA 

EDTA 7 735 91 

MEDTA 6 735 106 

DCTA 2.5 680 118 

EEDTA 1a5 720 59 

EGTA 6 700 68 

HCEDTA 12-5 735 133 

EDDPA 6 670 140 

* From ref. 9. 

each compound relative to copper, and have calculated the required smlsx values 
without taking into account the possibility of equilibria between different complexes. 
The calculated extinction coefhcients are summarised in Table I; the absorption 
curves of several of the copper complexes, at a suitable value of pH, are presented 
in Fig. 1. 

The following abreviations are used : 
EDTA ethylenediaminetetra-acetic acid 
IvlEDTA 1,24iaminopropanetetra-acetic acid (methyl-EDTA) 
DCTA 1,2-diamino~yclohexanetetra~aceti~ acid 
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EGTA ethy~enegiy~~l~bis~-~inoetbylether~tetra-acetic acid 
HCIDA 2-hydroxycyciohexylimin~i~~etic acid 
HCEDTA ~-hydroxycy~lohexy~ethy~e~ediami~etri~tic acid 
EERTA ethy~etherdiaminotetra-acerb acid 
EDDPA ethylen~iami~e”~~‘-di-~-propianic acid 
ADA anthranyldiacetic acid 
IMDA iminodiacetic acid 
UI3A ~ami~dia~tic acid 
NITA nit~iot~a~etic acid 

FKL 1 .-Absorption curves of the copper complexes of some polyaminocarboxylic acids 
(concentration of copper 0@04M; ~o~~~tration of the l&and 0.~8~) : 

(1) EDDPA, (2) DCTA, (3) HCEDTA, (4) MEDTA, (5) EDTA, (6) HCIDA, (7) EGTA 
(8) ADA, (9) WDA, (t0) IMDA. 

Altbo~gh the extinction coefficients found are not very accurate, because the com- 
mercial ~omplexa~s were not further purified and the instrument used is not adequate 
for precise measurements, the values obtained confirm our hypothesis by showing that 
EDDPA is indeed the most sensitive of all the reagents studied. DCTA and HCEDTA 
aIso have inter~ting possibilities, at low and high pH val~es,~es~tive~y. 

~ermejo-Martinez and Was-P&=ezJ have pointed out the advantages of EEDTA 
for work at low pH, but the extinction coefficient of the copper complex of this hgand 
is small, and the method, consequently, not very sensitive. Hence, although the 
limit of pH when using DCTA cannot be so low and needs a rather accurate adjust- 
ment, this reagent, also proposed by the same authors, still seems to have advantages 
relative to EEDTA. 

HCFDTA seems to be the appropriate ~omp~exan for work at high pII and it wilt 
be dealt with in a future paper. The increasing absorption with pH probably results 
from the ionisation of the phenolic hydrogen which alters the environment of the 
copper atom. The same is found for the HCIDA-cop~r-complex. 

The absorption curves in Fig. L seem to fall into three groups, absorbing in 
limited ranges of wavelength, corresponding to a definite type of ~omp~exan. 

Thus, EDDPA probably forms planar complexes and its copper complex absorbs 
at 670 my; EDTA, MEDTA and HCEDTA probabty form weakly tetragonal 
complexes and absorb between 725 and 745 rnp; ADA, I.JDA and HCIDA absorb 
between 770 and 790 rnp and may form copper complexes more close to cubic 
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symmetry; finally, EGTA behaves like MDA, both absorbing at 69Omp 
which is close to the value found for EDDPA; they probably also form planar 
complexes having one co”or~nation site occupied by a water molecule. In the case of 
EGTA this should be ascribed to the 2: 1 comp1ex.r The maximum of absorption at 
680 rnp found for DCTA at pH 25 may also correspond to the planar complex 
with two free carboxylic acid groups. 

The behaviour of NITA resembles that of other similar tetradentate ligands, 
as expected, but its 1: 1 copper complex has two broad bands of absorption with 
maxima at 775 and 800 rnp which were discussed by Jorgensen,s who has also com- 
mented on the copper complex of EDTA, among other ligands. This author has 
proposed an empirical parameter equal to the ratio between the observed wave 

TABLE II.-DECREASE IN LOG K UNITS FOR METAL COMPLEXES 
WHEN EDTA IS REPLACED BY EDDMA 

MgPe 
Caa+ 
Goa+ 

Ni*f Cuff 
zn=+ 
Cdl+ 
Las+ 

log K log K 
EDDPA EDTA A log K 

2% 8.7 5.9 
-1 10.7 9.1 

10.2 1631 61 

12-2 18-62 15.2 18.8 ;:i 

10-t 16.5 64 
8.1 16.6 8.5 
58 15.4 9.6 

numbers $&r, which is a measure of the relative tetragonality of the copper 
complex, because the nickel(I1) spectra are very little affected by deviation from cubic 

symmet~.*‘s This parameter can be used as a further foliation for the configura- 
tions of the copper complexes considered above. 

There is still another factor favouring ethyIenediamine-N,N’-di-~-propionic acid 

as a reagent for the spectrophotometric determination of copper. It derives from 
the fact that being a te~adentate Iigand, the stability of most of its complexes is much 
lower than that of the corresponding complexes formed by the above mentioned 
complexans, but the decrease for copper is far smaller than for the other metals. 

Taking EDTA as an example, these conclusions are summarised in Table II. 
Relative to EDTA the decrease in stability for the copper complex is about 1,000 

times smaller than for other metals. This is expected to reduce considerably the 
interferences, because the formation of the copper complex becomes preferential in 
relation to most, if not all the common metals. The study of the interfering elements, 
described below, confirms this hypothesis. 

Apparatus 
EXPERIMENTAL 

A Beckman model B s~trophotometer with l-cm corex cells was used for absorbance measure- 
ments. A Radiometer TTTc 1 pH meter, with a combined electrode GK-2025 was used. 

Reagents 

Ethylenediamine-N,N’-di-er-propionic acid. This reagent was prepared by condensation of ethy- 
lenediamine with a~hloropropionic acid in an alkaline medium, foilowing the instructions of Irving, 
Shelton and Evans.* A white product, meiting with decomposition at 278-280” (lit. 260-265”), 
was obtained in 6OoA yield. 
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O*OlM and O*lM solutions of the monosodium salt of the reagent were prepared by dissolving 
the caloulated amount of the acid in a solution containing the corresponding amount of sodium 
hydroxide. 

Copper. Electrolytic copper was dissolved in AnalaR nitric acid, the excess acid evaporated and 
the solution diluted to the required volume. 

Otlter reripents. Sodium hydroxide, nitric acid, sulphuric acid, sodium and other metal salts 
for the study of the interferences were all of analytical grade. 

The polyaminocarboxylic acids used for comparison were either commercial products or were 
previously synthesised in our laboratory. 

The following procedure is recommended for general application and especially for the analysis 
of alloys. 

Dissolve 0~100&0~5000 g of the sample (for percentages of copper between 100% and 10%) 
with 20 ml of dilute nitric acid (1~2). Expel nitrogen oxides, transfer to a volumetric flask and dilute 
to 100 ml with distilled water. Pipette 5-b ml of tithe solution to a small beaker, add 25 ml of 0=1&f 
EDDPA (sodium salt) and adjust to pH 3-9 if necessary. Transfer the solution to a volumetric 
flask and dilute to 25 ml. Check the pH. Read the absorbance with a spectrophotometer at L = 670 
mp. Calculate the percentage of copper in a calibration curve obtained from electrolytic copper 
using the same technique. 

STUDY OF THE ANALYTICAL PROCEDURE 

Influence of external variables in formation of copper-EDDPA complex 

Colour. The reaction of copper with ethylenediamine-N,~-di-u-propiona~ is 
practically instantaneous. The complex has a deep blue colour &, = 670 rnp) 
(Fig. 1) which is stable for several days. 

pli. The influence of pH is shown in Fig. 2. 

FIG. 2.-Variation of absorbance with pH for the copper-EDDPA complex 
(concentration of copper OeOO4M; concentration of ligand OGOSM). 

Below pH 3 the formation of the complex is incomplete and above pH 9 its 
hydrolysis causes the absorbance to decrease. Between pH 3 and 9 the concentration 
of the absorbing species is constant and, for analytical purposes, any value of pH 
between these limits is suitable. 

Te~erature. A temperature between 10” and 50” has no appreciable effect 
on the extinction coefficient of the complex. 

Ionic strength. The effect of the ionic strength was studied using a 30% 
solution of potassium nitrate as the upper limit of concentration. The differences in 
absorbance do not exceed 0X105 unit for the extremes and the solubility of the 
complex is not affected. 
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Reagent concentration. The molar ratio methodlO was used to determine the 
stoichiometry of the complex (Fig. 3). This curve shows that the complex is formed 
in equimoiar proportions of metal and ligand, as expected. A 100% excess of the 
reagent ensures that the absorbance is constant and larger amounts of ligand can be 
present without interfering. 

Compliance with Beer’s law 

Beer’s law is obeyed up to concentrations of the order of 400 ppm of copper, The 
calibration curve passes through the origin and the sensitivity is such that 100 ppm 
of copper gives rise to an absorbance of O-22. The lower limit of applicability of 

FIG. 3.--Composition of the copper-EDDPA complex 
(concentration of copper OQ&Ukf; pH 6). 

the method is about 5 ppm of copper, which is a considerable improvement over 
similar methods. 

Interferences 

The effect of foreign cations and anions was studied by adding them to 6 mg of 
copper and developing the colour with the reagent. 

The results obtained showed that sulphates and nitrates do not interfere. Halides 
may be present up to concentrations 25 times that of copper (chloride and bromide 
gave errors of f5 % when 1 g of NaCl or NaBr was added). Acetate and phosphate 
can be tolerated in amounts up to about 10 times that of copper; errors of about -4 % 
were obtained when 20 times this amount was used. 

Alkali and alkaline-earth ions, manganese, iron, alumi~ium, zinc, lead, uranium, 
cadmium, bismuth, chromate, vanadate and molybdate can be considered as non- 
interfering. Cerium and cobalt can be tolerated in concentrations of the order of, 
respectjvely, 10 times and 5 times that of copper. Nickel starts to interfere when 
present in amounts of the same order of magnitude as that of copper. This metal is 
practically the only interference which needs to be considered in routine analysis 
and must be separated when its concentration exceeds that of copper. 

RESULTS 

We have applied this method to several copper alloys of different compositions, 
previously analysed by electrolytic deposition in official laboratories. The results 
obtained are summarised in Table III. 
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The agreement can be considered as excellent, and deviations may be expected 
to be less than -0.3 % depending on the percentage of copper. 

TABLE HI.-RESULTS OF ANALYSES OF COPPER ALLOYS' 

Sample ref. 
Copper found, % 

Electrolysis Present method 
Error, % 

L.A. 387 92.14 92.04 -0.11 
L.A. 543 6767 67*50 -0.25 
L.A. 544 13.17 13.13 --0.30 
L.A. 549 67.68 67‘50 -0.25 
L.A. 584 99.98 9990 -0.08 

B.C.S. Bronze A 85-50 85.45 -o%l6 

a L. A. Laboratorio de Am&es do Instituto Superior Tecnico, Lisbon. 
B.C.S. British Chemical Standard. 

This makes the present method a very attractive aiternative to electrolytic de- 
positions, which are time consuming and have their own difficulties. The spectro- 
photometric determination of copper using ethylenedjamine-~,N’di-~-propionic acid 
should be considered when a rapid, easy and considerably accurate method is required 
for routine determination of this element. 

Zusammenfassung-Eine neue Methode zur koiorimetri~hen Kup- 
ferbestimmung mit Komplexonen wird angegeban. Ah L&and 
wurde Athylendiamin-N,N‘-di-a”prop~n~ure (EDDPA) ausgewlhh; 
dieser bietet Vorteile vor allen b&her vorgeschlagenen Komplexonen 
hinsichtlich Empfindlichkeit und Sebktivitlit. Der Kupferkomplex 
EDDPA absorbiert bei Ammax := 670 rnp mit emsr = 140 bei allen 
pH-Werten zwischen 3 und 8. Das Beersche Gesetz gilt bei @400 pg 
C@+/mI, und Temperatur oder Ionenstlrke tun der Methode keinen 
Abtrag. Nickel start, wenn es in der gleichen oder @iBeren Menge 
als Kupfer vorhanden ist. 

R&n&--On d&it une nouveile m&bode spectrophotometrique de 
dosage du cuivre aver I’acide ethyl~nediamin~NN’~i-a-p~pionique 
(EDDPA). Le complexe de cuivre presente un maximum d’absorption 
a A = 670 rnp et un coefficient d’extinction molaire E = 140 dans une 
zone de pH entre 3 et 8. La Ioi de Beer at verified pour les concen- 
trations de O-400 pg Cu*+/ml, la methode &ant plus sensible que les 
autres methodes utilisant des complexones propos&s jusqu’a present. 
La temperature et la force ionique ne g&rent pas. Seule I’onterference 
du nickel est importante quand ce cation est present dans des quantites 
superieures a celle du cuivre. 
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DETERMINATION OF ZINC AND CADMIUM: 
,%MERCAPTOPROPIONIC ACID AS A MASKING 

REAGENT FOR CADMIUM 

R. P&BIL and V. VES~L~ 
Laboratory for Anai~t~cal Chemistry, Polarographic Institute of 

J. Heyrovsk9, Czechoslovak Academy of Sciences 
Prague, Jilsk& 16, Czechoslovakia 

(Received 26 Octuber 1964. Accepted 21 January 1965) 

Summary-A new method for the successive determination of zinc 
and cadmium (in the presence of copper) is described. It is based OR 
the masking of cadmium (copper) with ,!Lmercaptopropionic acid 
(MPA) and followed by direct titration of zinc with triethylenetetra- 
minehexa-acetic acid (TTHA). After the addition of DCTA cadmium 
is determined indirectly by back-titration with zinc nitrate solution. 
Al1 titrations are carried out with Xylenol Orange as indicator in 
a slightly acid medium, where alkaline earth metals are without 
effect on the results. 

RECENTLY Yamaguchi and Ueno’ published some observations on the masking 
properties of /3-mercaptopropionic acid (MPA). In an alkaline medium MPA satis- 
factorily masks iron, bismuth, cobalt, copper and mercury as colourless or slightly 
coloured complexes. This masking effect has been used in the complexometric 
determination of manganese, nickel, calcium, and magnesium in the presence of the 
above-mentioned metals. MPA has also been used by Hara2 for masking lead in the 
EDTA titration of zinc with dithizone as indicator. In an acid medium, however, 
other complexes are not stable enough to prevent reaction with EDTA.l We have 
confirmed this statement and we have found some interesting reactions of zinc and 
cadmium, which can be summarised as follows: 

(a) Cadmium, at pH 5 (urotropine), is masked with MPA against Xylenol Orange. 
At higher concentrations of cadmium, a white precipitate appears. Zinc does not 
appear to react with MPA; the zinc colouration with Xylenol Orange still remains 
even in the presence of excessive MPA. 

(b) The titration of zinc with EDTA after previous masking of cadmium 
always gives high results, because the cadmium-MPA complex is not stable enough 
to mask the cadmium completely. The end-point is, therefore, indistinct. 

(e) The masking is effective if t~ethylenetetraminehexa-acetic acid (TTHAj3 
is used as a titrant. Good results for zinc are obtained if the zinc:cadmium ratio 
does not exceed 1:40. 

(d) The cadmium-MPA complex (even if it is present as a precipitate) reacts quan- 
titatively with an excess of EDTA. If the excess EDTA is back-titrated with zinc 
solution, cadmium is displaced to its MPA complex, but the end-point is sluggish 
and indistinct. (log KCdY = 16-46 and log Kznr- = 16.50). 

(e) DCTA also reacts quantitatively with the cadm’um-MPA complex, but the 
* Part XVIII: Tuluntu 1965, 12, 385. 
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cadmium is not displaced by back-titration with zinc (log Kcdy = 19.23, and log Kzny 
= 1867). The end-point of the titration can be located easily. For these reasons 
DCTA has been used for the determination of cadmium. 

(‘J) The colourless copper(I)-MPA complex does not react with either EDTA or 
DCTA under the same conditions. Therefore, MPA has also been used for the 
masking of copper in the determination of zinc and cadmium. 

TABLE L-DETERMINATION OF CADMIUM AND ZINC IN THE PRESENCE OF COPPER 
- 

Taken, ml of O45M 

Cd Zn Cu 
MPA, 
drops 

0.05M 
TTHA, 

ml 

0.05M 0.05&f Found, ml of @OSM 
DCTA, Zn, 

ml ml Cd Zn 

0.50 lO@O - 25 5.00 1.96 1.58 O-38 10@0 
3.01 3.00 - 25 1.48 4.90 I -93 2.97 2.96 
5.01 0.50 - 30 0.22 9.81 4.85 4.96 044 

IO.03 0.50 - 30 0.24 il.76 187 9.89 048 
0.50 20.00 - 30 9.92 1.96 l-50 O-46 19.84 
0.50 20.00 - 15” 1@08 1.96 1.70 0.26 20.16 
5.01 10.00 10 25 4.99 9.81 485 4.96 9.98 
0.50 io@O IO 25 5.01 2.94 2.52 0.42 IO.02 
5.01 0.50 10 25 0.23 9.81 4.83 4.98 0.46 

a because of high concentration of zinc the used amount of MPA was not sufficient. 

EXPERIMENTAL 
Reagents 

Trietkyienetetraminehexu-acetic acid. 0.05M solution of TTHA was prepared by dissolving 24723 
g of the free acid (J. R. Geigy, Base], Switzerland) in 100-120 ml of 1M sodium hydroxide with 
slight warming and diluting to 1 litre. The factor was checked by complexometric titration with 
standard O.OSh4 zinc solution with Xylenol Orange as indicator. 

,6-Mercuptopropionic acid. A commercially available sample (Dojindo, Pharmaceutical Laborator- 
ies Kumamoto, Japan) was used without purification and dilution. 

Other reagents include O.O5MDCTA, and the nitrates of copper, zinc and cadmium, concentrated 
nitric acid, IM nitric acid, solid urotropine and a 0.2% solution of Xylenol Orange. 

Procedures 

Successive determination of zinc and cadmium. To the acid solution, containing not more than 40 
mg of cadmium and 60 mg of zinc, add lo-40 drops of concentrated MPA, adjust the pH to S-55 
with solid urotropine, add Xylenol Orange and titrate slowly with O.OSM TTHA to a red-yellow 
colour. Because TTHA forms a 2: 1 complex with zinc, J 1 ml of O.OSM TTHA corresponds to 
6537 mg of zinc. 

To the same solution add an excess of 0.05M DCTA and titrate with 0*05M zinc nitrate to the 
red colour of the indicator. One ml of 0.05M DCTA corresponds to 5.6205 mg of cadmium. 

Determination of zinc and cadmium in the presence of copper. * To the acid solution, containing 
up to 40mg of copper, in addition to the cadmium and zinc, add dropwise MPA to dis~louration 
(a slight turbidity always appears if cadmium is present), and some drops of MPA in excess 
(15 ml of concentrated MPA is the maximum) and determine zinc and cadmium as described above. 
Some results are given in Table I. 

Although thiourea is well known as a very active and selective masking agent for copper, it 
cannot be used. The addition of MPA to a solution containing the copper-thiourea complex and 
zinc and cadmium causes a white precipitate which reacts slowly with TTHA and so the results are 
not good. 

* After we had finished this study, Makada, Yamaguchi and Uenoq published a note on dimer- 
captosuccinic acid, which can also be used as a masking agent for cadmium (copper) in the 
titration of zinc with EDTA, but only for a ratio of zinc:cadmium of less than 1: 1. 
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DISCUSSION 

Although the described method is very simple and gives good results under proper 
conditions, the reaction mechanism during the second titration is rather complicated. 
At the first end-point (dete~ination of zinc) Zn,(TTI-IA) and Cd(MPA) complexes 
exist. After the addition of DCTA cadmium is complexed and Zn,(TTHA) can 
react partly with DCTA: 

Zn,(TTHA) + ZDCTA + 2Zn(DCTA) + TTHA (1) 

It is impossible to calculate the extent of this reaction by back-titration with zinc, 
because the consumption of zinc is always the same: 

2DCTA + 2Zn -+ 2ZnfDCTA) (2) 
TTHA + 2Zn -+ ZndTTHA) (3) 

Reaction (1) can, however, be easily followed by back-titration with lanthanum, 
which forms only 1: 1 complexes with both titrants. Two examples illustrate the 
solution of this problem. 

(a) 10 ml of 0.05M zinc solution were determined by titration with 5-l 1 ml of 0.05M 
TTHA. After the addition of 10 ml of O*OSM DCTA the solution was titrated again 
with 0.05M lanthanum solution; the consumption was 8.43 ml (instead of 10 ml). 

(b) The first experiment was repeated and after the addition of DCTA the solution 
was titrated in the same way after standing for 1 hr. The consumption of 0.05M 
lanthanum solution was only 5.7 ml. x 

Because reaction (1) is incomplete and x ml of DCTA replace z ml of TTHA, the 

total consumption of lanthanum (A) is given by the following equation: 

/+10--x+;. 

When A = 8.43, x = 3.14 and when A = 5.7, x = 8.6; 

10 - x ml and liberated TTHA = ; ml. 

In the first experiment the solution contains 6.86 ml 
TTHA; in the second one 1.4 ml of DCTA and 4.3 ml 

then the free DCTA = 

of DCTA and 157 ml of 
of TTHA. These experi- 

ments show that reaction (1) proceeds slowly and is not quantitative even after 1 hr. 

Acknowledgement-The authors wish to thank Prof. K. Ueno (Department of Organic Synthesis, 
Faculty of Engineering, Kyushu University, Fukuoka, Japan) for the sample of 8_mercaptopro- 
pionic acid and to Dr. A. Krebser (J. R. Geigy, Basel, Switzerland) for the sample of TTHA. 

Znsannnenfassnng-Eine neue Methode zur Bestimmung von Zink und 
Cadmium nacheinander (such in Gegenwart von Kupfer) wurde 
beschrieben. Sie beruht auf der Maskierung van Cadmium (Kupfer) 
mit &Mercaptopropions%ure (MPA) und nachfolgende ditekte Ti- 
tration von Zmk mit TTHA. Nach Zugabe von DCTA wird Cadmium 
indirekt durch Rticktitration mit Zinknitrat bestimmt. Alle Titrationen 
werden mit Xylenolorange als Indikator in schwach saurem Medium 
ausgefiihrt, wo Erdalkalien ohne EinfluB auf die Ergebnisse bleiben. 

R&m&--On deerit une nouvelle m&ode permettant les dosages 
successifs du zinc et du cadmium (egalement en presence de cuivre). 
Elle est ba&e sur la dissimulation du cadmium (cuivre) au moyen 
d’acide /I mercaptopropionique (MPA), suivie du dosage direct du 
zinc au TTHA. Ap&s addition de DCTA, le cadmium eat dose 
indirectement par titrage en retour au moyen dune solution de nitrate 
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de zinc. Tous Ies dosages sont men& en pr&ence de Xyl&ol Orange 
comme indicateur, en milieu I&g&rement acide, oit les alcalino-terreux 
sont sans influence sur les r&ultats. 

REFERENCES 

’ K. Yamaguchi and K. Ueno, Talanra, 1963, 10, 1195. 
B S. Hara, Japan Analyst, 1961, 10,633. 
3 R. Piibil and V. Vesel$, Talanra, 1962, 9, 939. 
p T. Mekada, K. Yamaguchi and K. Ueno, ibid., 1964, 11, 1461 



~attm. 1965. Vol. 12, pp. 479 to 483. Pergamon Press Ltd. Printed in Northm Ireland 

BEHAVIOUR OF SILVER(I1) IN PHOSPHORIC 
ACID MEDIA AND A GENERAL MECHANISM 

FOR SOLVENT OXIDATION 
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Pennsyl~nia, U.S.A. 

(Received 10 November 1964. Accepted 15 February 196.5) 

Summary-A s~trophoto~tric investigation of silverfll) in phos- 
phoric acid solution has revealed the presence of two predominant 
silver(H) phosphate complexes, which undergo reduction by water 
according to a rate law second order in silver(II), inverse first order in 
silver(l) and complex in solvent anion and hydrogen ion concentrations. 
A comparison of trends in molar absorptivities and pseudo-first order 
rate constants indicates that the reduction step is preceded by rapid 
equilibria involving silver(H) complexes. A single oxidation-fusion 
mechanism seems to be common to the three acidic media studied to 
date. 

BECAUSE sitver(Il) is a strong oxidising agent in aqueous solution and promises to be 
useful as a selective oxidant in several stoichiornetric reactions of analytical interest, 
we have previously reported on the nature and stability of this reagent in acidic 
suiphate” and perchlorate media. In our earlier papers we emphasised the impo~nce 
of silver(II)-solvent ligand complexes and the role of kinetic factors in determining the 
lifetime of silver(U) with regard to its reduction by water. 

In the meantime, Lloyd and Pickering have reporteda their observations on the use 
of silver(I1) in aqueous solution for the analytical oxidation of manganese(H) and 
chromium(II1). These authors also recognised that the silver(II)-water reaction was 
responsible for the observed deviations from stoichiometry of the desired oxidation- 
reduction reaction, and pointed out the need for additional kinetic and mechanistic 
data in these systems. 

The present paper describes our findings regarding the behaviour of siIver(I1) in 
phosphoric acid solutions, and thus completes the series of studies employing media 
of mono-, di-, and tri-basic ligands. On the basis of the equilibrium and kinetic 
evidence obtained, an attempt is made to arrive at a general reaction scheme for the 
reduction of silver(H) by water in such solvents and some conclusions are drawn about 
the use of silver(H) as an effective oxidant for analytical purposes. 

EXPERIMENTAL 

The reagents, apparatus and procedures used were as described previously.’ 

RESULTS AND DISCUSSION 

Previous studies2>4 have amply demonstrated that the rate of reduction of silver(l1) 
by water is second order in silver(I1) and inverse first order in silver(I). This point was 
confirmed in the present study for this reaction in phosphoric acid media; for pur- 
poses of comparison, however, all rate constants are reported as pseudo-first order 
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rate constants and were obtained from rates measured during the early portion of the 
reaction where the inhibiting effect of silver(I) is minimal. 

Spectra of siluer(ZZ) as a faction of phosphoric acid concentration 

Ultraviolet and visible spectra recorded from solutions 4.04 x 1O-2 and 9.70 x 
10”M in silver(H) suggest, on the basis of the large rise in absorbance in the ultra- 
violet region of the spectrum with increasing concentration of phosphoric acid, that at 
least two $hosphate complexes of silver(I1) are present in important concentrations in the 
range of 4 to 44.4N phosphoric acid. These predominant species have their absorption 
maxima at approximately 498 (visible complex) and 300 rnp (ultraviolet complex), 
respectively. Contary to our findings in sulphuric acid solutions,l no reproducible 
isosbestic point could be distinguished. Small shifts in the location of the maxima 
occur in changing acid ~on~ntrations and can probably be attributed to variable 
decomposition rates. The spectrophotometric data are summarised in Table I. 

TABLE I.-SPEC~ROPHOTOMETRIC DATA FOR SILVER(H) PHOSPHATE COMPLEXES AS A 

FUNCTION OF PHOSPHORIC ACID CONCENTRATION 

HJQ,, Visible complex 
N maximum, rnp Absorbance 

Ultraviolet complex 
maximum, mp Absorbance 

44.4 500 OG40 306 0.773 
40 498 oTl61 301 0.883 
38 498 0.067 300 I.063 
35 495 0.067 300 1.178 
30 495 OG65 
25 496 0031 E 

1.084 
0.331 

14 500 O-024 296 0,173 
4 500 0.037 280 0.058 

Because of the simultaneous disappearance of silver(H) by a reduction process 
whose rate depends in a complex fashion on both silver and acid concentrations, the 
data in Table I, while reasonably reproducible, do not give direct information regarding 
the complexes involved. For this reason, log absorbance zx time curves for each case 
were constructed and extrapolated to zero time to give the initial molar absorptivities 
listed in Table II. 

TABLE K-MOLAR ABSORPTIVITY OF SILVER(H) AS A FUNCXION 

OF SOLUTION COMPOSlTlON 

H,PO* medium, N Wavelength, rnp Molar absorptivity 

45 500 25.1 i 3 
35 496 21.2 f 3 
30 496 24.6 &- 3 
20 496 18.4 I 3 

Similar experiments carried out under conditions of varying acidity at constant 
phosphate concentration and varying phosphate concentrations at constant acidity, 
respectively, yielded the apparent molar absorptivities of Table III. 

While there is considerable uncertainty in the actual numerical values given, it can 
be seen that the calculated molar abso~tivities vary roughly in a manner propo~ional 
to the square of the phosphate concentration and the inverse square of the hydrogen 
ion concentration. Analogous experiments carried out for the ultraviolet complex 
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TABLE III.-MOLAR AESORIVIVITEES AS FUNCXON OF AC!DITY AND PERXPHA~ CONCSMTRATIOF 

Formal H+ 

COX. 

21.0 
20.0 
19.5 
19-o 
20.0 
20-o 
20.0 

1 
- x 1cT Formal Wavelength, Molar 
W+l" PO,=- cont. [PO*s-]s w absorptivity 

22 22.0 - 4% 18 +3 
25 22.0 - 496 31 +3 
26 22.0 - 496 36 f 3 
28 22.0 - 496 41 f3 
- 23.0 530 496 34 f 3 
- 22.5 505 496 32 f 3 
- 22.0 485 496 31 f3 

(at 300 mp) are less clear-cut, because of the poor reproducibility and optical inter- 
ference of silver(I) species, but seem to indicate a decrease in the apparent molar 
absorptivity with increasing phosphate concentration. 

reduction kinetics of silver@I) F~o~p~aie complexes 

The decomposition of silver(H) phosphate complexes obtained by dissolution of 
4.04 x 1O-2 and 8.07 x 10m2M silver oxide (Ago) in 40,35,30 and 20N phosphoric 
acid was studied at 496 and 300 mp. The resulting pseudo-first order rate constants 
(for experiments carried out in triplicate at 25.0 rfr O-1 5’) are reported in Table IV as a 
function of phosphoric acid concentration. 

TABLE IV.-RAXX CONSTANTS FOR SILVER REDUCTION M PHOSPHORIC ACID 

HsPO,l, N Wavelength, mp k, min-’ Wavelength, rn.u k. mirt 

40 496 0.097 
496 0.101 

:: 0.032 
0.098 

496 0.099 300 0,091 
35 496 0.110 300 0.111 

496 0.108 
:: 

0.115 
30 496 O-120 0.129 

4% 0.119 300 O-132 
496 0.120 300 0.125 

20 496 0.161 0.185 
496 0,188 0.185 

An important observation immediately becomes apparent: while the specific rate 
constants show a small increase with decreasing phosphoric acid concentration, the 
average rate constants obtained for the decomposition of the “visible” and “ultra- 
violet” complexes are equal at any given phosphoric acid concentration. In fact, the 
ratio of rate constants obtained in 16 separate experiments was 0996 f O-018. 

In view of this rather remarkable finding, our experiments were extended to the 
entire accessible range of phosphoric acid concentrations (4 to 44.4N). Again, the 
absolute numerical values of the rate constants were constant within about & 15 % 
(relative), and the ratio of the “visible” to the “ultraviolet” rate constant averages 
1.036 rfi O-026 for 35 experiments. From experiments carried out over the temperature 
range 10-40”, an Arrhenius activation energy of approximately 1 l-5 k&/mole was 
calculated. 

Finally, the individual effects of hydrogen ion and phosphate concentrations on 



482 G. A. RECHNITZ and S. B. ZAM~CHN~CK 

the rate constant were evaluated in a manner similar to that used above for the meas- 
urement of the molar absorptivities. The results of this study are summarised in 
Table V. 

While it was not possible to hold the ionic strength constant in all experiments, the 
results of Table V clearly show a second order dependence of the rate constant on 
hydrogen ion concentration and an inverse second order dependence on phosphate 

TABLE V.--VARIATION IN PSEUW-FIRST ORDER RATE 
CONSTANT WITH HYDROGEN ION AND PHOSPHATE CON- 

CENTRATIONS 1406 nljl) 

Formal H-cone. Formal P0,3- cont. k, mitt-t 
--_-_------ -- 

13.0 22.0 0.103 
21.0 22.0 O+i28 
22.0 22.0 0.138 
20.0 21.0 0.157 
20.0 22,o 0.145 
20.0 22.5 0.136 
20.0 23.0 0.127 

concentration. It is particularly noteworthy that this variation is exactly opposite to 
that noted for the dependence of the molar absorptivity of silver(U) upon these same 
variables. 

Getteral mechanism fir siker(ll) reduction in mineral acid media 

Four rather striking similarities stand out in the observed kinetics of silver(Il) 
decomposition in all three (perchloric, sulphuric and phosphoric) acid media: 

(1) The rate law shows second order dependence on silver(l I) and inverse first 
order dependence on silver(I) concentration. 

(2) Arrhenius activation energies are identical (about 11 kcatjmole) in the three 
media within experimental accuracy. 

(3) The rate constants for the decomposition of individual silver(I1) complexes in 
each medium are in a constant 1 : 1 ratio over very wide ranges of solution composition. 

(4) Measured rate constants taken under similar conditions of temperature and 
ionic strength are comparable from one medium to another. 

These four observations are consistent with the view that a critical reaction step 
prevails, which is independent of the nature and charge of the solvent ligand and has 
general validity for the decomposition of silver(H) in strong acid media. This step is 
believed to be the disproportionation of silver(ll), i.e., 

2AgUl) e A&III) + Ag(I) (1) 

followed by the reaction of silver(ll1) with the solvent to yield oxygen and silver(I) as 
final products. 

Nevertheless, the solvent anion has a very definite effect on the over-all sequence of 
processes in each medium. Most probably, these anions serve as ligands to form a 
series of silver(H) complexes which are in rapid equilibrium to furnish reactive silver(U) 
for step (I 1. That these equilibria must be rapidly established is shown by the absence 
of rate constant differences when the kinetics of the oxidation-reduction reaction are 
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followed by monitoring the concentration of the individual complexes. It seems likely 
that considerable analytical advantage is to be gained by proper choice of iigands both 
for the purpose of stabiiising sifver(If) in solution and for improving detection limits 
[e.g., the molar absorptivity of silver(H) is about 1000 times greater in suiphuric acid 
than in perchloric or phosphoric acid media]. 

Acknowledgevnent-This study was supported in part by the Laboratory for Research on the Structure 
uf Matter, University of Pennsylvania, U.S.A. 

~~~~-Ejne s~kt~lphotom~trjsche Untersuchung von 
SilberfII) in phosphorsaurer L&sung ergab die vorherrschende Gegen- 
wart zweier Silber(II)-phosphatkomplexe, die durch Wasser nach 
einem Geschwindigkeitsgesetz zweiter Ordnung bezliglich Silber(II) 
und reziproker erster Ordnung baztlglich Silber(1) reduziert werden; 
die Anionen- und Wasserstoffionenkanzentration tritt in komplizierter 
Form auf. Ein Vergleich der Auderungen der moiaren Extinktion- 
skoefBzienten und der ~hwi~d~gkei~kuns~nten pseudo-erster 
Ordnung zeigt, da9 dem R~uktionsschrjtt rasche Gleichgewichts- 
re-aktionen der Silber(II)-Komplexe vorgetagert sind. In den bisher 
untersuchten sauren Medien scheint ein und derselhe Oxydations- 
Reduktionsmechanismus abzulaufen. 

R&m&-Une etude spectrophotometrique de i’argent(I1) en solution 
dans l’acide phosphorique a rev&e la pr&ence essentielle de deux 
complexes de phosphate d’argent(II), qui subissent la reduction par 
l’eau selon une loi de vitesse de second ordre par rapport a l’argentffl), 
inversement d’ordre un par rapport a l’argent(I), et complexe par 
rapport aux concentrations du s&ant en anion et ion hydrogene. 
Une comparaison des tendances dans les absorptions molaires et 
les constantes de vitesse d’ordre pseudo-un indique que le stade de 
reduction est p&&de par des equilibres rapides mettant en jeu des 
complexes de pargent( Un seut m&anisme d’oxydo-&uction sem- 
ble commun aux trois milieux acides etudits jusqu’a present. 
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Summary-A simple and general method for the determination of N- 
substituted dithiocarbamates is described. The sample, dissolved in 
water, is decomposed with a known amount of acid and the soIution is 
back-titrated with standard base. The number of equivalents of 
dithiocarbamate (as CS,- groups) is easily found from the titration 
curves. 

IN the course of our studies on properties and analytical application of different 
amino-N-carbodithioateslVs (N-substituted dithiocarbamates, R,N-C.S,-) we have 
stated the lack of a simple and general method of assaying amino-~-carbodithioates, 
Several methods of determination of amino-N-carbodithioate@ have been recom- 
mended. A commonly used procedure is based on acid digestion of the sample, 
followed by calorimetric,’ iodometri&@ or other titrimetric’* determination of the 
carbon disulphide formed. This seems to be a general method, but it is neither 
simple nor rapid. Amodification of thesemethodswasdescrib~ byshankara~arayana 
and Patel,“l who add a known amount of standard acid to the carefully neutralised 
sample and, after decomposition of diethylamine-N-carbodithioate, back-titrate the 
excess of acid with standard sodium hydroxide. Direct iodometric titration of amino- 
Wcarbodithioate12 may be promising, but for some derivatives the end-point is not 
distinct. Physico-chemical methods have been also used for determination of amino- 
~-~rbodithioates, e.g., polarography, 13-15 ultraviolet16 and infrared” spectrophotom- 
etry. Their chief disadvantage is connected with the need of standardisation with 
samples of known composition. Papers employing the formation of coloured 
chelates of amino-~-carbodithioates are of little value until their properties have 
been thoroughly investigated. 

In this study we present a potentiometric procedure in which the sample is 
hydroIysed with acid. The excess acid and the protonated base, formed by the hydrol- 
ysis, is titrated with sodium hydroxide and the titration curve used to interpret the 
results. 

EXPERIMENTAL 
Apparatus 

Direct reading pH-meter. Radiometer pHM 22, equipped with glass and calomel electrodes. 

Reagents 

Perchforic acid. 0.1 M Standard solution. 
Potassium hydroxide. O*lM Standard solution, free from carbonate. 
Amino-N-carbodirfrioat@s. Sodium diethylamin~N~arbodithioate, sodium morpho~ine-N- 

carbodithioate, sodium pyrrolidine-N-carbodithioate, sodium piperatine-bis-N,N’-carbodithioate and 
sodium piperidine-N-carbodithioate were prepared according to the procedure given by Gleu and 
Schwab.1B 
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Ammonium diethanolamino-IV-carbodithioate and ammonium bis-(carboxymethyl)-amino-N- 
carbodithioate were prepared according to a procedure similar to that of Hass and Schwarz.r* 

Procedure. Titrate the aqueous solution (20 ml) of the amin~~~ar~dithioate, contajning not 
less than @25 mequiv (co~esponding to the mmole of carbon disulphide) with standard @l&f, 
perchloric acid until the pH is reduced to 1.5-2.0 and record the titration curve. Heat the solution 
and evaporate to one third of the volume. Cool and slightly dilute the solution, then titrate with 
standard O.lM alkali solution up to about pH 11. The content of the amino-N-carbodithioate is 
calculated from the plot of the titration curves, the amount of the amino-N-carbodithioate corre- 
sponds to the amount of hydrogen ions used for acid decomposition of the sample. 

DISCUSSION AND RESULTS 

The decomposition of all amino-N-carbodithioates in an acid medium proceeds 
according to the general equation: 

R,N-CS, + 2H+ $ R,NH,+ + CS,. 

This reaction is relatively rapid, but the reverse reaction also proceeds easily. Signifi- 
cant differences in the rate of reaction and the optimum are found for different 
aminoderivatives. In general, without an excess of acid this reaction is not rapid 
enough for direct titration, although in some cases the end-point break may be noted. 

When the acid-decomposed solution of amino-N-carbodithioate is titrated with 
standard alkali, the neutralisation proceeds stepwise. At first the excess of strong acid 
is titrated, a further step is concerned with neutralisation of the protonised amine, 
the last pH change corresponds to addition of excess of base. When amino-N- 
carbodithioate salts of weak bases are titrated an additional neutralization takes place. 

The position of the titration curves on the pH-axis depends on the stability of the 
N-C bond towards acids and on the dissociation constants of the amines formed 
(Table I). The former factor influences the position of the acid titration curve (Figs. 1 

TABLE L-DISSOCIATION CONSTANTS OF AMINES FORMED 
IN AMINO-N-CARBODITHJOATE DECOMPOSITION 

Amine PKI PKZ 
___-- --.___ 

Diethylamine 11.0 
~rro~idine 11.2 
Morpholine 8-7 
Piperidine 11.0 
Piperazine 9.8 58 
Diethanolamine 9.0 
Iminodiacetic acid 9.5 2.7 
Ammonia 9.2 

and 2), the latter the position of the base titration curve. The shape of the curves and 
the magnitude of the pH break at the respective equivalence points determine the 
possibility of their use as the basis for quantitative analysis. In the case of pyrrolidine 
derivative the situation is especially favourable. Pyrrolidine-N-carbodithioate is 
decomposed only in hot acidic solutions and pyrrolidine is a rather strong base. 
Therefore, both pH breaks extend to at least four pH units, making possible titration 
even with visual indicators. Diethylamine and piperidine derivatives react similarly; 
the former has been determined with phenolphthalein as an indicator.‘l In the case 
of the morpholine derivative, visual titration is possible but is not recommended. The 
piperazine derivative causes an extra break in the base-titration curve, a result of two 
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nitrogen atoms of different basicity. A similar badly developed break may be seen in 
the curve of the iminodiacetic acid derivative at low pH values. For the ammonium 
salts the initial potential break is small, because the pH value of the initial solution is 

KOH, ml +- 

II 
IO 
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B' 
6 

5 

4 

3 

2 

I 
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FIG. l.-Curves of acid, A, and base, B, titration of carbodithioates: 
A,, &--sodium pyrrolidine-~~rbodithi~te 
Ae, B,--sodium morpho~ine-N~r~dithi~te 
A,, B,--sodium diethylamine-N-car~dith~oa~. 

relatively low (t9). In these cases the base-titration curve may include titration of 
the ammonium ion. 

Caicula tions 

In quantitative analysis the evaluation of the amino-~-carbodithioate assay is 
based on the potential breaks in both curves. If V_, represents the volume of acid 

KOH, ml t- 

3- 

2- 

I ” ” ” ’ ” ” ” 
HCCO,. mC - 

FIG. 2.--Curves of acid, A, and base, B, titration of carbodithioates: 
Al, B,disodium pi~razine-bis-~~ar~d~thioate) 
As, Bs~mmonium diethano~amine-N~ar~ithioate 
A&, B,-triammonium his-~car~x~thyi)-amino-~-car~dithioate. 

added to the first potential break in the acid titration, corresponding to neutralisation 
of a small amount of alkali hydroxide added to inhibit the decomposition of the 
amino-N-carbodithioate,: V_,, the total volume of added acid of concentration C_,, 
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and V, the volume of base of concentration C, added till the first break in the base 
titration, then 

represents the amount of equivalents of hydrogen ions used for the decomposition of 
the sample. Thus, the equivalent of amino-N-carbodithioate (1 equivalentcorresponds 
to 1 carbon disulphide group) equals 

In the case of piperazine-bis-(N-carbodithioate) the calculation may be slightly 
different, when the point between the two breaks is considered. So the equivalents 

KOH, ml - 

FIG. 3.-Base-titration of various samples of pyrrolidine-TV-carbodithioate after acid 
titration, A: 

B-sample evaporated to 0.33 volume 
B,-sample heated to boiling 
B,-sample titrated with alkali immediately after addition of acid. 

of hydrogen ions should be divided by 1.5. To improve the accuracy both end-points 
may be determined and an average result is taken as the basis of the final analysis 
(Table II). For a very weak amine (pK < 6), the end-point may be taken after the 
protonised amine has been neutralised. Therefore, the net reaction occurs 

(i R,N-CS,- + H’ + R,NH + CS, 

and the number of h$$v equivalents equals the number of amino-N-carbo- 
dithioate equivalenfs.*-,.~=YG~~-- .,,,_ 

. 
Eflect of heating ’ ,_- -8.. 

-. 
Prolonged heating of the acidic solutioi’may be necessary for complete de- 

composition of the sample. Three equal samples of pyrrolidinii%carbodithioate 
were titrated with acid (Fig. 3). One of them was immediately back-titrated with 
alkali, the second was heated to boiling and then titrated, the last one was heated and 
evaporated to 0.33 volume remained before titration was performed. In the first two 
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TABLE II.-REPRODUCIBILITY OF RESULTS OF Drsunsnnrran 
AMINO-N-CARRODITHIOATE DETERMINATION 

Compound Mequiv Av. mequiv 

Sodium diethylamine-N-earbodithioate 

Sodium pyrrolidine-N-earbodithioate 

Sodium morpholine-N-carbodithioate 

Sodium piperidine-N-carbodithioate 

Disodium piperazine-bis-(N-earbodithioate)* 
I 2.83 II 2.90 

2.88 2.94 
2.91 2.93 

Ammonium diethanolamine-N-carbodithioate 

Triammonium bis-(carboxymethyl)amino-N-carbodithioate 

2.91 
2.95 
2.96 
2.96 
2.98 
2.93 
2.93 

2.82 
2.79 
2.79 
2.81 

2-82 
2.86 
2.86 

2.24 
2.25 
2.31 

2.87 
2.91 
2.92 

2.22 
2.18 
2.27 

2.46 
244 
2.51. 
2.47 
240 

2.95 

2.80 

2.84 

2.27 

290 

2.22 

2.46 

* Results given for both end-points and finally the mean for both. 

TABLE III.---RESULTS OF DETERMINATION OF DIETHYLAMINE-N-CARBODmHIOATE 

FOR SAMPLES OF VARIOUS SIZE 

Taken, mg 22.3 66.8 111.3 
Found, mg 22.6 65.5 110.4 

22.1 66.6 112.0 
21.9 66.7 111.1 
23.1 66.7 110.6 
21.2 67.2 111.5 

66.0 
66.0 

Average 222 664 111.1 

Standard deviation 0.72 0.57 0.66 
Coefficient of variation 3.25 0.88 0.59 

solutions the results were lower (only about 30% of the taken amount of the first 
sample was accounted for) and even an additional break was observed, which was 

significant for samples of various derivatives. The complete decomposition of the 
sample may be tested by adding copper solution to the final solution. A yellowish or 
brown colour should not be observed. Correct and reproducible results have been 
obtained for different carbodithioates (Table II). 
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Accuracy and precision 

The finaf result of declination is calculated as a difference of two volumes 
(or number of equivalents). Care is needed to take for the determination a proper 
amount of the sample, otherwise the small difference of two quantities results in a 
relatively large error (Table 111). A reasonable precision may be attained when about 
3 mequiv of carbodithioate, corresponding to 60-70 mg of the sample, is taken 
for determination. 

~~~~~~~?-~ authors are indebted to Prof. Dr. W. Kern&a, the Head of the Department 
of Inorganic Chemistry, University of Warsaw, for helpful and stimulating comments and discussions. 

&samme&m-Eine einfache und allgemein anwendbare Methode 
zur ~ti~~g N-substituie~~ ~ithi~b~ate wird beschrieben. 
Die in Wasser gel&e Prohe wird mit einer bekaxmten Menge Shre 
gespalten und die L&sung mit eingestellter Lauge znrticktitriert. Die 
Anzahl der ~i~i~~t_Aqulvalente (als CSz--Gruppen) la& 
sich aus den Titmtio~k~~ leicht ermitteln. 

R&m&-On d&it une m&hode simple et g&Cntle de dosage des 
dithiocarbamates N-substitu&s. La prise d’essai, dissoute dans I’eau, est 
d&compo&e par wne quantiti! wnnue d’acide, et la solution eat do& 
en retour par une base tit&e. Le nombre d’tquivalents de dithio- 
carbamate (A It&at de groupes CS,-) se determine aidiment A partir 
des wurbes de t&rage. 
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Summa~-A simple analogue computer circuit, for application with a 
continuous reading spectrophotometer to give automatic analysis of 
binary mixtures of closely related substances using a differential 
reaction rate technique, is described. The circuit solves the simultan- 
eous equations of the Method of Proportional Equations for the 
concentrations of the components in the mixture. The method is 
useful for first- or pseudo-first order competitive reactions. A timing 
circuit automatically supplies the absorbance (converted as described 
from the transmittance) of the reacting solution at two chosen times 
during the reaction, to the computer. The output voltages are adjusted 
within the circuit to read directly in units of concentration. 

INTRODUCTION 

IN recent years several analytical techniques based on differential reaction rates have 
been devised for the in situ simultaneous quantitative determination of mixtures of 
closely related substances. l--l1 All the techniques devised require a rather laborious 
graphical5 or mathematical1 treatment of the data in order to arrive at the concen- 
trations of the unknowns of interest. This paper describes the circuit of an 
automatic read-out system for the Methodof Proportional Equations. It can be attached 
to virtually any continuous reading spectrophotometer that gives an electrical output 
signal proportional to the transmittance of the sample solution. The simultaneous 
equations are solved by a simple analogue computer circuit. 

PRINCIPLES OF AUTOMATIC READ-OUT CIRCUIT 

The Method of Proportional Equations can be used for the simultaneous analysis 
of mixtures of closely related substances if a reagent R can be made to react under 
pseudo first order conditions with each of the n components A, B, . . . , N of the 
mixture at different rates, K,, KB, . . . , KN to form a common product, 0, or dif- 
ferent products yielding a similar instrument response. 

The circuit described in this paper was designed for the analysis of a two component 
mixture. However, by following the principles given below it can easily be extended 
to mixtures of more than two components. The reaction product(s) that are formed 
are assumed to absorb light at the same wavelength (if two products resuh, the fact 
that they might have different extinction coefficients at the wavelength used does 
not effect the validity of the method193 and to follow Beer’s law. The proportional 

l Participant in University of Michigan Undergraduate Honours Research Programme. 

491 



492 DANIEL PINKEL and HARRY B. MARK, JR. 

equations for two unknowns have the form: 

PI = K&% + &#%I (1) 

pz = I(.*,I43 + k;:LlmI (21 
where P, and P, are the experimentally measured parameters which are proportional 
to the absorbance of the reaction mixture at times t, and t, during the reaction, 
K+.$,, rC,,, KLfz, and Kn, are the proportionality constants, and [Alo and [B], are the 
initial concentrations of the species to be analysed [see references 1 and 6 for the 
derivation of equations (I) and (2)]. 

Spectrophotometer Beckman DU with 
ERA ottochment (see text) 

, 

Log 
Converter 

e,= *log, (tG’)-logo?,,= ) Computtng 

G”t I/d Ab(+) Circuit 
Programmed 
Timing 8 

CYctz:: 

\ p2 
Computing 

[Alo 
Volt 

Unit Meter 
, 

FIG. 1 .--Block diagram of automatic read-out apparatus. 

A block diagram of the complete analytical system is shown in Fig. 1. The 
s~ctrophotometer used in this work was a Beckman DU equipped with a Beckman 
Energy Recording Adapter (ERA). The ERA converts the phototube current to a 
voltage suitable for the input of a recorder. [Any recording spectrophotometer can 
be used with the read-out circuit described, provided that the instrument can be 
operated at a fixed wavelength. The instrument’s output (the input to the spectro- 
photometer’s recorder) is fed directly into the read-out circuit.] The output of the 
ERA unit, -(X(t), is proportional to the transmission, 7(t), of the sample solution 
at the selected wavelength at any time during the reaction. The proportionality 
constant is G. Voltages proportional to the absorbance are needed for computation : 
the logarithm of the output of the ERA must be taken. First, however, the voltage, 
-CT(t), is fed into a high input impedence amplifier which serves a dual purpose: 
its high input impedence prevents loading of the ERA output, and it amplifies the 
original signai -GT{f) to a new signal +G’T(t) which is in the range (l-IOV) for 
proper operation of the log circuit. By its nature, the amplifier inverts the sign of 
the input. l2 The device used to perform the logarithmic operation on the input 
signal was a slightly modified version of the circuit described by Savant and Howard.” 
The response of the circuit was directly logarithmic for the above input voltage range 
with a I-V input corresponding to a O-V output. The output of the log circuit is 
thus : 

e, = --log, [G’T(t)] = --log, G’ - lo&, T(t). = +G” - lo&, T(t) 

where G” is the constant -log, G’. 

(3) 
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The absorbance, Ah(t), of a system is defined in terms of transmission 

Ah(t) GE --log,, T(t) = dlog, T(t) (4) 

Substituting equation (4) into (3) gives the output of the log circuit in terms of the 

absorbance and the constants G” and l/d 

e, = +G” + l/dAb(t) (5) 

At two preselected times, t, and is, during the reaction, a programmed timer feeds 
the signal e, into memory units. In the memory units, the sign of e, is inverted; 
thus, two voltages -P1 -UC” and -Pz -UC” (u is a constant introduced by the 
memory unit) are available for computation of [A],, and [B], by a simple computer 
circuit at any time after t,. For detailed descriptions of the memory and computer 
circuits see below. 

Two operational amplifiers employed as conventional integrating circuit$2J* 
were used as the memory units (see Fig. 2). The voltage e, entering the integrator 
circuit is of the form in equation (5). At time t,, the switching circuit applies e,(t,) to 
the integrator for a time At, that is short in comparison to the reaction time, tr. The 
output of the integrator is then: 

1 
e nL1 out = -RC t, 

s 

t,+AC, 

G” + i&(t) 1 dt (6) 
Because At, is short, e,(tr) can be considered constant during the interval and to 
have a value e,(tr). (R is the value of the resistance and C the capacitance of the 
elements of the integrator circuit and em, is the output of the memory circuit.) Thus, 

1 

s 

t,+At, 

e m, out = - RC 11 e,(t) dt = - kc [G” + i Ab(t,) (7) 

= -UC” - ; Ab(t,) 

where a = a constant = At,/RC. Note that the sign of the voltage of equation (5) 
has been inverted.12 At time t, the programmed timer feeds the signal e,(tz> into 

the second integrator. By the same arguments as above the signal output of the 

second memory unit is : 

em, out = -a’G” - : Ab(t,) 

The two integrators hold (as a memory) em, out and em, out, respectively, after the 
input signals are applied. l2 
are identical, a = a’. 

If At, = At2 and the RC constants of the integrators 
The two signals in the memory are: 

em1 out = -ctG” - % Ab(t,) = -aG” - PI 

em2 out = -aG” - % Ab(t,) = -UC” - P2 
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The use of integrator circuits for the memories allows a small but finite current to 
be drawn from them for computing without effecting the values em, out and em, out.12 

The voltages in the memory are proportional to the absorbance at tr and t, 
[equations (lo)] but contain the additive constant potential -aG”. At a finite time, 
I min after I,, the programmed timer then applies e,Ol out and em, out to the two 
operational amplifiers of the computing circuit. (See below for a detailed discussion 
of the timer.) The computing circuit (see Fig. 2) used is a standard analogue circuit 
for solving a system of simultaneous equations .ll Simultaneously, the timing circuit 
applies a voltage equal to +aG” to each amplifier. The circuit is designed so that the 
+aG” voltage is added to both signals, e_ out and ema out. The result is an effective 

input to the computer of -PI = [-~Ab(r,~] and--P,= [-~Abf~~~] . Thesevolt- 

ages are thus directly proportional to the concentrations of products of the reactions at 
the times t, and tz, and are exactly the voltages necessary to solve equations (1) and (2) 
for [Al0 and [B],. The input and feedback impedences of the computer network are 
chosen to make the output of the computer read directly in terms of the concen- 
trations of [Al0 and [B],. No further calculation is necessary. (For a detailed dis- 
cussion of the computing circuit, see below.) It is a simple matter to connect two 
voltmeters to read [A],, and [B],. Digital voltmeters, such as the Electra Inst~ments 
(San Diego, California, U.S.A.) Model 4000 Digital Voltmeter, are recommended 
to give numerical display of the read-out. 

It should be noted that although the above circuit is constructed for a spectro- 
photometric method of following the reaction, any method that gives an output 
signal directly proportional to the concentration of product(s) can also be used. In 
such a case, the logarithmic circuit is omitted and the amplified signal applied directly 
to the timer-memory circuit. 

EXPERIMENTAL 

Construction and operation details of each circuit in the automatic read-out system are given 
below. 

Amplifer circuit 

This circuit consists of two parts, (i) a standard type high input impedance (~10r2 0) voltage 
follower Fwhich prevents loading of the spectrophotometer output,l* and (ii) a variable gain amplifier 
(gain of -G) which is capable of amplifying the signal by a factor of -1, -10, -10’ and - 10’. 
(The sign inversion is inherent in analogue circuits of this type.‘3 These circuits are standard and the 
details of their operation and associated equipment (power supply, bias, etc.) are found in references 
12 and 14. 

Logarithmic circuit 

The logarithmic circuit is essentially the same as that described by Savant and Howard.r3 The 
350 Q and 3.5 K potentiometer are used to bias the tube so that it operates on the logarithmic portion 
of its characteristic curve for the l-10 V input range. The 10 K and 250 K potentiometer are then 
adjusted to make the output read 0 V with a 1-V input. It was found that the rise-time response of 
this circuit on a 1-V instantaneous change input was about 10 sec. This is well within the time 
required to follow most reactions for which this technique would be empIoyed,l+ but must be 
considered when the unit is used with fast reactions. Considerable current is drawn from the -6 V 
bias supply because there is only 350 S2 to ground at this point. If a standard type “C” battery is 
used, there is a noticeable change in the circuits’ characteristics after continuous operation for 6 hr. 
This can be reduced by using an automobile battery or a commercial transistorised low voltage power 
supply instead. The *300 V d.c. operating voltage of the circuit is supplied by the same power 
supply that runs the operational ampiifiers (a Philbrick R-100 B f 300 V d.c. power supply was 
used’*). The adjustable base resistor of this circuiF+ is used to adjust the logarithmic base to a 
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convenient value to give a slope of about 1 on a semi-log plot of output us. input. A value of IO Meg 
was used in this work. Other satisfactory logarithmic circuits based on the logarithmic characteristics 
of certain transistors are described in the literature.16 

Programmed sequence timing and memory &sit 

As stated before, the memory circuits are simply two conventional analogue computer operational 
amplifiers (Philbrick K2-W, K2-P stabilised units were used”) connected as integratorsl*~l* (Fig. 2). 
The two variable resistors RI in the integrator circuits are used to equalise the RC time constants of 
the integrators [see equations (‘I)-(9)]. The two identical bridge circuits (Rs, Ro, R,* and Rtl) are 
connected to the summing point@* of the two integrators. They supply a small current (adjustable 
by RIO) to compensate for leakage in the system (amplifier grid current, capacitor leakage, erc.).” 

% - 
Fr0fll 
Logarithmic 
Circuit 

2 i ’ R 

“p”““L”“’ ,d-P* 

. I R/KS2 

FOG. 2.-Memory and computing circuits: 
R = 100 k to 10 Meg (see text) 
R,=7Ml% 
lj, I Ih&Used to equalise RC time constants of integrators 

C: = 1.0 Mfd RI8 = SOOf MB = Mercury battery 
R,,=lMl% R,, = 10M 
R,=39Q 

of necessary 
Rt, = IK, 2W magnitude. 

The timing circuit, shown in Figs. 2 and 3, operates as follows: Switches S,, S, and Slo are 
microswitches that are activated by a synchronous timer. S, can also be activated by a latching relay 
(Fig. 3), R built into the timer and controlled by S, (this timer is an Industrial Timer Corporation 
Model RC-8 unit). Closing switch S, starts the timer motor by activating S,. [Note. Fig. 3 shows 
the circuit just after the cycle has been started and before any signal has been applied to the memory]. 
S, then stays in the position shown in Fig. 3 until the end of the cycle when it automatically opens 
and stops the motor. At a time tr during the reaction, S, is closed by the timer cam for a time At, 
that is stnu~l (less than 1%) compared to the over-all reactiOn time. This accomplishes two operations: 
(i) It opens the latching relay S, so that the short circuit (discharge path) though Z& around capacitor 
C, (see Fig. 2) is opened, which permits Ct to then store a potential [S, remains latched m this 
position for the rest of the cycle until manualIy reset by closing S, momentarily (described later)]. (ii) 
Simuitaneously, S1, which applies the output of the logarithmic circuit at tr into the integrator is 

closed. It opens again after a time At, when S, opens again (timer activated). Thus G” + 3 Ab (tt) is 

applied to, and its integral is stored on, inte tor 
Ya 

1. At time t., the timer closes S,, for a time 
At, = At,. Relays S, and S1 operate similar y to S, and S, in controlling the sequence of events 
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in the second integrator circuit. Then, at any time i > t4, the output of integrator 1 is -aG” - P1 
and the output of integrator 2 is -aG” - Pg. At a time t > t*, dependent on the duration of the 
timer cycle, the timer automatically turns itself off. Switch S, goes to the upper position [position (l)] 
in Pig. 3. This activates relay Ss. This relay then applies -aG” - PI, --aG” - P, and +aG” into 
the inputs of the computing circuit [see Fig. 2 and equation (lo)]. 
and [B,] as output voltages and will hold these “answers.” 

The computer then develops [A,] 
(The computing process is described 

below). To reset the latching relays, S4, S, and S4, and thus erase the memory in preparation for 
another run, S, is closed momentarily. However, it will be noticed that if S, is in the upper position 
[position (1) in Fig. 31, S4 will get a signal to activate again. Thus, the proper reset sequence is the 
following: close S, momen~ily to activate relay R and thus S,. The timer motor is now running 
[S, in position (211. Immediately close S, momentarily to reset S,, S, and S,. (If it is desired to erase 
the memories without reactivating the cycle, just close S,, but recall that S, will not be reset.) 

FIG. 3.-Programmed Timing Circuit (controls the sequence of the activation of the 
switches in the memory and computing circuits; switch numbers are the same 

as in Fig. 2): 
Timer-Industrial Timer Corp., Model RC-8; 
S, and S,--Potter-Brumfield Relay-Model #KAl 1 AY 115 V a.c. ; 
&, S1 + S,-Potter-Brumfield Latching Relay-Model #KB17AY 115 V a.c., 4PDT. 

Switches S,, S, and S10 are cam operated and tl, At,, tB and At, are easily preset to any desired 
value. The desired duration of the full cycle will depend on the speed of the reaction that is being 
followed. The length of the timer cycle can be adjusted by simply changing the synchronous motor 
gear ratios. Different sets of gears are commercially available that can vary the cycle from 10 set to 
several hours. 

Computing circuit 
The computing circuit consists of two summing operational ampliliers14*” (Fig. 2). The principles 

governing the application of summing amplifiers in solving simultaneous equations can be easily 
shown by rearranging the proportional equations (1) and (2) in the form 

[B], = -$ - 2 [Al, (12) 
B2 

The memory circuits have stored the voltages -aG” - k, and -xG” - Pa, which can be substituted 
as input voltages (ei,, and et,,) along with the voltage +aG” (ein,) in the expression describing the 
operation of a summing amplifier” (the value of the feedback resistor, R,, is any convenient value 
such that all the resistance values fall between IO K and 20 M). One obtains: 

eout = -(-CCC" - Pl)K&- - aG” f - 
1 

dl (-I- um 2 
1 
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This is the expression for + [A]* of equation (f 1). A simikir circuit can be used to calculate -I- [BJ,,. 
m vo&age +ctG is suppRod by means of a mercury battery MB which can be varied from 0 to 
about 20 V and it is adjusted precisely by the potentiometer (10 turn Helipot) &] Of course, the 
values, +[B], and +[A&,, which are the solutions sought, are not available as such for substitution 
into the right hand side of equations (II) and (12). However, if the output of amphfier 3 is fed back 
into the ++A], input of amplifier 4 and the output of 4 fed into the +fBf, input of amplifier 3, when 
the potentials -UC” - P,, -aG” - PI and +aG” are applied to the respective inputs (see Fig. 2), 
thecircuit will rapidly come to steady state condition with +[A], and +[Bl, reading at the outputs,‘.lT 
This type of s5~ufju~~~ is the basii principle of ah analogue computation.1*1*i1**z7 

The values of KA1, K+ K.+ and KB, are experimenbiEy determined by reacting a solution of 
pure A and then pure B and measuring PI and PO for each at times tl and ta. The values of K+ etc., 
are then calculated simply from: 

K& = P,&% 

(14) 

In order to determine the accuracy and precision of the automatic read-out unit, a large number 
of simulated reaction rate curves were applied to this unit by means of an electronic function generator. 
These simulated rate curves were construc&d from theory using several different cases. (Different rate 
cxmstants and ratios of [R],I[B&,) were used, rather than actual experimental rate curve responses 
from the spectrophotometer in the evaluation of the automatic unit in order to eliminate all source 
of variation of parameters not dire&y introduced by the read-out unit. Thus, no error resulting 
from Sp%.%FOphOtOXIIekX drift, temperature change of the reacting solution, erc., complicated the 
comparison of the hand calcuhted and automatic read-out results, and the accuracy and precision 
of the automatic read-out unit is obtained exactly.) It was found that the results obtained by the 
automatic read-out unit had an accuracy of better than fZ% when compared with the hand cal- 
culated (theoretical) results and a precision (standard deviation) of less than +2x, when care is 
taken in measuring the proportionality constants, K’s, and in adjusting the instrument. 

The increased speed over hand calculation of determining the values of the experimental pro- 
portionaiity constants of the system as well as the analysis result make this unit very useful when 
iarge numbers of anaiyses are being made with this kinetic method. The computing unit would be 
even more useful when the mixtures contained three or four components because the calculation 
becomes very tedious in these cases. 

~~~~~~~~~e~f-U~ of the authors (D. P.) is indebted to the Nationat Science Foundation for an 
undergraduate Summer Research Fellowship. Acknowledgment is made to the Petroleum Research 
Fund (PRF) administered by the American Chemical Society and Horace H. Rackham School of 
Graduate Studies of the University of Michigan for grants in partial support of this research. 

Zusatnntenfassun~-Eine einfache Analogrechnerschaltung wird besch- 
rieben, die mit Hilfe eines kontinuierlich anzeigenden Spektrafphotome- 
ters eine automat&he Analyse binlrer Mi~hungen nahe verwandter 
Substanzen iiefert, wobei eine Technik verwendet wird, die sich auf 
Reaktionsgeschwindigkeitsunterschiede griindet. Die Schaltung l&t 
die simultanen Gbichungen der Methode der proportionalen Gfeichun- 
gen fur die Konzent~t~onen der Bestandteile in der M&hung. Die 
Methode ist von Nutzen bei Konkurrenzreaktionen erster oder pseudo- 
erster Ordnung. Eine Zeitgeberschaltung gibt die Extinktion (die auf 
bekannte Weiss aus der Durchllssigkeit erhalten wird) der reagieren- 
den Liisung zu zwei wahlbaren Zeiten wiihrend der Reaktion auto- 
matisch in den Rechner. Die Ausgangsspannungen werden in der 
Schaltung so justiert, da0 sie direkt Konzentrationseinheiten angeben. 

R&u&--On d&it un circuit calculateur analogique simple, en 
liaison avec un spectrophotomktre & lecture continue, pour I’analyse 
automatique de melanges binaires de substances etroitement apparen- 
t&s, par l’emptoi d’une technique de vitesses de reaction diff~rent~el~es_ 
Le circuit r&out les equations simultan&s de la mdthode des equations 
proportionnelles, pour les concentrations des composants du melange. 
La m&hode est tit& pour les reactions concurrentes d’ordre un ou 



498 DANIEL PINKEL and HARRY B. MARK, JR. 

pseudo-un. Un circuit chronom&reur fournit au~~tique~nt au 
calculateur l’absorption (a partir, ainsi qu’il est d&it, de la tram- 
mission) de la solution r&g&ante B deux instanta choisis durant Ia 
r&action. Lcs voltages B la sortie sent ajust& dans le circuit de fwn 
;5 permettre la lecture directement en urnUs de concentration. 
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Summary-Two methods of determiuation based on the reactions of 
the pliant ion with thiol compouuds, thiocholine esters and 
thiophosphorus compounds are described. One of the methods is 
photometric, and the substance measured is the palladium-thiol 
complex formed when palladium chloride is added to a solution of a 
thiocholiue ester or a thiophosphorus compound. The second method, 
used for the determination of thioi compounds, is titrimetric, with a 
paliadium chloride solution as the titrant. 

INTRODUCTION 

THE many methods available for the determination of thiols, organic sulphides, thio- 
phosphorus compounds and thiocholine esters have been reviewed in detail by Cecil 
and McPheel and by MacDougall. e The latter has used fluorimetric measurements 
for the determination of pesticide residues. Mercurimetric methods for the determina- 
tion of thiols, aryltriethyl sulphides and dis~p~des have been described by Gregg, 
Botiard and Barton8 Fritz and Palmer”’ have also made mercurimetric determina- 
tions of thiols. At this laboratory we were in need of methods for determining the 
main components and decomposition products of thiocholine esters and aminoalkyl- 
thiophosphorus compounds, e.g., dimethylaminoethylthiodiethoxyphosphine oxide 
and dimethylamin~thane~ol. 

PRINCIPLES 

Thio compounds of the type shown in equation (1) are almost invariably contami- 
nated by the corresponding thiol compounds formed by hydrolysis. To determine the 
extent of this contamination two methods have been worked out, both of them based 
on the reaction of the palladium ion with the two types of compound. 

The reactions involved are the following: 

RI--O 0 
“P// 

R,-_O’ \S-R8N’R’ + H@ + R’-O\,” ’ 

% 
/ 

f HS-R,N 
\ 

% ’ ‘OH 
\ 

Rp-0 R6 
Rx-0 0 

“p// 

Rs-0’ \S+N/“’ + PdCll -, R.--O\P’“+ R\NnsPdC, 

‘R 
4 6% 

Rz-0’ ‘Cl R;’ 

/ \ 
HS-RsN + PdCIs + NR,SPdCI + HCI 

‘R II R’ I 
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With thioi compounds the pa~iadium ion instantaneously forms stable complexes, 
which can be written as PdSR+ and Pd(SR),. 

The effect of palladium ions on some thio compounds, e.g., thiocholine esters or 
alninoalky~thiophosphorus compounds, which can be transformed by hydrolysis to 
thiol residues, is to increase the rate of decomposition in ethanol or aqueous solutions. 
After distillation of the reaction products of equation (2), the presence of the phos- 
phoryl cMoride may be demonstrated by applying Sch~nemann’s reaction5 to the 
distillate. In aqueous solution the phosphoryl chloride is rapidly hydrolysed. The 
palladium-mercapto chloride formed is a very stable complex, which absorbs radiation 
in the ultraviolet range. 

0,5- 

0.4 - 

A a3-- 

5.2 - 

FIG. l.--Absorbance curves (the substances are dissolved in 0.3M hydrochloric acid): 

I. Dimethylaminoethylthiodiethoxyphosphine oxide + palladium chloride, measured 
against a palladium chloride solution. 

II. The corresponding dimethylaminoethanethiol i- palladium chloride, measured 
against a palladium chloride solution. 

III. Palladium chloride solution measured against 0.3&f hydrochloric acid. 

The palladium-thiol complex can be assayed by photometry in the ultraviolet 
range and a direct titration of the thiol compound with a paIiadium chloride solution 
is possible. At the equivalence point excess palladium is indicated by a colour reagent. 

The photometric method has recently been applied in work described by Akerfeldt 
and LGvgren.” 

EXPERIMENTAL 

Pho~umetric Method 

The absorbance curve from 220 to 500 nm for dimethylamin~thylthiodiethoxyphosphine oxide -i- 
palladium chloride in 0.3&f hydrochloric acid, measured against a reference solution of palladium 
chloride in 0.3M hydrochloric acid, and the corresponding absorbance curve for dimethylamino- 
ethanethioti palladium chloride are identical (Fig. 11. This confirms the reaction represented by 
equation (2). The reaction times may vary from minutes to hours, depending on which substances 
are used. 

The absorbance curves have two maxima, at 250 and 310 nm. They also have two minima, at 
280 and 225 nm: both are “negative”. The absorbance curve for the reference solution, palladium 
chloride in 03A4 hydrochloric acid, measured against 0.3M hydrochloric acid, also has two maxima 
;it 280 and 225 nm--the same wavelengths as for the minima for the palladium-thiol complex. The 
formation of the complex on mixing a thiol compound with the palladium reagent results in a decrease 
in the palladiu~l ion concentration. For the reagent solution in the reference cell, however, the 
palladium ion concentration is unchanged, and because it is higher than for the sample, theabsorbance 
is higher at 280 and 225 nm than for the sample solution. This is the reason for the “negative” 
absorbance at the two minima. 
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The measurements are carried out in acid solutions with a pH of less than 3. At higher pH the 
absorbance curve for a palladium chloride solution no longer has well defined peaks at 280 and 
225 nm, but two broad maxima at 250 and 225 nm, which merge (Fig. 2). If measured at a pH of 
more than 3 the maximum of the palladium-thiol complex at 250 nm is disturbed, so that at this 
wavelength, too, a “negative” absorbance may appear. 

Beer’s law is obeyed for both absorbance maxima. For 10-*-lO-BMsolutions the absorptivity at 
250 nm is 5 x 105 and at 310 nm it is 4 x IO9 litre. mole-‘. cm-‘. The standard deviation for a 
single value at 250 nm is 4.0 x lo-’ molejlitre (measured on 7.4 x lo-& molar solutions) and at 
310 nm it is 10.0 X lo-’ molejlitre. 

0.5 - 

44- 

A 0.3- 

0.2 - 

FIG. 2.-Absorbance curves (the substances are dissolved in distilled water); 
I. Dimethylamin~thanethiol +- palladium chloride, measured against a palladium 

chloride solution. 
II. Palladium chloride solution measured against distilled water. 

The method is applicable to aminoalkylthiophosphorus compounds, thio esters and the corre- 
sponding thiol compounds, provided that the palladium complexes are soluble in water. 

Apparatus 

Zeiss spectrophotometer PMQ Ii 
Quartz cells, 1 cm 
Wavelength, 250 or 315 nm; in most cases 250 nm is preferable. 

PaIladium chloride solution. 0.05M (ammonium chloropalladite, Specpure, Johnson, Matthey & 
Co. Ltd., London), in 0.3M hydrochloric acid. 

Hydrochloric acid. 0*3M 
Standard solution for the calibration curve. The thiol compound to be measured, e.g., dimethyl- 

aminoethylthiodiethoxyphosphine oxide dissolved in isopropanol. 
Reference solution. 0.5 Ml of the palladium chloride solution diluted to 50 ml with 0.3M hydro- 

chloric acid. 

Calibration curve 

Measure O-5 ml of the palladium chloride solution into each of five 50-ml volumetric f&&s. Add 
known amounts of the standard solution to cover a concentration range between 2 x lo-’ and 2 x 
10-4M. Make up to the mark with 0.3M hydrochloric acid. Measure the absorbance at 250 and 
310 nm against the reference solution and plot the calibration curve. 

Procedure 

Dissolve the sample in any solvent that is soluble in water and has zero absorbance in the wave- 
length range to be used. Measure 05 ml of the palladium solution into a Xl-ml volumetric flask, add 
a known amount of the sample solution and make up to the mark with 0-3&f hydrochtoric acid. 
Measure the absorbance at 250 or 3 10 nm against the reference solution and calculate the result from 
the calibration curve. 
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Titrimetric Method 

For a direct titration an instantaneous reaction is necessary. Because palladium ions react 
ins~n~n~usly with thiols but not with most other sulphur compounds, tbiols may, therefore, be 
titrated in the presence of organic sulphides; the palladium ion concentration will be too low during 
the titration to decompose other organic sulphur com~~ds (e.g., a~n~~lt~ophosp~e oxides, 
thiocholine esters, etc.). The equivalence point is indicated by the reaction ofp-nitrosodimethylaniline7 
with excess palladium ions. A bright red complex is formed which is visible at a palladium ion con- 
centration of 10-6M. 

To be titratabie the palladium. complex of a thiol must have a solubility in 0.3M hydrochloric 
acid of at least 2 x 10-smole/litre. The titration should preferably 
photometric titrator, but can also be carried out manually. 

be performed in a recording 
The apparatus used was an EEL titri- 

meter, modiied to enable a recorder to be connected.8 A typical titration curve is shown in Fig. 3; it 
is preferable to choose the equivalence point in the middle of the slope of the curve. The standard 

0 

0,050 M PdCl,, ml 

FIG. 3-Titration of 05Oml of a 3.26 x lo-*M dimethyiaminoethanethiol solution 
with OaO5OM palladium chloride solution. 

deviation is 0.02 x 10-6mole when a total of 15 X lOa6 mole of thiol are titrated. For titration 
of a~n~th~ethiois, for instance, the burette speed was 2966 x lo-* mljmin and the paper speed 
on the recorder 1.055 cm/ruin. 

Apparatus 

EEL titri~eter with~~ter No. 603 (absorption maximum 490 nm). T‘he apparatus is equipped with 
an amplifier@ and is connected to a recorder (Honeywell Brown) and an Agla syringe supplied with a 
motor-driven gear-box.* 

Palladium chloride solution. 0.05oOM (ammonium chloropalladite, Specpure) in 0.3M hydro- 
chloric acid; standardise the solution against cysteine hydr~~o~de. 

Cysteine hydrochloride. O~OlOOM (Boche, pro. anal.) dissolved in 0.3M hydrochloric acid. 
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Indicator solution I. Dissolve O-5 g ofp-nitrosodimethylaniline in 100 ml of ethanol. The solution 
should be used within 10 days. 

Zrtdcator solution ZZ. Dilute indicator solution I with ethanol 1: 10 (stable for l-2 days). 

Proceabre 

Add to the cylindrical cell of the apparatus 0.15 ml of indicator solution II, 1 ml of 0*3M hydro- 
chloric acid and 15 ml of ethanol in that order. To avoid oxidation of the thiol during the titration 
pass nitrogen through the solution; the bubbles serve at the same time to agitate the solution. Turn 
on the nitrogen and about 5 min later add 0.01-1.00 ml of the sample solution containing 1O-6-3 x 
1O-6 mole. Set the gear-box of the burette at a suitable speed and the recorder at a suitable paper 
speed. The complex constants detining the equivalence point have not been determined We have, 
however, for empirical reasons, chosen the equivalence point in the middle of the slope.. The error 
will be of minor importance because the slope is very steep. 
sponds to one mole of thiol. 

One mole of palladium chloride corre- 

DISCUSSION 

By means of the two methods described it is possible to determine organic sulphur 
compounds that can be decomposed by palladium ions to palladium-thiol complexes. 
With the photometric method the sum of the original thiol contamination of the 
organic sulphur compound and the thiol formed during the reaction with the palladium 
ion can be determined, whereas the titrimetric method gives only the original thiol 
contamination. For the methods to be applicable, the palladium complexes formed 
must be soluble in the solvent used. All thiols meeting this requirement and sulphur 
compounds that can be converted to thiols can be determined by the methods. Para- 
thion and Systox can be determined photometrically if enough time is allowed for 
complete reaction. Cysteamine, cysteine and certain aminoalkanethiols have been 
assayed titrimetrically by the method. On the other hand, dodecanethiol has pre- 
sented difficulties, because of its low solubility. 

Disulphides and sulphides present in the sample solution disturb the titrimetric 
determination only to a negligible extent, provided that their concentrations are low. 
In some experiments a concentration of 30 mole-% of disulphide which was present 
gave values which were 2% too high. 

Whether the photometric method can be of use for organic sulphur compounds 
will depend on the velocity of their reaction with the palladium ion. This is easily 
found by adding the palladium reagent to the sample and measuring the absorbance 
at regular intervals. 

Zusannnen6sssung-Zwei Analysenvorscbriften werden angegeben, die 
auf der Reaktion von Palladium(R) mit Mercaptanen, Thiocholine 
stem und Thiophosphorverbindungen beruhen. Die eine Methode ist 
eine photometrische; gemessen wird die Extinktion des Palladium- 
Mercaptan-Komplexes, der sich bei Zusatx von Palladiumchlorid xu 
einer Losung eines Thiocholinesters oder einer Thiophosphorver- 
bindung bildet. Die zweite Methode. die xur Restimmung von 
Thiolen verwendet wird, besteht in einer Titration mit Palladium- 
chloridliisung als Titriermittel. 

R&snn&--Deux methodes sont decrites, bas&s sur les reactions du ion 
de palladium(I1) aux composes de thiol, aux esters de thiocholine et 
aux composes de thiophosphore. L’une de ces m&odes est photo- 
metrique, et la substance. mesur6e se compose du complexe de palla- 
dium-thiol qui se produit quand on ajoute du chlorure de palladium 
a une solution dun ester de thiocholine ou dun compose de thiophos- 
phore. L’autre methode, employee pour determiner les composes de 
thiol, est titrimetrique, avec une solution de chlorure de palladium 
comme solution titrante. 



504 H. HAGLUND and I. LINDGREN 

REFERENCES 

r R. Cecil and J. R. McPhee, &x/rem. J., 1955, 59,234. 
2 D. MacDoueall. Residue Rev.. 1962. 1, 24. 
3 D. C. Gregg:P..E. Bouffard and R..Barton, Analyt. Chem., 1961, 33,269. 
’ S. J. Fritz and T. A. Palmer, ibid., 1961, 33,98. 
5 B. Gehauf, J. Epstein, G. B. Wilson, B. Witten, S. Sass, V. E. Batter and W. H. C. Rueggeberg, 

ibid., 1957, 29, 278. 
a S. Akerfeldt and G. Lovgren, Analyt. Biochem., 1964, 8, 223. 
’ R. W. Johnson, Analyst, 1961,86, 185. 
B L. Fjellstedt, unpublished results. 
D B. Hansen and L. Larsson, Svensk Kern. Tidskr., 1956, 68, 521. 



LIQU~~L~QU~~, ~~S~~~TI~~US, CUUNTER- 
CURRENT SOLVENT EXTRACTION FUR 

~~~R~~~ATI~N OF TRACE ~~~§T~~E~TS 
IN GEOLOGICAL MATERlALS-I 

~XT~CTI~~ WITH SOLVEFKS LIGHTER THAN WATER 

Department of Chemistry and Biochemistry, Mary University, 
Palmerston North, New Zealand 

S---A new tiytical t&mique for the det~~~~o~ of trace 
coastitueuts ia silicate reeks has been developed+ This consists of the 
use of iiquid-li uid, ~~~~u~~ ~un~~~nt* so&2rit extraction 

d in which the c oro-comp%exes of a number of elements are extraeM 
intaa ketonicsolvent. Extractionintamethylisobutylketoneisfollowed 
by spectrographic analysis of the ~~atents of the individual extrac- 
tian tubes, from which a series of extraction curves is plotted. These 
curves show &at trace constituents of a silicate rock can be separated 
from the rn~n~~~tue~ts and can be fractionated from eachothet, By 
the wtt3 of a solution of a ~t~~i~ in 3M hydrochloric acid and 
varying concentrations of this Iigand as the aqueous phase in the extras- 
tion train, it is shown that a number af trace constituents can be isolated 
and hence euri&~I from the rock s5lution. The xt&tmS appears to 
have the advanta 

Fes 
of spe& fle~b~~ty, relative freedom from mntam- 

ination and the act that even weakly-extmcted etements may be de- 
termined quaut~~t~~ly. It is suggested that the te&nique may be 
suitable not only for the an&y&s of trace ~~~~nts ia silicate rocks, 
but also as B separation method in ~~o~~tio~ an&y&. A ftuther 
itpplication may be the sepamti~~ of different oxidation states of the 
same element, e.g., antimony(Klll) from antimony(V). 

fX reign% years &er~ fi;ns been an it.tcrez&Rg interest in the dete~~~~~~ af trace 
elements in ge&ogical materials. This is due in the main to the development of mare 
sensitive methods of analysis, e.g., radi~~~tivati~~~ X-ray fluorescence, isotope dilution, 
etc. 

Another rtpproach &I the problem has been the development of ~~~~x~han~e 
enrichment of the trace canstituents, followed by spectrochemical analysis.1-2 Solvent 
extraction enrichment methods have also received attentions+ aud are likely to 
increase in the future in view of their simplicity alud relative f~d~rn’fr~rn coutamiaa- 
t&n* 

Craig and Pas@ have deveIoped a suitable apparatus for discontinuous, counter- 
current, solvent extraction but the potentialities of this technique for inorganic systems 
have been largely overlooked, Such systems as have been investigated appear to be 
largely ctinfined to separation of the rare earths.&-B 

Werning ed &lo have used the &chuique for the sepa~a~~n of ~~lurn from 
niobium. Recently, Ishimon ‘II has used counter-current solvent extraction far the 
separati’on of mu and =Pu from thoria. To date, there appears to be no literature 
concerning possible ~e~b~~cal applicatians of the technique, 
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506 R. R. Broods 

In the work which is now described, a preliminary study has been made of the 
application of counter-current solvent extraction of the chloro-complexes of certain 

elements into methyl isobutyl ketone (MIBK). MIBK was chosen for these investi- 
gations because of its cheapness, ready availability and known property of being able 
to extract the chloro-complexes of certain metals.12 

By analogy with the absorption of chloro-complexes onto an anion-exchange 
resin,13 it was to be expected that a number of elements present normally in low 
concentrations in rocks and minerals would extract into the organic solvent; whereas, 
of the major constituents, only iron would be likely to extract. 

Apparatus 
EXPERIMENTAL 

Solvent-extraction operations were carried out with a fully-automatic, discontinuous, counter- 
current extraction apparatus comprising 120 tubes.j The individual extraction tubes were mounted 
on a shaking rack whose axis was attached to an automatic control unit which automatically effected 
the operations of shaking, settling and decantation. Individual tubes had a capacity of 20 ml for the 
stationary lower phase and the upper moving phase was fed into the system at the end of each shaking 
and decantation cycle by means of a 20-ml dispenser attached to a lo-litre reservoir. After each 
shaking operation, the rack was tilted through 90” and the upper phase decanted into the next extrac- 
tion tube. The cycle was then repeated. In all cases the contents of individual tubes or sets of tubes 
were taken to dryness, sodium chloride was added as carrier and the residues were examined spectra- 
graphically in the d.c. arc using anode excitation. 

Procedures 

Initial experiments were carried out with stock solutions containing the following elements: 
copper, silver, gold, cadmium, gallium, indium, thallium, tin, lead, bismuth, iron, molybdenum, 
platinum, iridium, palladium (1000 ppm); antimony, vanadium, rhenium, osmium, ruthenium, 
rhodium (5000 ppm); zinc, arsenic (10,000 ppm); mercury (20,000 ppm). The stock solutions were 
treated with chlorine gas to ensure that all elements were in their highest oxidation states. 

A solution of the elements in 20 ml of 2M hydrochloric acid was placed in the first extraction tube 
and 20 ml of pure hydrochloric acid in each of the following 49 units. The acid solutions were, in all 
cases, pre-equilibrated with MIBK before use. The solvent, which had also been pre-equilibrated 
with 2M acid, was fed into the system from the reservoir and counter-current extraction was carried 
out for 50 transfers. The total contents of each tube were then examined spectrographically. The 
experiment was repeated with 3M hydrochloric acid as the aqueous phase. In a further experiment, 
a solution of the metals in 3M hydrochloric acid was placed in the first tube and pure acid of the same 
strength was added to the next 9 tubes. The subsequent 4 sets of 10 tubes contained 2M, 1 M and 
@5M hydrochloric acid and pure water, respectively. 

Although redistilled analytical reagent grade hydrochloric acid was used in the experiments, faint 
traces of lead, silver and tin were detected in all tubes but were taken into account when plotting 
distribution curves. A blank run with pure water in place of the hydrochloric acid showed very faint 
traces of lead in the tubes. 

The distribution curves of a number of elements for each experiment were plotted from the spectro- 
graphic data and are shown as curves A, B and C in Fig. 1. To avoid confusion in the plot, not all 
extracted elements are shown. 

In a later experiment, 60 ml of a solution of a granite-gneiss (from Charleston, Westland, New 
Zealand). was nrenared in 3M hydrochloric acid and placed in the first three extraction tubes. This .. 11 , 

represented 6 ‘A of the total number of tubes and is the maximum permissible for 50 transfers without 
undue disturbance of the theoretical distribution pattern. I4 The following 7 tubes contained pure 3M 
hydrochloric acid and the arrangement of the a&eous phases in the reiaining tubes was eiactly as 
in the previous experiment. 

After counter-current extraction with 50 transfers, the tubes were divided into 4 fractions as 
follows:- 

Fraction 1: Tubes 1-5; 

Fraction 2: Tubes 6-20; 

Fraction 3 : Tubes 21-26; 

Fraction 4: Tubes 27-50. 
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+---3N--2N-- t N--0~5N -+----_tczO---- 
HCC concns. 

Fig. I-Distribution curves for a number of elements after counter-current extraction 
from hydrochloric acid solutions. 

The samples were taken to dryness, colle.%ed in a matrix of 20 mg of sodium chloride and examined 
spectrograph&ally. Fraction 1 contained the bulk of the unextracted material. The distribution of 
the elements is shown in Table I. 

TABLE I.-DISTRIBUTION OF ELEMENTS IN EXTRACTS 
OF A GRANJTE-GNEJSS SOLUTION AFTJiR 50 TRANSFERS 

WJTH COUNTER-CURRENT SOLVENT EXTRACTJOt 

Fraction Tube no. Cations detected 

-1 1-5 Ca, Al, Mg, Na, K, Ti 
2 6-20 Zn. Ga. In. MO 

: 
21-26 Ga; Sn; In,. MO, Fe 
27-50 Sn, Ni 

DISCUSSION 

The experiments have clearly demonstrated that separation of trace constituents 
from the major elements in a rock and from each other is readily feasible with the aid 
of counter-current solvent extraction. 

This form of extraction has a number of advantages over certain other enrichment 
techniques such as ion-exchange. 

(a) The difficulty of completely removing absorbed ions, so commonly encountered 
in ion exchange, does not arise. 

(b) The method is significan~y free from con~mination dangers because the 
operations are simple and involve only two reagents, both of which can be readily 
purified by distillation. 

(c) It is now possible to separate quantitatively, ions which are only weakly 
extracted, provided that the extraction is sufficiently great for them to be removed from 
the tube or tubes initially containing the sample. This separation can always be 
achieved by increasing the number of transfers. 
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(d) The method is extremely flexible in that not only is there a wide choice of 
ligands and solvents, but also it is a simple matter to alter the nature or concentration 
of the ligand during the extraction sequence as has been shown above. 

A disadvantage of the method lies in the fact that a fully-automatic Craig unit is 
required for the experimental procedure. However, such units, if obtained, may also 
be used for separations in organic chemistry for which they were originally designed 
and hence a certain economy may be achieved. 

It would seem that counter-current solvent extraction should have wide applications 
in geochemical trace analysis. In the experiments with MIBK, the only major element 
extracted simultaneously with the trace constituents appears to be iron. The presence 
of this element would normally cause difficulties in the later stages of the analytical 
procedure. It can be seen from Fig. 1, however, that iron may be separated from other 
constituents merely by varying the concentration of the ligand. Thus, where iron was 
originally associated with gold, gallium and thallium (curve B), it now becomes 
effectively separated from two of these elements (curve C). 

counter-current extraction may also prove to be a useful technique in radio- 
activation analysis. Even after 50 transfers, it is clear that gold and thallium are 
effectively separated from all other constituents. This should afford a speedy and 
reliable method of separating either or both these elements from an irradiated sample 
without the need for a carrier. 

It is interesting to note in Fig. 1, that different oxidation states of the same element 
may apparently be separated from each other. This can be done where the two 
separate extraction curves presumably represent antimony(II1) and antimony(V). 

Because prelimina~ work on a granite-gneiss has shown the geochemical appli- 
cation of the method, futher investigations are being undertaken with a view to the 
quantitative determination of a number of trace elements in a suite of silicate rocks. 

In a later paper, the geochemical applications of counter-current solvent extraction 
with solvents heavier than water will be discussed. 

~Ckffo~le~gemen~s-The author is indebted to the New Zealand University Research Committee and 
the Nuffield Foundation for grants towards the estabtishment of a spectrographic unit at Massey 
University. He is also indebted to Chemistry Division D.S.I.R. for the loan of a 1204ube Craig 
counter-c~l~ent solvent extraction apparatus. 

Zusannnenfassung-Ein neues analytisches Verfahren zur Bestimmung 
von Spu~n~tandteil~ in Silikatgesteinen wurde entwickelt. Es 
besteht in einer diskontinuierlichen Gegenstrom-fliissig-fltissig-Extrak- 
tion, bei der die Chlorokomplexe einiger Elemente in ein Keton 
exhahiert werden. Nach der Extraktion in Methylisobu~~eton wur- 
den die Inhalte der einzelnen Extraktionsgefue spektrochemisch 
analysiert; daraus wurde eine Reihe von Extr~tionsku~en konstru- 
iert. Diese Kurven zeigten, daB Spurenbestandteile in Silikatgesteinen 
von den Hauntbestandteilen getrennt sowie untereinander fraktioniert 
werden kiinnkn. An Hand e’mer L&sung eines Granit-Gneises in 3n 
HCl und wechselnden Konzentrationen von Chlorid in der wii0rigen 
Phase der Extr~tions~t~rie wurde gezeigt, dab eine Anzahl <on 
Spumnbestandteilen isoliert und aus der Gesteinsliisung angereichert 
werden konnen. Die Methode zeigt die Vorteile, d& sie schnell, an- 
passungsfghig und relativ frei von_M~glic~eiten zur Ve~meini~g 
ist, sowie die Tatsache, dal3 such qur schwach extrahierbam Elemente 
quantitativ bestimmt werden k&men. Es wird die Ansicht vorgetragen, 
daB das Verfahren nicht nur fib die Analyse von Spurenbestandteilen 
in Silikatgesteinen, sondem such als Abtrennmethode bei der Radio- 
aktivie~n~nal~ geeignet sein kbnnte. Eine weitere ~wendung 
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katm die Trermung verschiedener Oxydations-stufen des selben Ele- 
ments sein, wie z.B. Sba+ von Sbs+. 

R&n&--On a elabore une nouvelle technique analytique pour le 
dosage de wnstitu~~ a Petat de traces dans les roches aux silicates. 
Elle wnsiste en l’emploi dune extraction par solvant en milieu liquide, 
discontinue et a wntre-courant, au tours de laquelle les chloro 
complexes dun certain nombre d’elements sont extraits dans un solvant 
wtonique. L’extraction en methyl-isobutylwtone est suivie dune 
anaiyse sp~tr~~~que du wntenu de chaque tube d’extraction, 
permettant le trace dune drie de courbes d’extraction. Ces courbes, 
montrent que les wnstituants a l’btat de traces dune roche aux silicates 
peuvant et?e dpan5s des wnstituants principaux, et fraction&. En 
utilisant une solution de eranit-eneiss en HC13N. et en variant les 
con~ntmtions de w comp&xe en”phase aqueuse dans l’ensemble d’ex- 
traction, on a montre qu’on peut isoler un certain nombre de constit- 
uants a l’etat de traces a partir de la solution de rwhe, puis proceder 
a leur enrichissement. La methode pmsente les avantages suivants: 
rapidite, souplease, elle est relativement exempte de contamination, et 
meme des elements faiblement extra&b&s peuvent Btre determines 
quantitativement. On suggere que la technique peut convenir, non 
seulement a l’analyse de constituants a l’etat de traces dans les roches 
aux silicates, mais comme methode de separation en analyse par radio- 
activation. On peut en outre l’appliquer a la separation d’un meme ilk- 
ment ii divers degrks d’oxydation, par exempb Sb*f et Sb6+. 
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Summary-A new analytical technique has been developed for the 
determination of trace elements in sea water and other natural waters. 
The method consists of the use of liquid-liquid, counter-current, 
solvent extraction with solvents heavier than water. Relatively large 
volumes of sea water form the moving aqueous layer in the extraction 
procedure, whereas the lower stationary layer comprises the chelating 
agents dithizone or 8-hydroxyquinoline dissolved in carbon tetra” 
chloride and chloroform, respectively. Elements am progressively 
absorbed from the sea water as the aqueous layer passes along the 
extraction train. Trial experiments with sea water containing additives 
shows that solutions of 8-hydroxyquinoline and to a lesser extent 
dithizone are capable of quantitatively retaining a number or elements 
in a small number of extraction tubes. An experiment has been carried 
out with a sample of pure sea water from which Mn, Pb, MO, Sn, Ni, 
Al, V, Ag, Zn and La were quantitatively extracted into a solution of 
8-hydroxyquinoline in chloroform; the elements were all determined 
s~tro~phi~lly. It is considered that the method should have 
wide applications in the analysis of trace elements in sea water because 
enrichment factors of 400,000 are obtained for the concentrations of 
these elements. The technique is simple and comparatively free from 
contamination dangers. 

INTRODUCTION 

IN an earlier paper,r the use of liquid-liquid, discontinuous, counter-current solvent 
extraction enrichment techniques has been proposed as a new technique for trace 
analysis in geochemistry. This work has hitherto been conlined to extraction of 
solutions of silicate rocks with solvents lighter than water. 

Further investigations have been undertaken with a view to extending the scope of 
the technique to the enrichment and separation of trace constituents from sea water 
and other natural waters. 

The analysis of trace constituents in sea water has been stimulated by the develop- 
ment of new sensitive analytical tools, such as radiochemical and radioactivation 
analysis,24 atomic absorption or flame photometry5-6 and isotope dilution. How- 
ever, despite these new methods, the analysis of many trace elements in sea water has 
not proceeded much beyond their detection .’ La1 et aLs have employed a method 
involving in situ extraction of certain elements onto a hydrated iron(lII) oxide gel, 
but most existing methods depend on some technique of concentration from a 

* Part I : see reference I. 
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relatively large volume of sea water coupled with a suitably sensitive analytical pro- 
cedure,g-ll For the analysis of trace elements in many natural waters, a high degree 
of enrichment can be obtained merely by evaporation of the sample to dryness.12 
However, the high salinity of sea water renders this procedure impracticable and 
clearly, in such cases, there is scope far new and improved methods of extraction. 

In the investigations which are now to be described, it has been shown that 
counter-current solvent extraction can be used for the enrichment of trace constituents 
from sea water by the use. of solvents heavier than water as the lower stationary phase. 
The basis of the procedure is a reversal of the normal arrangement of counter-current 
extraction in that the solvent is pIaced in the extraction tubes and the aqueous sample 
forms the upper moving layer. In this way? if the aqueous phase were to consist of a 
large volume of sea water (8 lit@ it should be possible for trace constituents to be 
progressively absorbed from the aqueous phase as it passes through the extraction 
tubes. The procedure is rendered possible by the fact that none of the major constit- 
uents of sea water is extracted strongly into the organic phase. 

EXPERIMENTAL 
Apparatus 

This was as described previously.* 

fnitiaf ~x~r~~t~ were carried out with a 0.05 % solution of dithizone in carbon tetracbloride. 
The aqueous phase consisted of 8 &es of sea water at a pH of 7-5 to which had been added smaI1 
amour& of the foBowing elements: copper* goId, silver, cadmium, gallium, indium, thalfium, tin, 
lead, bismuth, iron, ~~ybdenurn~ platinum, iridium, upturn (2 mg each); antimony, vanadium, 
rhenium, rhodium, osmium (IO mg each); zinc, arsenic (20 mg each); mercury (40 m@. To each of 
30 extraction tubes was added 20 ml of the organic mixture. In order to avoid loss of carbon tetra- 
chloride because of its very slight solubility ia water, the aqueous phase was pre-equilibrated with this 
solvent, No precautions were necessary for dithizone because it is virtually insoluble in water. 

Counter-current solvent extraction was carried out for a total of 400 transfers and the effluent was 
collected in a suitable container. Visual observation of the dithizone colour showed a conversion from 
green to red in the first tubes of the extraction train. This coloured front gradually moved along until 
after 400 transfers it had reached the 20th tube. At the same time, a brown colour developed in the 
earlier tubes and had replaced the red colaur in the first set of three or four tubes by the end of the 
experiment. The contents of each tube were examined s~tro~phi~lly after removal of the aqueous 
layer. The observations indicated quantitative retention of gold, ptatinum, palladium, copper, 
thallium and cobalt in the first few tubes of the extraction train. These resufts are shown in Fig. f. 
Cobalt shows disbarment along the extraction train and this indicates probabIe dis~la~~nt by 
stronger comnlexes of other eiements. 

T6e expeAment was repeated using sea water containing sufficient bydrocb~oric acid to make the 
solution O-IMand containine the usual added elements. In this case, because of the iower stabilities 
of the chefate complexes at Igw pH,l* only platinum, gold and palladium were retained quantitatively. 

Because dithizone suffers from the disadvantage of being only slightly soluble in carbon tetra- 
chloride so that very little of it can be employed, a search was made for a more suitable chelating 
agent, The reagent selected for further experiments was S-hydroxyquinoline (oxme], because this 
complexes with a large number of ions’” and is quite soluble in chloroform. An experiment analogous 
to those carried out previously, was performed with 1% oxine in chloroform as the organic phase and 
sea water containing the usual additions as the lighter moving phase, Sea water pre-equilibrated with 
chloroform was treated with 100 ml of saturated chlorine water, because oxine forms complexes only 
with the higher oxidation states of most elements. This altered the pH to 7.2. Pm-equilibration of 
the water was effected by the addition of 100 ml of chloroform to the reservoir, which was in constant 
movement during the extraction, Counter-current extraction was carried out for 450 transfers (8 Urea 
of aqueous phas;) with individual shaking times of 2 min, settrmg times of 0.5 min and decantation 
times of 0.5 mm. Hence the oueration was completed in 20 hr. The tubes were analyzed as before 
and the rest&s, which a& shown in Fig, 1, indicaied that at feast I6 elements had ~n-q~ti~t~ve~y 
retained in the first 24 tubes. After passage of 8 iitres of water. exactly 50 % of the oxine bad dissolved 
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FIG. 

Tube no. 

L-Relative retention of elements in extraction tubes containing 
I-hydroxyquinoline. 

dithizone or 

out from the organic layer andclearly this will have to be considered in future experiments in relation 
to the volume of aqueous phase used. 

A further experiment was carried out in which pure sea water was used. The conditions were 
exactly as in the previous trial except that in this instance the organic layers from all the 25 tubes were 
combined together, taken to dryness and examined spectrographically. The results are shown in 
Table I. 

TABLE &-ELEMENTS EXTRACTED FROM SEA WATER WITH 8-HYDROXYQUINOLINE IN CHLOROFORM 

Element Pb Mn MO Sn Ni Al V Ag Zn I_,a 

Spectral lines 2614 2605 2816 2839 3003 3082 3183 3280 3282 3337 
detected, A 2833 2798 3170 3175 3050 3092 3184 3382 3345 3949 

The elements found in the extract were: manganese, lead, molybdenum, tin, nickel, aluminium, 
vanadium, silver, zinc and lanthanum. Fig. 2 shows an emission spectrum of the sea water extract. 

DISCUSSION 

The experiments have demonstrated that it is possible to remove selectively trace 
elements from sea water by use of counter-current solvent extraction with organic 
phases heavier than water. The total weight of extract from 8 litres of sea water was 
approximately 20 mg, representing an enrichment factor of 400,000. If this technique 
were applicable to all trace elements normally found in sea water it should be possible 
to detect and estimate most of them provided that the extraction technique were 
coupled svith some suitably sensitive analytical system. This is illustrated by consider- 
ation of Table II which shows estimated abundances of trace elements in sea water,’ 
final concentrations in extract representing an enrichment factor of ~,~ and the 
spectrographic detection limits of the elements concerned.16 

If a factor of 10 is allowed to account for variations from expected spectral sensi- 
tivities and to allow for sufficient intensities for quantitative determinations, it should 
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be possible to analyse the elements marked with an asterisk in the table by a combina- 
tion of counter-current extraction and emission spectroscopy, Such calculations are 
based on a volume of 8 litres of sample and, obviously, greater or lesser volumes may 
be employed either to increase the sensitivity of the method or to take advantage of 
a more sensitive system of final analysis. 

TABLEII.-EXACTION OF TRACE ELEMENTS FROM SEA WATER 
(Asterisks indicate elements which should be readily determinable by a combination of the enrichment 

technique with s~o~aphic analysis) 

Estimated 
concn. in 
sea water 

(Gold~~~)I961) 

Concn. if 
enriched by 

factor of 
400,000, 

ppm 

Spectrographic 
detection limit 

( AhreZ%%a ylor, 
1960) 

Al* 0.01 
SC 0*00004 
Ti* 0.001 
V* 0.002 
Cr o*OOoo5 
Mn* O-002 
Fe* o-01 
CO O-0005 
Ni* O-002 
cll* 0@.)3 
Zn* 0.01 
Ga oxKulo3 
Ge O+Ooo7 
As* 0003 
Rb* 0.12 
Sr* 8 
Y 0*0003 
Nb 0~00001 
MO* 0.01 

Ag* 0.0003 
Cd O@Ol 
In o-02 
Sn* 0%.@3 
Sb 0.0005 
CS* 0~0005 
Ba* 0.03 
La 0.0003 
Ce OXK)O4 
W O-0001 
AU O‘OoOOO4 
I% o+OOO3 
Tl O-O0001 
Pb 0.0001 
Bi 0.0002 
Th 0.0037 
I-J 0.003 

4000 
l-6 

400 
800 

2 
800 

4000 
20 

800 
1200 
4000 

1.2 
28 

1200 
4800 

a~,~ 
12 
0.4 

4000 
12 
4 

8000 
120 
20 
20 

12,c4lO 
12 
16 
4 
o-2 
l-2 
o-4 
4 
8 

28 
120 

2 
2 

10 
5 
1 

10 
5 

10 
5 
0.5 
3 
3 
5 

100 
1 
5 

10 
30 

5 
0.5 

10 
1 

10 
20 

2 
5 

10 
500 
20 
10 

100 
1 
5 

20 
100 
100 

Some of the advantages of counter-current extraction enrichment techniques are 
enumerated below. 

(a) Very high enrichments of the order of 400,000 can be obtained from a volume 
of approximately 8 litres of sea water. 
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(b) There is little risk of serious contamination because only two reagents are used, 
both of which can be easily purified. 

(c) The versatility of the method is apparently high. For example, it should be 
possible to incorporate several chelating agents in the extraction train, either together 
or in separate tubes in order to increase the number of elements extracted. Greater 
selectivity can be obtained by varying the pH (as in the case of the dithizone experi- 
ments) or alteration of the nature of the chelating agent. 

Against these advantages must be set the fact that a fury-automatic counter- 
current extraction apparatus is necessary for the technique. Such units are relatively 
expensive but have many other uses, such as in organic separations for which they 
were originally designed. They can also be used for separation and enrichment of 
trace elements in silicate rocks using solvents lighter than water.l 

Although an operating time of 20 hr is comparatively long for one determination, 
this makes little imposition on the operator’s time because the apparatus is fully 
automatic. 

In spite of the fact that only two reagents are used, the sensitivity of the method 
is likely to be limited by the reagent and container blanks. Blanks carried out on the 
purified reagents* showed only slight traces of lead among those elements under study. 
In cases where impurities often extracted from laboratory glassware (e.g., iron, lead, 
etc.) are themselves present in very low con~n~ations in sea water, the sensitivity of 
the method will be lowered. In most cases, however, very high enrichments should 
be capable of achievement. The magnitude of the blank for a particular element could 
be determined by re-extraction of a once-extracted sample of sea water. 

Work is at present being carried out on the application of the method to the 
quantitative determination of a number of trace elements in specimens of sea water 
from the oceans around New Zealand. 

Acknuwledgeme~ts-The author is indebted to the New Zealand University Research Committee and 
the N&held Foundation for grants towards the establishment of a spectrographic laboratory at 
Massey University. He is also indebted to Chemistry Division D.S.I.R., New Zealand for the loan of 
a 120-tube fully-automatic counter-current extraction apparatus. 

Zusammenfassung-Ein neues analytisches Verfahren zur Restimmung 
von Spu~nelementen in Meerwasser und anderen nattirlichen Wiissern 
wurde entwickelt. Es besteht in einer diskontinuierlichen Gegenstrom- 
fliissig-fliissig-Extraktion mit schwereren Liisungsmitteln als Wasser. 
Relativ aroBe Meerwasser-Volumina bildeten die bewegte wiil3riae 
Schicht 6&m Extraktionsvorgang; die stationare Unterphxse bildet& 
die Chelatbildner Dithizon oder Oxin in Tetrachlorkohlenstoff bzw. 
Chloroform. Im Verlauf der Wanderung der widrigen Phase durch 
die Extraktionsbatterie wurden einige Elemente immer mehr aus dem 
Wasser extrahiert. Tests mit Zu&ze enthaltendem Meerwasser 
zeigten, daB Losungen von Oxin und, in geringerem Ausmat3, von 
Dithizon eine Anzahl von Elementen in wenigen Extraktionsstufen 
quantitativ zuriickhalten konnen. Ein Versuch wurde ausgeftihrt mit 
einer Probe von reinem Meerwasscr: aus diesem wurden Mn, Pb, 
MO, Sn, Ni, Al, V, Ag, Zn und La quantitativ in eine Ldsung von 
I-Hvdroxvchinolin in Chloroform extrahiert. Alle Elemente wurden 
spel&roch&nisch bestimmt. Es wird ertirtert, d& die Methode bei der 
Analyse von ‘Spurenele~nten in Meerwasser zahlreiche Anwen- 
dungsmiiglichkeiten haben wird, da Anreicherungsfaktoren bis 
400,000 fiir diese Elemente gefunden wurden., Das Verfahren ist 
einfach und relativ frei von Gefahren der Verunreinigung. 

* All chemicals except oxine were purified by distillation. Oxine was purified by vacuum 
distillation. 
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R&sum&-On a Clabore une nouvelle technique analytique pour le 
dosage d’elments a l’etat de traces dans l’eau de mer et autres eaux 
naturelles. La methode con&e en l’emploi dune extraction par 
solvant en milieu liquide, a contre-courant, aver des solvants plus 
denses que l’eau. Des volumes relativement impo~nt~ d’eau de 
mer forment, dans le procede d’extraction, la con&e aqueuse mobile, 
cependant que la couche stationaire inferieure est constituQ par les 
agents chelatants dithizone ou oxine, en solution respectivement dans 
le tetrachlorure de carbone et le chloroforme. Les elements sont 
progressivement absorb& de l’eau de mer, tandis que la couche 
aqueuse traverse Pensemble d’extraction. Des essais de sondage 
avec l’eau de mer contenant des additifs ont montri: que les solutions 
d’oxine et, a un degre moindre, de dithizone, sont capables de retenir 
quantitativement un certain nombre d’tlements dans un petit nombre 
de tubes d’extraction. Une experience a et& men&e avec un ~hantillon 
d’eau de mer pure, de laquelle on a extrait quantitativement Mn, Pb, 
MO, Sn, Ni, Al, V, Ag, Zn et La dans une solution de 8-hydroxy- 
quinolCine en chloroforme. Les elements ont tous et6 doses spectro- 
chimiquement. On considere que la methode devrait avoir de larges 
applications dam l’analyse d’elements a petat de traces dans l’eau 
de mer, des facteurs ~enrichis~ment de 400,000 ayant be obtenus 
pour les concentrations de ces elements. La technique est simple et 
comparativement exempte de dangers de contamination. 
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Summary-Thallium(I) in a concentrated hydrochloric acid-potassium 
chloride medium shows a violet fluorescence with an excitation 
maximum at 250 rnp and a fluorescence emission maximum at 430 mp. 
This has been applied for the spectrofluorimetric determination of 
thallium down to the range @Ol to 0.08 ppm. The interference of 53 
ions has been examined at the lOO-fold molar excess level. Hydrogen 
peroxide oxidation to thallium(II1) and extraction from 15&f hydro- 
chloric acid into diethyl ether, followed by sulphur dioxide reduction, 
separates microgram amounts of thallium quantitatively from all 
interfering cations investigated except antimony(V), bismuth, gold and 
platinum(N). Large amounts (x 10’) of sulphate do not interfere. 

SEVERAL calorimetric methods are available for the deter~nation of small amounts 
of thallium in solution; these utilise the reagents Methyl Violet,’ Rhodamine B,2 
iodine,3 dithizone,4 thionalides and 8-hydroxyquinoline.6 Onishi’ has proposed a 
fluorimetric method for the determination of 2-2Opg of thallium in which the 
fluorescence of Rhodamine B chlorothallate in benzene solution is measured at 
560 rnp. In this method the thallium(II1) is extracted into chloroform as thallium 
dithizonate and then into benzene as Rhodamine B chlorothallate. 

The present paper describes the determination of microgram amounts of thallium 
using the violet fluorescence of the tha~ium(I~ ion in the presence of excess chloride 
ion in concentrated hydrochloric acid. This fluorescence was first reported by 
Pringsheim and Vogelss and subsequently applied to the detection of thallium in ores 
and other minerals by Siil and Peterson. s* The violet fluorescence was attributed to 
the existence of the complex anionic TlC13a- species, with neither H,TlCl, (formed in 
the presence of considerable acid) nor thallium ion showing any fluorescence. The 
fluorescence can only be obtained in a medium containing a vast excess of both 
alkali chloride and hydro~hlo~~ acid. It is, therefore, not possible to employ the 
mole-ratio, slope-ratio and continuous variations procedures to elucidate the nature 
of the fluorescent species. The fluorescence emission is measured at 430 m,u with an 
excitation wavelength of 250 m,u in a concentrated hydrochloric acid-potassium 
chloride medium. Optimum conditions have been established for the deter~nation 
and the effect of numerous ions has been investigated. An extraction system has been 
devised which readily separates thallium from the more important interfering ions, 
Cupferron, 8-hydroxyquinoline and acetylacetone extraction procedures were 
examined before it was decided that the most ef?icient and selective separation could 
be obtained by oxidation of thallium(I) to thallium(II1) with hydrogen peroxide 

* After preparation of this manuscript we noted a recent paper by R. Bock and E. Zim.mer (2. 
wdy?. Chem., 1963,198,170) describing the spectrofluorimetry of thallium(I) in strong sodium 
chloride solution in the absence of hydrochloric acid. Their note contains no interference data 
and does not describe an analytical procedure. 
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followed by extraction into diethyl ether from the optimum concentration of hydro- 
chloric acid; thallium(I) cannot be extracted quantitatively from hydrochloric acid 
into diethyl ether. In the other extraction procedures examined it is difficult to 
remove the th~ium from its cupferron, oxine or acetylacetone complex before the 
determination. Extraction from lB4 hydrochloric acid separates thallium(II1) 
almost quantitatively from all foreign ions investigated except gold, bismuth, plati- 
num(N) and antimony(V), which co-extract to varying extents. The efficiency of the 
separation is further improved by washing the ether extract with an aliquot of l$W 
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FIG. I.-Excitation and emission spectra (uncorrected) of t~alliurn~~ complex in 
HCl-KC1 solution [n(I) concentration: 2.5 x 1O-pM, sensitivity scale: x 301: 

(A) Emission measured at 430 rnp. 
(B) Exciting wavelength set at 250 rnp. 

hydrochloric acid which back-extracts traces of, for example, iron(III), which extract 
with the thallium(II1) to an extent of <l ‘A. The ether phase is then evaporated to 
dryness and the thallium(II1) reduced to the univalent state by gaseous sulphur 
dioxide before the determination. Although the extraction of th~ium(II1) chloride 
into diethyl ether has been applied on a macro scale, lo the present investigation shows 
that it can be used successfully for microgram amounts of thallium, with an extraction 
efficiency of cu. 98 % in the range of 1 to 8 ,ug of thallium. 

Spectral characteristics 

Fig. 1 shows the excitation and emission spectra for the thallium(I) ion in hydro- 
chloric acid-potassium chloride solution. These spectra are uncorrected for variations 
in the emission characteristics of the lamp and the response characteristics of the 
photomultiplier. The relevant correction curves are given in Fig. 2. Correction 
methods are dealt with fully elsewhere by Parker and ReeP and their paper may be 
consulted for guidance. The excitation maximum occurs at 2.50 rnp and the fluorescent 
emission maximum at 430 rnp. Fig. 3. shows the emission spectra of more dilute 
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FIG. 2.Xorrection curves for variations of lamp intensity and photomultiplier sen- 
sitivity with wavelength: 

(A) Spectral characteristics of lamp + excitation monochromator (relative intensity 
against wavelength). 

(B) Photomultipler characteristics (relative sensitivity against wavelength). 
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FIG. 3.-Emission spectra (uncorrected) in HCl-KC1 solution (exciting wavelength set 
at 250 mp; sensitivity scale: x 0.1): 
(A) TI(1) concentration 4 x lo-‘M. 
(B) No ‘II(I) present. 

solutions (uncorrected) at much increased sensitivity with wide (20 mp) slits and no 
protective filters. The peaks at approximately 510 rnp and 360 rnp are attributed to 
second order diffraction from the analysing (grating) monochromator and stray 
radiation within the monochromators. The tails of these peaks make up the blank 
juorescence at 430 mp. The signal at this wavelength is then directly proportional 
to the thallium concentration. Calibration curves prepared at this level of concen- 
tration pass above the origin for the reasons discussed. 

Efect of hydrochloric acid andpotassium chloride concentrations 

The optimum amounts of hydrochloric acid and potassium chloride for the 
determination were established by varying their concentrations dependently. In a 
solution 3.3M in hydrochloric acid, the fluorescence intensity increases with increase 
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of potassium chloride concentration up to 0.8M. Above this level, the fluorescence 
intensity remains constant and potassium chloride tends to precipitate by the colllmon 
ion effect. It was also shown that in 0*8M potassium chloride, a 3.3M hydrochloric 
acid concentration is required to produce maximum fluorescence. Thus, the best 
solution should be approximately 3.3M in hydrochloric acid and 0*8&f in potassium 
chloride, i.e., 100 ml of solution contains 30 ml of concentrated hydrochloric acid 
and 20 ml of saturated potassium chloride. 

I I I I 

0 40 80 120 

L I 
Time, min 

I I 
0 20 40 60 

Temperature. OC 

FIG. 4.-Effect of time and temperature on fluorescence intensity: 
(A) Variation of fluorescence with time: standing in darkness. 
(B) Variation of fluorescence with time: standing in normal laboratory conditions. 
(C) Variation of fluorescence with time: continuous irradiation at 250 mp. 
(D) Variation of fluorescence with temperature. 

A slight reduction in the fluorescence intensity (< 10 %) was observed when am- 
monium chloride or sodium chloride was substituted for potassium chloride in the 
recommended procedure. 

Effect of time 

Thallium(I a strongly acid medium is oxidised by air to thallium(II1) and this 
process is accelerated by ultraviolet radiation. An 8 x l&‘M solution of thallium(I) 
prepared by the recommended procedure showed an average reduction in fluorescence 
intensity of 10% after standing for 2 hr in darkness, and a reduction of 14% after 
standing for 2 hr under normal laboratory conditions, i.e., under fluorescent tube 
lighting, while continuous irradiation of the solution at 250 rnp in the spectro- 
fluorimeter completely destroyed fluorescence within 1 hr (cf. Fig. 4). 

Efect of temperature 

Between the limits of the temperature range investigated, i.e., 343”, a decrease of 
fluorescence intensity with increase in temperature of development was found which 
corresponds to a temperature coefficient of approximately 1 %vC (cf. Fig. 4). Under 
normal laboratory conditions, all measurements of the thallium fluorescence were 
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made at 23 &3”, and the observed fluorescence intensities were compared with stand- 
ards prepared simultaneously, so that the existence of this temperature coefficient did 
not alter the validity of the results obtained. However, care should be taken to 
minimi~ generation of heat of mixing between concentrated hydr~hlo~c acid and 
water during the preparation of samples for measurement, by adding the acid to as 
large a volume of water as possible and thoroughly mixing immediately. 

Precision 

The precision of the method at its maximum sensitivity is compounded of (a) the 
chemical precision, and (b) the instrumental precision. These were, therefore esti- 
mated separately by multiple determinations, (a) using sufficient thallium (80 pug) to 
give readings on a less sensitive scale (X 0.1) where instrumental noise is negli~ble; 
and (b) using 8 ,ug of thallium and measuring directly on the most sensitive scale 
(x 0.01) where instrumental noise is appreciable, without treating the solution by the 
extraction procedure. 

These experiments indicated a chemical precision of f 1-3 % and an instrumental 
precision of -fl*6%. 

Accuracy 

The data in Table I were obtained from the results of the analysis of solutions for 
thallium by the recommended procedure (see Experimental). 

TABLE L-ANALYSIS OF THALLIUM(I) SOLIJTIONS TREATED AS UNKNOWN SAMPLES 

Sample 
1 
2 
3 
4 

: 
7 
8 
9 

:: 
12 
13 
14 
15 
16 
17 

Thallium, pg Error 

Present Found 
4% 
6.92 
3.87 
3.26 
5.91 
3.67 
3.87 
408 
7.14 
5.91 
7.95 
3.87 
6.31 
2.24 
4.28 
5.10 
7.14 

4.57 
672 
3-7s 
3.26 
613 
3.77 

z:: 
6.72 
5.87 
7.78 
3.75 
6.11 
224 
4SO 
4.87 
6.68 

trg % 
-0.33 -6.6 
-0.20 -2.9 
-0.12 -3-l 

3-O-22 +3*7 - 
+0.10 +2.8 
i-O.17 +4.4 
-0.19 -47 
-0-42 -5.9 
-0+-l -0.6 
-0.17 -2.1 
-0.12 -3.1 
-0.20 -3.2 

+;22 +s.2 - 
-0.23 -4.5 
-0.46 -6.5 

Foreign ions present, 

&Y 

Fe(II1) (5600) 
Fe(II1) (5600) 
Fe(II1) (5600) 
Fe(III) (S600) 
Cu(I1) (630), Hg(I1) (2000) 
Cu(I1) (630), Wg(I1) (2ooO) 
Cu(I1) (630), H&II) (2000) 
AI (2700), Zn (6SOO) 
AI (2700), Zn (6500) 

Be PW, Mg (2400) 
Be (900), Mg (2400) 
Al (2700), Ba (13700) 
AI (2700), Ba (13700) 
ik (~), Mg (2400) 
Be (900), Mg (2400) 
Co (5900), Fe(II1) (5600) 
Co (59OOh Fe~III~15600~ 

Efecct offoreign ions 

The effect of 53 foreign ions on the thallium fluorescence in pure solution was 
studied. None of the cations investigated produced a fluorescence similar to that of 
thallium, but several, when present in relatively large concentratrons, showed fluore- 
scence at different wavelengths, e.g., lead (excitation maximum 290 m&fluorescence 
maximum 480 mp), copper(I) (390/460 mp), tin(I1) (270/480 mp) and cerium(II1) 
(250/350 m,u). The effect of a IOO-fold molar excess of each ion on the determination 
of 8 pg of thallium was investigated. After consideration of the reproducibility of the 
determination of 8 pug of thallium in pure solution, ions were considered to interfere 

8 
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at this level when they caused a variation of fluorescence intensity of > 55%. The 
investigation revealed that the following ions do not interfere under the above 
conditions : aluminium, ammonium, arsenic(III), arsenic(V), barium, beryllium, 
calcium, cadmium, cobalt, chromiu,n(III), gallium, indium, lead, lithium, magnesium, 
manganese(II), nickel, scandium, selenium(IV), silver, sodium strontium, thorium, 
tin(H), titanium(IV), tungsten(W), vanadium(IV), zinc, zirconium, bromide, fluoride, 
thiocyanate, nitrate, suiphate and tartrate. A lOO-fold excess of the following ions 
caused the error in the fluorescence intensity given in parenthesis: antimony(V) 
(-49 %), bismuth (-69 %), cerium(II1) (+900x), cerium(IV) (+900%), copper(H) 
f-21”/,>, gold (-1000/o), iron(H) (-25x), iron(II1) (-92 %), mercury(I1) (-28 %), 
molybdenum(V1) (- 100 %), platinum(IV) (-92 %), tellurium(IV) (-32 %), tin(IV) 
(- 59 %), uranium(V1) (- 18 %), vanadium(V) (--20x), iodide (+ 13 %), bromate 
(-100%) and iodate (-100%). 

The interfering cations listed above were then taken, normally in Iarge excesses 
over 8 pg of thallium, through the recommended extraction procedure. The results 
are shown in Table II. 

TABLE II 

Molar Variation in 
Cation excess fluorescence intensitya 

Au 10 -68% 

&) 
500 -20% 
200 -14% 

Sb(V) 2500 -100% 
Ce(III) 500 G&5% 
Ce(lV) 500 < i5% 
Cu(II) 2500 =z i5% 
Fe(I1) 2500 < zt5% 
Fe(III) 2500 < ztz5% 
Hg(H) 250 < iS% 
Sn(IV) 250 s; &5% 
Te(IV) 2500 < 55% 
D(VI) 500 G &ts% 
V(V) 2500 < *so/, 

a With respect to thallium(I) standard. 

Because this method is likely to find application in the determination of thallium 
in biological and other materials which require dissolution or destruction before 
determination, the effect of the presence of a large excess (ca. 106-fold) of sulphate 
and nitrate on the extraction and determination was investigated. The presence of 
sulphate ions has no effect on the method, but nitrate ions interfere at this level by 
co-extraction into diethyl ether with the tha~lium(II1). Large excesses of nitrate 
(>lOO-fold molar excess over thallium) must, therefore, be removed by fuming the 
solution with hydrochloric acid before the determination. 

Reagents 
EXPERIMENTAL 

10-8M Tizaflium(I) solution. Dissolve 0.2525 g of analytical reagent grade T13SOa (Hopkin and 
Williams, Chadwell Heath, Essex, England) in water and dilute to 1 litre, using water from an all-glass 
distillation apparatus. This stock solution was diluted to 10-5M as required. 

Hydrochloric acid. Analytical-reagent grade (Hopkin and Williams) was used. Prepare a 2M 
solution by diluting 45 ml of the concentrated acid to 250 ml with water. 
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Saturated potassium chIorid@ solution. Dissolve cu. 150 g of reagent grade potassium chloride 
(Hopkin and Williams) in ZOOml of boiling water, filter the solution while warm and allow to 
crystallise on cooling. The saturated solution is approximately 4.1M in potassium chloride and was 
standardised by Volhard’s method. 

Hydrogen peroxide. Prepare 6% (20 -vol.) solution from general purpose reagent (Hopkin and 
Williams). 

Diethyf ether. Solvent grade (Hopkin and Williams) 
Sukhur dioxide. Liquified (Hopkin and Williams) 
Foreign ions. 0.1 M, 0.02M or 0.01 M Solutions of analytical-reagent grade saIts were used. 

Apparattis 

Fluorescence measurements were made with a Farrand spectrofluorimeter (Farrand Optical Co. 
Cat. No. 104244) in which grating monochromators are used to isolate both the exciting and fluores- 
cent radiation, and fitted with a 150-W xenon arc lamp (Hanovia Div. Cat. No. 901 C-l), an RCA 
IP 28 photomultiplier and a Hone~ell-Brow recorder. Fused quartz cells (10 x 20 x 50 mm) 
were used throughout the work. Fluorescence was measured at right angles to the incident light 
such that the mean solution path-length of the exciting radiation is 5 mm and that of the fluorescent 
emission is 10 mm. 20-M,u bandwidth slits were used in both the exciting and analysing mono- 
chromators, and no filters were used during these experiments. 

~eterm~ati~~ of tkali~~m 

Calibration curve. To 20 ml of saturated potassium chloride solution, 30 ml of water and 30 ml 
of concentrated hydrochloric acid in a lOO-ml volumetric flask, transfer accurately between 0.5 and 
4.0 ml of standard thallium(I) solution (10-5M = 2.04 &ml) and dilute to volume with water. 
Allow the solutions to stand for 15 min. then measure the intensity of the fluorescence at 430 rnp and 
an excitation wavelength of 250 rnp. The plot of fluorescence intensity against thallium concentration 
(0.01-0.08 ppm) is a straight line and passes slightly above the origin. Linearity extends beyond this 
upper limit to a fmal concentration of 2 ppm of thallium, i.e., 200 ,~g in 100 ml of aqueous solution. 
Prepare and measure two standards with each group of samples, using 0 and 4 ml of the thallium(I) 
solution (2.04 ,ug/ml), respectively. 

Extraction procedure 

Transfer an aliquot of standard thallium(I) solution (O?G+O ml of 10-5M solution) to a separating 
funnel containing 15 ml of 2M hydrochloric acid and 1 ml of 20-volume hydrogen peroxide. Extract 
once into 25 ml of diethyl ether and discard the aqueous phase. Wash the organic phase with 10 ml 
of 1.5M hydr~hloric acid and again discard the aqumus phase. Transfer the ether phase to a 
lOO-ml beaker, rinse the separating funnel with a further 10 ml of ether, combine the ether extracts 
and evaporate to dryness on a water-bath. Dissolve the residue in 50 ml of water, pass gaseous 
sulphur dioxide into the solution for 5 set, then evaporate the solution to a volume of 10 ml, after 
the addition of 1 ml of concentrated hydrochloric acid to assist the removal of sulphur dioxide (Note). 
Cool the solution, transfer to a lOO-ml standard flask containing 20ml of saturated potassium 
chloride solution, add 30ml of concentrated hydrochloric acid, dilute to volume with distilled 
water and measure the fluorescence after 15 min at 250/430 rnp. 

Note. It is essential to ensure complete removal of sulphur dioxide because it has a strong 
quenching action on the TIQ*- ion fluorescence. 

Acknowledgment-We wish to thank the Department of Scientific and Industrial Research for 
the provision of a grant to one of us (T. S. W.) for the purchase of the spectrofluorimeter used in this 
work and also for providing a Research Studentship to another (C. W.). 

R&u&--Le thallium (I), en milieu acide chlorhydrique concent&- 
chlorure de potassium, prt%ente une fluorescence violette, avec maxi- 
mum d’excitation g 250 rnp et maximum d%mission de fluorescence 
ii 430 rnp. On a appliquC.ce fait au dosage SpectrofluorimCtrique du 
thallium iusqu’il des teneurs de 0.01 B 0.08 n.n.m. On a ttudi6 les 
interf&en&s’de 53 ions B des cor&ntratio& Aolaires 100 fois plus 
&lev&s. L’oxydation par l’eau oxyg&&e en thallium (III), et l’extraction 
en &her di&hylique, B partir d’une solution 1,5M en acide chlorhydri- 
que, ‘suivie de rtSduction au moyen d’anhydride sulfureux, permettent 
de s&parer quantitativement des quantit6s de thallium de l’ordre du 
microgramme de tous les cations interfhrants &udi&s, ;1 l’exception de 
l’antimoine (V), du bismuth, de l’or et du platine (IV). Des quantitbs 
importantes de sulfate ( x 10’) n’interf&ent pas. 
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Zu~a~n~-~~i~rn (I) gibt in einem Medium aus konzen- 
trierter Salzsaure und Kafiumchlorid eine violette Fhzoresxenz mit 
einem ~g~~maximum bei 250 rnb und einem ~~~ionsmax~urn 
bei 43Omp. Diese Erscheinung wurde zur s~kt~~uor~rn~~~hen 
Bestimmung von Thallium bis herunter zum Kon~ntrat~ons~~ich 
O,Ol-O,OS p.p.m* ausgenutzt. Die Storung von 53 Tonen wurde bei 
100-fachem molarem UberxhuD untersucht. Oxydation mit Wasser- 
stoffperoxyd und Extraktion aus 1,s M Salzslure in Diathylather mit 
~a~bFo~gender ~eduktion mit ~hwefeldioxyd trenut Mjkro~am- 
mengen Tha~~~urn quantitativ von allen untersuchten stisrenden 
Kationen at&r ~timon~V~~ Wismut, Flat~n~~V) und Gold. I@- 
father UberschuB von S&fat stijrt nicht. 
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DUNNSCHICHT-CHROMATOGRAPHIE-XV
TRENNUNG VON TERPEN- UND SESQUITERPENALKOHOLEN

AUF SILBERNITRAT-KIESELGEL-SCHICHTEN

EGON STAHL and HELMUT VOLLMANN
Institut fur Pharmakognosie der Universitat des Saarlandes

66 Saarbrucken, Bundesrepublik Deutschland

(Eingegangen am 8 Januar 1965 . Angenommen am 26 Januar 1965)

Zusammenfassung-Gemische von Coo , C,6 and C10- Alkoholen
lassen sich auf normalen Kieselgel-Schichten nicht trennen . Auf
paraffin-impragnierten Schichten wurde eine Trennung in Gruppen
mit gleicher Kohlenstoffatomzahl moglich . Mit der Gradient-DC
konnte nun festgestellt werden, daa mit zunehmender AgNO,-Imprag-
nierung einer Kieselgel H-Schicht die Trennung derartiger Gemische
gelingt. Der optimale and okonomische AgNO,-Gehalt der Schicht
liegt bei 3 % Als FlieBmittel dient ein Gemisch von Methylenchlorid-
Chloroform-Athylacetat-n-Propanol (50 1- 50 1- 5 -} 5 V/V) . Der
Trenneffekt lasst sich durch eine Mehrfachentwicklung noch verbessern .

AUF normalen Kieselgel- oder Aluminiumoxid-Schichten lassen sich Gemische von
Mono-, Sesqui- and Diterpenalkoholen nicht oder nor unzureichend trennen . Einen
Fortschritt brachte die in unserem Arbeitskreis von fork hierzu angewendete "reversed
phase"-Technik . 1 Hat man die Alkohole aus einem atherischen 01 abgetrennt, so
gelingt es mit dieser Technik schnell, festzustellen, ob C10-, and/oder C 16-Alkohole
vorliegen. Auch bei der von uns seit Jahren durchgefdhrten Kombinationsanalyse
GLC-TLC ermoglichen die paraffin-impragnierten Schichten eindeutige Entschei-
dungen im Ultramikrobereich . Es erschien jedoch wiinschenswert, neben der
Gasphasenchromatographie (GLC), die sich fur die Trennung von Monoterpenal-
kohol-Gemischen bestens eignet, 2 eine weitere diinnschicht-chromatographische
Methode zu haben, mit der man Gemische von Terpen-, insbesondere aber von
Sesquiterpenalkoholen zerlegen kann .

Es ist bekannt, daB man in manchen Fallen durch eine Impragnierung des Ad-
sorbens mit Verbindungen, die Koordinations-, Chelatkomplexe oder EinschluB-
verbindungen zu bilden vermogen, substanzspezifischere Trennungen erreichen
kann. So wird auf dem Lipid-Gebiet seit einigen Jahren bei der Trennung von
FettsAureestern unterschiedlichen Sattigungsgrades von deren Neigung, mit Silber-
ionen labile Koordinationskomplexe zu bilden, Gebrauch gemacht . Das von Winstein
and Lucas" zur Verteilungstrennung zwischen zwei nicht mischbaren flussigen
Phasen ausgearbeitete Verfahren wurde dann mit gutem Erfolg von de Vries 4 and
Morris5 auf die Kolonnen- and die Dunnschicht-Chromatographie ubertragen .
Inzwischen liegen hieruber zahlreiche Arbeiten vor .

Nachdem zunachst festgestellt wurde, dalI sich bei Verwendung geeigneter FlieB-
mittel auf Kieselgel-Schichten, die mit 20% Silbernitrat impragniert waren, Ansatze

* XIV . Mitteilung : Chem. Ing. Tech ., 1964, 36, 941 .
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zu einer Trennung von Terpenalkoholen ergaben, wurde der EinfluB verschiedenar-
tiger Sorptionsmittel and Fliefmittel, sowie der Impragnierungsgrad untersucht .
Ober die Einzelergebnisse dieser Untersuchungen wird spater berichtet . Hier soil
nur fiber die daraus resultierenden optimalen Versuchsbedingungen berichtet werden .
Eine wertvolle Hilfe beim Studium des Einflusses der Silbernitrat-Konzentration auf
den Trenneffekt war uns die Gradient-DC .' Es wurden zunachst Gradient-Schichten
mit einer Silbernitrat-Konzentration von 0 bis 25 % hergestellt and quer zum Gradient
chromatographiert . Nachdem sich zeigte, daB eine Verbesserung der Trennung bei
einer Konzentration von fiber 3 % nicht mehr auftritt, warden Schichten mit einem
AgNO3Gradient von 0-2,5 % verwendet . Wie die Abb. 1 zeigt, beginnt bereits
bei einer Konzentration von 1,5% AgNO 3 die Abtrennung des Nerolidols vom
Geraniol . Sie verbessert sich mit der Zunahme der Silbernitrat-Konzentration bis
2 % and bleibt dann nahezu gleich . Auch das kritische Paar Guajol/Borneol zeigt ein
ahnliches Verhalten . Bei alien weiteren Versuchen wurde nun auf uniformen Kieselgel
H-Schichten, die mit 3 % Silbernitrat impragniert waren, gearbeitet.

Von zahlreichen getesteten F1ie6mitteln ergaben Gemische von chlorierten
Kohlenwasserstoffen, denen ein oder zwei starker polare Losungsmittel in kleinen
Mengen zugesetzt waren, den besten Trennerfolg . Allerdings lieB sich ein aus 9 Alko-
holen bestehendes Gemisch (s . Abb. 2/I) nicht vollstandig trennen ; Borneol, Daucol
and Cuminalkohol liegen hier praktisch zusammen . Erst durch eine Mehrfachent-
wicklung mit FlieBmitteln unterschiedlicher Polaritat konnten such diese 3 Alkohole
gut getrennt werden (Abb . 2/III) . Fiir die erste En:wicklung wurde Methylenchiorid-
Chloroform-Athylacetat- n-Propanol (50 + 50 + 5 + 5 VJV) and Fur die zweite
and dritte Entwicklung Methylenchlorid-Chloroform (40 + 60 V/V) verwendet .
Es sei jedoch nicht verschwiegen, daB rich unter den bisherigen Versuchsbedingungen
eine Reihe der uns zur Verfiigung stehenden Terpen- and Sesquiterpenalkohole
nicht trennen lassen, so liegen z .B. Cedrol and Maalialkohol, ferner Guajol, Citro-
nellol, Terpineol and Zimtalkohol auf einer Hohe .

Um nun anhand einer groBeren Anzahl von Alkoholen unterschiedlichen Sat-
tigungsgrades zu allgemeineren Aussagen zu kommen, wurden zahireiche, im Handel
erhaltliche Terpenalkohole and weitere C 5 - C20 - Alkohole in die Versuche mit
einbezogen . Zunachst wurden sie mit der vorstehend beschriebenen Methode auf
ihre Einheitlichkeit gepruft . Hierbei ergab sich, dass zumeist Gemische vorlagen .
Zur Zeit laufen Versuche, diese Produkte auf Silbernitrat-Kieselgel-Kolonnen in
praparativem MaBstab zu trennen .

Zusammenfassend lasst sick schon beim augenblicklichen Stand der Untersuch-
ungen feststellen, daB die Anwendung von Siiberitrat-Kieselgel-Schichten ein wert-
volles Hilfsmittel zur Auftrennung von verschiedenartigen Alkoholen ist . In unserem
Arbeitskreis hat sie bei zahlreichen Problemen ihren praktischen Nutzen gegezeigt,
so z.B ., um den Hydrierungsverlauf von ungesattigten Alkoholen zu verfolgen .
Auf die vorteilhafte Verwendung zur Kontrolle der Identitat and Reinheit wurde
bereits hingewiesen . Daruberhinaus konnten AgNOgKieselgel-Schichten mit
Erfolg bei anderen Stoffklassen eingesetzt werden and es gelang u.a., Allyl- von
Propenylmethoxybenzolen sauber zu trennen .7

Die Versuche werden fortgesetzt. Im Rahmen einer spateren Arbeit sollen dann
die Ergebnisse anhand eines groBeren Materials diskutiert and weitere Anwendungs-
m6glichkeiten aufgezeigt werden .



Ana. l .-Gradient-Schicht-Chromatogramm zur Ermittlung der optimalen AgNO,-
Konzentmtion

(Bezifferung slabs Abb . 2 ; Einzelheiten im experimentellen Tell) .



Ass. 2.-Mehrfachentwicklung zur Trennung elves Alkoholgemisches auf cuter
uniformen AgNO,-Kieselgel-Schicht :

I : Einmalige Entwicklung mit FlieBmittel I ;
II u . III : Zweite bzw . dritte Entwickung mit Flietimittel II .

(1 Nerolidol

	

6 Cedrol
2 Geraniol

	

7 Cuminalkohol
3 Nerol

	

8 Daucol
4 Guajol

	

9 Carotol
5 Borneol

	

G, Gemisch 1-9
G, Gemisch 1-6, 9)



Trennung von Tarpon- and Sesquiterpenalkoholen

	

527

EXPERIMENTELLER TEIL
Herstellung der uniformen Silbernitrat-Kieselgel H-Schichten

Das Besehiebten der 20 x 20 cm DC-Platten erfolgte mit der Desaga-£irundausriistung nach
der Standardmethode. 25 g Kieselgel H each Stahl fur die Dunnschicht-Cbromatographie der Pa .
Merck wurden mit 65 ml Wasser, in dem zuvor 750 mg AgNO . p.a. "Merck" gelast waren (= 3%
g/g) homogen angeruhrt. Zum Ausstreichen wurde cin aus V4A-Stahl hergestelltes Streichgerat
benutzt .

Herstellung der Gradient-Schichten
Durch Einbau der Mischwelle and Aufsetzen do Toilers wurde des normale Streichgerat in den

GM-Streicher verwandelt . In einem Kolben wurden 18 g Kieselgel HF ss, mit 45 ml Wasser gemischt .
In einem zweiten Kolben wurden 18 g Kieselgel H (ohm Fluoreszcnzindikator!!) mit 45 ml Wasser,
in dem die gewiinschte Silbernitratmenge (2,5 bzw . 25 % g/g) ge!8st ist, gemischt, Darauf wurden
die beiden Suspensionen jede in eine der beiden Teilerkammernn des GM-Streichers gleich hoch
eingeflllt. Nach Herausnebmen der Trennwand wurde die HUIse mittels Kipphebel in Fullstellung
gebracht . Das Mischen erfolgte mit einem Antriebsmotor jeweils 30 Sekunden mit and
gegen den Uhrzeigersinn . Das Ausstreichen wurde auf einer genau waagerechten Arbeitsschablone
vorgenommen .

Priifung des Gradient-Verlaufs
Die Gradient-Schichten warden im kurzwelligen UV-Licht betrachtet and es war an der gleich-

mABigen Abnabme der Fluoreszenzintensitat ein kontinuierlicher Obergang erkennbar .

Trocknung unit Chramatographie
Die beschichteten Platter wurden bei 110°C getrocknet, (30 min) . Die Aufbewahrung erfolgte

unter LichtabschluB im Exsikkator fiber Blaugel . Zur Chromatographie wurde die normale Desaga-
Trogkammer mit Filtrierpapierauskleidung (Kammersattigung) verwendet . Die Laufstrecke betrug
in alien Fallen, auch bei der Mehrfachentwicklung, 15 cm .

Pliessmittef: Zur Herstellung der Flieflmitteigemische warden Losungsmittel der Firma Merck
"zur Chromatographie" rider "zur Analyse" verwandt .

Fliegmittel I : Methylenchlorid-Chloroform-Athylacetat-n-Pro of (50 + 50 + 5 + S V/V).
FlieBmittel II : Methylenchlorid-Chloroform (40 + 60 V/V). Aufgetragene Mengen : Die

Alkohole wurden I % g/V in Toluol gelost. Zumeist wurden 0,3 -- 1,0 ttl (= 3-10 µg) mit der 10 pl
Spezialpipette aufgetragen .

Sichtbarmachw(g : Phosphormolybdansaure p.a. "Merck" wurde 20% in Methanol gelbst and
10 mi je Platte (20 x 20) cm aufgespriiht . Die bespriihten Chromatogramme wurden 5-10 min nut
110°C erwarmt ; die Alkohole treten als blaue Flecken auf gelbem Grand hervor.

Summary-Mixtures of Cu-, C„ and Cs- alcoholr cannot be separated
on normal silica-gel layers. A separation into groups with the same
number of carbon atoms is possible on paraffin-impregnated layers .
With gradient thin-layer chromatography it has been established that
with increasing silver nitrate impregnation of silica gel, the separation
of such mixtures is possible . The optimum and economic silver
nitrate content is 3 % . As solvent is used a mixture of methylene chlor-
ide-chloroform-ethyl acetate-n-propanol (50 + 50 + 5 + 5 v(v). The
separation may be improved by multiple development .

RFsum€-Des melanges d'alcools en C,o, C is et C, s et C is ne peuven-
pas titre sdpards stir des couches de gel de silice normales . Um sep-
aration en groupes A raceme nombre d'atorws de carbone est possible
sue couches impregnees do paraffine . Par chromatographic sur couche
mince A gradient, on a dta li qu'avec une impregnation croissante on
nitrate d'argent du gel de silice, la separation de tels indianges est
possible . La teneur en nitrate d'argent optintale et economique est de
3 %. On utilise, comme melange de solvants, fin melange chlorine de
methylene-chloroforme-acetate d'ethylo-n-propanol (50 + 50 + 5 +
5 v/v) . On pent amdliorer la separation par developpement multiple.
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1. INTRODUCTION 

THE widespread interest in nuclear and electron magnetic resonance techniques, which 
has been such a striking feature of chemical progress in the last decade, has centred 

* For reprints of this review see Publisher’s Announcement at the end of this issue. 
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largely on the important contributions made by these techniques to the solution of 
structural problems in organic chemistry and, in the case of electron resonance, to 
the very detailed information which it has provided on the electronic structure of free 
radical species. The applications of both techniques to problems in analytical chem- 
istry has been much less rapid, although the characteristic nature of the spectra 
observed left no doubt, from the outset, of the potential importance of both 
techniques, at least in qualitative analysis. The reason for this comparatively slow 
growth in analytical applications lies mainly in the stringent requirements in instru- 
mental stability and sensitivity when information of a quanti~tive nature is required. 
In the past few years these requirements have been adequately met by commercially 
available spectrometers, and the way is open for rapid advance. 

The present review is designed to cover a wide field of analytical applications in 
order that the scope and limitations of the methods may become apparent. Only 
sufficient of the theory is included to permit some understanding of the requirements 
of the techniques when quantitative information is sought, and to provide, at the 
same time, a brief in~odu~tion to the te~inolo~ involved. 

II. NUCLEAR MAGNETIC RESONANCE 

(A) Pr~nc~ies 

When a sample with nuclei possessing magnetic moments is placed in a strong 
uniform magnetic field, such that it experiences a field ZZ,, and is irradiated with energy 
in the radiofrequency (rf) range, transitions are induced between the possible orienta- 
tions of the nuclear spins in the magnetic field. A nucleus has a maximum observable 
component of angular momentum Z(hl27~) when Z, the spin quantum number, is finite. 
The angular momentum can be resolved into 21-t 1 components which, because the 
angular momentum and nuclear moment (,u) behave as parallel vectors, necessitates 
the latter also having 2Z+ 1 values and the nucleus the same number of energy levels. 
The frequency, Q, corresponding to transitions between these orientations is related 
to the field strength by the equation 

Y* = ~~~~Z~ (1) 

where h is Plan&s constant. It is the fact that the field strength observed by a 
particular nucleus may be different from the applied field, depending upon the 
chemical and physical environment of the nucleus, which makes nuclear magnetic 
resonance (n,m.r.) spectroscopy a tool of such immense importance for the study of 
liquid or gaseous samples in structural chemistry. Because each set of identical 
nuclei will respond at a slightly different applied magnetic field, each molecular 
species will give rise to a spectrum which usually permits its ready identification, alone 
or mixed with other molecular species of a different nature. No problem arises from 
overlap of the absorption regions of nuclei of different elements, or even from isotopes 
of the same element, which are well separated in the frequency spectrum. 

Because the magnetic field, ZZ,,, at a given nucleus depends upon its environment, 
the field may be represented by the equation 

Ha = ZZ(1 - f&r) (2) 

where Z$ is the applied static field, and CJ represents the factor by which this field 
is modified by the environment of the nucleus. The displacement of a resonance signal 
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for different chemical environments caused by variations in the value of CT is referred to 
as a chemical shift (6). Because of the way in which it is usually measured, the 
chemical shift is best expressed in terms of frequency: 

6 = (A+QlO* (3) 

where Av is the separation in c/set between the sample and reference peaks, and v0 is 
the rf oscillator frequency in cisec. Chemical shifts are usually given relative to a 
standard substance, and for protons this is often tetramethylsilane (TMS), although 
other substances have been used. For most protons 6 lies in the range O-15 ppm, 
which for an oscillator frequency of 100 Mc/sec, corresponds to 1500 c/set. Much 
higher values of the chemical shift have, however, been observed in special situations. 
When TMS is used as a standard, negative values of 6 are found for most protons. 
To avoid this difficulty Tiers has proposed an arbitrary scale, 

7=10+8 (4) 

which gives positive values in the majority of cases. The Tiers scale has been widely 
used, although, because the chemical shift is measured by the operator in c/set, there 
is an advantage in the more direct d-scale, in spite of the negative values. 

Another important feature of n.m.r. spectra is the fine structure arising from a 
field-independent interaction which occurs between closely neighbouring nuclear 
spins. This interaction, known as spin-spin coupling, gives rise to splitting of the 
resonance line, and leads to spin-spin multiplets. Very detailed information about 
the environment of the nucleus in question may, in suitable cases, be obtained from 
a study of the distribution of the lines and of their intensities within the multiplet. 

With solid samples the n.m.r. lines are broadened as a result of dipole-dipole1 and 
electric quadrupole2 interactions, and only wide lines devoid of fine structure are 
obtained. Appli~tion of this wide-line spectroscopy to analyti~l problems will be 
described later. With gases and liquids these interactions are averaged to zero as a 
consequence of the rapid tumbling motion of the molecules, and detailed fine structure 
is observed. It is in this high-resolution spectroscopy that the bulk of the chemical 
applications are to be found. 

The potential of the technique as a qualitative tool for the identification of 
molecular species is now clear. When quantitative information is sought, other con- 
siderations arise. Because an n.m.r. signal will only be observed if there is an excess 
of nuclei in the lower energy state, the processes by which excited nuclei return to 
the ground state are of importance for the maintenance of the signal. If these relaxa- 
tion processes are inefficient, the populations in the two energy states may become 
equalised, and the absorption signal will then disappear. This phenomenon is known 
as saturation. Two ways in which the nucleus may relax can be recognised. The 
energy may be transferred to the molecular system or lattice as translational or rota- 
tional energy. This mechanism is referred to as spin-lattice or longitudinal relaxation, 
and is characterised by a half-life or relaxation time r,. In liquids and gases Tr is 
short ( lO-2 - lo2 set) ; in solids T1 may be measurable in hours or days. In a different 
relaxation process the spin energy may be exchanged with neighbouring nuclei. This 
is spin-spin or transverse relaxation, characterised by a half-life T,. Spin-spin relaxa- 
tion does not alter the distribution of the nuclei in the two spin states, but it does 
contribute to the line width of the resonance signal. 
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The mean life, At, of a nucleus in a given energy state determines the mean spread, 
AE,, of the energy state, and is intimately related to the line width through the 
Heisenberg uncertainty principle, 

AE8. At w hj2n (5) 

Because AE, = h . AY, this implies that the uncertainty in the frequency of absorption 

Av M 1/2~At (6) 

The commonest broadening of ‘resonance lines is that provided by the relaxation 
processes mentioned above. Strong interactions give rise to short relaxation times, 
and thus to wide lines. The magnetic field jnhomogeneity can also contribute to 
the measured line spread, 

The signal observed at the receiver coil of an n.m.r. spectrometer consists of two 
components, one in phase with the applied rf field, HI, called the dispersion mode (u), 
and an absorption component (0) which is out of phase, the two components being 
readily separable by electronic phase-sensitive detection methods. The amplitudes of 
these signals are given by the expressions: 

(7) 

where MO, the total nuclear magnetic moment, is proportional to the number of 
magnetic nuclei present, and cu,, - w is the distance from resonance in angular 
frequency units. Two features of these relationships are of importance in quan- 
titative analysis. Although at first sight the dispersion mode may seem more useful 
because of its independence of r, and T, in certain circumstances, the fact that it 
falls off with l/(w, - w), as against l/( LC)~ - w)~ for the absorption mode, makes the 
latter much more suitable for analytical purposes, because the broader dispersion 
mode signals may overlap in complex spectra. Secondly, the amplitude of these 
signals is a function of the relaxation times I; and T2. Because these relaxation 
times may vary from one nucleus to another, even within the same molecule, the 
maximum amplitudes or peak heights are not necessarily a measure of the number 
of nuclei present. 

A study of the integral of the absorption mode against time, assuming a linear 
sweep of the magnetic field at a uniform rate, dH/dt, reveals a more interesting 
situation, as shown by the equation 

s 

constant NH, 

’ dt = T(dH/dt)[l + (yHl)2TlT,]“2 

in which N is the number of magnetic nuclei and T is the absolute temperature, the 
polarisation moment, M,, being inversely proportional to T. Provided that 7; and 
Ta are short, or that the applied rf field is kept small, so that (yHl)2TlT2 < 1, the 
integrated area will be independent of the relaxation times for the slow passage 
through the resonance signal for which the above equations are valid. It can be 
shown experimentally that if the rf driving field is kept sufficiently low, the area 
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obtained will approximate closely to the true area, provided that the integrator can 
follow the rapid oscillations or “wiggles” of the oscillatory signal obtained when the 
rate of traverse of the field is insufficiently slow. There is no simple way in which 
the allowable rf level may be decided upon in advance. In practice the operator 
will wish to use a value of H1 as high as possible to maximise the signal-to-noise 
level, particularly with dilute solutions, and it will then be necessary to run the spec- 
trum at several increasing power levels to ensure that the maximum permitted value 
has not been exceeded. The important point to note is that if the rf power is properly 
chosen, the integral obtained will be closely proportional (within -1%) to the 
number of nuclei responsible for the observed signal. 

Because, in the majority of cases, quantitative determination of the numbers of 
nuclei will be made by direct comparison in a single sample, or in a single molecular 
species, the fact that the integral is dependent upon temperature [equation (9)] will 
not affect the accuracy of the estimation unless the temperature were to vary rapidly 
during the course of the measurement. When the temperature is deliberately varied, 
as in a kinetic study, this dependence upon temperature must, however, be recognised, 
and allowance must be made for it. 

The requirements of quantitative analysis clearly place severe demands on the 
frequency and magnetic field stability of the n.m.r. spectrometer and on the linearity 
of the detectors and amplifiers used in the recording and integration of the signal. 
It will be sufFicient to say that commercial instruments are now readily available in 
which these requirements are satisfactorily met. 

A further point should be noted. The signal strength in the receiver coil of the 
spectrometer theoretically depends upon the square of the magnetic field strength. It 
is, therefore, essential, where sensitivity is important, to work at the highest possible 
magnetic field and rf frequency. Much of the published quantitative work in n.m.r. 
has been carried out at an operating frequency for protons of 40 Mc/sec or 60 Mc/sec. 
However, commercial spectrometers operating at 100 Mc/sec and capable of meeting 
the requirements of quantitative analysis are now available, and offer substantial im- 
provements in sensitivity. An additional advantage of a higher operating frequency 
in the field of analysis lies in the increased resolving power, because chemical shifts are 
field dependent and therefore proportional to frequency. This increased separation of 
the absorptions, which may be of critical importance in structural work, is also of 
considerable significance in quantitative analysis in so far as signals which overlap at 
a lower operating frequency may be sufficiently resolved to permit separate integration 
and evaluation. 

On the debit side it should be mentioned that spectra obtained with spectrometers 
operating at around 100 Mc/sec may show fewer lines than are observed in spectra 
obtained from spectrometers operating at lower frequencies. These additional peaks 
are attributable to second-order splitting, and arise from electron-coupled spin-spin 
interaction between nuclei which are not first neighbours. The second-order 
separation is proportional to P/S, where J, the spin-spin coupling constant, and S, 
the appropriate chemical shift, are both expressed in c/set. Because J is a constant 
for a given molecule and 6 is field-dependent, the second-order separation, easily 
observable at low field strengths, gradually disappears within the natural line width 
as the applied field is increased in strength. It has been pointed out,3 however, that 
almost all of the chemically valuable information, except relative signs of coupling 
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constants, is available by direct measurement of the chemical shifts and spin-spin 
splittings in thejrst order spectrum, and the second order structure can be computed, 
if desired, from these parameters. 

(B) Experimental method 

The basic n.m.r. spectrometer consists of a large magnet, providing a stable and 
very homogeneous magnetic field, an rf oscillator, a single coil or crossed coil system 
containing the sample and Iocated between the pole pieces, and a sensitive receiver. 
For #analytical purposes the important features required are sensitivity, stability and 
reproducibility. The most useful recent advances have been in systems designed to 
maintain the stability of the applied magnetic field and to provide electronic integra- 
tion of the n.m.r. spectrum. Some commercial spectrometers employ ff ux-stabilisers 
in which special windings on the pole pieces develop voltages proportional to the rate 
of change in magnetic flux intensity. These voltages are used, after amplification, to 
produce suitable corrections to the applied field. Such stabilisers, in conjunction 
with carefully regulated power supplies, provide magnetic fields of very high stability. 
Other spectrometers employ a system in which a nuclear resonance signal is employed 
to maintain a definite relationship between the applied magnetic field and the oscillator 
frequency rather than to maintain a specified magnetic field. These systems, employing 
a field-frequency locking system, are particularly advantageous from the point of 
view of reproducibility, and may be used for rapid routine measurements with the 
minimum of attention to the spectrometer controls. N.m.r. spectrometers incor- 
porating facilities for electronic integration of the spectrum have been commercially 
available for some time. Reproducibility and accuracy in integration are dependent 
on many factors, including signal-to-noise ratio, line width, and variations in sample 
temperature. With available circuits and chart recorders, a reproducibility to 1 y0 can 
be expected under good conditions. This accuracy may be improved by averaging a 
number of such integrations, and where the maximum accuracy is required the output 
of the integrator may be applied simultaneously to a digital voltmeter. Jungnickel 
and Forbes4 have shown that under optimum conditions of sample concentration, rf 
power, gain and sweep rate, integrals should be accurate to within a few tenths of 
1 y0 of the total hydrogen content. The sensitivity depends upon a number of factors, 
including, as has been indicated already, the rf oscillator frequency. At 100 Mc/sec, 
identi~cation may be made with as little as 0442 mg of sample in a suitable cell, 
whilst useful quantitative results may often be obtained with about ten times this 
quantity of material. At lower frequencies, higher concentrations of solutions are 
necessary. Much of the published results have been obtained at 60 Mc/sec using 
solutions of 5--20% concentration and a sample volume of about O-5 ml. 

(C) Applications of high-resolution n.m.r. 

(i) Proton resonances: General. The proton is by far the most important nucleus 
for study by high-resolution n.m.r. spectroscopy. It gives a stronger resonance signal 
than any other nucleus of chemical interest, and the spectra are not complicated by 
quadrupule relaxation effects present in the spectra of nuclei with spin greater than 
l/2. The chief disadvantage in proton spectroscopy is the smallness of the chemical 
shifts, which are, in general, more than an order of magnitude smaller than in other 
n.m.r. spectra. Although proton resonance lines are usually sharp except when 
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molecular motion is restricted, the small range of chemical shifts often prevents 
complete resolution of the lines, especially with spectrometers operating at 60 Mc/sec 
and under. Accordingly, both the experimental measurements and their interpre- 
tation are made more difficult. 

High-resolution proton spectra are used most frequently for the determination of 
the structure of hydrogen-containing molecules. Although the consideration of n.m.r. 
as a structure-determining tool is outside the scope of this review, it may be noted 
that the use of high-resolution spectra in solving problems in structural organic 
chemistry is well advanced. A procedure for extracting the structure information 
made available by the n.m.r. technique is described by Chamberlain5 Useful corre- 
lations of proton chemical shifts with chemical structure have been published as 
charts” and as tables.‘F8 

(ii) Qualifatiue analysis. The use of high-resolution n.m.r. as a qualitative 
analytical tool is now firmly established. For each compound the n.m.r. spectrum is 
probably unique. The number and relative intensities of the resonances, their chem- 
ical shifts and multiplicities from spin-spin coupling, and also their relaxation 
times, allow such a vast number of possibilities that it is most unlikely that two 
different chemical compounds would have the same n.m.r. spectrum. Although, in 
general, it is desirable to unravel the n.m.r. spectrum of a complex molecule and 
express it in terms of chemical shifts and spin-spin coupling parameters before 
attempting to draw conclusions concerning the molecular structure of the sample, it 
is frequently possible to identify unknown compounds of considerable complexity by 
simple inspection of the n.m.r. spectra and comparison with the spectra of known 
molecules. Consequently, the publication of classified high-resolution spectra, al- 
ready begun for hydrogen-containing molecules, g should eventually make the “finger- 
printing” of molecules by their n.m.r. spectra very attractive. 

The chemical shift is used analytically as the primary means of identification of 
functional groups containing the observed isotope. Notwithstanding the small range 
of proton chemical shifts, it is often possible in mixtures of hydrogen-containing 
compounds to select a peak as being representative of a given compound in the 
mixture. Detection of the compound then requires a simple examination of 
the proton spectrum for this peak. A good example of this type of application is the 
detection of specific compounds, such as benzene in such a complex mixture as 
aviation fueLlo Where doubt exists as to the identity of signals, it is usual to run 
the spectrum and then add some of the compound in question, noting whether or 
not the appropriate peaks increase in amplitude, or whether additional peaks appear 
in the spectrum. Because the observed resonance signal may arise from a very small 
percentage of the hydrogen in a given compound, the sensitivity of the n.m.r. method 
in applications of this kind will not always be large, but in favourable case’s high 
sensitivity can be achieved.ll 

(iii) Proton counting. The number of hydrogen atoms of each type in a molecule 
can readily be obtained by high-resolution n.m.r. spectroscopy usingintegratedspectra. 
This is illustrated in Fig. 1 which shows both the absorption and integrated spectrum 
for prodigiosin la obtained at 60 Mc/sec. From the value of the chemical shift it seems 
certain that the peak at -235 c/set represents the three protons of a methoxyl group. 
The integral of the remaining protons then gives 22, making a total of 25 for the 
molecule. For molecular structure determination, proton counting by n.m.r. has the 
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great advantage that it allows the number to be fixed to the nearest proton. Cal- 
culations made solely from molecular weight determinations and hydrogen analyses 
are often accurate only within several hydrogen atoms. The n.m.r. method requires 
that at least one peak be positively identified. If this is not possible, an approximate 
molecular weight and percentage of hydrogen will serve to fix the total number of 
protons, because each step on the integral curve should represent an integral number 
of protons and often approaches closely to such a value. 

.-,_ ,NTE_ , PRODIGIOSIN f 

CHCI~~ 

--672 -436 C/WC -235 0 
FIG. 1 .-Proton counting as demonstrated on the molecule prodigiosin 

(Varian Associates12). 

(iv) Total hydrogen analysis. Another application of integrated n.m.r. intensities 
lies in the analysis of small samples for total hydrogen. By comparison with com- 
pounds of known hydrogen content in sample tubes of identical cross-sectional area, 
it is possible to determine the percentage of hydrogen by weight in an unknown 
sample. Table I shows the results obtained for three complex natural products with 
naphthalene used as a standard. l3 The naphthalene was run in triplicate to establish 
the precision of the measurement. The percentage of hydrogen by weight agrees in 

TABLE I.-TOTAL HYDROGEN ANALYSIS BY N.M.R. FOR 
COMPLEX ORGANIC MOLECULE.Sia 

Sample Wt., mg H, % (by wt.) H, % (n.m.r.)& 

C,,H, (A) 25.1 6.29 6.31 + 0.03b 
‘%H, (B) 25.3 6.29 6.28 + 0.01 
C,,H, (C) 25.3 6.29 6.28 + 0.02 
‘&HuO, 25.1 10.65 10.58 f 0.05 
C,,H,,O, 25.2 6.26 6.27 f 0.04 
C,,H,& 25.1 6.80 6.81 * 0.03 

a Based on average integral of naphthalene solutions 
b Standard deviation 
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nearly all cases with calculated values to within the standard deviation of the meas- 
urement, which is about 0*50/O of the percentage present. This accuracy compares 
favourably with the standard combustion method. The accuracy, speed and non- 
destructive nature of the n.m.r. analysis may make the method more attractive than 
the combustion method when a limited amount of sample is available. 

(u) Quantitative analysis of mixtures. The capability of obtaining accurate in- 
tegrals has greatly extended the analytical usefulness of the high-resolution n.m.r. 
spectrometer and permitted its application to many other important problems. Thus, 
the addition of electronic integrators has made possible the complete quantitative 
determination of the components in an increasing variety of mixtures. One recent 
example of this type of analysis has been described by Hollis.14 Considerable effort 
has been devoted to the problem of developing suitable methods for the routine 
quantitative analysis of commercial analgesic preparations containing aspirin, phe- 
nacetin and caffeine. Procedures have been published utilising separation by ex- 
traction and partition chromatography, and determination by ultraviolet, visible and 
infrared spectrophotometry. The extraction procedure is not suitable for routine 
quality control because of the time required to complete the analysis. Of the other 
procedures the infrared method seems to be most advantageous in terms of accuracy 
and speed. The accuracy and speed of the n.m.r. method described by Hollis is 
about the same as that of the infrared procedure, but it has the advantages of being 
more direct, in that a separate analytical peak of known origin is present for each 
component and no calibration curves are required. The results obtained by n.m.r_ 
show that the technique can be used to analyse commercial aspirin-phenacetin-caffeine 
preparations with an accuracy sufficient for quality control purposes. 

Chupp and Speziale I5 have used the n.m.r. method to advantage in a study of 
the N-hydroxymethylation of some N-methylamides by formaldehyde. Assay of the 
reaction mixtures by titration of excess fo~aldehyde is open to criticism because of 
the possibility that only formaldehyde is titrated and the doubt whether the equilib- 
rium is stable under conditions of varying pH. The authors successfully used 60 Mc/sec 
spectra with electronic integration to obtain quantitative estimates of the reactants, 
products and unchanged formaldehyde in a large number of different reaction systems. 
Conventional chemical analysis by isolation of crystalline derivatives presents serious 
difficulties in this kind of mixture. 

(vi) Characterisation of mixtures. Many multicomponent systems are so complex 
that the complete determination of their composition is extremely difficult. In such 
cases a great deal of valuable information can still be obtained from a knowledge of 
the functional groups present and their quantitative distribution. This characterisa- 
tion leads to a knowledge of the compound types present and sometimes permits the 
deduction of a structure for the “average molecule”. WilliamGp [see also ref. (5) p. 
193.51 has presented analytical schemes for characterising saturated, aromatic and ole- 
finic fractions derived from petroleum, based upon high-resolution n.m.r. measure- 
ments giving the hydrogen distribution, total hydrogen content and average molecular 
weight. These characterisations have proved very helpful in following the processing 
of petroleum fractions. 

(vii) Molecular weight determination. The determination of molecular weights by 
n.m.r. again involves comparison of the integrated intensities of an added standard 
and of a recognisable peak or group of peaks of the unknown in a solution containing 

a 
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known weights of standard and unknown. The molecular weight is given by the 
formula : 

where I = intensity, n = number of protons in the peak or peaks, W = weight and 
M = molecular weight (subscript s = standard). Barczal’ found that a suitable 
standard is hexamethy~cyc~otr~s~~oxane, removabie by sub~imatjon. Other possible 
standards include iodoform, benzoquinone and, in the absence of complex formation 
with aromatic u~knowns,~-dinitroben~~ne and 1,3,~-trinitr~benzene. The molecular 
weight determination can be combined with taking the n.m.r. spectrum of the un- 
known, the only extra work required being the~we~ghing of sample and standard, and 
the calculation, Important features of the n.m.r. method are that the molecular weight 
values obtained in this way are not affected by dissociation and solvent interaction 
phenomena, and the error resulting from impurities is proportional to their weight. 
On the assumption that most impurities are smalkr moIecufes than the unknown, 
this method should, therefore, give smaller errors than methods depending primarily 
on the number of particles present. Possible soI;:ces of error in the measurement, 
and details of procedure, are discussed by Barcza. I7 As pointed out by this author, 
rhe protons of hydroxyf groups exchange with moisture in the solvent, hence absorp- 
tion peaks attributable to these protons should not be used in the determination. 

Both the unsaturation and the average molecular weight of fatty acid triglycerides 
(natural fats) have been estimated by Johnson and Shoolery’* using the n.m.r. 
technique. The proton spectra of these triglycerides in carbon tetrachloride were 
charactexised by the signals from the olefinic protons, the four glyceride methylene 
protons, methylene groups attached to two doubly-bonded carbon atoms and the 
protons on saturated carbon atoms. By using the area of the signals from the C, 
and C, glyceride protons as an internal standard, the number of oiefinic protons and 
the to&d number of hydrogen atoms can be determined. From these determinations the 
average molecular weight can be calculated. An iodine number obtained from 
the number of otefinic protons and the average molecular weight agrees well with 
that determined by the Wijs titration method. The total time spent in obtaining the 
n.m.r. results was about 20 min per sample. The calculation can be simplified by 
using suitable nomographs. 

(uiii) Pul~~e$ ~~~~~~j~. Few articles have appeared in the ljterature on the appli- 
cation of high-resolution n.m.r. to the study of polymers. This situation may have 
arisen because few polymers have a high enough solubility and at the same time 
exhibit narrow enough line widths to permit a detailed analysis of their spectra with 
the spectrometers available until quite recently. With the advent of more sensitive 
spectrometers, the position is changing rapidly and it seems likely that high-resolution 
n.m.r. spectroscopy will also prove of increasing importance in this field of study. 
A general discussion of the application of high-resolution n.m.r. to the study of 
polymers has been given by Bovey, Tiers and Filipovi~h.l$ These authors point out 
that the line widths obtained in n.m.r. spectra of polymer solutions are dependent 
on the local viscosity in the immediate neighbourhood of the chain segments and not 
on the macroscopic viscosity of the sample. The local viscosity is independent of 
moiecuIar weight and is influenced by concentration only when this becomes so high 
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that segmental motion is restricted. These observations are utilised in the deter- 
mination of stereochemical configurations and functional groups in polymeric sys- 
tems. An example of the former is the determination of the relative amounts of 
iso-, syndio- and atactic triads in methyl methac~late polymers by measurement of 
proton peak areas in the a-methyl region of the spectrum.20 Chen21 has used high- 
resolution n.m.r. to determine the structural groups in butadiene-isoprene copolymers 
of varying composition and in the molecular weight range of 100,000 to 2~,~. 
These copolymers gave well-resolved spectra in carbon tetrachloride solution at room 
temperature. The error in determining the relative concentrations of the various 
structural groups in a typical 1: 1 butt-diene-isoprene copolymer was estimated to be 
within 2-3 %. 

Infrared procedures have been widely used for the determination of the micro- 
structure of polyisoprene. The method is satisfactory for the determination of the 
1,2- and 3,4- repeating units, but is unsatisfactory for the determination of the cis- 
and tram- 1,4- unit contents of polyisoprenes.s2 It has now been shown22 that the 
areas of the cis- and tranr-methyl n.m.r. peaks in solutions of l+polyisoprene are 
satisfactory measures (estimated error f0*5%) of the cis- tram content of the polymer. 
In combination with the n.m.r. method previously described by Chenzl this analysis 
can be extended to polyisoprenes containing cis- and trans-1,4-, 1,2- and 3,4- 
recurring units with an over-all error of 2-30/. 

Senn= has developed a method for the analysis of styrene-butadiene copolymers 
using the n.m.r. absorption bands derived from the aromatic and olefinic protons 
incorporated into the copolymer. The composition of the copolymer is determined 
in terms of the mole per cent styrene, 1,Zbutadiene addition and 1,Cbutadiene 
addition, and no calibration is required. The major time-consuming step in the 
method, which has been used routinely for determining styrene-butadiaene copolymer 
composition, is the dissolution of the sample. The time required for analysis after 
dissolution is approximately 20 min. 

The detection and estimation of branching in polymers has always been a difficult 
problem because of the absence of a convenient physical method of analysis. It has 
now been shown that n.m.r. spectroscopy can be used not only to detect branching 
in dextran, but also to make a reasonably good estimate of the extent of branching.24 
The proton spectrum of branched dextran contains a peak, not found in the spectrum 
of linear dextran, which is assigned to C-l protons at non-I$-linkages, linkages 
which in most branched dextrans form the branch points. A quantitative measure 
of the extent of branching, the ratio of 1,6-linkages to non-1,6-linkages, is thus 
obtained by taking the ratio of the areas of the peaks associated with these two types 
of linkage. The ratio so obtained (71:29) agrees well with that obtained by periodate 
analysis (70:30). This method of detecting and estimating branching can obviously 
be extended to other polysaccharides in which the non-1,6-linkages are known to be 
at branch points. In principle the method should be applicable to polymers other 
than polysaccharides. 

(ix) Analysis of surfactants. Previous methods of characterisation of non-ionic 
surfactants containing a polyoxyethylene chain have been slow and rather inaccurate. 
Quanti~tive measurement of the proton signal intensity in high-resolution n.m.r. 
spectra offers a simple and relatively rapid method (a complete determination can 
be made in about 30 min) for determining the composition and structure of such 
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materials.86 Relative amounts of protons are determined to characterise the hydro- 
phube and to find the ratio of the hydrophilic to hydrophobic portions of the molecule. 
When applied to alkyl phenol-ethylene oxide condensates, the method allows the 
average molecular weight of each portion of the molecule to be determined directly. 
The authors discuss the applicability of the method to the characterisation of other 
common commercial non-ionic surfactants. All represent cases where standards, 
other than a known portion of the molecule, are unnecessary for quantitative 
measurements. 

(x) Isotope analysis. Isotope-abundant ratios are readily obtained by the n.m.r. 
method. Thus, proton resonance has been used to measure the water content of 
H,O-Da0 mixtures with an accuracy of &O-2%, the analysis being completed in a 
few minutes by comparison with standards of known concentration.26 Mitchell and 
Phillips2’ have applied the proton n.m.r. technique to the measurement of Ha0 in 
D,O in a flowing sample, using a special sample tube arrangement. When only 
small amounts of H,O are to be detected, a dilution technique gives increased 
sensitivity.2s Known amounts of H,O are added to accurately measured aliquots of 
the H,O-D,O sample. The amplitude of the proton signal is measured and plotted 
against the amount of H,O added. Extrapolation of the plot to zero signal amplitude 
enables the concentration of H,O in the original sample to be obtained from the 
intercept on the concentration axis. 

Whether or not deuterium enters an organic compound (by exchange with protons) 
and where it has been substituted for hydrogen are analytical problems which can 
be rapidly solved by high-resolution n.m.r. spectroscopy. Organic applications in- 
volving deuterium so far reported have all been in terms of the influence of deuterium 
substitution upon the proton spectrum. Thus, proton n.m,r. has been used toestablish 
the deuteration sites and to determine the degree of deuteration in 

C,H, CD (CHD,) CHD CHD CO,H.% 

Similarly, proton spectroscopy has been used to measure the amount of ‘“C enrich- 
ment in a methyl group with an accuracy of rf0.1%.30 

(xi) Estimation of hydration numbers. Nuclear resonance studies have provided 
information on ion hydration. Zhernovoi and Yakovlev31 have measured the proton 
relaxation time, T,, in water and in the dihydrogen phosphate ion, using aqueous 
solutions of sodium dihydrogen phosphate and of potassium dihydrogen phosphate. 
Their results can be explained by assuming positive hydration for ions like sodium 
and negative hydration for ions like potassium. A study of the 170 resonance in 
water enriched in 170 (abundance 0.096°h) has indicated that solvent water can be 
distin~ished from water in the hydration sphere of certain cations. Jackson, Lemons 
and Taube32 found that for aquo-cations with a slow rate of water exchange (half- 
life > IO-* set) it is possible to display the hydration water as a separate n.m.r. peak 
when the solvent peak is shifted by addition of a paramagnetic ion. The actual “0 
shift observed will depend on the number of water molecules involved in the aquo- 
cation, and thus not available to interact with the paramagnetic ion. The authors 
suggest either the measurement of the relative areas under the absorption curves of 
solvent water and bound water or a method based on the effective molal shift of 
solvent water for the estimation of hydration numbers. Unfortunately, the enrich- 
ment level of the 170 at present available does not permit precise determination of 
these numbers. 
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(xii) Determination of samplepurity. An important use for high-resolution n.m.r. 
spectroscopy is the determination of the purity of a given sample. As the example33 
given below illustrates, the n.m.r. method compares favourably with more conven- 
tional methods or criteria for determining the homogeneity or otherwise of a sample. 
Supposedly pure 5,16-pregnadiene-3#?,20a-diol, obtained by lithium aluminium hy- 
dride reduction of 16-dehydropregnenolone acetate, resisted separation into two com- 
ponents by thin-layer, paper, gas-phase and conventional column chromatographic 
techniques. Inspection of the n.m.r. spectrum showed that in the region of the spec- 
trum where one would expect a singlet associated with the absorption produced by 
the C-28 methyl protons there occurred two peaks separated by 3 c/set, each with one 
half the intensity of the single C-19 methyl resonance. Furthermore, the doublet 
associated with the C-21 methyl group appeared as a discrete pair of doublets. The 
author concluded that the supposedly pure 20cr-hydroxy compound was, in fact, a 
molecular complex of the epimeric 2Oa- and 20/?-diols. 

(xiii) Applications to the study of equilibria and kinetics. The non-destructive 
nature of the n.m.r. method, and the selective character of high-resolution spectra, 
make the technique particularly valuable for the study of equilibria and of rate 
processes in solution. In these situations the n.m.r. method may have marked ad- 
vantages over other physical or chemical analytical techniques, although some 
problems remain. Because of the requirement of a spinning sample to obtain the nec- 
essary field homogeneity in high-resolution studies, temperature control is less simple 
than in some other techniques. Grunwald, Loewenstein and Meiboom,3’ in an early 
rate study, relied on temperature control of the room, which remained within *72O 
over a period of days. The problem of temperature control of the sample has now 
largely been solved, and devices using a rapid flow of preheated or precooled nitrogen, 
and capable of maintaining any temperature within the range -60” to +200”, are 
commercially available. Again, in some equilibrium studies, the &l% accuracy 
obtainable in ordinary circumstances may be insufficient. Solubility limitations may 
also operate. 

The advantages of the technique are illustrated by studies of the keto-enol tauto- 
merism of acetylacetone (2+pentanedione). 36 At 40 Mc/sec the signals from the 
tautomers are well separated, and the relative areas under the -CH, and ==CH- 
peaks have been used to obtain the relative concentrations of the keto and enol 
forms. An earlier investigation,38 in which bromine titrations were used in the 
analysis, gave a considerably higher proportion of the keto tautomer, but there is no 
reason to doubt the accuracy of the n.m.r. results. The effect of temperature on 
this equilibrium has been examined. 37 ClosP has studied the equilibrium, in acid 
solution, between the isomeric forms of pseudo-tropine hydrochloride which arise 

from the two possible configurations of the N-methyl group. The CH, resonance 
appears as a doublet in each case, consequent on splitting produced by the adjacent 



542 B. D. FLOCKHART and R. C. F?NK 

hydrogen nucleus, and the relative amounts of each isomerwereestimated by measuring 
the areas under the respective doublets by cutting out from the chart the peak areas 
and weighing. Using a series of ten estimations the error in the area estimation was 
believed by these investigators to be j, IO %_ Much higher accuracy could doubtless 
have been obtained by electronic integration. In DzO the CH, doublets collapse to a 
singlet as the hydrogen nucleus is replaced by deuterium, and better estimation of the 
areas is possible. Although of limited accuracy, this study is an excellent example of 
the ease with which the separate determination of molecular species differing in struc- 
ture only in a most subtle way may be effected by the n.m.r. method. 

Lansbury and Bieron ss have used the n.m.r. technique to investigate the keto 
acid-pseudo acid tautomerism in the normal- (I) and Y-methyl esters (II) of 8- 
a~tyl-l-naphthoic acid 

CH, 0 OCH, 

‘\c y 
04 I 

I II 

One of the methyl signals in I is typical of a methyl aryl ketone, whereas in the 
Y-ester it is typical of a methyl ether. Quantitative analysis of the mixture was 
effected by electronic integration of the 60-Mcjsec spectrum with an estimated 
accuracy of zt 1%. This analytical procedure was checked by a study of synthetic 
compositions. 

Rearrangement of 3,3-dichloro-exo-tricycle [3.2.1 .O] octane (III) to exe-3,4-di- 
chlorobicyclo [3.2.1] act-Zene (IV) was easily followed by De Selms and CombP 
by observing the disappearance of the absorption of III at 9.247 from one of the 
protons on carbon-8 and the simultaneous appearance of the absorptions of IV at 
3.92~ and 5.897 because of the protons on carbon-2 and carbon-4. The rearrangement 
exhibited first-order kinetics at 22” in carbon tetrachloride and a number of other 
solvents. 

Clearly, therefore, there is a wide field of application in which n.m.r can be used 
as an analytical technique of unrivalled discriminating power for measuring the 
relative amounts of reacting species, either in equilibrium systems or in the course of 
slow reactions, that is to say, reactions which are slow relative to the time required 
to obtain a high resolution spectrum, which is usually of the order of several minutes. 
Faster reactions may be studied by an entirely different n.m.r. method which permits 
the measurement of rate processes with half-lives in the approximate range O+Kl2-0*2 
sec. Where exchange of a nucleus between two separate species occurs in a molecular 
system, the nature of the spectrum obtained depends on the magnitude of the rate 
of exchange of the nuclei. If exchange is slow, the spectrum will consist of two 
separate but superimposed spectra corresponding to the two individual species. With 
sufficiently fast exchange a time averaged spectrum will be observed. In intermediate 
cases predictable line shapes are observed, and from a study of the detailed line shape 
information may be obtained about the rate of exchange. Similarly, multiplets caused 
by coupling with a nucleus which is exchanging rapidly will merge to a single line if 
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the frequency of exchange is large compared with the spin-spin coupling. In general, 
therefore, information may be obtained by this method in cases where the frequency 
of exchange is comparable with the frequency separation in the spectrum. 

The theory of this averaging effect has been discussed by Gutowsky and his 
coworkers,@ The effect has been demonstrated for the hydroxyl protons of ethanol 
by Arnold. 42 Grunwald, Loewenstein and Meiboom have used it with advantage to 
study the protolysis of methylammonium ions in aqueous soiution,~ The exchange 
rate is nearIy pro~ortionai to ~CHsNH~~]~~H~NH~]~ the second-order rate constant 
being 6 x 108 M-l. sex+ at 19”. Two separate reactions appear to contribute to 
this rate constant, one being the direct transfer of a proton from CH,NH,+ to CH,NH,. 
The other, it is clear from the broadening of the water line and from the merging 
of the H,O and NH$ resonances into a single line at higher pH values, involves a 
solvent molecule. This investigation is an example of the large amount of quanti- 
tative information obtainabie from the n.m.r. spectra. Similar studies of the dimethyl- 
and trimethylammonium ions have been described by ~oewenstein and Meiboom.~ 
From an examination of line-broadening, i~~formation has been obtained about the 
proton exchange rate between t-butanol and some alkynes, R-C = CH, in aqueous 
solutionU The exchange is catalysed by hydroxyl ions, and the rate-determining 
step is believed to be the removal of the terminal acetylenic protons by the 
hydroxyl ion, 

In the method just described a limit is imposed by the resolution of the spec- 
trometer, there being a finite contribution to the measured line width from the 
inhomoge~eity of the applied magnetic field. Forsen and Ho~man~ have described 
a different method which does not depend on the line widths and separations in a 
single resonance spectrum. Consider a simple two-component system in which a 
nucleus is rapidly transferred back and forth between two non-equivalent sites A and 
B. In a double resonance experiment, when the signal from the nucleus at site B 
is saturated by a strong rf field, and the signal from site A is simultaneously observed 
by a weak field, its decay to zero may be followed as a function of time (t). It can 

be shown that MzA, the z-axis magnetisa~o~ at site A, is given by 

where MO* is the initial z-magnetisation at site A, 7A is the lifetime of the nucleus 
in site A, TXA is the spin-lattice relaxation time in site A, and 7ia, the time constant 
obtainable from a logarithmic plot of the decay curve, is defined by 

From the value of rlA and the quotient 7 1A /T la, r* and Tla may be obtained. From 
a second double-resonance experiment in which B is observed while A is saturated, 
7n and T,, may also be evaluated. Thus, the lifetimes in the two states are separately 
obtained, as are the two spin-lattice relaxation t.imes. The method has been applied 
to the exchange of the hydroxyl protons in an equimoiar mixture of t-butanot and 
2-hydroxyacetophenone. It clearly provides interesting information relevant to the 
exchange mechanism, as well as quantitative information on the rate process. 

Where two rapidly exchanging kinds of proton contribute to the same n.m.r. 
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absorption line the observed chemical shift may be a linear function of the concen- 
tration ratio of the two species, $13-4~3 if the change in composition is notaccompanied by 
gross changes in the solvent medium. This observation has been utilised by Grunwald 
Loewenstein and Meiboom 49 to study acid-base equilibria in systems containing 
trimethylammonium ions. The chemical shift follows the typical S-shaped titration 
curve when plotted against pH. Bhar and Forsling have made use of the same 
phenomenon in a study of the kinetics of the hydrolysis of acetic anhydride to acetic 
acid. Similarly, the dimerisation constant for acetic acid in carbon tetrachloride has 
been obtained from a study of the chemical shift of the OH proton on dilution 
caused by the rupture of the hydrogen bonds in the dimersl 

(xiu) Other nuclei. References in the literature to analytical applications with 
nuclei other than lH and 19F are severely limited. Several factors contribute to this 
situation, notably the much lower signal strength obtained with some nuclei which 
would otherwise be of considerable chemical and analytical interest. In others, with 
I > 1, the presence of an electric quadrupole moment leads to short relaxation times 
and excessive line broadening. Again, spin-lattice relaxation times may be unfavour- 
ably long. There is a compensating advantage, however, in that, because the chemical 
shifts are frequently much larger than in proton spectra, and the requirements in 
homogeneity therefore less stringent, much larger samples may be employed. 

For a given magnetic field and a fixed number of magnetic nuclei the intensity of 
the n.m.r. absorption signal is proportional to 

(13) 

Values of the spin I in multiples of h/27r, magnetic moment _JC in multiples of the 
nuclear magneton, and the relative sensitivity for a fixed number of nuclei are shown 
in Table II for a number of magnetic nuclei of interest from the analytical standpoint. 
12C and 160 are non-magnetic. Of the nuclei with spin l/2, other than the proton, 
lgF in particular, and 31P are clearly promising from the viewpoint of quantitative 
analysis. The low natural abundance (4.70%) of 2sSi, which also has a spin of l/2, 
contributes to the difficulties in making full use of this isotope. Nuclei with I > 1, 
z.e., llB, 14N and 35Cl, present difficulties because of the quadrupoIe relaxation 
effect, although in some cases, notably rlB and 14N, this has not prevented much 
useful structural information being obtained. In practice, quantitative analytical 
applications appear to have been confined to lH, lsF and 31P. 

Muller and Goldenson, in an early paper, described the application of 31P 
measurements to the analysis of mixtures of phosphorus compounds. The spectra 
were obtained at 17 Mc/sec in a field of 9850 gauss, and areas rather than peak 
heights were used because of probable differences in relaxation times. Integration 
measurements made by a weighing technique on a series of six recordings led to an 
estimated accuracy in the analysis of 1-20/b. In a later study Ames et al.= investigated 
the system H,O-HF-P,O, by 3iP resonance, and succeeded in estimating quantitatively 
the nine separate structural entities possible in this system. Proton spectra are of 
no value in this case because the rapid interchange of the acidic hydrogens of HF, 
the protons in water and in the various phosphoric acids leads to a single proton 
resonance line useless for analysis. Both 31P and lsF spectra were obtained with the 
same magnet at about 9OOOgauss. The samples were contained in 15mm o.d. 
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polyethylene tubes with a reference material (85% phosphoric acid for the 31P spectra 
or lOOo/o trifluoracetic acid for the l*F spectra) contained in a small concentric 
tube. Spectra were obtained using the absorption mode, and the areas of the resulting 
resonance peaks were measured by weighing traces on a paper of uniform weight. 
Replicate 19F area measurements showed a standard deviation of 2.4% of the peak 
area on peaks exhibiting areas in the range of 15-3Oo/o of the total fluorine, whereas 
replicate alP area measurements showed a standard deviation of 5*Oo/o in the same 

TABLE II.-NUCLEAR PROPERTIES* 

Isotope I 
Resonance frequency Relative sensitivity 

tL at 10 kgauss, MC at constant field 

‘H l/2 2.79268 42.576 1.000 
‘H 
‘Li 3)2 

0.85738 6.536 9.64 x iO--3 
3.2560 16,547 0.294 

IiB 312 2.6880 13.660 0.165 
=c If2 0.70220 IO-705 l-59 x 10-z 
l*N 5j2 040358 3.076 1.01 x 10-J 
“0 -- 1.8930 5.772 2.91 x 1O-z 
‘OF 112 2.6273 40.055 0,834 
%i l/2 -0.55477 8.458 7.85 x lo-” 
SIP I/2 1.1305 t 7.236 664 x lo-* 
*cl 312 O-82091 4.172 4.71 x 10-S 

* Reproduced by permission of Varian Associates. 

range. The increased accuracy in the fluorine measurements arises partly from the 
improved signal-to-noise ratio at the higher fluorine resonance frequency and partly 
to the greater multiplicity of the spin-spin multiplets in the phosphorus spectra. 
Groenweghe and Paynea used a similar technique to investigate the mixed halide 
systems POCl,-POBr, and PSCl,-PSBr, using the 31P resonances. Because of the 
large chemical shifts in these systems (~140 ppm), which meant that resonance 
peaks were observed at fields relatively far apart, the authors found it necessary to 
correct the results obtained by the weighing technique for deviations from linearity 
of the magnetic field sweep. Corrections up to 13% of the measured areas were 
applied. Van Wazer and F1uck,55 in a subsequent paper from the same laboratory 
in which a study of the system H,PO,-POCI, was described, omitted the sweep 
non-linearity correction. A study of the system phosphorus trichloride, tribromide 
and triphenyl phosphite by the n.m.r. method has also been reported.56 A detailed 
study of the application of 31P resonances to the analysis of polyphosphoric acids 
has been described by Guffy and Miller .57 Absorption mode spectra were used and 
area measurements were made with a planimeter. The total time required for an 
analysis was estimated to be 15 min, including setting up of probe balance (5-8 min), 
area measurements (4-6 min) and calculations (l-2 min). These authors found com- 
parison of peak heights less satisfactory, and claimed an accuracy in the area meas- 
urements of f2%. The area measurements gave the ratio of end-phosphorus groups 
to ortho-phosphorus groups from which the acid concentration could be calculated 
with an estimated accuracy of *0*20/b, checked by magnesium pyrophosphate deter- 
minations. Guffy and Miller claimed the method to be as accurate as the best wet 
methods available, and the sensitivity for showing slight differences in composition 
even better. It should be noted, however, that the method is not suitable for low 
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concentrations because of the unfavourable intensity of the resonance signals com- 
pared with proton or fluorine spectra. Fluorine resonance has been used in quanti- 
tative analysis of mixtures of uranium bexa~~oride and bromine ~nta~uoride~~ 

(D) Applications of wide-line n.m.r. 

Wide-line n.m,r_ stands on the same theoretical foundation as the high-resolution 
technique, but the spectra obtained by the respective methods differ considerably. 
In wide-line nleasurements fine spectral detaits are not obtained; line widths and 
shapes, particularly as a function of temperature, are the features from which 
intelligence usually is derived. For this reason, the instrumentation in this type 
of spectroscopy is simpler than in the high-resolution method. 

Wide-line n.m.r. provides a simple, rapid method for the quantitative measure- 
ment of isotope concentration in liquid samples. Of particular interest are the 
dete~i~ation of light water in I&U, 69 of residual hydrogen in highly ~~orinated or 
deuterated compounds,5s and of fluorine in fluorocarbon iiquids6e Because of the 
relative size of the chemical shifts, differences exist between hydrogen and fluorine 
analysis by the wide-line technique. In protan resonance from liquids the shifts are 
too small to be detected with the magnet used in a broad-line instrument. In ff uorine 
resonance the chemical shifts are larger by an order of magnitude, and can be observed 
with magnets of such homogeneity. Quantitative analysis of ~uorin~-containing 
organic molecules from integrated intensities can, therefore, lead to the determination 
of both the total fluorine content and fluorine present in different groups.5s Other 
nuclei which have been examined in the liquid state by wide-line n.m.r. for quanti- 
tative analytical. purpose@* are llB and 27Al. 

One of the most impo~ant current applications of the wide-line technique 
involving quantitative analysis is the accurate and rapid determination of the water 
content in a wide variety of agricultural and food products.Gi The principle under- 
lying this application is that the n.m.r. absorption is broadest in “rigid lattice” 
solids and that molecular motions result in line narrowing. Consequently, :he proton 
resonance spectrum of the above systems consists of a narrow line arising from the 
moisture, supe~mposed on a broad line from the less mobile protons in the host 
material. Two procedures have been used for determining the moisture content. 
In one method, the peak-to-peak amplitude of the derivative of the absorption 
signal from the moisture is measured. This is then compared with a calibration 
curve for the material to be analysed, obtained under standardised conditions using 
samples of known moisture content. Materials varying in water content from a few 
to 100% can be analysed. The precision of the anaIysis is of the order of i$*l%,. 
In the other method, the width of the narrow centrai line from the moisture is 
measured. As the percentage of moisture present increases, the line width decreases 
and may become as narrow as 1O-2 gauss. An empirical calibration curve is con- 
structed as before. Although the latter method is limited to relatively iow moisture 
contents fit becomes too insensitive at high moisture levels) it has the advantage 
that ~ar~ations in the packing of the test sample are less critical. 

Other analytical appiications of wide-line n.m.r., of a similar nature to that 
described in the preceding paragraph, are the determination of the liquid content of 
fatsea and the determination of the liquid content of liquid-solid slurries.5 
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The wide-fine technique can be applied directly to solids, Because the possi- 
bilities of movement in solid systems are more restricted, the shape of the resonance 
absorption obtained from many solids is characteristic of the arrangement of the 
nuclei in the lattice. A study of the broad-line proton magnetic resonance spectrum 
of crystalline potassium trisoxalatorhodium hydrate obtained at a number of tem- 
perature@ has indicated that some of the protons in the crystal are present other 
than as water of cryst~i~satio~, and that the water of crystall~sation can be grouped 
into at least three sets, the water molecules in different sets having deferent degrees 

FIG. Z.-Absorption derivatives for the I% rescmance in Teflon at 30 Mc]seo and the 
indicated temperatures @ViIson and Pake**j. 

of mobility. Wide-line n.m.r. has also been used for determining the degree of 
crystallinity of polymers6* and, from observation of the changes in line width and 
shape with changes in temperature, for investigating order-disorder transitions in 
polymers.66 A good example of such an application is seen in Fig. 2, which shows 
two su~rimposed lines, one narrow and one broad, presumed to be associated with 
the lsF nucfei in the amorphous and crystalline regions, respectively, of polytetra- 
fluorethyle~e (Teflon). With rising temperature the motiona effects in the amorphous 
regions are more pronounced and more rapid, so that this signa narrows first. The 
broad component narrows abruptly at 293°K (not shown) and this abrupt narrowing 
appears to be associated with the first-order thermodynamic-transition point in 
Teflon. 

Examples of the determination of hydrogen in solids by wide-line n.m.r. are the 
analysis of cerium hydride and zirconium hydroxide compounds by comparing the 
peak area of the signals with those obtained from standards.ss An example of a 
direct fluorine determination on a solid is the analysis of fluorspar which contains 
more or less of one fluorine-containing species, calcium fluoride.m This sample was 
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analysed by comparing the peak-to-peak amplitude of the signal with the linear 
calibration plot obtained for a series of fluorspar ores in which the fluorine content 
ranged from 34 to 46% fluorine by weight. 

III. ELECTRON SPIN RESONANCE 
(ELECTRON PARAMAGNETIC RESONANCE) 

(A) Principles 

Whereas nuclear magnetic resonance utihses the energy levels of nuclei, electron 
spin resonance (e.s.r.) utilises those of electrons. The e.s.r. method is restricted, how- 
ever, to systems possessing electrons whose spins are not paired, and whose magnetic 
moments are, therefore, not cancelled. The quantisation of the spatia1 orientation of 
the electron spins with respect to a static magnetic field results in discrete energy 
levels, just as with atomic nuclei possessing magnetic moments. Magnetic dipolar 
transitions may be induced between these energy levels by an alternating rf field whose 
frequency ful~lls the resonance condition : 

hl = m% (14) 
where /I is the Bohr magneton and g is the Land6 or spectroscopic splitting factor, 
commonly referred to as the g value. For a static magnetic field of a few kilogauss 
the frequency of the radiation needed to include electron resonance lies in the micro- 
wave region of the spectrum. 

The g value determines the position of the centre of the resonance, and has a 
value of 2.0023 for a completely free spin. Deviations from this value occur if there 
is an appreciable electronic orbital magnetic moment, and resonance will then occur 
either at higher or lower fields than that required for the free electron. To a good 
first approximation, orbital motion is completely quenched in nearly all organic free 
radicals, leaving the g values very close to that of a free spin. In transition metal 
compounds, however, the orbital contribution to the magnetic moment is often high, 
and g values differing widely from 2.0023 are found. 

An e.s.r. spectrum may exhibit both fine and hyperfine structure. Where an atom 
or molecule has two unpaired electrons which interact strongly, a splitting of the 
electronic levels may result in fine structure being observed in the magnetic resonance 
spectrum. Apart from the case of biradicals no electronic splitting is possible in free 
radical spectra, but it is an important parameter in the e.s.r. study of many transition- 
metal ions. The hyperfine structure in a resonance spectrum arises from the interaction 
between the electron spin and the nuclear moments. This field may come from the 
nucleus of a paramagnetic ion itself or, in the case of a free radical, from a nucleus 
which is embraced in the molecular orbit of the electron. Because a nucleus of spin Z 
may set itself in any of 2Z -+ 1 orientations, the vector sum of the external field and 
the nuclear field will have 2Z+ 1 possible values, and the e.s.r. absorption line will be 
split into 21-t 1 components. The splitting between the lines is termed a hyperfine 
splitting. This example illustrates hyperfine interaction in its simplest form. When 
more than one atomic nucleus in a given molecule can affect the resonance absorption, 
the final spectrum may be complicated. Fig. 3 shows the e.s.r. response of naphthacene 
positive ion, formed by dissolving naphthacene in concentrated sulphuric acid.@@ This 
molecule has three different kinds of proton positions with four protons in each class, 
and a spectrum of 125 lines might, therefore, be expected. One of the splittings, how- 
ever, is within 1% of being three times another, and this results in 85 lines, 81 of which 
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could be counted in the original spectrum. Although the detailed interpretation of an 
e.s.r. spectrum is not always possible, it is the occurrence and analysis of the hyperfine 
splitting which frequently makes high-resolution e.s.r. such an important tool for 
analytical purposes. 

bccb 

FIG. 3.-Hyperfine pattern (derivative tracing) of naphthacene positive ion (Hyde and 
BrowrP). 

Whilst in high-resolution n.m.r. the line widths are primarily determined by 
instrumental effects, in particular the homogeneity and stability of the magnetic 
field, the widths of the hyperfine components in an e.s.r. spectrum are governed by 
physical events within the sample itself, i.e., by the relaxation phenomena. Three 
mechanisms by which relaxation occurs are : (1) spin-lattice interaction, (2) spin-spin 
interaction, (3) exchange interaction. Exchange interaction occurs when electrons 
are exchanged between the orbitals of different atoms or molecules. The effect is 
usually to average out the internal mao,netic fields acting on the electrons, and thus 
narrow the line width. Exchange narrowing occurs only at high concentrations. The 
line widths observed in e.s.r. spectra vary from as little as 17 mgauss for free radicals 
in solutiorP to as much as 800 gauss for a paramagnetic ion in the solid state, even 
at 12”K.6s 

(B) Experimeniul method 

The apparatus commonly used in e.s.r. studies differs from that used in n.m.r. 
studies chiefly in that microwave components replace conventional radiofrequency 
equipment. Although the choice of microwave frequency for optimum sensitivity 
depends among other factors on the nature of the sample, the most generally used 
frequency band is that centred on 10,000 Mc/sec (X-band). To achieve a higher sensi- 
tivity and to improve the resolution of the e.s.r. method, an a.c. modulation of the 
steady magnetic field, followed by phase-sensitive detection, is normafly used in con- 
junction with a pen recorder to display the signal. The absorption line appears on the 
recorder as its first derivative, with respect to time. E.s.r. spectrometers which use a.c. 
modulation and phase-sensitive detection can now be obtained commercially. 

For an introduction to the experimental techniques of e.s.r. the reader is referred 
to the literature (see ~i~liugrffp~y). Two recent advances in measurement technique 
will be mentioned here. A method by which an important gain in signal-to-noise 
ratio may be obtained has been described by Piette.gg The output from an e.s.r. 
spectrometer is applied to a computer of average transients (CAT) with the result 
that the resonance signal is reinforced, because all additions of a positive signal are in 
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phase. Noise signals, being random, are not in phase and thus average out. A 
signal-to-noise improvement factor of fi is obtained where n is the number of times 
the spectrum is run. It should be noted that this technique is equally applicable to 
n.m.r., where it may be of special value when only small quantities of sample material 
are available. 

With the methods commonly used for quantitative analysis by e.s.r., the unknown 
samples are compared with standards containing known concentrations of para- 
magnetic molecules, by measuring them successiveiy and independently. The main 
experimental difficulty encountered is that different samples may perturb the measuring 
system in different ways, Thus, the intensity of absorption of a paramagnetic species 
depends, among other things, on the strength of the microwave magnetic field. There- 
fore, if the number of unpaired spins is to be determined, the strength of the micro- 
wave field must be kept rigidly constant when the comparisons of standards and 
unknowns are made. A recent device for comparative measurements of concentrations 
which avoids this and other sources of error is the double cavity.‘* In the double 
cavity two different samples can be placed at different maxima of the polarising 
magnetic field in the same microwave field. By arranging that the samples are in 
different polarising fields, overlap of their spectra is avoided. Using the double 
cavity it is possible to make exact determinations of the free-spin concentrations of 
samples with significant non-resonance absorption, especially of those containing 
water. 

(C) Applications of em-. 

Because e.s.r. spectroscopy is only applicable to systems containing unpaired 
electrons its analytical capabilities are strictly limited, and the method will never 
rival n.m.r. in its importance to the analyst. Within its range, however, it is unex- 
celled both for sensitivity and speed. It is still a relatively young technique, which 
has undergone much slower instrumental development than that which has taken 
place with n.m.r. The full potential of e.s.r. as an analytical tool has certainly not 
been reached nor can it be truly evaluated at this early date. 

Ingram,‘l Feher72 and Fraenke173 have discussed in detail the factors that affect 
the sensitivity of the e.s.r. method. The theoretical limit of sensitivity approaches 
lo9 unpaired spins. Realisable sensitivities at room temperature, with currently 
available commercial instruments, approach loll spins, or less than lo-l2 mole, for 
an absorption line width of ~2 gauss. This sensitivity is beyond that of other 
physical and chemical methods of quantitative analysis, and it can be improved by 
cooling the sample to low temperatures; severe cooling may, however, destroy the 
typical characteristics of the system under investigation. The highest sensitivities 
may be achieved only with samples of low dielectric loss. When aqueous or other 
samples showing high dielectric loss are used, it is necessary to use smaller volumes, 

e.g., specimen tubes of 1 mm diameter instead of the more usual 5-6 mm diameter, 
to avoid excessive damping of the cavity and consequent reduction of sensitivity. 
optimum e.s.r. signals with aqueous samples may be obtained by the use of flat quartz 
cells suitably oriented at the node of the electric field in the cavity. 

Although the sensitivity of the e.s.r. method is high, the accuracy of quantitative 
measurements is often low. The inaccuracy arises, at least in part, because the recorded 
spectrum is usually a derivative trace and this must be integrated twice to obtain the 
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signal intensity, and then compared with some staqdard, similarly treated. In these 
determinations of concentration the error may reach f20 %. If the line shape remains 
unchanged in a series of measurements and only relative concentrations of unpaired 
spins are required, integration may be dispensed with and measurements of peak-to- 
peak height on the derivative presentation used for comparison purposes. The error 
in such determinations of concentration should not exceed f 5 y0 in favourable cases. 

The analytical applications of e.s.r. will be surveye,d here under three headings. 
(i) Free radicals. A considerable amount of work utilising the e.s.r. technique 

simply as a method of detecting free radicals has been reported (e.g., see references 
74-78). Because the widths of the absorption lines observed for free radicals are 
usually quite small, strong signals are observed from small amounts. Radiation 
damage, however caused, commonly involves the rupture of bonds and the formation 
of free radicals, which may remain trapped in a solid structure. Many reports on 
e.s.r. studies in this field will be found in a collection of papers from a symposium 
on free radicals in biological systems.7B 

The e.s.r. technique has been used in many cases not only to detect, but also to 
identify free radicals. Analysis of the hyperfine structure of the resonance spectrum 
can be particularly useful in this respect. 71@ The presence of the perinaphthenyl 
radical in the pyrolysis products of petroleum hydrocarbons has been inferred from 
the hypefine pattern of the observed e.s.r. spectrum.*’ With free radicals of bio- 
logical importance the resolution of hyperfine structure frequently fails because of 
molecular complexity. Even in this case, however, some general features can often 
be recognised, and identified with the same spectrum in simpler compounds.82 

Although not nearly as useful as the hyperfine splitting for distinguishing radical 
spectra, the g value can be used for the purpose of identification. If the hypefine 
structure is poorly resolved, it may, in fact, be the only determinable quantity which 
can be used to identify the radical. Because the g values of nearly all free radicals 
are within 0.5% of the free-spin value, precision measurements are required. An 
extensive study of the g values of semiquinone free radicals and hydrocarbon ions 
has been made.89 The g values of a particular homologous series were found to vary 
in an apparently systematic manner. Observed shifts caused by changes in temperature, 
solvent and radical concentration were small compared to shifts caused by changes 
in molecular structure. An investigation of the nature of free radicals in petroleum 
asphaltenes has shown that the g values differ from those of the semiquinoid system, 
but are close to those of aromatic systems.84 Peroxy radicals, RO,., have no hyperfine 
structure detectable by present methods except that attributable to 170. Because of 
the difficulty of 170 labelling, a method of identification based on the 170 hyperfine 
splittings of free radicals is not yet broadly applicable. It has recently been showne5 
that the g values of peroxy radicals may distinguish them from free radicals of the 
type w or RO.. 

Because the total intensity of the spectral lines is directly proportional to the 
number of unpaired spins present, the e.s.r. spectrum serves not only for identification 
purposes but also gives a direct measure of the concentration of free radicals. An 
example of such an application is the measurement of free radical concentration in 
low-temperature carbons .BB Other exarriples are the estimation of the number of 
free radicals trapped during polymerisation,s7 and the number’of radiation-induced 
free radicals in alanine and some related amino acids.88 Hydroperoxides are usually 



552 B. D. FLOCKHART and R. C. PINK 

determined by iodometry, but this method does not determine different types of 
hydroperoxide separately from their mixture. Electron resonance has now been 
used as an analytical technique for the determination of hydroperoxides in a solution, 
and can estimate a particular type of hydroperoxide in a mixture of several different 
hydroperoxides .8v The e.s.r. method is based on the reaction between l,l-diphenyl- 
2-picrylhydrazyl and hydroperoxides. 

The ability to obtain free radical concentrations directly from the e.s.r. spectra 
makes the technique particularly useful for measuring the concentration of radical 
intermediates as a function of time. Free radicals which disappear at a slow rate 
are easily measured by merely following the decay of the e.s.r. signal with time. On 
the other hand, radicals with short lifetimes may be stabilised by freezing them at 
liquid nitrogen or liquid helium temperatures, and the actual concentration thus 
caught at any desired time interval. In this way rate constants of different chemical 
reactions and polymerisation processes have been determined (e.g., see ref. 90). 
The e.s.r. spectrometer can also be used to study short-lived radical intermediates 
in chemical reactions under steady-state conditions by means of a flowing-sample 
technique.g1 The reactants are vigorously mixed at the entrance of the sample cell, 
and by varying the flow rate radicals can be observed within mseconds after mixing. 
A paper by Yamazaki, Mason and Piette g2 describes a typical kinetic application of 
the e.s.r. spectrometer to rapid free-radical reactions. Using a flow system, these 
workers were able to detect and identify free radicals from substrates, and to follow 
the kinetics of their formation and their subsequent decay during the oxidation of 
ascorbic acid and hydroquinone by peroxidase-hydrogen peroxide solutions. 

It has been established that some aromatic hydrocarbons are oxidised to the 
corresponding cations at the surface of well-dried silica-alumina, and that the resulting 
species are stable in the adsorbed state. g3 These results have led to the development 
of an analytical method for the estimation of certain polynuclear hydrocarbons by 
e.s.r..94 The e.s.r. method can detect less than lo-lo mole of hydrocarbon and its 
accuracy compares favourably with other spectroscopic methods of analysis at low 
concentrations. The resonance method depends for its success on the quantitative 
nature of radical formation on the catalyst surface. For each of the hydrocarbons 
studied (anthracene, perylene, dimethylanthracene and naphthacene) conversion into 
the radical form was found to be complete, within the limit of experimental error, 
over a wide range of concentration. The radical concentration in an unknown 
solution is determined by direct comparison of the signal amplitude (peak-to-peak 
height on the first derivative curve) for the unknown with that for a standard solution 
of the same radical. Using two such standards, the time required for a complete 
determination on a solution of unknown concentration is about 30 min. The method 
is accurate to about 5%. 

(ii) Transition-element ions. The transition group elements are characterised by 
having unpaired electrons in the d and f orbitals, and their e.s.r. spectra usually 
differ from that given by free radicals. The g values of most free radicals remain 
close to the free-spin value of 24023 because there is very little coupling between the 
spin motion and any orbital motion. With paramagnetic atoms or ions the g value 
may vary over a wide range from 1 to 6 or more. This is because the electron is still 
bound to the paramagnetic atom, and thus has some interaction with the orbital 
motion uia the spin-orbit coupling. In such cases the g-value variation can be very 
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useful for distinguishing different spectra. Where the spin-orbit coupling is appreci- 
able, the contribution from the orbital angular momentum is dependent on the relative 
orientation of the external magnetic field with respect to the paramagnetic ion and the 
resultant splitting of the energy levels is, therefore, anisotropic. In such cases a resolved 
spectrum can usually be obtained only by studying single crystals; in powders or 
solutions the anisotropic splitting gives rise to broad lines. If the ion has strong spin- 
lattice interaction, it will also be necessary to cool the specimen until the line width 
produced by this effect is less than that of the spin-spin interaction. With most of the 
ions in the rare-earth group, liquid helium temperatures are required to reduce the 
spin lattice interaction sufficiently for fine structure to be observed. The requirements 
for the iron group are less severe but, for many of the members, liquid hydrogen 
temperatures are necessary. Spin-spin interaction can be reduced by diluting with an 
isomorphous diamagnetic salt. 

Typical spectra of transition-element ions extend over several hundreds of gauss 
and rarely contain resolved components as narrow as a few gauss. Fig. 4 shows the 

FIG. 4.-E.s.r. spectrum (first derivative) obtained from a lo-‘M aqueous solution of 
manganous ion (Varian Associate@). 

hyperfme structure of the e.s.r. spectrum of 55Mna+ (which possesses an isotropic g 
value) in water at room temperature. Other ions with isotropic g values include 
tervalent iron and tervalent gadolinium. The MI?+ spectrum extends over-700 gauss. 
The six-line pattern results from the six (2Z+ 1) possible magnetic orientations of the 
66Mn nucleus (I= 5/2) with respect to the applied magnetic field. Such a spectrum may 
be used to identify the Mn2+ ion, and its concentration may be estimated from 
comparative peak height measurements using a suitable standard. The method is a 
sensitive one. Spectra with a 10: 1 signal-to-noise ratio may be obtained from aqueous 
solutions of lo-* molarity using a flat quartz cell .96 The technique has been used to 
detect trace paramagnetic elements, such as manganese or copper, as they occur in 
natural tissue,% and to investigate the concentration of manganese in certain micro- 
organisms.s7 

The conversion of normally diamagnetic impurities into paramagneti~ ones by 
excitation or by the attachment or removal of an electron has opened up another 
field of qualitative analysis. Various sources of irradiation may be used to bring 
about the conversion. For example, if quartz containing aluminium impurity is 
X-irradiated, the e.s.r. spectrum consists of six groups of lines each with six hyperhne 
lines.9s This hyperfine structure may be accounted for by the unpaired electron 
being close to the aluminium impurity ion, which has a nuclear spin quantum number 
of 5/2. 

Electron resonance has been used for the estimation of vanadium ion in petroleum 
distillates and residues.s@ In these investigations the most intense line of the vanadium 
absorption spectrum (first derivative curve) was used for quantitative analysis by 

10 



554 B.D. FLOCKHART and R.C. PINK 

directly comparing its height with that of a standard. Vanadium was detected down 
to at least 0.1 ppm, which makes e.s.r. spectroscopy applicable to vanadium analysis 
in practically all distillates. The time required for an estimation is only a few minutes. 

(iii) Atoms. One of the intrinsic properties of atoms, with the exception of the 
rare gases, is that they all possess one or more unpaired electrons. Application of 
the e.s.r. technique to the gaseous phase is a recent development and it is likely that 
its use will be extended in the near future. Methods for using both diffusion and 
flow systems for detecting and estimating atoms in the gaseous phase have been 
described.““’ 

The e.s.r. technique has been used to study the effect of water vapour on the 
dissociation of hydrogen in an electrical discharge. lo1 The yield of hydrogen atoms 
was determined from the integrated intensity of the hydrogen hype&e doublet. Both 
relative and absolute concentrations of oxygen atoms have been determined by e.s.r. 
spectroscopy in a study of the recombinationprocess. *O” Themaximumofthederivative 
of the absorption was used for making relative concentration measurements. Ab- 
solute concentrations were determined by comparing the atomic oxygen absorption 
with absorption by a known concentration of oxygen molecules, integrated intensities 
being employed for the comparison. The general theory relating the measured inte- 
grated intensities of e.s.r. absorption lines to the con~ntrations of odd-electron 
species in the gas phase has recently been reviewed and discussed in some detail by 
Westenberg and de Haas. lo2 These authors then applied the theory in the form 
required for determining the absolute concentrations of oxygen, nitrogen and hydro- 
gen atoms using molecular oxygen as the calibration gas. The determination of 
absolute oxygen and nitrogen atom concentrations by e.s.r. was shown to be a 
reliable experimental technique by comparison with the independent results of 
titration with nitrogen dioxide and nitric oxide, respectively. 
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R&urn&-On d&fit brievement les principes des resonances magneti- 
ques nuc%aire et electronique, en relation aver l’emploi de ces 
techniques en chimie analytique. On passe en revue un large champ 
d’applications analytiques aftn de met&e en evidence le domaine et 
les limitations de ces methodes. 

Zusammenfsssuug-Die Grundlagen der magnet&hen Kern- und 
Elektronenresonanx werden unter Berllcksichtigung ihres Gebrauchs 
in der analytischen Chemie kurz beschrieben. Es wird eine f&ersicht 
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SHORT COMMUNICATIONS 

A thermo~~me~ic pyrolysis study of the interaction of di(l,ZJ&enzo- 

triazolatium)hexacyaooruthenate(IV) with certain organic amines 

(Received 26 November 1964. Accepted 22 December 1964) 

THIS paper arises from a study of the products obtained through the interaction of di(l,2,3benzo- 
triazolatium)hexacyanoruthenate(IV) with certain organic amines.l In earlier papers information 
was presented on the interaction of certain organic amines with 1,2,3benzotriazole derivatives of 
cyano complexes of the platinum group elements.*~* Pyrolytic results obtained for the amine de- 
rivatives gave support to the proposed formulae of the products formed in the interaction of di- 
(1,2,3benzotriazolatium)hexacyanoruthenate(IV). 

Apparatus and material 
EXPERIMENTAL 

The thermobalance and its calibration, operation, and use have been reported previously.4 The 
temperature of the combustion chamber was increased at an average of 3”/min over a temperature 
interval from room temperature to 750”. A Beckman IR+Spectrophotometer was used for 
obtaining infrared spectra of various decomposition products, using a standard potassium bromide- 
pellet technique and sodium chloride cells. 

All precipitates were prepared according to the procedure of Wilson and Merchant.’ The 
precipitates were filtered using fine-porosity, sintered-glass crucibles. The compounds were dried 
for 10 hr in a vacuum desiccator, using magnesium perchlorate as the desiccant. 

RESULTS 

Pyrolysis curves of the compounds with respective formulae: 

(1) (GH,I’=&),Ru(CN),; (2) (C,H,NH3,(C,H,NH,),Ru(CN),; 
(3) (CH,NH,),(CH,NH,),Ru(CN),: (4) IfC,H,),NH,l,[(C,H3,NHI,Ru(CN),; 
(5) [(CH~,NH,I~[(CHJ)BNHI~R~(CN),; 
(7) [CH(CHCH),NH],Ru(CN),; 

(6) (PC~H~NH~NH~)~R~(CN)~; 
(8) (CH~).N(C~H,NINW~)R~(CN)(I ; 

(9) (m-C,H,NH,NH,),Ru(C)* 
are presented graphically in Figs. l-3 and the analysis of the curves is given in Table I. The plateau 
at C, which persists up to the 750” limit of this study corresponds to indefinite mixtures of ruthenium 

TABLE f 

Compounds 

Initial 
weight, 

mg 

Weight 
corrected 

Weight of 
ruthenium 

for Temp. residue 
moisture, 

Temp. 
range, obtained, range, 

mg “C mg “C 

1. WJ-WWMWCW~ 21.1 
2. (CBH~NH~P(CBH~NH~)PRU(CN)B 22-3 
3. (CH,NH,),(CH,NH*),Ru(CN), 262 
4. [(C,H,),NH,IB[(CIH~)INHI*RU(CN), 19.9 
5. [(CH,),NH,I,[(CH,),NHl,Ru(CN), 24.4 
6. (pWLN~sNH~)~Ru(~), 26.5 
7. [CH(CHCH)*NHJ*Ru(C~~ 25.1 
8. (CH,),N(GH,N,NH3Ru(cN), 26.2 
9. (m-C,HINH,NH&Ru(CN), 26.7 

20.0 <llO 4.2 
21.7 <.53 5.6 
25.8 ~6.5 6.3 
19.8 <61 3.6 
240 <159 6.3 
26.1 tl51 52 
251 t30 5.4 
25.9 <65 5.7 
26.4 <128 6.2 

> 257 
>337 
>466 
>586 
>532 
>641 
>210 
>391 
>607 
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FIG. I.-Thermogravimetric analysis of compounds 1-3: 
I. (C~~~NH~)*Ru(C~)~ --A- 
2. (C(~H,NHS)~(CBH~NHB)BRU(CN)~ -O- 
3. (CH,NH,),(CH,NH,),Ru(CN), -O- 

and/or ruthenium oxides. The thermal decomposition of the amine derivatives is probably best 
explained by the following reactions: 

1. (C~H~NH~)~RU(CN)~ 
110”~257” 

Air 
2(C&)NHZ ‘? + 2HCN 1 + 2(CN), 1‘ --I- ruthenium residue 

2. (C,H,NH,)*(C,H,NH,),Ru(CN), 
W-337” 

-* 
Air 

4CaH5NH, ? + 2HCN 1 + 2(CN), t i- ruthenium residue 

3. (CH,NH~,(CH,NH,)BR~(CN), 
65”-466” 

-* 
Air 

4CH8NHz ? $ ZHCN t f 2(CN), f + ruthenium residue 

4. t(C,H,),NH,l,t(C,H,),NHI,Ru(CN), 
61”-586” 

-t 
Air 

4(C,H&NH f + ZHCN t + 2(CN), t t- ruthenium residue 
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FIG. 2.-Thermogravimetric analysis of compounds 4-6: 
4. [(CSH‘)BNHPIB~(C~HHI)PNHIPRU(CN)I -O- 
5. [(CH~)~NHIIB[(CHJ)~NHI~R~(CN), -*--- 
6. (~~H~~~NH*)*Ru(CN)* --A- 

5. [(CH~)BNH~I~~(CH,)~NHI,RU(CN), 
1590-532" 

Air 
4(CH&NH t + 2HCN t + 2(CN)e 7 + ruthenium residue 

6. (~-C*HH~NH~NH~),R~(CN)B 
1515-641" 
-* 

Air 
2(~C~H*NH*NH*) t + 2HCN f + 2(CN), t + ruthenium residue 

7. [CH(CHCH),NH],RU(CN)~ 
300~210" 

Air 
2CH(CHCH)PJ t + 2HCN f + 2(CN), t + ruthenium residue 

8. (CH,),N(C,Hi,NpNH3Ru(cN), 
65"-3910 
-* 

Air 
GXWCN f + GW’WH t + HCN t + 2(CN)z f + ruthenium residue 

9. (m-C,H,NH,NH,),RU(CN)~ 
128"~607' 
-* 

Air 
2(mGH~NHW%) t f 2HCN ? -I- 2(CN)* t + ruthenium residue 
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Fig. 3.-Thermogravimetric analysis of compouads 7-9 : 
7. [C~~CHC~)~NH]~~u~~* -A- 

8. (Cs3,N{C,H,N,Na*)Ru{~~~ ---O-- 
9. (~~C~H*~~N~~)~~~~~~ --O-- 

Isolation of pyrolytic products 

The pyrolysis results presented for the thermogravimetric determinations of the amine derivatives 
obtained through the interactions of ~(1~2,3-~nzo~i~olati~~~xa~yanoru~e~te~IV) with certain 
organic amines suggest the presence of severaf d~omposition products. To further verify the 
presence of certain decomposition products, l-g samples of the respective amine derivatives were 
separately decomposed in a special decomposition apparatus as described by Wilson and James.5 
The coolant (CO,) was sufficient to condense ~-phenylenediam~ne and ~phe~yienediami~ from 
their respective amine derivatives, and 1,2,3benzotriazole from the tetmm~hy~ammon~um chloride 
derivative. The presence of aniline was verified by decomposing a l-g sample of the amine derivative 
and allowing the resulting vapours to dissolve in water. On the addition of hydrogen chloride to the 
solution, aniline hydr~hloride was obtained. The vapours resulting from the die~ylamine, ethyl- 
amine, methylamine, ~methylamin~ and pyridine derivatives were each dissolved in separate carbon 
tetm~loride solutions. In all cases the infrared spectra obtained from the aniline hydr~hloride 
and the respective amine samples contained ah of the principal absorbance bands corresponding to 
the infrared spectra of the respective pure samples. The presence of hydrogen cyanide and/or 
cyanogen was verified by decomposing l-g samples of the respective amine derivatives and allowing 
the vapours to dissolve in aqueous silver nitrate solution. In each case a white precipitate of silver 
cyanide was obtained. 
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DISCUSSION 
In this study the thermobalance was employed to follow the pyrolysis reactions taking place in 

certain complex interaction products obtained through the interactton of several organic aminea and 
tetramethylammonium chloride with di(l,2,3-benzotriazolatium)hexacyanoruthenate(IV). Decom- 
position of the amine derivatives gave hydrogen cyanide and/or cyanogen, the respective amine, a 
ruthenium residue and in one case 1,2,3benzotriazole and tetramethylammonium cyanide. 

Ackrwwledgmen&-Theauthors wish to express their sincere thanks to the Robert A. Welch Foundation 
for a grant, which supported this study. 

Texas Southern University RAY F. i%L.SON 

Houston, Texas, U.S.A. PHILIP MERCHANT, JR. 

Summary-The thermogravimetric pyrolysis of the interaction pro- 
ducts of certain organic amines and tetramethylammonium chloride 
with di(l,2,3benzotriazolatium)hexacyanoruthenate(IV) is reported in 
this study. 

Zosamme&saung--Es wird ilber die thermogravimetrische Pyrolyse 
der Reaktionsprodukte einiger organischer Amine und Tetrametbyl- 
ammoniumchlorid mit Di(l,2,3benztriazolatium)hexacyanoruthenat 
(IV) berichtet. 

RCsum&-On d&it la pyrolyse thermogravimetrique des produits 
d’interaction de certaines amines organiques et du chlorine de 
tdtram&hylammonium avec l’hexacyanorutMnate(IV) de di (1,2,3- 
benzotriazolatium). 
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Coprecipitation of iron(II1) and zinc ions with ahniniam tris-@-hydroxyquinolate) 

(Received 12 February 1965. Accepted 1 March 1965) 

IN a previous paper* a study was presented of the coprecipitation of tracer quantities of radioactive 
scandium, yttrium, cerium(III) and indium with milligram quantities of aluminium precipitated 
as the tris-(8-hydroxyquinolate) by slow isothermal evaporation of aqueous acetone solutions. 
For these systems it was concluded that coprecipitation of the tracer (M) remained small over almost 
the complete range of precipitation of the carrier unless the tracer took the form M(C,H,ON),. This 
conclusion has now been examined in relation to the behaviour of iron(II1) and zinc as tracers. 

EXPERIMENTAL 

The reagents, apparatus and procedure were those used in the earlier investigation with the 
following additions or modifications. 

Tracers. Iron-59 (containing some inactive iron) and carrier-free zinc-65 were obtained (in 0.1 M 
and 1M hydrochloric acid, respectively) from the Radiochemical Centre, Amersham, England. 
Dilute solutions of each isotope were prepared in O-1 M hydrochloric acid as required. 

Counting. Counting was performed by means of a well-type sodium iodide (thallium activated) 
scintillation counter. 

Procedure. In experiments 9, IO and 11 of Table I, the final measurements were made on aliquots 
of solutions prepared by diluting the filtrates with acetone to the volumes they occupied before 
evaporation. 

Infrared spectra. The infrared spectra were obtained from Nujol mulls in the 2.5 to 25 p region 
using a Grubb-Parsons double-beam grating spectrophotometer. 
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RESULTS AND DISCUSSION 

Milligram amounts of iron and zinc are precipitated quantitatively from acetic acid-acetate 
solution.’ The former is obtained*J as Fe(C,H,ON), on drying at 120”, the latter as Zn(CIHaON),. 
xH,O where x is variable and depends on the drying temperature.a*4 If the pattern of behaviour 
previously observed is followed, iron(III) would be expected to show similarities to indium, and zinc 
to the rare-earth ions. 

The results recorded in Table I for the coprecipitation of tracer quantities of iron with aluminium 
tris-(&hvdroxvauinolate) are in ameement with the uredicted behaviour. Values of D and 3, show 
that’the’distribution of ‘tracer follows the logarithmic law of Doemer and Hoskins.& The results 
may be compared with those obtained with indium as tracer when the fractional precipitation of 

TABLE I.-COPRECIPITATION OF IRON* WITH ALUMINIUM 

No. ,,t? % 
Fe 

copptd., % D 1 

1 7.90 10.7 1.40 1.36 
2 29.5 38.9 1.52 1.41 
3 30.3 42.9 1.73 1.55 
4 39.4 51.5 1.63 144 
5 50.9 65.3 1.81 I .48 
6 58.3 74.1 2.05 1.55 
7 61.1 73.5 1.77 1.41 
8 68.2 80.8 1.96 144 
9 78.8 89.8 2.37 1.47 

10 78.2 90.5 2.66 1.55 
11 84.7 94.1 2.88 1.51 
12 12.8 17.1 1.41 1.37 
13 21.7 30.8 1.61 1.51 
14 48.6 63.1 1.81 1.50 
15 61.6 77.6 2.16 1.56 

* About 1 x lo-& mole of iron was present in the system during each precipitation. Using the 
general procedure outlined previously’ 40 ml of 2.OM ammonium acetate were used in ex- 
periments l-l 1 and 40 ml of 0.20M in the remainder. 

tracer and carrier so nearly coincided over the whole range of precipitation that a distinction between 
the two limiting types of distribution could not be made. It has been reported2 that iron(II1) salts 
yield the tris-(8-hydroxyquinolate) from solutions containing as much as 25 % acetic acid-sodium 
acetate. Acetate is, therefore, not expected to influence the tracer iron distribution appreciably; 
this conclusion finds support from the few measurements (Table I, experiments 12, 13, 14 and 15) 
made at lower acetate concentrations and from the observation that iron precipitated from aqueous 
acetone in the same molar quantity and under the same conditions as aluminium when used as carrier, 
gave the product Fe(C,H,ON), on drying at 130”. The solubility of the iron compound, which is 
granular, appears to be quite low relative to that of aluminium in aqueous acetone. 

TABLE II.-THE COPRECIPITATION OF ZINC-65 FROM SOLLJTIONS TO WHICH WERE 
ADDED 40 ml OF 2.0M AMMONIUM ACETATE 

Al pp’d.. % 21.49 31.98 
Zn copptd., % 0.421 0.526 

Al pptd.. % 8760 98.2 
Zn copptd., % 0.810 1.82 

See ref. 1 for other conditions. 

40.15 48.95 61.52 81.40 83.45 
0.547 0.874 1.14 l-06 0.925 

99.83 100 100 
4.72 4,98 41.1 

The coprecipitation of zinc under the three sets of conditions employed is, in general, as predicted. 
The results may be compared with those obtained previously for tracer yttrium. In the presence of 
much acetete (Table 11) coprecipitation of zinc does not change appreciably until aluminium has 
precipitated completely. It then shows (at least apparently) a variable degree of coprecipitation, 
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which seems to depend on the time elapsing between complete precipitation and filtration, although 
other factors, such as the nature of the container surface may contribute. Neither D nor 1 is constant 
and calculated values are not presented. 

TABLE III.-COPRECIPITATION OF ZINC WITH ALUMINIUM IN DILUTE ACETATE 

SOLUTION AND IN THE ABSENCE OF ACETATE 

No. 
Al 

pptd., % 
Zn 

copptd., % D x 10” 1 x 10’ 

1 23.5 0.621 2.03 2.23 
2 28.7 0.841 2.10 2.50 
3 51.5 2.16 2.08 3.03 
4 55.6 1.81 1.47 2.26 
5 63.0 2.15 166 2.80 
6 66.3 3.03 1.59 2.82 
I 77.8 3.45 1.02 2.33 
8 83.4 3.57 o-739 2.03 
9 7.78 O-262 3.11 3.24 

10 14.3 0.364 2.20 2.36 
11 25,2 0.430 1.29 1.48 
12 25.3 0.588 1.75 2.02 
13 49.6 0.896 0.919 1.31 
14 66.4 1.91 0.984 1.77 
15 76.6 2.14 0.670 1.49 
16 77.0 2.26 0.692 1.56 
17 80.8 3.01 0.739 1.85 
18 87.1 2.75 0.420 1.36 

* Nos. l-8 were carried out using 40 ml of 0.20M ammonium acetate and Nos. 9-18 had 15 ml of 
O.lOOM sodium hydroxide + 25 ml of water replacing the ammonium acetate in the general 
procedure.’ 

In the absence of acetate (experiments 9-18, Table III) coprecipitation of zinc is a little higher 
and shows a steeper dependence on fractional precipitation of the carrier. However, although the 
precision of the zinc measurements is not as good as that for other systems studied, significantly 
higher values were obtained using more dilute acetate solutions than in the absence of this ion (Table 
Ill). Values of D and 1 calculated for results obtained in the absence of acetate and in dilute acetate 
show that il has a rough constancy for each series separately, but values of D decrease progressively 
with increasing fractional precipitation of the aluminium (Table III). 

The explanation for the observed dependence of zinc coprecipitation on the medium is not clear. 
A thermogravimetric study of picolates and dipicolates of certain rare-earths‘ shows that solvates 
obtained directly on precipitation may depend on the pH of the medium from which precipitation 
occurs and it is possible that a similar dependence exists in the zinc coprecipitation. However, 
although conditions are not strictly comparable to those pertaining to the tracer experiments,- when 
zinc replaces the same molar quantity of aluminium an identical product, as determined by its infrared 
spectrum, is isolated from solutions of the three compositions discussed. Some portions of the 
products examined were air dried at 130” and others for about 1 week at the laboratory temperature 
(20 + 2”). Analysis of part of the precipitate obtained from the strong acetate medium and dried 
at 130” gave Zn, 18.4%; C, 61.1%; H, 3.43% [Zn(C,H,ON), requires Zn, 18.5%; C, 61.1%; 
H, 3.42 %I. The same precipitate dried at 20” gave Zn, 16.9 %; C, 55.8 %; H, 4.37 %; H,O, 9.01% 
[Zn (C,H,ON),.ZH,O requires Zn, 16.8 %; C, 55.5 %; H,.4.14%; H*O, 9.25 %I. The precipitate, 
like that obtained previously with yttrium, has a low solubility relative to aluminium in aqueous 
acetone and is flocculent, suggesting extensive hydrogen bonding. 

While structural differences are undoubtedly important in determining the extent of coprecipitation 
it is unlikely that dynamic factors can be ignored in discussing these results in detail. The rate of 
deposition of carrier on growing crystallite surfaces7 will affect X and in the experiments discussed 
is controlled by the rate of evaporation of the solvent, which in turn is influenced by the nature and 
concentrations of the solutes and the solvent composition. 
to examine such possible contributing factors. 

Clearly, much additional work is required 
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T. H. BAILEY 
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Sammary-Coprecipitation of tracer quantities of iron(II1) and zinc 
with aluminium precipitated as the I-hydroxyquinolate by isothermal 
evaporation of aqueous acetone solutions has been examined ra- 
diochemicaliy. Iron(II1) coprecipitation follows the logarithic 
distribution law with 1 = 1.47 + 0.07 for a wide range of acetate con- 
centrations. Zinc shows similarities to yttrium and other rare-earth 
ions in only coprecipitating to a small extent, except on complete 
precipitation of the carrier. Results obtained from different media 
show small but distinguishable differences, particularly with in- 
creasing fractional precipitation of the carrier. 

R&am&-On a &udiC, par radiochimie, la coprkipitatibn du fer (Ill) et 
du zinc, en t&s petites quantitts, ;5 l’dtat de traceurs, avec l’aluminium, 
prkipitb & l’Ctet de 8-hydroxyquinolBinate, par evaporation isotherme 
de la solution hydroac&onique. La copr&pitation du fer (III) suit 
la loi de &partition logarithtiique, avec 1 = I,47 & 0,07, dans un 
large domaine de concentrations en a&ate. Le zinc pr&ente des 
analogies avec l’yttrium et d’autres ions de terres rares, par le fait 
qu’il ne coptiipite que pour une faible partie, sauf en cas de pn%ipi- 
tation totale de I’entraineur. Les r&ltats obtenus il partir de diffkrents 
milieux ont montrk des diffbrences petites mais nettes, en particulier 
lors de la prkipitation fraction&e croissante de I’entraineur. 

Zusanunenfassang-Die Mitftillung von Tracermengen Eisen (III) und 
Zink mit Ahuninium, das als 8-Hydroxychinolinat durch Eindunsten 
der waDrig-a&on&hen Ltisung &fill< wird, wurde radiochemisch 
untersucht. Die Mitfgllune von E&n (III) folet dem loearithmischen 
Verteilungsgesetz mit 1 =“1,47 * O,o? in- eingm weiteg Bereich der 
Acetatkonzentration. Zink Lhnelt Yttrium und anderen seltenen 
Erden; es wird nur wenig mitgefgllt, aul3er bei valliger Ausfgllung 
des Ttigers. Die Ergebnisse aus verschiedenen Medien zeigen kleine. 
aber merkliche Unterschiede, besonders bei Ansteigen des ausgefsllten 
Ttigeranteils. 
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DISCUSSION 

In this study the thermobalance was employed to follow the pyrolysis reactions taking place in 
certain complex interaction produets obtained through the interactron of several organic amines and 
~~y~~~ chloride with di(l,2,3-benzotriazolatium)hexacyanoruthenate(IV). Deeom- 
position of the amine derivatives gave hydrogen cyanide and/or cyanogen, the respective amine, a 
ruthenium residue and in one case 1,2,3benzotriazole and tetramethylammonium cyanide. 

Acknowledgment--The authors wish to express their sincere thanks to the Robert A. Welch Foundation 
for a grant, which supported this study. 

Texas Southern Giver&y RAY F. WILSON 
Houston, Texas, U.S.A. PHILIP MERCHANT, JR. 

Sammary-The thermogravimetric pyrolysis of the interaction pro- 
ducts of certain organic amines and tet~~hy~~oni~ chloride 
with di(l,2,3henzotriazolatium)hexacyanoruthenate(IV) is reported in 
this study. 

Zu~-~ wird tlber die the~o~vi~~i~he Pyrolyse 
der Reaktionsprodukte einiger organischer Amine und Tetramethyl- 
ammoniumchlorid mit Di(l,2,3-benztriazolatium)hexacyanoruthenat 
(IV) berichtet. 

R&rn&-Gn d&it la pyrolyse thermogravimetrique des produits 
d’interaction de certaines amines organiques et du chlorure de 
Mtram&hylammonium aver ~bexa~ano~th~nate(lV) de di (I ,2,3- 
~nzot~azolatium). 
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Copreeipitation of ~n~1) and zinc ions with album ~~~hydroxyq~no~~te) 

(Received 12 February 1965. Accepted 1 March 1965) 

IN a previous paper’ a study was presented of the coprecipitation of tracer quantities of radioactive 
scandium, yttrium, cerium(II1) and indium with milligram quantities of aluminium precipitated 
as the tris-(&hydroxyquinolate) by slow isothermal evaporation of aqueous acetone solutions. 
For these systems it was concluded that coprecipitation of the tracer (M) remained small over almost 
the complete range of precipitation of the carrier unless the tracer took the form M(C,H,ON),. This 
conclusion has now been examined in relation to the behaviour of iron(II1) and zinc as tracers. 

EXPERIMENTAL 

The reagents, apparatus and procedure were those used in the earlier investigation with the 
following additions or modifications. 

Tracers. Iron-59 (containing some inactive iron) and carrier-free zinc-65 were obtained (in 0.1 M 
and l&4 hydrochloric acid, respectively) from the Radiochemical Centre, Amersham, England. 
Dilute solutions of each isotope were prepared in O*lM hydrochloric acid as required. 

Counting. Counting was performed by means of a well-type sodium iodide (thallium activated) 
scintillation counter. 

Procedure. In experiments 9,lO and 11 of Table I, the final measurements were made on aliquots 
of solutions prepared by diluting the filtrates with acetone to the volumes they occupied before 
evaporation. 

Infrared spectra. The infrared spectra were obtained from Nujol mulls in the 2.5 to 25 ,B region 
using a Grubb-Parsons double-beam grating spectrophotometer. 
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RESULTS AND DISCUSSION 

Milligram amounts of iron and zinc are precipitated quantitatively from acetic acid-acetate 
solution.* The former is obtained*J as Fe(CpHeON)* on drying at 120”, the latter as Zn(C,H,ON),. 
xH,O where x is variable and depends on the drying temperature.*T4 If the pattern of behaviour 
previously observed is followed, iron(II1) would be exoected to show similarities to indium. and zinc 
io the raie-earth ions. 

‘ 

The results recorded in Table I for the coprecipitation of tracer quantities of iron with aluminium 
tris-(8-hydroxyquinolate) are in agreement with the predicted behaviour. Values of D and 3, show 
that the distribution of tracer follows the Iogarithmic law of Doerner and Hoskins.& The results 
may be compared with those obtained with indium as tracer when the fractional precipitation of 

TABLE I.-COPRECIPITATION OF IRON* WITH ALIJMINHJM 

No. 
Al Fe 

pptd., % copptd., % D 1 

1 7.90 10.7 l-40 1.36 
2 29.5 38.9 I.52 I.41 
3 30.3 42.9 1.73 1.55 
4 39.4 51.5 1.63 144 
5 50.9 65.3 I.81 1.48 
6 58.3 74.1 2.05 1.55 
7 61.1 73.5 1.77 1.41 
8 68.2 80.8 1.96 144 

1: 78.8 78.2 89.8 90.5 2.37 2.66 1.47 1.55 
11 84.7 94.1 2.88 1.51 
12 12.8 17.1 1.41 1.37 
13 2f.7 30.8 1.61 1.51 
14 48.6 63.1 1.81 1.50 
15 61.6 77.6 2.16 1.56 

* About I x lOA mole of iron was present in the system during each precipitation. Using the 
general procedure outlined previously1 40 ml of 2.0M ammonium acetate were used in ex- 
periments l-l 1 and 40 ml of 0.20M in the remainder. 

tracer and carrier so nearly coincided over the whole range of precipitation that a distinction between 
the two limiting types of distribution could not be made. It has been reported2 that iron(II1) salts 
yield the tris-(8-hydroxyquinolate) from solutions containing as much as 25 % acetic acid-sodium 
acetate. Acetate is, therefore, not expected to influence the tracer iron distribution appreciably; 
this conclusion finds support’ from the few measurements (Table I, experiments 12, 13, 14 and 15) 
made at lower acetate concentrations and from the observation that iron precipitated from aqueous 
acetone in the same molar quantity and under the same conditions as aluminium when used as carrier, 
gave the product Fe(C,H,ON), on drying at 130”. The solubility of the iron compound, which is 
granular, appears to be quite low relative to that of aluminium in aqueous acetone. 

TABLE II.-THE ~FRECIP~TATION OF ZINC-65 FROM SOLXJTIONS TO WHICH WERE 
ADDED 4Oml OF 2.0M AMMONIUM ACETATE 

Al pptd., % 21.49 31.98 
Zn copptd., % 0,421 0.526 

Al pptd., % 8760 98.2 
Zn copptd., % 0.810 1.82 

See ref. 1 for other conditions. 

40.15 48.95 61.52 81.40 83.45 
0.547 0.874 I.14 l-06 0.925 

99.83 100 100 
4.72 4.98 41.1 

The coprecipitation of zinc under the three sets of conditions employed is, in general, as predicted. 
The results may be compared with those obtained previousiy for tracer yttrium. In the preset of 
much acetate (Table II) coprecipitation of zinc does not change appreciably until aluminium has 
precipitated completely. It then shows (at least apparently) a variable degree of coprecipitation, 
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which seems to depend on the time elapsing between complete precipitation and filtration, although 
other factors, such as the nature of the container surface may contribute. Neither D nor 1 is constant 
and calculated values are not presented. 

TABLE III.-COPRECIPITATION OF ZINC WITH ALUMINIUM IN DILUTE ACETATE 

SOLUTION AND IN THE ABSENCE OF ACETATE 

No. 
Al 

pptd., % 
Zn 

copptd., % D x 10” 1 x 10’ 

1 23.5 0.621 2.03 2.23 
2 28.7 0.841 2.10 2.50 
3 51.5 2.16 2.08 3.03 
4 55.6 1.81 1.47 2.26 
5 63.0 2.15 166 2.80 
6 66.3 3.03 1.59 2.82 
I 77.8 3.45 1.02 2.33 
8 83.4 3.57 o-739 2.03 
9 7.78 O-262 3.11 3.24 

10 14.3 0.364 2.20 2.36 
11 25,2 0.430 1.29 1.48 
12 25.3 0.588 1.75 2.02 
13 49.6 0.896 0.919 1.31 
14 66.4 1.91 0.984 1.77 
15 76.6 2.14 0.670 1.49 
16 77.0 2.26 0.692 1.56 
17 80.8 3.01 0.739 1.85 
18 87.1 2.75 0.420 1.36 

* Nos. l-8 were carried out using 40 ml of 0.20M ammonium acetate and Nos. 9-18 had 15 ml of 
O.lOOM sodium hydroxide + 25 ml of water replacing the ammonium acetate in the general 
procedure.’ 

In the absence of acetate (experiments 9-18, Table III) coprecipitation of zinc is a little higher 
and shows a steeper dependence on fractional precipitation of the carrier. However, although the 
precision of the zinc measurements is not as good as that for other systems studied, significantly 
higher values were obtained using more dilute acetate solutions than in the absence of this ion (Table 
Ill). Values of D and 1 calculated for results obtained in the absence of acetate and in dilute acetate 
show that il has a rough constancy for each series separately, but values of D decrease progressively 
with increasing fractional precipitation of the aluminium (Table III). 

The explanation for the observed dependence of zinc coprecipitation on the medium is not clear. 
A thermogravimetric study of picolates and dipicolates of certain rare-earths‘ shows that solvates 
obtained directly on precipitation may depend on the pH of the medium from which precipitation 
occurs and it is possible that a similar dependence exists in the zinc coprecipitation. However, 
although conditions are not strictly comparable to those pertaining to the tracer experiments,- when 
zinc replaces the same molar quantity of aluminium an identical product, as determined by its infrared 
spectrum, is isolated from solutions of the three compositions discussed. Some portions of the 
products examined were air dried at 130” and others for about 1 week at the laboratory temperature 
(20 + 2”). Analysis of part of the precipitate obtained from the strong acetate medium and dried 
at 130” gave Zn, 18.4%; C, 61.1%; H, 3.43% [Zn(C,H,ON), requires Zn, 18.5%; C, 61.1%; 
H, 3.42 %I. The same precipitate dried at 20” gave Zn, 16.9 %; C, 55.8 %; H, 4.37 %; H,O, 9.01% 
[Zn (C,H,ON),.ZH,O requires Zn, 16.8 %; C, 55.5 %; H,.4.14%; H*O, 9.25 %I. The precipitate, 
like that obtained previously with yttrium, has a low solubility relative to aluminium in aqueous 
acetone and is flocculent, suggesting extensive hydrogen bonding. 

While structural differences are undoubtedly important in determining the extent of coprecipitation 
it is unlikely that dynamic factors can be ignored in discussing these results in detail. The rate of 
deposition of carrier on growing crystallite surfaces7 will affect X and in the experiments discussed 
is controlled by the rate of evaporation of the solvent, which in turn is influenced by the nature and 
concentrations of the solutes and the solvent composition. 
to examine such possible contributing factors. 

Clearly, much additional work is required 
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~o~o~~ry L&or&ory for R~i~e~m~sfry T. H. BAIUY 
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Summary-Coprecipitation of tracer quantities of iron(II1) and zinc 
with aluminium precipitated as the &hydroxyquinolate by isothermal 
evanoration of aqueous acetone solutions has been examined ra- 
di&hemicalIy. Iion(II1) coprecipitation follows the iogarithic 
distribution law with 1 = 1.47 f O-07 for a wide range of acetate con- 
centrations. Zinc shows similarities to yttrium and-other rare-earth 
ions in only coprecipitating to a small-extent, except on complete 
nrecinitation of the carrier. Results obtained from different media 
I 1 

show small but distinguishable differences, particularly with in- 
creasing fractional precipitation of the carrier. 

R&aame-Gn a etudie, par radiochimie, la coprkipitation du fer (ill) et 
du zinc, en t&s petites quantitb, a l’btat de traceurs, avec ~aluminium, 
precipite B l’etet de 8-hydroxyquinoI~inate, par evaporation isotherme 
de la solution hydroacetonique. La coprecipitation du fer (III) suit 
la loi de repartition logarithmique, avec 1 = 1,47 + 0,07, dans un 
large domaine de concentrations en a&ate. Le zinc presente des 
analogies avec l’yttrium et d’autres ions de terres rares, par le fait 
qu’il ne copr&ipite que pour une faible partie, sauf en cas de precipi- 
tation totale de l’entraineur. Les n%ultats obtenus a partir de differents 
miheux ont mont& des differences petites mais nettes, en particulier 
lors de la precipitation fraction&e croissante de I’entraineur. 

ZusanunenfassanS-Die Mitfallung von Tracermengen Eisen (III) und 
Zink mit Aluminium, das als I-Hydroxychinolinat durch Eindunsten 
der waRrig-acetonischen L&sung gefiillt wird, wurde radiochemisch 
untersucht. Die Mitf~llung von Eisen (III) foigt dem logarithmischen 
Ve~eilun~g~tz mit 1 = 1,47 f 0,M in einem weiten Rereich der 
Acetatkonzentration. Zink iihnelt Yttrium und anderen seltenen 
Erden; es wird nur wenig mitgefallt, auBer bei volliger Ausfallung 
des Triigers. Die Ergebnisse aus verschiedenen Medien zeigen kleine. 
aber merkliche Unterschiede, besonders bei Ansteigen des ausgefallten 
Ttigeranteils. 
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LETTER TO THE EDITOR 

SENIOR, 

Interlingua 

ESSEVA facilissimo de leger quel littera de Dr. Rieman’ e credo que le majoria de1 chemistas pote 
leger alsi iste littera scribite sensa dictionaries o grammaticas de interlingua. Ora non esiste un 
metodo por scribire sistematicamente le chimicas in iste lingua ma non esserea multo difficile de far 
lo. IO provava cum nulla instructione in interlingua de traducer in “pidgin-interlingua” le articulos 
anglese in le littera de Professor Wilson: “. . . un novo analitico metodo esse introdotto pro (le 
analisso de) moleculi fluorescenti-analisso estingue-fluorescentia. Iste campo de ricerca avera 
applicationi grandi in analisso organic0 por traccias. Uso analitico esse fatto de1 effetto de estinguere 
in spectrofoto-fluorometria. Sostantias come antracene, fenantrene pyrene, benz(a)antracene, 
benzo(a)pyrene, perylene etc. esse stati trovati a esser non-fluorescenti in solutione de nitrometane, 
ma idrocarbonas contenenti il cercolo fluorantene esse fluorescent?‘. 

However, I do not see how Interlingua, which is obviously based on Latin roots, could be any 
more understandable to readers (e.g., Slavs or Orientals) knowing no Romance language than 
naturally existing members of this language group such as French, Italian and Spanish. 

I feel, sir, that it would be far more useful for Tulanta to publish papers in English, French, 
German or Russian and to give longer, more detailed abstracts in whichever three of these languages 
was not used by the author. 

J. HALL 

Morganite Research and Development Ltd. 
Battersea Church Road 
London S. W. 11, England. 
22 February 1965 
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AMPEROMETRISCHE BESTIMMUNGSMETHODE 
DES THIOACETAMID 

MARIA PRYSZCZEWSKA 
Institut fur Allgemeine Chemie der Technischen Hochschule, Szczecin, Polen 

(Eingegangen an? 30. Oktober 1964. Angenommen am 7. Marz 1965) 

Zusammenfassung-Ein Verfahren zur amperometrischen Bestimmung 
von Thioacetamid wird angegeben. Die Bestimmung wird bei kon- 
stanter Temperatur (25°C) bei ungeftihr konstantem pH (ca. 9,5; 
Ammoniak-Ammoniumnitrat-Puffer) und bei konstantem Potential 
(-0,4 Volt gegen eine.gesattigte Kalomelelektrode) durch Zusatz von 
AgNOs durchgeftihrt. Als Kathode wird eine Quecksilber-Tropfelek- 
trode verwendet, als Anode eine gesattigte Kalomelelektrode. Der 
Verlauf der Reaktion der komplexen Silberammine mit Thioacetamid 
wird an Hand des Reduktionsstromes verfolgt. Die Bestimmung geht 
schnell und einfach; die Ergebnisse sind ziemlich gut reproduzierbar. 
Der Fehler liegt im allgemeinen unter 1% bei Thioacetamidkonzent- 
rationen von I,0 . 1O-2 bis 2,5 . lo-* m und unter 2 % von 5,2 . lo-’ bis 
l.10--3 m. 

EINLEITUNG 

DIE in der quantitativen Analyse immer steigende Anwendung des Thioacetamid (TAA) 
bildet die Anregung, neue Bestimmungsmethoden fur diesen Reagent aufzusuchen. 

Die bisher bekannten Methoden gehijren meistens zu den jodometrischen und 
argentometrischen. 

Zu den jodometrischen gehijrt z.B. die von Ray und Dey’ so wie die unlangst von 
Anson und von Waugh3 angegebene Bestimmungmethode. Kurze Beschreibung 
beider letzten Methoden geben Swift und Anson an. 

Bush, Zuehlke und Ballard haben eine direkte, argentometrische Bestimmungs- 
methode ausarbeitet.5 Bovalini und Piazzi melden such von einer potentiometrischen 
und zugleich argentometrischen, direkkten Bestimmungsmethode des TAA an.6 

Petri und Lipiec haben eine indirekte potentiometrische TAA-Bestimmungs- 
methode ausarbeitet.’ Eine komplexometrische, indirekte Bestimmungsmethode des 
TAA wurde von Lesz, Wieczorkiewicz und Lipiec angewandt.8 

Die von uns angegebene amperometrische TAA Bestimmungsmethode, gehort 
such zu den argentometrischen. 

Die Reaktion zwischen TAA und Ag+-Ionen in ammoniakalischer Losung bildet 
den Grund dieser Methode. Wegen der grossen Geschwindigkeit dieser Reaktion, die 
schon von Flaschka beobachtet wurde,9 eignet sie sich speziell zur amperometrischen 
Bestimmung des TAA. 

DER EXPERIMENTALE TEIL 
Apparatur 

Polarograph “Radiometer” PO 3m (D&remark) und Polarograph LP 55 (CSR) (Tropfende 
Quecksilberelektrode als Kathode und geslttigte Kalomelelektrode als Anode); pH-Meter “Piezo- 
elektronika” (Polen) Spektrophotometer “Unicam” SP 500 (England); Termostat nach Wobser 
(DDR); Generator zur elektrolytischen Gewinnung des Wasserstoffs; Automat&he Biiretten und 
Mikrobtlretten. 
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Liisungen 

Zur Vorbereitung der AgNO&tandardliisung wurde “spektral reines” metalisches Silber ange- 
wandt.* ThioacetamidlBsung wurde aus dem “reinen” Handelsprgparat nach mehrmaliger Kristal- 
lisation vorbereitet. 

Die TAA-L&ungen wurden kiihi (in der Temperatur 2”-6”) aufbewahrt. 
In diesen Bedingungen sind sie im Zeitintervall von 3-4 Wochen stabil. KNO, und NH,NO, 

wurden aus “analytisch reinen” Handelsprlparaten nach zweimaliger Kristallisation angewandt. 
Der pH-Wert der Liisungen wurde mittels Ammoniakpuffer (NE-&H20 f NH,NO,/stabilisiert. 

Die dir&e Bestimmung. In ein elektrolytisches Gef&sschen mit abgemessenem Volumen der 
AgNO,-StandardlBsung, mit KNOB als Grundelektrolit (1 g kristallinisches KNOs auf 12 ml/Lsg.) 
und mit der ~rnoniak~i~~n Puffer&sung fiihrt man in sukzessiven Dosen die untersuchte TAA- 
Lijsung aus einer automati~hen Mikrob~~tte ein und jedesmal-nach der Stabilisierung des Gleich- 
gewichtes -rejestriert man den Grenzstromwert. 

Die indirekte Bestimmue. Abgemessenes Volumen der untersuchten TAA-Liisung fiihrt man m 
ein elektrolytisches Gefilsschen, welches schon die AgNO,-Standardlilsung in entsprechendem ober- 
schuss, die amrnoniakalische P&e&sung und den Grundelektroiit enthilt. Ohne den AgaS Nieder- 
schlag abzut~nn~, der sich infolge der Reaktion zwischen TAA und Ag(NH~}~+-~onen bildet, titriert 
man-nach den diese Reaktion zu Ende ist, den tfberschuss der Ag*-Ionen, mittels einer auderen, 
vorher, bestimmten TAA-asung, welche mamaus einer Mikrobilrette sukzessiv in die untersuchte 
Liisung einfihrt. Weitere Prozedur wie vorhq im Laufe der direkten Bestimmung. 

Diearnperometrische Bestimmung wurde in kiden Varianten bei konstanter Temperatur (2&O’ - 
0,l”) ann&hemd konstantem pH-Wert (cu. 9,s’) und bei konstantem Potential (-0,4 V) durchgefiihrt. 
Bei diesem Potential werden nur ACHE*+-~onen an der Qu~ksil~~lektrode reduziert. Die Luft 
wurde aus jeder L&sung durch Wasserstoffstrom entfemt. Der Verlauf jeder Titrationskurve war 
geradlinig, was schon friiher*o festgestellt wurde. 

Die Konzentration der untersuchten TAA-Liisungen war im Interval1 5,2.1O-p Mel/L bis 
2,5.10-e Mot/L enthalten. 

Die in der Tabelle I und II zu~mmengestellten Ergebnisse der direkten ~timmung einer Serie 
der Lasungen (Tab. I) und der indirekten Bestimmung einer anderen Serie (Tab. XI) illustrieren annl- 
hernd die Genauigkeit der angewandten Bestimmungsmethode. 

TABELLE I-AMPE~oM~~c~ DIREKTE BESTIMMU~G DER TAA-LOG. 
UNT!ZR DER AN~D~G DER AgNo~-STA~oARWL~S~G 

Nr. 
TAA, mg 

berechnet gefunden Amg A% 

1. 0,751 0,757 *0,006 0,74 
2. 0,939 0,948 +0,009 0,96 

:: 
1,127 1,119 -0,008 0,71 
1,503 1,503 

5. 1,653 1,649 -&lo4 054 
6. 1,878 1,897 to,019 I,00 

Potential = -0,4 V; [AgNO,] = I,00 . IO-% Mel/L; 
Temp = 25,O’; [CH,CSNH,] = 1,25. IO-*Mel/L; pH = cu. 9,5. 

Der Wert der Fehler der ziemlich grossen Anzahl der ~stimmun~n ist im allgemeiuen flrir TAA- 
Konzentrationswerte von 1,O . lo-* Mel/L bis 2,s . lo-* Mel/L nicht griisser als l,O% und fdr geringere 
TAA-Konzentrationen/von 5,2 , lo-* Mel/L bis 1,O . lo-” Mel/L nicht grtisser als 2,0x. 

ERGEBNISSE UND DISKUSSION 

Die erste Variante der angegebenen Methode (d.h. die direkte Bestimmung) ist nur 
damals anwendbar, wenn die Menge der untersuchten TAA-LGsung nicht zu gering ist. 
Die zweite Variante dagegen e&net sich zur Anwendung sogar bei sehr kleinen Mengen 
der TAA-L6sung. 

+ Dieselbe AgNO~-S~udardl~sung, ist such zu den s~ktrophotometri~hen ~nte~uchun~n 
gebraucht worden. 
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TALSELLE ll.-AMPEROMETRISCHE INDIREKTE BESTIMMUNG DER TAA- 
LGSUNGEN UNTER ANWENDUNG DER AgNOs-STArwARm8suNc 
(TAA-KONZENTRATWNSWERTE DER UNTERSUCHTEN L~SUNGEN : 

$2. IO-* MCI/L bis 1,25 . 10.” MCI/L). 

Nr. 
TAA, ng 

eingefiihrt gefunden 
A mg A % 

._ -..-_- 
1. 0,470 - 0,466 0,004 0,85 
2. 0,563 0,572 0,009 1,60 
3. 0,677 0,674 0,003 0,44 
4. 0,939 0,924 0,015 1.58 
5. 1,033 1 ,017 0,016 1,54 
6. 1,127 1,118 0,009 0.80 

Potential = -0,4 V; [AgNO,] = l,OO. 1O-S Mel/L; 
Temp : 25,O”; [CH,CSNH,] = 2,50. 1O-2 MCI/L; pH = ca. 9,s 

Sowohl im ersten als such im zweiten Fall der dargestellten Methode der TAA- 
Bestimmung, sind die Ag+-Ionen in der L&sung hauptsachlich in der Form der 
ziemlich stabilen Ag(NH,),+-Komplexionen anwesend, da Ammoniak, der hier such 
als Komplexbildner wirkt, immer in grossem Uberschuss anwesend ist. 

Das Sinken der Agf-Ionenkonzentration infolge der Bildung der Ag(NH,),‘- 
Komplexionen bedingt starke Erniedrigung des Redoxpotentials des Silbers (der nor- 
male Redoxpotential sinkt vom Wert 0,799 V bis 0,370 V,l’ was eben die Anwendung 
der tropfenden Quecksilberelektrode ermoglicht, ohne Gefahr irgendwelcher uner- 
wtinschten Reaktion zwischen dem Quecksilber und den Ag(NH,),+-Ionen. Kalvoda 
und Zyka haben davon such schon Gebrauch gemacht, indem sie zur amperomet- 
rischen Bestimmung des Silbers in der Form der Ag(NH,),+-Ionen die Quecksilber- 
elektrode angewandt haben.12 

Es ist charakteristisch fur beide Varianten der dargestellten Methode, dass im 
Laufe der TAA-Bestimmung die Ag(NH,),+-Ionen im Uberschuss gegenilber dem 
TAA sind, was die Moglichkeit der Bildung der Ag(TAA),+-Komplexionen, wenn 
nicht ganzlich liquidiert, so doch stark vermindert. 

Die komplexbildenden Eigenschaften des TAA wurden bereits mehrmals fest- 
gestellt. Swift und Ansont3 signalisieren i.iber den hemmenden Einfluss des Uber- 
schusses des TAA auf die Ag,S-Bildung in der Reaktion zwischen TAA und 
Ag ;-Ionen infolge der Komplexbildung. 

Nach Smith und Owen13 reagiert TAA als Komplexbildner mit Hg2+-Ionen und 
nach Booth13 mit Cu+-Ionen. Nardelli und ChiericP4 melden von TAA-Komplex- 
verbindungen mit manchen zweiwertigen Metallen wie z.B. Fe2+, Co2+, Zn2+u. 
anderen. 

Die komplexbildenden Eigenschaften des TAA bilden den Gegenstand der Unter- 
suchungen such in unserem Institut. 

Aus unseren spektrophotometrisch durchgefuhrten Untersuchungen folgt, dass in 
ammoniakalischen Ag+-Ionenlosungen, im Falle der gleichen Konzentfation des TAA 
und Ag+-Ionen so wie im Falle der tiberwiegenden Konzentration der Ag+-Ionen keine 
Syptome der Komplexbildung zwischen TAA und Ag+-Ionen auftreten. Das heisst, 
dass in Konzentrationsverhsiltnissen, die im Laufe der amperometrischen Bestimmung 
des TAA nach der dargestellten Methode stattfinden, TAA mit Ag(NHd,+-Ionen 
nicht als Komplexbildner reagiert und die Reaktion ausschliesslich in der Richtung 
der Ag,S-Bildung verlauft. Daftir spricht such die Tatsache, dass im Laufe der 
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amperometrischen Bestimmung nach der Einflihrung jeder sukzessiven Dose des TAA 
in die A&NH,),+-Ionenlijsung, das Gleichgewicht sich fast sofort einstellt. Die 
reichlich durchgefiihrten Proben, der direkten amperometrischen Bestimmung der 
TAA-Liisung, die in ein elektrolytisches Gef%sschen eingefiihrt wurde, mittels AgNO,,- 

LBsung, welche man sukzessiv, aus der Mikrobiirette dosierte, waren erfolglos. 
Die so erhaltenen Ergebnisse waren ngmlich immer zu gering, indem der Prozent- 

fehler grijsstenteils > 3,0 war. 
Der Mechanismus der Reaktion zwischen TAA und Ag( NH,), --Ionen ist also 

vermutlich nicht derselbe im Fall, wenn im Gang der Titration-die Konzentration der 

TAA-Lijsung die der Ag+-Ionen iiberwiegt (wie es in’den eben genannten Proben war), 
als wenn die Agf-Ionenkonzentration im Laufe der Bestimmung iiberwiegt. 

An dieser Stelle sage ich Frau E. Malkiewicz meinen Dank Fir ihren Anteil im 
experimentalen Teil der vorliegenden Arbeit. 

Summary-A method is given for the amperometrlc determination of 
thioacetamide. The determination is carried out at constant tempera- 
ture (25”) at approximately constant pH (ca. 9.5 ammonia-ammonium 
nitrate buffer) and at constant potential (-0.4 V LT. a saturated calomel 
electrode) by the addition of silver nitrate, using a dropping mercury 
electrode as cathode and a saturated calomel electrode as anode. As 
the A&NH,)+ ions react with the thioacetamide, the reduction current 
of the ions is registered. The determinations are rapid and easily carried 
out, and the results are fairly reproducible. The error is generally 
<l.O% for concentrations of thioacetamide in the range 1.0 :c IO-’ 
to2.5 Y 10-2Mand <2.0%in the range5.2 10 ‘to 1.0 ’ 10m3M. 

RhmC-On d&rit une m&hode de dosage amptromCtrique du 
thioacttamide. Le dosage est me& g temperature constante (25’), 
& pH approximativement constant (environ 9,5 : tampon ammoniaque- 
nitrate d’ammonium) et B potentiel constant (-0,4 V par rapport B 
l’tlectrode au calomel saturee), par addition de nitrate d’argent, en 
utilisant une klectrode & goutte de mercure pour cathode et une 
electrode au calomel saturte pour anode. Les ions Ag(NHB)’ reagrs- 
sant avec le thioacCtamrde, le courant de reduction des ions est 
enreglstrt. Les dosages sont rapides et aisCs g mener, et les rCsultats 
assez bien reproductlbles. L’erreur est en @n&al s’ l,O’,; pour des 
concentrations en throacCtamide comprises entre I.0 ‘I IO-’ et 
2,5 x 1O-2 M, et ,-: 2,Opi entre 5,2 - IO-& et 1.0 IO 3 M. 
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Summary-The extraction of niobium, tantalum and protactinium 
from hydrochloric acid solutions containing fluoride into chloroform 
solutions of N-benzoyl-N-phenylhydroxylamine has been studied. 
From such aqueous systems it is possible to wparate pairs or all three 
of these elements efficiently and m a reasonably quantitative manner. 
In addition, protactinium may be easily separated from zirconium (and 
presumably also hafnium), aluminium, titanium, manganese(II), 
Iron(III), rare earths and thorium by extracting it from concentrated 
hydrochloric acid solutions. The back-extraction of niobium, tantalum 
and protactinium into aqueous phases of various compositions and 
additional separations thus revealed are also discussed. Phase dis- 
tribution measurements and separations have been performed using 
suitable radioactive isotopes of the elements concerned. 

THE separation of protactinium-231 from uranium ores and ore residues and!‘pro- 
tactinium-233 from thorium and uranium necessitates the removal of this ele’ment 
from a large number of other elements. 1-3 Preliminary separations are frequently 
achieved by coprecipitation of the protactinium with zirconium (and hafnium), 
tantalum, niobium, titanium, thorium (when they are hydrolysed from solution at 
high pH or precipitated with certain elements as phosphates or occasionally as axalates 
or iodates) or with manganese (precipitated as manganese dioxide).4*5 The separation 
of protactinium from several of these elements, notably the first three,; presents 
difficulties.4 A separation from zirconium, niobium and tantalum from hydrochloric- 
hydrofluoric acid solutions using an anion exchanger has been described by Kraus and 
Moore.s Maddock and Pugh’ separated zirconium from protactinium by preferential 
elution of the former with 6-7M hydrochloric acid. Such methods, while giving 
highly satisfactory separations, are slower than solvent-extraction procedures. How- 
ever, few systematic studies of the separation of protactinium from zirconium, niobium 
and tantalum by solvent extraction exist; methods only exist at present for the sepa- 
ration of pairs of the elements, frequently from aqueous media of widely differing 
compositions. Thus Moore* has described an efficient extraction of niobium from 
protactinium in dilute hydrofluoric-sulphuric acid solutions using di-isobutyl carbinol, 
but in the course of the present work it was found that under the same conditions 
only about 30% of tantalum is removed in a single extradtion. The same solvent has 
been used9 to extract protactinium from thorium and fission products; the solutions 
were 4M in nitric acid and 0.6M in aluminium nitrate. The decontamination factor 
from niobium-zirconium was 2.5 x lo2 employing four successive extractions and 
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five scrub stages using 2M nitric acid, and 0*6M aluminium nitrate scrub solutions. 
To minimise emulsification, a problem with this solvent, the extractions were per- 
formed at 50”. 

N-Nitroso-N-phenylhydroxylamine, ammonium salt (cupferron), reacts with pro- 
tactinium in quite strong mineral acid solution; the product from 2M sulphuric acid 
is extracted into amyl acetate. Maddock and MileslO and more recently Spitsyn and 
Golutvina’l used this substance to separate protactinium from manganese. The 
first mentioned authors observed that decomposition of the cupferron in solution 
can lead to serious loss of protactinium unless reagent solutions are stabilised (quinol 
was recommended) and frequently prepared fresh. They also state that fluoride must 
be absent and that tantalum is separated from protactinium by extracting the latter 
into amyl acetate from an aqueous tartrate solution 3M in hydrochloric or nitric 
acid and containing cupferron. Satisfactory conditions for a separation from zir- 
conium (or hafnium) using cupferron were not obtained. 

N-Benzoyl-N-phenylhydroxylamine (NBPHA), a substance which behaves in 
many of its reactions with metal ions in a similar manner to cupferron,12 has been 
applied to a study of the extraction of protactinium in 3+5M sulphuric acid solution 
and separations from iron, niobium, rare earths, thorium and uranium were thus 
obtained.13 This reagent possesses greater chemical stability than cupferron, par- 
ticularly in strong acid solutions in which the latter is readily decomposed. In the 
work to be described a study has been made of the behaviour of tracer amounts of 
protactinium and up to mg amounts/ml of niobium and tantalum in hydrochloric- 
hydrofluoric acid systems upon equilibration with a chloroform solution of NBPHA. 
The presence of fluoride helps to ensure maintenance of the protactinium in true 
solution, particularly at lower acid concentrations. Back-extraction of these elements 
from the chloroform phase into aqueous phases has been examined. On the basis of 
this work convenient separations of protactinium from niobium and tantalum have 
been devised by liquid-liquid extractions. The behaviour of zirconium in hydrochloric- 
hydrofluoric acid solutions has already been described14 and the separation of 
protactinium from elements like titanium, manganese, iron and aluminium is also 
taken into account using NBPHA solutions in chloroform. Partition coefficients 
were measured and separations tested using radioactive isotopes of the appropriate 
elements. 

EXPERIMENTAL 
Radioisotopes 

Protactinium-233. Obtained by irradiating thorium oxide with thermal neutrons in BEPO, 
Harwell. The protactinium was separated in the carrier-free form by the ion-exchange method 
described by Hdl.r6 

Tantafum-182. Obtained from The Radiochemical Centre, Amersham, England, as tantalum 
pentoxide (activity 1 mc/l*l mg of tantalum) dissolved in potassium hydroxide. 

Zirconium-95 and niobium-95. Carrier-free zirconium-95/niobium-95 in 0.5 % oxalic acid, was 
obtained from The Radiochemical Centre, Amersham, England. From this mixture niobium was 
separated using NBPHA. I4 Zirconium-95 was freed from traces of niobium daughter, when required, 
by the same method. 

Reagents 

All reagents used were of analytical-reagent grade unless otherwise stated. 
Niobium carrier solution. Niobium pentoxide [B.D.H. laboratory reagent grade] was weighed out 

accurately and fused with twice its weight of potassium hydrogen sulphate. The melt was extracted 
into bo’ ’ 

““$ 
1M tartaric acid solution, cooled and diluted to give a solution containing 10 mg 

of niobium ml.r6 
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Tunfulum carrier solution. An accurately weighed quantity of tantalum metal was dissolved in a 
mixture of nitric and hydrofluoric acids by warming to 65”. The solution was cooled and diluted to 
give 10 mg of ~n~lurn~~.16 

N-~~zQyr-N-phenyrdroxyramine. Obtained from B.D.H. or L. Light and Co., Colnbrook, 
England. Samples having melting points of 120’-121* were used directly while those with lower 
meltin 

f 
points were recrystallised from hot water. 

Ch oroform. B.D.H. laboratory reagent grade (contains 2% ethanol as preservative). 

C~~#e~~. Niobium, tantalum, and pro~~ini~ samples in the liquid form (2 mt) were counted 
in a well-type ~-~intillation counter having a sodium iodide (thulium activated) scintillator. Use 
was made of the 776 keV y-ray from niobium, the 109 keV y-ray from tantalum and 107 keV y-ray 
from protactinium in the distribution measurements.17 

y-Bay spectra were obtained for each nuclide separately and for mixtures of pairs of these nuclides 
using a Hutchinson-Scarrat pulse-height analyser (100 channels) of type 1363 D made by Clifford 
and Snell, Sutton, Surrey, England. This instrument was used in conjunction with a flat (cylindrical) 
sodium iodide (thallium activated) crystal, 3” in diameter and 3” deep, and a non-overloading linear 
amplifier (Nuclear Enterprises, Edinburgh, Scotland,. type NE 5202). 

Shaker. ~qu~ibrations of the phases were performed in polyethylene bottles using a m+echanical 
shaker of the vibrator type and the phases separated afterwards in a glass separatory funnel. 

Outline of procedure 

In the distribution measurements LO-ml samples of each aqueous phase were equilibrated with 
equal vohunes of the chloroform phase containing NBPHA. The effect of ~uori~ion concentration 
on the extraction was first determined by shaking the two phases together for a time (usually IS 
min) known to be longer than that required for ~uilibri~ to be established. A 1% solution of 
NBPHA in chloroform was used with the hydrochloric acid concentration being maintained at 1 M 
for niobium, 2M for tantalum and 11 M for protactinium. (Appropriate fluoride concentrations were 
obtained by adding weighed quantities of potassium fluoride.) When the maximum fluoride ion 
concentrations consistent with maximum ticiency of extraction of each metal had been determined, 
the effect of varying the hydrochloric acid concentration on the metal extraction was investigated at 
this fluoride ion concentration. Next, experiments were performed to investigate the e%ct of reagent 
~~ntmtion in the chloroform phase and minimum time for the ~uitib~~ to be established on the 
efficiency of metal ion extractant (see Table It for conditions). Back-extra&ant systems of various 
compositions and concentrations and ~uilibmtio~ of various times were examined in order to 
establish conditions for quantitative back-extraction and to improve the efficiency of separations. 

In the experiments referred to above, after equilibration and 
seYz phase was always washed twice with equal volumes of chloroform 

tion of the phases the aqueous 
ore withdrawing the sample for 

counting. A check on the material balance was frequently performed by measuring the activity 
transferred to the organic phase as well as that in the aqueous phase. 

Separation Procedures 

Separa fion of tantalum from protactinium 

1. The mixture, containing tantalum and protactinium, is adjusted to fM in hydrochloric acid 
and not more than 0.4M in fluoride&r concentration. 

2. Transfer to a polyethylene bottle and equilibrate with an equai volume of a 0.5 % solution of 
NBPHA in chloroform by shaking for 9 min. 

3. Separate the phases in a separatory funnel and repeat Sttp 2 on the a 
4. 

ueous phase. 
4. Wash each of the separated phases twice with IO-ml portions of wash squid: chloroform for 

the aqueous phase and 1 M hydrochloric acid made 0*2&f in fluoride ion for the chloroform phase. 
5. Transfer the washings to the appropriate fractions. 

Note: Tantalum may be hack-extracted into an aqueous phase of the composition and under the 
conditions given in Table XV. 

Se raft& of niobium from pro~a~inium. The sanx st s used,in the above procedure are apphc- 
able, r i% ut the aqueous phase is adjusted to O*iDM in fluor and 1 M in hy~~~c acid and a @2 % 
NBPHA solution in chknoforrn is .employed. The optimum equihbration time is 12 min. The 
EvTtraction of niobium haa Mn dealt with in a previous paper;” conditions are summa&d 

&&raf ion of niobium, tantaium and pr&cfhiwn. While the conditions 
means of separating niobium from tantah.nn or niobium from.protactinium, P 

‘van above provide a 
urther separations are 

possible by xnakiig use of selective back-extraction steps for protactinium and niobium. 
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1. Extract niobium and tantalum from an aqueous phase 1M in hydrochloric acid and O.OSM in 
fluoride into a 05 X solution of NBPHA in chloroform. Protactinium remains in the aqueous phase. 

2a. Back-extraci niobium into aqua regiu by shaking the phases together for 15 min, br 2b. 
Back-extract the niobium and tantalum into 6M aqueous ammonia and adjust the acidity of the 
extract to 0,OlM with hy~~hloric acid, make Oe05M in fluoride and partition the niobium into a 
0.2% NBPHA solution in chloroform (this gives a more efficient separation of niobium from 
tantalum than 2a). 

3. Protactinium is separated from niobium and tantalum by extracting all three elements into 
NBPHA in chIoroform followed by a selective back-extraction of protactinium into oxalic, tartaric or 
hydro~uo~ acid under the conditions set out in Tables III and IV. 

Measurements of the material balance of the different systems by accounting for the radioactivity 
showed that all the metal ions were in solution and that between 92 and 100’~ could be extracted in 
one pass. 

RESULTS AND DISCUSSION 

Fig. 1 summarises collected data on the effect of fluoride ion on the extraction 
of niobium, tantalum and protactinium, each in hydrochloricacid of such concentration 
that the percentage extraction is independent of increasing concentration of this 

- 5 60 

.- 
t 
z 40 
f 
w 

20 

0 I 2 3 4 

Fluoride ton concenfrotio~, M 

1 
FIG L-Extraction of niobium (A), tantalum (0) and protactinium (0) as a function 
of fluoride-ion concentration. For conditions see footnotes to Tables I and II. The 
inset shows curves 1,2 and 3 drawn to a larger scale at low fluoride-ion concentrations. 

Curve 1 is largely based on data from ref. 14. 

acid. The results show that the efficiency of the extraction of niobium, tantalum and 
protactinium is not impaired by fluoride concentrations up to 0*05M, 0*4&f and 
O-025&$ in that order and that above these concentrations the percentage extraction 
of both niobium and protactinium is considerably more sensitive to fIuoride ions 
than is tantalum. 

The effect of hydrochloric acid on the extraction of the same three elements is 
recorded in Fig. 2 at Auoride-ion concentrations permitting maximum efficiency of 
extraction. The extraction of protactinium is markedly dependent on acid concentra- 
tion, the maximum only being attained above 10~5M; tantalum showsastrongdepend- 
ence below 1M and niobium appears to be independent of it. At low acidities, partial 
hydrolysis of pro~ctinium species in addition to or rather than complex formation 
with fluoride may account for the low or negligible extraction into the chloroform 
phase; at high hydrochloric acid concentrations, chloride displacement of fluoride in 
some way as yet unknown is probably responsible for the improved extraction. In 
experiments performed even in 1M acid (in which 0*025&f fluoride is present), however, 
hydrolysis is either limited or slow because losses of protactinium from the liquid phases 
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were not observed. In the experiments just described the NBPHA concentration in 
the organic phase was kept high (1% solutions were used) ; Table I shows the effect of 
reagent concentration on the percentage extraction. For maximum extraction niobium 
requires a 0.2 %, tantalum a O-5 % and protactinium a 1% reagent solution. Table II 
shows that with optimum fluoride ion, hydrochloric acid and reagent concentrations 
maximum extraction is obtained in 12 min for niobium, 9 min for tantalum, 
and 6 min for protactinium. Solutions containing from radiotracer quantities up 

Hydrochlovc actd concentration, M 

FIG. 2. Extraction of niobium (A), tantalum (0) and pro~ctini~ (!Z!) as a function 
of hydrochloric acid concentration. For conditions see footnotes to Tables I and IL. 

to at least 1 mg/ml of tantalum and 0.5 mg/ml of niobium are extracted efficiently 
under these conditions. It would seem, therefore, reasonable to expect that the same 
extraction efficiency and behaviour observed for tracer protactinium-233 would apply 
to solutions containing up to at least a few tenths of a mg of pro~ctipium-23l~ml. 

The results obtained on the back-extraction of tantalum and protacti~um into 
aqueous phases of varying compositions are recorded in Table III. The behaviour of 
niobium in back-extraction into hydrogen peroxide at pH 10 to 11 is the same as that 
of protactinium. Aqueous ammonia extracts niobium a little less efficiently than it 
does tantalum; maximum extraction of the former is attained at about 6M.‘4 Aqueous 
ammonia is, however, an unsuitable medium into which to extract pro~~inium be- 
cause hydrolysis results in losses of this element to the walls of the container and also 
because extraction even with 5-644 aqueous ammonia leaves some 15 % of the 
element in the chloroform phase. While aqua regiu has prcved to be an efficient back- 
extractant for niobium, it does not extract protactinium and only removes about 1% 
of the tantalum from the chloroform phase after equilibrating the phases for 15 
min. Chloroform solutions of NBPHA containing niobium and tantalum behave 
similarly when shaken up with aqueous hydrofluoric, oxalic or tartaric acid solutions; 
extraction does not occur at readily attainable concentrations of these substances which 
proved, however, efficient for the removal of protactinium (Table III). A summary 
of the optimum composition of the aqueous phases, time of equilibrations for back- 
extraction of niobium, tantalum and protactinium and the percentage of each trans- 
ferred in a single extraction is given in Table IV. 

The data of Figs. 1 and 2 suggest that a separation of protactinium and tantalum 
or of protactinium and niobium may be achieved by control of the fluoride ion and 
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TABLE L-EXTRACTION OF NIOBIUM, TANTALUM ANO PROTACTINIUM As A 

FUNCTION OF NBPHA CONCENTRATION 

No. 
NBPHA, 

% w/v. Niobium 

Extraction, % 

Tantalum Protactinium 

:: 

: 
5: 
6. 

z: 
9. 

10. 
11. 
12. 
13. 
14. 
15. 

0.01 
0.02 
0.025 
0.04 
0.05 
0.06 
0.075 
0.10 
0.15 
0.20 
0.40 

;:; 

1.0 
2.0 

9.0 
19-o 
304 
46.2 
62.6 
71.0 
88.3 
90.3 
95.6 

100.0 
lo.0 

- 
- 
- 
- 

37.1 
44.0 
49.7 
56.8 
62.1 
66.8 
71.8 
73.1 
79.0 
85.8 
95.3 
99.4 
99.4 
99.4 
99.4 

3.1 
- 
- 
- 
7.2 

IO.3 
12.4 
15.9 
21.3 
27.6 
53.9 
62.8 
86.3 
92.2 
92.2 

The composition of the aqueous hases were: 
F 

lMHC1, O.O5MF- for Nb; 2M WI. 0.4M F- 
for Ta; 105M HCI, 0*025M F- or Pa. 
Equal volumes of the two phases were equilibrated for 15 min. 
Extraction values refer to single extractions. All three elements were present at radiotracer 
concentration levels. 

TABLEIL-EXTRACTION OF NIOBIUM, TANTALUM AND PROTACTINIUM AS A 

FUNCTION OF TIME 

No. Time, 
min Niobium 

Extraction, % 

Tantalum Protactinium 

1. 
:5 ST3 

31.8 23.1 
2. - - 
3. 310 81.6 67.1 80.3 
4. 45 88.0 - - 
5. 5.0 
6. 6-O 93-O 

82.7 84.4 
83.4 92-5 

7. 9.0 96.0 99.45 92.5 
8. 12.0 loo*0 99.45 92.5 

NBPHA concentration in chloroform is 0.2 % for niobium, O-5 % for tantalum and 
1% for protactinium. The aqueous phases were maintained the same as those 
described in the footnote to Table I. 

hydrochloric acid concentrations. A solution made 0.4M in fluoride ion and 1M in 
hydrochloric acid should give a separation of protactinium and tantalum, while a 
separation of protactinium from niobium would be expected with a solution 0*05M 
in fluoride and IM in hydrochloric acid. It is also clear that at low hydrochloric acid 
(say O-01&4) and fluoride ion (0.05~), niobium may be separated by extraction from a 
mixture containing tantalum as has been reported previously.l* 

The results and observations just discussed provide the basis for the procedures for 
the separation of pairs or all three elements if present together. 

The efficiency of the separations were examined by obtaining the y-ray spectra of 
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TARLEIII.-BACK-EXTRACTION OF TANTALUM AND PROTA~INIUM FROM THE 

CHLOROFORM PHASE INTO VARIOUS AQUEOUS PHASES 

Tantalum 

Ammonia 
% Back-extracted 

H drogen peroxide* 
‘,, Back-extracted iy 

Protactinium 

Oxalic acid 
o/o Back-extracted 

Tartaric acid 
‘A Back-extracted 

Hydrogen peroxide* 
% Back-extracted 

Hydrofluoric acid 
o/0 Backextracted 

0.31 0.62 1.25 2.1 2.5 3.0 
28.7 59.1 85.5 96.2 99.7 99.7 

O-25 0.5 1.0 1.5 2.0 3.0 
8.1 47.8 83.3 92.0 100.0 loo:0 

0.1 0.3 0.5 0.8 
38.3 66.0 87.1 94.1 

0.1 0.5 1.0 1.5 
10.2 55.1 77.3 84.2 

0.5 1.0 . 4.0 
55.1 79.9 9z 93.9 

0.1 0.2 0.3 0.4 
17.8 43.1 68.7 83.4 

1.0 
loo*0 

1.5 
la@0 

2.0 2.5 
95.1 95.2 

6.0 
96.8 

O-6 
100-O 

7-o 
1000 

0.7 
100-O 

The concentrations of components of the aqueous phases are given in moles 1.-l. 
+ pH adjusted to 10 to 11 with dilute aqueous ammonia. Equal volumes of the two phases were 
equilibrated for 15 min, data refer to single extractions. 

TABLEIV.-OPTIMUM CONDITIONS FOR THE BACK-EXTRACTION OF NIOBIUM, 

TANTALUM AND PROTAmUM 

Optimum time, 
Element Aqueous phase min Extraction, 7; 

1 Niobium aqua regia 15 100-O 
2 Niobium 6M ammonia 12 100.0 
3 Niobium 7M hydrogen peroxide* 15 loo.0 
4 Tantalum 2.5M ammonia 8 99.7 
5 Tantalum 2.0M hydrogen peroxide* 12 99-8 
6 Protactinium 1 M oxalic acid 9 100.0 
7 Protactinium 2M tartaric acid 6 95.7 
8 Protactinium 7M hydrogen peroxide* 12 100.0 
9 Protactinium 0.6M hydrofluoric acid 9 loo.0 

* In all cases hydrogen peroxide was adjusted to pH 10 to 11 with dilute aqueous ammonia; 
other conditions as in Table III. 

pairs of the isotopes together and of the single isotopes niobium-95, tantalum-182 and 
protactinium-233, and comparing the spectra with those obtained from the fractions 
separated from mixtures by the methods outlined. Contamination was not observed 
in these experiments but the sensitivity is somewhat limited (about 1 ‘A contamination 
is detectable) and further separate experiments were performed by radioactive labelling 
of one of the elements in the mixture, performing the separation in the prescribed 
manner and measuring the radioactivity in what should be the inactive fraction. From 
such experiments separation factors were calculated and the results are recorded in 
Table V. 

Zirconium (and presumably also hafnium) does not extract at high hydrochloric 
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TABLE V.--SEPARATR3i FACX~RS+ FOR PMRS OF ELEMENTS 

Efemellt 

A separated from 3 System 
Method of Separation 
separation factor 

I. Ta separated from Pa 

2. Nb separated from Pa 

3. Nb separated from Ta 

23sPa, inactive 
Ta (I mg/ml) 

aa3Pa, inactive 
Nb (0.5 mg/ml) 

ft) zszTa, Inactive 
Nb (0.5 mg/mIj 

(21 lBz?& inactive 
Nb (0.5 mgjml> 

A 

B 

C, 2a 

c, 2b 

103 

103 

102 

10% 

* The ratio of the initial amount of 3 present in the mixture (A - S) to the final amount of 
impurity 3 present in the separated sample of A. 

acid concentration (10 to 11M) as was found using zirconium-95 and, therefore, sepa- 
ration from pro~~tinium presents no di~~ulti~s. Zirconium is separated from 
niobium and also from tantalum by masking it with fluoride and extracting the nio- 
bium and tantalum.14 Protactinium is readily separated from aluminium, titanium, 
manganese(II), iron(III), rare earths and thorium by extracting it from concentrated 
hy~oc~oric acid solutions because these elements have been shown previouslyl*-~ or 
during the course of this work only to react with NBPHA at (relatively) very low 
acidities. 

~~k~~~~~~~~~#-~~e assistance: provided by Mrs. E. B, M. Martin and Mr. C. G. IL Wihiams, 
both formerly of this laboratory% in obtaining the r-ray spectra and in their ~nterpre~t~on is gratefufly 
acknowledged. 

zUeanunenf&sung--Die Extraktion van Niob, Tantai und Protac- 
tinium aus fluo~~~ti~ salzsauren L&utrgeti in Chloroforml~sungen 
von N-~~oyi-N-pheny~ydroxyl~jn wurde untersucht. Aus solchen 
wU3rigen Systemen lassen sich je zwei oder alle drei der genannten 
Elemente wirkungsvoll und einigermagen quantitativ abtrennen. 
Werner kann Protactinium such leicht von Zirkonium (wahrscheinlich 
such van Hafnium), Aluminium, Titan, ~~~~(I~), Eisen (III), 
seltenen Erden und Thorium durch Extraktion aus konxentrierten 
safzsauren Lasungen getrennt werden. Die Riickextrakfion von Niob, 
Tamal und Protactinium in wa&ige Phasen verschiedener Zus- 
~rnen~tz~g und die dadurch ents~~den weiteren Trennmog- 
hchkeiten werden ebenhshs diskutiert. Die Ve~ei~ungsm~sun~u und 
Trennungen wurden mit Hiie gee&se&r rad~~kt~ver Isotope der 
betreffenden Elemente du~h~~h~. 

T&wm&-On a Ctudi6 l’extraction de niobium, tantale et protactinium, 
B pa&r des solutions en acide ch~orhy~iqua renfermant du Suorure, 
au moyen de solutions chlorofo~iques de N-ploys-N-ph~nyl- 
hydroxylamine. A 

F 
rtir de tels syst&mes aqueux, il est possible de 

s&parer ces trois 61 ments, soit ensemble, soit par paires, de facon 
efhcace et sensiblement quantitative. En outre, on peut ais&ment 
.&parer b protactinium de zirconium (et probablement aussi hafnium), 
aluminium, titane, manganese (II), fer {HI), terms rams et thorium, par 
extraction B part& de ses solutions en acide chlorhydrique concentre, 
On discute aussi de l’extraction en retour de niobium, tantale et 
pro~~ini~ dans des phases aqueuses de compositions diverses, et des 
separations supp~~en~i~ ainsi r&&es, X..es mesureS de partage 
entre les phases et fes s+arations, ont Qte &alis&s en emptoyant tes 
isotopes radioactifs appropries des &met& concern&. 
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DETERMINATION OF LEAD WITH 
4-(2-PYRIDYLAZO)-RESORCINOL-1 

SPECTROPHOTOMETRY AND SOLVENT EXTRACTION 
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Summary_4-(2-Pyridylazo)-resorcinol forms a 1: 1 complex, Ama, = 
520 rn& with lead(H) in an ammonia-ammonium chloride medium at 
pH 10. Maximum colour is developed immediately and is stable 
for at least 24 hr. The molar extinction coefficient at 520mu is 
40,000. Many metal ions interfere, but selectivity is achieved by 
extracting the iead into isobutyl methyl ketone, from an iodide 
solution, followed by back-extraction into an ammoniacal solution. 
Those other metals which would also extract as iodides are removed by 
a preliminary extraction of their thiocyanates into the same solvent 
or they are subsequently masked by cyanide. The combined extractive 
separation-determination is rapid, reproducible, highly selective and 
sensitive. 

THE most widely used spectrophotometric methods for the determination of trace 
amounts of lead are undoubtedly those based upon reaction with dithizone.‘-’ 
Although the formation of lead dithizonate provides one of the most sensitive methods 
for determining lead (csZOrnp = 65,000),* the method suffers many disadvantages 
arising from non-selectivity, photodecomposition of the dithizone and insolubility of 
the complex in aqueous media. 

In the present examination a search for a more reliable method led to a preliminary 
investigation of 2.5 metallochromes as spectrophotometric reagents for lead. Eight 
of the 25 reagents worthy of further examination, including Alizarin Complexan, 
Xylenol Orange, 4-(2-pyridylazo)-resorcinol and Bromopyrogallol Red, were investi- 
gated with respect to a number of masking agents, and absorption spectra were pIotted 
for each reagent and its lead complex. 
to be the most suitable reagent for lead. 

~(2-Pyridyl~o)-resorcinol (PAR) appeared 

The use of PAR as a possible analytical reagent for the photometric determination 
of lead has been described independently by Pollard and coworker@-“’ and by 
Kristiansen and Langmyhr, I2 but they disagree about the nature of the complex, and 
the method they described would not be directly applicable to solutions containing 
other metal ions in addition to lead. The present paper seeks to resolve the disagree- 
ment and extend the scope of the procedure by use of selective separations and 
masking agents. 

EXPERIMENTAL 
Reagents 

Hydrochloric acid. 5 % v/v aqueous solution 
Ammonium t~ioeya~~e. Saturated aqueous solution 
Potassium iodide. Saturated aqueous sohttion 
Potassium cyanide. 10% w/v in water 
10-8 M lead nitrate solution. Dissolve 0.3312 g of lead nitrate in water and dilute to 1 1. 
lOYe M PAR solution. Dissolve 0.273 g of PAR (monosodium salt, Hopkin and Williams Ltd., 

Chadwell Heath, Essex, England) in water and dilute to 100 ml. 

583 
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Bu& (pH 10). Ammonia-ammonium chloride buffer containing 26 g of ammonium chloride plus 
sufficient ammonia (cu. 85 ml) to give a pH of 10 in 1 1. of solution. 

iso-31~9 merfiyl ketone (GPR) 
Unless stated otherwise, analytical reagent grade chemicals and distilfed water were used throughout. 

Apparatus 

Spectrophotometer. Beckman D.B. spectrophotometer, with l-cm cuvettes. 
pH Meter. E.I.L. Vibron pH Meter (model 39A). 

Procedwe 

Into a series of 2%ml separatory funnels pipette O-l- to l*O-ml aliquots of iO-3 M lead nitrate 
solution and dilute each to 20 ml with 5 % hydrochloric acid. Add 1 ml of saturated ammonium 

08- 

Wovelength, mp 

FIG. I,-Absorption spectra of PAR and its lead complex at pH 10 (rn~ur~ against 
water in l-cm cuvettes):- 

PAR: 1 ml of 1O-3 M PAR + 15 ml buffer diluted to 50 ml. PAR-PI,: 1 ml of 1O-J M 
PAR + 1 ml of 1O-s M Pb*+ + 15 of buffer diluted to 50 ml. 

thiocyanate solution to each funne1 and extract with 20 ml of isobutyl methyl ketone by shaking for 
1 min. Run the lower (aqueous) solutions into a second series of 2%ml funnels and add 25 ml of 
saturated potassium iodide solution to each one. Extract the solutions with 20 ml of isobutyl methyl 
ketone by shaking the funnels for 1 min. Discard the lower (extracted) phases and wash the organic 
extracts with a combined solution of 10 ml of 5 ‘A hydrochloric acid and l-25 ml of saturated potas- 
sium iodide solution; discard the washings. 
1 ml of 10% potassium cyanide. 

To the organic extracts add 15 ml of buffer (pH 10) and 
Shake the funuels to back-extract the lead into the aqueous phase. 

Pipette 1 ml of lo-* MPAR solution into each funnel and shake the funnels for 30 sec. Run the 
lower phases, containing the PAR-lead complex, into 50-ml vohnnetric flasks. Wash each of the 
organic phases with 10 ml of water, add these washings to the volumetric flasks and dilute to volume. 
Measure the absorbance of the solutions at 520 rnp in l-cm cuvettes against a reagent blank taken 
through the procedure. 

A graph of the absorbance plotted against the amount of standard lead nitrate solution (from 
lo-200 ,ug of lead) is a straight line passing through the origin. The molar extinction coefficient of the 
PAR-lead complex following the extraction procedure and other operations corresponds to 30,000. 

RESULTS AND DISCUSSION 

Fig. 1 shows the absorption spectra of PAR and its lead compiex. It will be 
noted that the absorbance of the reagent alone, lmsx = 412 m,u, is very small at the 
wavelength of maximum absorption, 520 mp, of its lead complex. 
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FIG. 2.-Structural and stability data 

(a) Difference in absorbance between lead complex and PAR blank at various pH 
(1 ml of 1O-3 M Pb’+ + 1 ml of IO-* M PAR, l-cm cuvettes, 520 mp). 

(6) Corrected continuous variation curve for lead-PAR 
(pH 10, l-cm cuvettes, 520 mp). 

(c) Yoe and Jones plot for lead-PAR 
(1 ml of 1O-4 M Pb*+ + 15 ml of buffer + x ml of lo-’ M PAR diluted to 50 ml, 

measured against x ml of PAR + 15 ml of buffer diluted to 50 ml, 
pH 10, l-cm cuvettes, 520 mr). 

(CT) Harvey-Manning plot for lead-PAR: 
1.-l ml of 1O-8 M Pb*+ + x ml of lo-’ M PAR; 
2.-l ml of lo-’ M PAR + x ml of lo-* M Pb’+; 

(pH 10, l-cm cuvettes, 520 mp). 

Optimum conditions for colour development 

PH. Standard amounts of lead and PAR solutions were buffered at varying pH 
values. The final pH of each solution was measured with a pH meter and the absorb- 
ance measured at 520 mp. From a plot of absorbance against pH (Fig. 2a), maximum 
absorbance was obtained at pH 10. This is in agreement with the value given by 
Pollard, Hanson and Geary. 9 Subsequent determinations were, therefore, carried out 
at this pH. 

Reagent excess. The absorbances of a series of solutions containing standard 
amounts of lead and a 2 to lOO-fold molar excess of PAR buffered at pH 10 were 
measured and plotted against excess of PAR. Maximum absorbance was obtained 
at about an g-fold molar excess of PAR with respect to lead and it remained constant 
up to ca. a 50-fold excess. 

Development time. The maximum colour of the PAR-lead complex was found 
to develop immediately and to be stable for at least 24 hr thereafter. 
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Lambert-Beer law 

With the optimum conditions now established, a calibration cure was prepared. 
Beer’s Law was obeyed between 10 and 200 ,ug of lead, and gave a molar extinction 
coefficient of 40,000 at 520 m,u for the complex. 

Nature of complex 

A continuous variation plot measured at three different wavelengths (500,520 and 
540 mp), exhibits clear indication of a 1: 1, PAR to lead, complex (~5 Fig. 2b). 

Figs. 2c and 2d show, respectively, a Yoe and Jones13 mole ratio plot and a 
Harving-Manning14 slope-ratio plot; both indicate a 1: 1, PAR to lead, complex. 
Potentiometric titrations also confirmed a 1: 1, PAR to lead, complex. This value of 
1: 1 differs from the 2: 1, PAR to lead, reported by Pollard and coworkers,lO but is in 
agreement with that found by Kristiansen and Langmyhr.12 The purity of the PAR 
sample was checked independently by potentiometric titration with sodium hydroxide 
and by organic elemental analysis. 

Eflect of foreign ions on coloour system 

Most of the 25 common metal ions examined showed interference, of which only 
7 could be successfully masked with cyanide, viz. Ag(l), Cd(H), Co(H), Cu(II), Hg(II), 
Ni(I1) and Zn(I1). A number of the interfering metal ions investigated gave high 
results, but a large number gave low results by coprecipitating lead on their hydroxides, 
thus giving low recoveries. Consequently, it is necessary to separate lead from most 
metal ions. 

Separation. The solvent extraction of lead iodide by isopropyl methyl ketone from 
dilute hydrochloric acid solution has been described by West and Carlton.16 Initial 
experiments were carried out under their recommended conditions. The isopropyl 
methyl ketone extract was evaporated to dryness and the residue redissolved in a 
minimum of mtric acid, buffered to pH 10 and the PAR complex developed. Poor 
recoveries and high blank values were thought to be caused by the presence of the 
isopropyl methyl ketone. 

Substitution of isobutyl methyl ketone gave more promising results. Optimum 
conditions for extraction of the lead iodide into this solvent were then determined. 
Extractions were carried out from varying acid concentrations; maximum extraction 
was obtained from 5 % hydrochloric acid. Lead iodide was then extracted from 5 % 
hydrochloric acid in the presence of varying amounts of iodide; maximum extraction 
was obtained from ca. 7 % potassium iodide medium (Fig. 3a). 

According to West and Carlton15 a number of metal ions are wholly or partially 
extracted with lead as their iodides, but all except cadmium and ruthenium may be 
removed from 5 0/O hydrochloric acid solution as their thiocyanates by a prior extrac- 
tion with isobutyl meth 
successful .se@%r%&on o r 

1 ketone. When this expedient was employed in this study, a 
Sad ~ti&i%e%iterfering ions was obtained, but low results 

were encountered. It was thought that excess thiocyanate remaining in the aqueous 
solution might affect the optimum iodide concentration, but experiments showed that 
it did not (Fig. 3b). It was, therefore, concluded that if a preliminary thiocyanate 
extraction for the removal of interferences was to be employed, a 20% loss of lead 
would have to betolerated at this stage. West and Carlton160bserve that lead is not 
affected by the thiocyanate extraction, but we have consistently and reproducibly 
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FIG. 3.-Extraction data 
(a) Extraction of 03 ml lo-* M Pb *+ from 20 ml 5 od HCl in the presence of x ml 

of saturated KI solution with isobutvl methyl ketone. 
(b) As (a) following an extraction in the presence of I Al of saturatedNH, CNS 

solution with isobutyl methyl ketone. 

observed the above loss. This we presume to be due to extraction of lead thiocyanate 
which is known to be insoluble in more concentrated media. 

The possibility of back-extraction into a pH 10 ammoniacal buffer solution was 
investigated and satisfactory results were obtained. Thus, the necessity for evaporation 
of the organic extract to dryness was eliminated. Potassium cyanide was added to the 
back-extracted solution to mask any cadmium which might pass through the procedure 
along with the lead. Standard PAR solution was finally added and the absorbance 
of the PAR-lead complex was measured at 520 mp. 

Acknowledgement-we are grateful to the British Welding Research Association for the provision of 
a research studentship for one of US (P. Y.). 

Zusammenfassung--&(2-Pyridylazo)-resorcin bildet mit Blei (II) in 
einem Ammoniak-Ammonchlorid-Medium bei pH 10 einen 1 :I- 
Komplex mit lmaX = 520 rnp. Die maximale Farbtiefe wird sofort 
erreicht und ist mindestens 24 Stunden bestlndig. Der molare Extink- 
tionskoeffizient bei 520 my ist 40,000. Viele Metallionen staren, aber 
das Verfahren 1U.X sich selektiv gestalten durch Extraktion von Blei 
aus jodidhaltiger L&ung in Isobutylmethylketon und Riickextraktion 
in ammoniakalische Liisung. Die anderen ebenfalls als Jodide extra- 
hierbaren Metalle werden durch vorheriges Extrahieren ihrer Rhoda- 
nide in dasselbe Lijsungsmittel entfemt oder anschlieL3end durch Cyanid 
maskiert. Die kombinierte extraktive Abtrennung und Bestimmung 
geht schnell und ist reproduzierbar, hochselektiv und empfindlich. 

R&umC-Le 4-(2-pyridylazo)-r&orcinol forme un complexe 1: 1, 
maximum B 520 rnp, avec le plomb (II) en milieu ammoniaque- 
chlorure d’ammonium, 31 pH 10. La coloration atteint immkdiatement 
son maximum, et est stable pendant 24 h au moins. Le coefficient 
d’extinction mol6culaire est de 40,000 a 520 mfl. De nombreux ions 
mttalliques internrent, mais on but obtenir’la dlectivitt par une 
extraction du plomb, a partir d’une solution d’iodure, au moyen 
d’isobutylm&hylc&one, suivie d’extraction en retour en solution 
ammoniacale. Ceux des autres mktaux qui seraient aussi extraits P 
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I’etat d’iodures sont elimines par une extraction tiliminaire de 
leurs sulfocyanures dans le m&me solvent, ou sont ult %* rreurement dis- 
simul&z au moyen de cyanure. La technique associee, separation-dos- 
age par extraction est rapide, reprodu~tible, hautement &ective et 
sensible. 
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APPLICATION TO STEEL, BRASS AND BRONZE 
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Summary-A simple and rapid method is described for the spectro- 
photometric determination of lead in steel, brass and bronze alloys 
down to 0.001%. After solution of the sample, lead is separated from 
the major component, in steel by iso-amyl acetate extraction of the 
iron, and in brass or bronze alloys by coprecipitation of the lead with 
calcium carbonate in ammoniacal solution. It is then determined by 
the procedure described in Part I of this series. 

NUMEROUS methods have been described for the spectrophotometric determination 
of lead in steel.l-s These methods are based on reaction with dithizone, the dis- 
advantages of which are mentioned in Part I of this series. 

The object of this study was to adapt the previously described spectrophoto- 
metric method for lead in pure solution with 4-(Z-pyridylazo)-resorcinol (IHR)’ 
to the determination of lead in steel, brass and bronze alloys. In the following pro- 
cedures the initial stages differ according to the type of sample under investigation, 
i.e., in the separation of lead from the bulk of the major component. 

In the analysis of steel samples the bulk of iron present is removed by extraction 
with iso-amyl acetate from a hydrochloric acid solution of the sample, whereas with 
brass and bronze samples lead is separated from copper by coprecipitation with 
calcium carbonate in ammoniacal solution. Interfering metals are removed subse- 
quently from a 5 % hydrochloric acid solution as their thiocyanates by L extraction 
with iso-butyl methyl ketone, and the lead is then extracted as dihydrogentetra-iodo- 
lead(I1) into iso-butyl methyl ketone. After washing this extract, the lead is back- 
extracted into an ammoniacal cyanide solfition, the lead-PAR complex formed and 
measured at 520 rnp in the aqueous phase against a reagent blank carried through 
the same procedure. The amount of lead present is determined from a calibration 
curve prepared by taking standard amounts of lead through the procedure. 

Reagents 
EXPERIMENTAL 

All the reagents are of AR grade except for the organic solvents which were of reagent (G.P.) 
grade, and distilled water is used throughout. 

Hydrochloric acid (sp.gr. 1.18) 
Nitric acid (sp.gr. 1.42) 
Ammonia solution (spgr. 0.88) 
iso-Amy1 acetate 
iso-Butyl methyl ketone 
Calcium chloride solution. 5 % w/v CaC& in water 
* Part I: see reference 7. 
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Sodium carboaa#e sobaion. 10% wjv NapCOa in water 
Ammo&m thkqwnate solution. Aqueous saturated solution 
Potassium iodide soktion. Aqueous saturated solution 
Pof~sium cyaaide sobaion. 10% w/v in water 
lo-* icp Lead nitrate solution. 
lo-* M PAR solution. 

Dissolve 0.3312 g of lead nitrate in water and dilute to 1 I. 

B@er solution (pH 10). 
Dissolve 0.273 g PAR (mono sodium salt) in water and dilute to 100 ml. 

Dissolve 26 g of ammonium chloride in about 900 ml of watet and add 
concentrated ammonia solution (about 85 ml) until pH 10 is obtained. 

Apparatus 
S~tro~o~o~~er. Beckman D.B. spectrophotometer, with l-cm cuvettes. 
pH meter, JUL. Vibron pH Meter (model 39A). 

Remoual of major component 
Procedure 

Deeierminat&a of lead in steel. Dissolve a suitable weight of sample [containing 10 to 200 rg of 
lead (Note I)] in 10 ml of concentrated hydrochloric acid in a lO&ml beaker, warming to assist 
solution. Oxidise the iron present to iron(III) by dropwise addition of concentrated nitric acid. 
After cooling, tram&r the sohation to a 2%ml separatory funnel with the aid of a further 15 ml of 
concentrated hydrochloric acid. 
shaking the funnel for 30 sec. 

Add 25 ml of iso-amyl acetate and extract the bulk of the iron(iI~ by 
Allow the phm to separate and run the lower (aqueous) phase into 

a second 2%ml separatory funnel. Repeat the extraction with a further 25 ml of iso-amyl acetate and 
discard the organic extract. Run the aqueous phase into a loO_ml beaker and evaporate the solution 
to dryness on a hot-plate (Note 2). 

Deierrn~~~a of lead in brass and bronze ulio~%. Dissolve a suitable weight of sample ~wn~ining 
10 to 20O~g of lead (Note lf] in a small quantity of concentrated nitric acid in a lOO-ml beaker, 
warming to assist solution. Add 10 ml of 5 % calcium chloride solution and make ammoniacal. Add 
10 ml of 10% sodium carbonate solution and stir well to obtain intimate mixing. Allow the solution 
to stand for 5 min, then filter through a small pulp pad (Note 3). Wash the precipitated carbonates 
with water and discard the f&ate and washings, Redissolve the carbonates in 25 ml of 20% v/v 
nitric acid and run the solution back into the original beaker. Make the solution ammoniacal (ca. 
10 ml of wncentrated ammonia solution), and add 1 ml of 10% potassium cyanide solution. Re- 
precipitate the calcium and lead carbonates by adding 10ml of 10% sodium carbonate solution. 
Allow the solution to stand for 5 min, filter on a small pulp pad and wash the residue thoroughly 
with water. Redissolve the residue in 25 ml of 20% nitric acid solution and run the solution back 
into the original beaker. Finally, evaporate the solution to dryness on a hot-plate. 

Extractive separation and determination 
After evaporation to d ess, 

T 
redissolve the residue (Note 4) in 10 ml of 5 % v/v hydrochloric 

acid and 1 ml of saturate ammonium thiocyanate solution. Transfer the solution to a 250-ml 
separatory funnel with the aid of a further 10 ml of 5 % hydrochloric acid. Extract the solution with 
20 ml of iso-butyl methyl ketone and run the aqueous phase into a second 25@ml separatory funnel. 
From a pipette add 2.5 ml of saturated potassium iodide solution and 20 ml of iso-butyl methyl 
ketone. Shake the funnel for 1 min to extract the lead. Discard the extracted aqueous phase and 
wash the organic phase with 10 ml of 5 % hyd~~loric acid plus 1.25 ml of saturated potassium 
iodide solution; discard the washings. To the organrc phase add 15 ml of buffer solution (pH 10) and 
1 ml of 10% potassium 

%an 
ide solution. Shake the funnel to back-exttact the lead into the aqueous 

phase. Pipette 1 ml of 1 -*M PAR solution into the funnel and shake for 30 set to obtain intimate 
mixing. After phase separation run the lower aqueous phase into a %-ml volumetric flask. Wash 
the remaining organic phase with 10 ml of water and add the washings to the volumetric flask. 
Dilute to the mark with water and measure the absorbance of the solution in a l-cm cuvette at 520 m,u 
against a “agent blank taken through the procedure. 

A calibration curve should he prepared from O-1 to 1%ml aliquots of a standard 10-aM lead 
nitrate solution taken through the procedure. 

Notes on procedure. 1. For steel samples containing greater than 0*04x of lead take 0.5 g of 
sample, dissolve according to the recommended procedure, dilute to 100 mt with concentrated 
hydrochloric acid and take a suitable aliquot for further analysis. 

2. Baking to a hard 
$” 

should be avoided because this may cause low recoveries. 
3. In the presence of arge amounts of geIaGnous precipitates the use of a centrifuge is much 

superior with respect to speed and ease of ~nipulation. 
4. Samples containing appreciable amounts of ti~nium or tungsten cannot be redissolved at this 

stage. Subsequent extractions are, therefore, made from a suspension of the residue in 5% hydro- 
chloric acid. 
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Sample 
no. 

Lead found, 
% 

Average 
certificate 

Range 
in 

Average, value, certificate, 
% % % 

BCS 326 0.013 0.014 O.OI3r 
BCS 327 0.012 0.011 0.011, 
BCS 328 0.015 0.016 0.015 0.016 

0.014 0.015 0.014 0.016 
0.015 0.016 0.016 0.015 

BCS 329 0.048 0.049 O-048, 
BCS 330 0.004 0.004 0.004 
BCS 271 0.004 0.004 0.004 
BCS 273. 0.004 oGl4 0.004 
BCS 275 0.005 0.006 0.007 0.006 
BCS 277. O-008 0.008 OGO8 0.008 

* Lead is a non-standard&d element in these steels. 

0.014 0~012-0~017 
o-010 0~009-0~012 

o-015 0~012-0~018 
0.05- O@l2-0.053 
0.003 0~002-@004 
00026 OGOl ,-OGO3 
0.003 - 

0.005 0+03-0~006 
O*OO65 - 

TABLE II.-BCS CERTIFICATED COPPER-BASE ALLOYS 

Sample 
no. 

Lead found, Average, 
% % 

Average 
certificate 

value, 
% 

Range 
in 

certificate, 
% 

BCS 179/l 0.208 0.216 0.188 0.206 0.19 0.17-0.22 
BCS 180/l O-009 O-009 0.009 O+lO9 0Go3-0~010 
BCS 183/l 3.50 3.52 3.51 3.51 340-3.63 
BCS 207/l 0.073 oG69 0.070 0.071 o-079 0.073-0.084 

TABLE III.-ANALYSIS OF SOME COMMERCIAL STEEL SAMPLES 

Sample Major Lead found, 
no. Type components, % % 

Average, Reported,8 
% % 

1 Stainless steel Ni Co MO Ti 0.007 oGO7 0.007 0.008 
18 8 5 0.5 

2 Stainless steel Cr Ni MO oG026 0.003 oGo3 o-002, 
18 10 2.5 

3 Stainless steel Ni Co MO Ti O-010 0.011 o*olol 0.012 
18 8 5 0.5 

4 Sponge iron - 0.002 O*OOl oxtO 5 0+x)1 
5 Tungsten steel W 0.004 0.003 0.003 5 oGO2 

3 
6 Tungsten steel W oxlO 0@04 0.004 0x)02, 

18 

B Samples supplied by B. Bagshawe. 

RESULTS AND DISCUSSION 

The results obtained by application of the proposed procedure to the analysis of 
a variety of certificated British Chemical Standard (BCS) standard steel and copper- 
base alloys are shown in Tables I and II, respectively, and the reproducibility of the 
method was verified by repetitive analyses of sample BCS 328 (Table I). The data 
in these tables show that the method, as operated by us, is capable of yielding results 
reproducible within fO*OOl ‘A. Furthermore, it will be seen from the data in columns 
two and five that in all cases, except for BCS 271 and BCS 207/l, the values found by 
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the PAR procedure are within the spread of results reported in the certificate. It is 
not possible to compare the results on BCS 273 and 277 because the lead in these 
steels was a non-standardised element and was determined by a polarographic 
procedure following an extensive separation process. 

Table III shows the results obtained by application of the method to a number of 
commercial stainless and tungsten steel samples. It will be noted that slightly higher 
results than the reported values were found for the tungsten steels. This was first of 
all thought to be due to the influence of the tungsten present. However, the results 
from the analysis of a synthetic mixture of iron, lead and tungsten showed no such 
influence. 

Acknowledgement-We are grateful to Mr. B. Bagshawe of the Brown-Firth Research Laboratories, 
Sheffield, England, for providing the samples listed in Table III. We also record our grateful thanks 
to the British Welding Research Association for the provision of a research studentship to one of 
us (P. Y.). 

Zusammenfassung-Eine einfache und schnelle Methode zur spektral- 
photometrischen Bestimmung von Blei in Stahl, Messing- und Bronze- 
legierungen bei Konzentrationen bis herunter zu O,OOl% wird be- 
schrieben. Nach L&n der Probe wird Blei vom Hauptbestandteil 
getrennt: in Stahl durch Extraktion von Eisen mit Isoamylacetat, in 
Messing- oder Bronzelegierungen durch Triigerfiillung mit Calcium- 
carbonat in ammoniakalischer Liisung. Dann wird das Blei nach der 
in Teil I dieser Reihe angegebenen Vorschrift quantitativ bestimmt. 

R&sun&-On d&it une mtthode simple et rapide de dosage spectro- 
photometrique du plomb dans l’acier et les alliages de laiton et de 
bronze, jusqu’a une teneur de O,OOl%. Apres mise en solution de 
l’bhantillon, on separe le plomb du constituant principal, dans l’acier 
par extraction du fer a Pa&ate d’isoamyle, et dans les alliages de 
laiton ou de bronze, par coprecipitation avec du carbonate de calcium 
en solution ammoniacale. On le dose ensuite par la technique d&rite 
dans la partie I de cette s&ie. 
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IDENERHODANINE AS INDICATOR 
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(Received 11 January 1965. Accepted 4 March 1965) 

Summary-o-Hydroxymercuribenzoic acid (HMl3) and silver nitrate, 
in an eth~oI-water mixture ~n~ning perchloric or acetic acid, can be 
used as titrants with ~dimethy~mino~n~liden~h~an~ne as a visual 
indicator, for the determination of chloride, bromide, iodide, thiocya- 
nate, ferrocyanide, tetraphenylboron, thiourea, thiosemicarbazide, 
diphenylthiourea, thioacetamide, o-phenylenethiourea, ethylenethio- 
urea, o,o-diethyldithiophosphoric acid and mercaptans. The con- 
sumption of the reagents at the end-point corresponds to the 
formation of the products AgCNS, A@, KA&Fe(CIQ, (C,H&BAg, 
RSAg, (C*H~O)~~SAg, 2Ag+.3N~*~SNH*, 2Ag+,3N~*CSNHNH~, 

lN”\ 
2Ag+.3C,,H, 

1, / 
CS, Ag+.2CH&SNH*, Ag+.2C~H6NHCSNHC8H6, 

NH 
HMB-X (X = Cl-, Br-, I-, CNS-), HMB*(-NHCS-), 2HMB.RSH. 

~-DIMETHYL~INOBENZYLIDENERHODANINE has been suggested as a reagent for 
silver and mercuric ions>2 and as an indicator for the titration of cyanides and iodide* 
with silver nitrate solution. The author has used this indicator for titration of thiourea 
and its derivatives with mercurated aniline in the presence of perchloric acid.6 The 
use of mercurated aniline has two advantages, a very distinct change of colour at the 
end-point from yellow to purple and the possibility of titration in aqueous solutions. 
Titrations in the presence of ~dimethylamino~~ylidener~odanine, with o-hydroxy- 
mercuribenzoic acid (HMB), silver nitrate or mercuric acetate can be carried out only 
in organic solvents, such as ethanol and ethanol-water mixture, because in water the 
colour changes far too soon and the end-point is indeterminable. On the other hand, 
it is possible to titrate with the above reagents several compounds which cannot be 
satisfactorily titrated with mercurated aniline, e.g., ferrocyanide and tetmphenylboron 
with silver nitrate, or chloride and thiocyanate with HMB. The use of p-dimethyl- 
aminobenzylidenerhodanine as indicator for titrations with mercuric acetate solutions 
shows no advantages in comparison with diphenylcarbazone; moreover the titration 
of some sulphurcompounds, such as diphenylthiourea or thioacetamide, is not possible 
because of the formation of mercuric sulphide. 

HMB has already been suggested for the titrimetric dete~nation, in alkaline 
solution, of strIphide,* mercaptans’ and for desulphurating titration;6 and it has been 
reviewed.elxO The use of the titration with HMB in acid solution extends the field of 
application of this reagent. On this basis the analysis of some compounds in mixture 
is possible, using nothing but a solution of HMB for the titration. 
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EXPERIMENTAL 
Reagents 

Silver nitrate. 0@295N aqueous solution 
o-Hydroxymercuribenzoic acid (HMB). 0.0504N solution prepared as follows: Dissolve 16 g of o- 
hydroxymercuribenzoic acid anhydride (supplied by FOCh, Poland) in 10 ml of monoethanolamine 
and 10 ml of water and dilute to 1 1. with 70% v/v ethanol. 

Establish the normality of the above solutions on the basis of procedure described in this paper 
using standard potassium thiocyanate solution. 

Perchloric acid. 

Indicator. A saturated and filtered solution of p-dimethylaminobenzylidenerhodanine in 96 % 
v/v ethanol. 

Ethanol. 96 % v/v; ethanol containing benzene can be used as well. 
The standard solutions of substances for analysis were prepared from known weights of pure 

reagents supplied by “Apolda” (sodium tetraphenylboron) and “FOCh.” The o,o-diethyldithiophos- 
phoric acid, in the form of its nickel salt, was a gift from Prof. A. I. Busev (Moscow, USSR). The 
solutions of mercaptans were standardised with the same solution of HMB, by titration in ammoniacal 
solution in the presence of thiofluorescein.7 

Procedure 
Add to 2-lOm1 of aqueous or alcoholic solution, containing less than 1 mequiv of the test 

substance, 25 ml of ethanol, 0.5 ml of perchloric acid, O-5 ml ofp-dimethylaminobenzylidenerhodanine 
solution and titrate with HMB or silver nitrate solution until the colour changes from yellow to red 
or purple. For the titration of tetraphenylboron with silver nitrate add 1 ml of pure acetic acid instead 
perchloric acid. 

Notes. The change of the colour at the end-point depends on the reagent used and on the sub- 
stance titrated. If the product formed is insoluble the colour changes to purple, if soluble to red. The 
consumption of reagent for the colour change of the indicator amounts for silver nitrate to OGOl 
mequiv and for HMB to 0403 mequiv. This should be subtracted from the result of the titration. 

During argentometric titrations insoluble products are formed with the exception of thiourea, 
thiosemicarbazide and thioacetamide, whereas all complexes with HMB are soluble. An interesting 
phenomenon can be observed during the titration of /I-mercaptopropionic acid with silver nitrate. 
The titrated solution remains clear but becomes more and more viscous and if the concentration is 
ca. 1 mequiv/25 ml, at the end-point a gelatinous body is formed, which loses its stickiness slowly 
and separates into a white precipitate. 

Sulphate, phosphate, nitrate, chromate, fluoride, sulphite, selenite, formaldehyde, EDTA, hydro- 
gen peroxide, thallium(I), lead(H), iron(H), iron(II1) and copper do not interfere with the 
above titrations. Chloride and bromide interfere in argentometric titrations. 

The titration of tetraphenylboron with silver nitrate in the presence of perchloric acid leads to low 
results although the end-point is sharp. In the presence of acetic acid the results are satisfactory. 

The formation of silver sulphide from thioacetamide and silver nitrate occurs just after the colour 
change of the indicator; consequently the titration is possible. 

The results of the titrations are indicated in Tables I and II. 

DISCUSSION 

The determination of ferrocyanide, diethyldithiophosphate and tetraphenylboron 
with silver nitrate in the presence of p-dimethylaminobenzylidenerhodanine seems to 
have real practical significance, although other simple procedures have also been 
recommended for tetraphenylboron. l1 Potassium can be determined by dissolving 
a precipitate of potassium tetraphenylboron in dioxan and titrating according to the 
above procedure. The titration of compounds containing the -NHCS group with 
silver nitrate opens a new way for identification of these compounds. The argentomet- 
ric titration of mercaptans cannot be recommended for general use, although the end- 
point is sharp, because of the great positive errors, increased by the presence of the 
carboxyl group. The titration of mercaptans in acid solution with HMB has no advan- 
tages compared with the titration with HMB in alkaline solution using thiofluorescein 
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TABLE L-THE RESULTS OF TITRATION WITH SILVER NITRATE SOLIJTION 

Titrated substance 
Taken, 
mmole 

Consumption of Equivalents of 
0.0995N Ag+/mole 

AgNO,, ml of substance 

Potassium 
ferrocyanide 

Sodium 
tetraphenylboron 

Potassium thiocyanate 
Potassium iodide 
Thiourea 
Thiosemiczubazide 
Thioacetamide 
o-Phenylenethiourea 
Diphenylthiourea 
Nickel 

o,o-diethyldithiophosphate 
Methyl mercaptan 
Iso-amyl mercaptan 
a-Naphthylmethyl mercaptan 

GH,CHSHl 
p-Mercaptopropionic 

acid 
Thiophenol 

0.0880 260, 258, 2.59 
0.176 5.16, 5.18, 5.15 
0.262 2.55, 2.56, 2.54 
0.524 5.08, 5.08, 5.10 
0.395 3.97, 3.98, 3.96 
0.370 3.72, 3.70, 3.75 
0.326 2.20, 2.18, 2.20 
0.812 5.48, 544, 5.50 
0.456 2.28, 2.25, 2.28 
0.670 4.50,4*48, 4.48 
0.263 1.32, 1.32, 1.30 
0.274 2.80, 2.78, 2.77 
0.548 5.54, 5.55, 5.56 
0.464 4,88, 4.92, 4.93 
0.236 2:50, 2.47, 2.48 
0.278 2.88, 286, 2.89 

0.505 560, 5.64, 5.62 

0.312 3.21, 3.22, 3.22 

2.93 
2.92 
0,970 
0.968 
l-00 
1.00 
0668 
0.671 
0.497 
0666 
0.495 
l-00 

::g 
1.04 
1.03 

1.11 

1.02 

TABLE II.-THE RESULTS OF TITRATION WITH HMB SOLLWON 

Titrated substance 
Taken, Consumption of 
mmole 0*0504N HMB, ml 

Equivalent of 
HMB/mole 
of substance 

Chloride 0.200 3.98, 3.98, 3.96 
Chloride 0400 7.94, 7.92, 7.96 
Thiocyanate 0.198 3.93, 3.96, 3.92 
Thiocyanate 0.395 7.84, 7.86, 7.82 
Bromide 0.208 4.16,4.10,414 
Iodide O-185 3.66, 3.66, 3.64 
Thiourea 0.326 646, 6.44, 6.45 
Thiosemicarbazide 0406 8*02,797,7.94 
Ethylenethiourea 0.470 9.30, 9.24, 9.30 
Diphenylthiourea 0.263 5.20, 5.19, 5.20 
Thioacetamide 0.456 9.12, 9.29, 9.18 
Methyl mercaptan 0.232 9.29, 9.26, 9.25 
Iso-amyl mercaptan 0.188 7.60, 7.59, 7.56 
a-Naphthylmethyl mercaptan 0.222 8.90, 8.87, 8.91 
,!I-Mercaptopropionic acid 0.253 10.2, 10.1, 10.1 
Thiophenol 0.125 3.00, 3.10, 2.94 

1.00 
1.00 
1.00 
l-00 

;:5 
0998 
0.988 
0.993 
0,995 
1.02 
2.02 
2.02 
2.02 
2.02 
1.22 

indicator, but has proved valuable for determination of mercaptans in the presence of 
compounds which are easily decomposed in alkaline solutions, e.g., S-alkylthiuron- 
ium salts. By titrating with HMB in acid and alkaline solutions and using the de- 
sulphurating titration with the same reagent, three components can be determined in 
the presence of each other, e.g., mercaptan, thiocyanate and thiourea. 
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The reactions taking place during the titration with HMB can be represented as 
follows 

Hg+ 

0) ca: +x-- 
\ 

COOH 

Hg+ 

(2) C,Hj 

‘COOH 

Hgt 
/ 

we 
Gd (X = Cl-, Br-, I-, CNS-) 

‘COOH 

~gSC~R~) = NR, 
/ 

+ R,NHCSRa -+ C&I, + H* 
‘\\ 

COOH 

R 

Hg- S.._H; 
/ \ 

(3) 2C,H, + RSH -+ C,H, C&H, + Hf. 
\ ‘\ 

COOH COOH HO06 

It should be noted that one half of the HMB content in the last complex can be 
back-ti~at~ in alkaline solutions using thiofluo~~ein as an indicator. It may be 
assumed that the sulphur in the HMB-me~ptide is capable, in acid solution, of taking 
up an additional molecule of HMB, the complex being represented by the resonance 
structures, 

R R 
I 

-Hg+...S-Hg- 4 f -Hg-S...fHg-, 

In alkaline solution HMB can be represented by the formula 

HgOH 
/ 

\ 
coo- 

and a second reagent molecule cannot be taken up. The structure of some complexes 
with silver can be explained similarly, e.g., 

CHS CH3 CH, C&3 
\ / \ 

CS--Ag...SC CS.. . Ag4C’ 

H,N<._ _..I__. i : _..____ . ..>NH. H,N< _________ i !... ._..__ :>NH, 

The same tendency can be observed during the titration of aliphatic mercaptans with 
mercuric acetate in acid solution. The results obtained in the presence oft-dimethyl- 
amino~~lidenerhodanine correspond to 1 *l-l -2 and in the presence of ~~henyl- 
earbazone as indicator to l+-2-O equivalents of bivalent mercury per mole of the 
mercaptan. For aromatic mercaptans, however, the end-point always corresponds to 
the formation of the simple complex Hg(SR),; this is in agreement with the work of 
Gregg, Bouffard and Borton.12 
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Zusammenfassunlg-Ortho-hydroxymercuriben (HMB) und 
Silbemitrat in einem Ethanol-Wasser-Gem&h, das f_)berchlorsiiure 
oder Essigs&ure enthat, k&men aIs Tit~tionsmittel zur ~stimmung 
folgender Substanzen verwendet werden: Chlorid, Bromid, Jodid, 
Rhodanid, Hexacyanoferrat(fI), Tetraphenylborat, Thiohamstoff, 
Thiosemicarbazid, Diphenylthioharnstoff, Thioacetamid o-Phenyl- 
enthiohamstoff, Ethylenthioharnstoff, O,O-Di&thyldithiophosphorslure 
und Mercaptane. Dabei wird p_Dimethylaminobenzylidenrhodanin 
als visueller Indikator verwendet. Der Verbrauch der Reagentien 
am Endpunkt entspricht der Bildung der Produkte: AgCNS, 
Agf, QQ&(cN),, KJGhBAg, RSAg, (C*H~O)*~SAg, 
ZAg+.3NH&SNH,, ZA~.3NH~CSNHNH~, 

/““\ 
2Ag+.3CBH, CS, Ag+.2CH&SNHI, Ag’*2CIHSNHCSNHC,,H,, 

‘NH’ 
HMB*X (X = Cl-Br-, I-, CNS-), HMB(-NHCS-), 2HMBeRSH. 

R&smn6-Pour les dosages de : chlorure, bromure, iodure, sulfocyanure, 
ferrocyanure, t&raph&nylborate, thiour&, thiosemicarbazide, diph&y- 
lthiour&, thioac&mide, o-ph6nylenethiour&, &hylenethiour$e, 
acide O,O-di&hyldithiophosphorique et mercaptans, on peut 
utiliser, comme solutions de titrage, l’acide o-hydroxymercuri- 
benzoique (HMB) et le nitrate d’argent dans un melange &hanol-eau 
contenant de Sacide perchlorique ou de I’acide ac&ique avec, pour 
indicateur visuel, la pdime~yiaminobenzyiidenerhodanine. La 
consommation des reattifs au point de virage correspond B la formation 
des produits: AgCNS, AgI, KA,Fee(CN),, (CIH6),BAg, RSAg, 
(C*H,O);PSSA&, 2Ag+.3NH&SNH,, 2Ag+.3NH&SNHNHa, 

/\ 
2Ag+*3C,H, CS, Ag+*2CHJCSNHB, Ag+.2C,H,NHCSNHC,H,, 

‘NH’ 
HMB.X (X = Cl-,Br-, I-, CNS-), HMB$-NHCS-), 2HMBsRsSH. 
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TRON(IT) OXIDE CONTENT OF SILICATES 

USING POTASSIUM TODATE 

J. C. VAN LOON 
Department of Geology, University of Toronto, Toronto 5, Canada 
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Summary-A method for determination of the iron oxide content 
of silicates soluble in hydrofluoric and sulphuric acids is described. 
The procedure allows the addition of potassium iodate initially during 
the decomposition, thus minimising error from oxidation of the iron 
by air. The decomposition of the rock by hydrofluoric and sulphuric 
acids takes 15 to 20 min at boiling temperatures and can be carried 
out in a Pyrex flask. Results are given for the analysis of standard 
rocks Gl and Wl. 

AVAILABLE methods for determination of the iron(I1) oxide are a very tedious and 
unsatisfactory part of schemes for the analysis of silicate rocks and minerals. In 
principle two types of titrimetric method are used for this determination. 1. The 
sample is decomposed by acids in a platinum crucible and the mixture is transferred 
to a beaker; iron(I1) is then titrated with a standard oxidant.1-3 2. A measured 
excess of the standard oxidant is initially added to the decomposition mixture, in which 
case the iron(I1) consumes instantly an equivalent amount of oxidant as it goes into 
solution; the excess of unreacted oxidant is then determined.“’ 

In the first or conventional type of procedure great care is required to prevent air 
oxidation during the initial decomposition and during the subsequent titration. In 
the second type, the decomposition period must be carried out at room temperatures 
to minimise reaction of the oxidant and the acid reagents, thus requiring several hours 
for complete decomposition. 

Oxidants suitable for the second type of procedure include potassium dichromate,5 
ammonium metavanadate4 and iodine monochloride.’ These procedures all have the 
advantage over conventional methods of minimising the error from atmospheric 
oxidation of the iron( 

It would be desirable to have a procedure which minimises error from air oxida- 
tion of the iron(I1) and which would also allow the decomposition of the silicate to 
be carried out in a relatively short period of time at boiling temperatures, The pro- 
posed method fulfils these conditions for silicate samples soluble in hydrofluoric and 
sulphuric acids. 

Principle of proposed procedure 

Potassium iodate is used as an oxidant for iron in the absence of chlorides. A 
known excess of this reagent is added, together with hydrofluoric and sulphuric acids, 
to a silicate rock powder. The iron( which is released during the subsequent de- 
composition at boiling temperature, reacts with iodate to produce iodine by the 
following reaction 

10Fe+2 + 210, + 12H+ -+ 10Fe+3 + 1, + 6HsO. 

599 
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The iodine is volatilised from the boiling solution and the iodate remaining IS 
treated in the cooled solution with excess iodide. Standard sodium thiosulphate is 
used to titrate the liberated iodine. The amount of thiosulphate and hence iodate 
equivalent to the iron(I1) in the sample can then be calculated. 

Reagents 
EXPERIMENTAL 

The chemicals for standard solutions were Raker analysed reagents. 
Sranu’ard iron(H) solution. 24 g of ammonium iron(H) sulphate were dissolved in 20 ml of water 

containing 10 ml of concentrated sulphuric acid. The solution was filtered through a No. 42 Whatman 
paper and diluted to 1 1. The concentration of iron was found to be 3.32 mg/ml by both permanganate 
and ceric sulphate titrations. 

Soluble srarch indicator solution. A fresh 1% starch solution was prepared each day by mixing 
1 g of soluble starch into a slurry with cold water and then dissolving it in 100 ml of boiling water. 

Standard 01N potassium iodate and 0.1 N sodium thiosulphate solutions. These solutions were 
prepared as indicated in Kolthoff and Sandell.” 

Proposed procedure for determination of iron(I1) oxide in silicate rocks 
Weigh 05 g of rock sample, crushed to 60 mesh, into a 2%ml Erlenmeyer flask together with 25 

ml of standard potassium iodate solution. 
powder over the bottom of the flask. 

Swirl the mixture. to obtain a thin uniform layer of rock 

acid. 
Add 15 ml of 49 % hydrofluoric acid and 15 ml of 1: 1 sulphuric 

Heat the mixture to boiling for a period of 12 to 15 min. If any black particles remain, add 10 ml 
of additional hydrofluoric acid and heat the solution for a further 5 to 10 min. At the end of the 
decomposition period boil the solution vigorously for 15 set to ensure complete expulsion of iodine. 
Cool the resultant mixture in a bath of cold water and add 20 ml of concentrated aqueous ammonia to 
consume most of the excess acid, and 50 ml of water. Dissolve 2 g of potassium iodide in the 
solution and titrate the iodine released with sodium thiosulphate solution. 

RESULTS AND DISCUSSION 

Determination of iron(I1) in a standard solution by proposed procedure 

The following tests were carried out to ascertain whether iron(I1) reacts with 
iodate under the conditions of this experiment to release an equivalent amount of 
iodine as proposed in the equation above. The procedure for iron(I1) determination 
in silicates was followed except that various aliquots of standard iron(I1) solution 
were added in place of the rock powder to separate 2%ml flasks. The results are 
given in Table I. 

TABLEI.-IRON CONTENT OF SOLUTIONS 

Iron( mg Error, 
Added Recovered “g 

- 
33.2 33.4 +0*2 
33.2 33.2 - 
33.2 33.1 -0.1 
33.2 33.1 -0.1 
33.2 33.0 -0.2 
33.2 33-1 -0.1 
33.2 33.1 -0.1 
16.6 16.5 -0.1 
16.6 163 -0.3 
16.6 16.5 -0.1 
16.6 16.4 -0.2 
16.6 164 -0.2 
16.6 16.6 - 

Because iron was determined quantitatively by the procedure, it can be assumed that 
under these conditions the reaction between iron(I1) and iodate occurs as indicated in 
the above equation. 
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Complete volatilisation of iodine from boiIing solutions 

It is essential that the iodine produced in the reaction between iron(H) and iodate is 
completely expelled from the solution before the addition of excess potassium iodide. 
Several silicate rock samples were treated according to the proposed procedure. 
After the 1%set boiling period 2 or 3 drops of starch indicator were added to each 
solution to test for iodine. No blue colour was noticed in any sample and hence the 
volatilisation of iodine was assumed to be complete. 

Reaction of potassium iodate with constituents in Pyrex glass 

The consumption of iodate by any constituents dissolved from the Pyrex glass Erlen- 
meyer flask during the hydrofluoric acid treatment would result in an error. The 
following experiments were carried out to test for this error. 

The proposed procedure was followed except that no material containing iron was 
introduced into the Erlenmeyer flask. The results are given in Table II, No. 4-7. 

TABLE IL-REACTION WITH CONSTITUENTS IN PYREX GLASS 

No. Description 

Amount of thiosulphate 
consumed, 

ml 

Deviation from the 
average value of 

21.84 ml, 
ml 

I No HF or H,SO, treatment 21.86 +0.02 

2 No HF or H&SO, treatment 21.84 

3 No HF or H,SO, treatment 21.83 -0.01 

4 HF and H&SO, used 21.83 -0.01 

5 HF and H,SO, used 21.83 -0.01 

6 HF and H,SO, used 21.82 -0.02 

7 HF and H,SO, used 21.86 $0.02 

These are compared with results No. l-3 obtained from samples in which excess 
potassium iodide was added directly to an acidified 25ml aliquot of potassium iodate 
without treatment with hydrofluoric and sulphuric acids. 

Since there is no significant difference in the amount of thiosulphate consumed in 

TABLE III.-DETERMINATION OF IRON@) OXIDE IN SILICATE ROCKS 

Sample 

WI 
WI 
WI 
WI 

Amount of 
Fe0 found, 

% 

9.24 

1 

9.24 Ave. 
9.25 9.24 
9.24 

Amount of 
Fe0 found Amount of Fe0 

Deviation by conventional found by Reichen 
from mean, methods, and Fahey,s 

% % % 

- 
- 

+0.01 8.85 9.30 
- 

GI +o~ol 
GI -0.02 0.95 1.11 
GI - 
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each case it was assumed that no interference was occurring from constituents in the 
glass. However, as a precaution “blank” values obtained in the presence of hydro- 
fluoric and sulphuric acids were used in all calculations. 

Reaction of hydrofluoric or sulphuric acids with iodate 

Fredenhagen8 indicated that iodate dissolved without reaction in anhydrous 
hydrofluoric acid at 0”, whereas it slowly decomposed at boiling temperatures. Under 
the conditions of these experiments no adverse reaction of the 49 % hydrofluoric acid 
and 1: 1 sulphuric acid with iodate were recorded as indicated by the results in Table II. 

Testing ofprocedure for determination of iron(I1) oxide in silate rocks 

Samples of U.S. Geological Survey Standards GI and WI were analysed by the 
proposed procedure. The results are given in Table III. 

RESULTS 

The results for samples GI and WI obtained by the proposed procedure, although 
precise, are considerably higher than those recorded using conventional procedures. 
On the other hand, the results for WI compare favourably with those obtained by 
Reichen and Fahey. 5 Higher and probably more accurate results are to be expected 
by a procedure of this nature which eliminates error from air oxidation of the iron(I1) 
before reaction with the standard oxidant. 

As was the case with previous procedures, sulphides and vanadium(II1) interfere; 
however, the proposed procedure has the following advantages:- 

1. The decomposition can be performed in a vessel open to the air, thus eliminat- 
ing the need for using inert atmospheres. 

2. Platinum crucibles are replaced by Pyrex glass containers, which facilitates 
visual observation of the completion of the decomposition. 

3. The dissolution of the rock powder can be carried out in the presence of the 
oxidant at boiling temperatures. 

Zusammenfassuttg-Eine Methode zur Bestimmung des Eisen (II)- 
oxydgehaltes von in FlutXure und Schwefelslure l&lichen Silikaten 
wird beschrieben. Dieses Verfahren erlaubt die Zugabe von Kalium- 
jodat wlhrend der Zersetzung; so wird der Fehler durch atmos- 
phiirische Oxydation des Eisens sehr klein gehalten. Der AufschluB 
des Gesteins mit FluBslure-Schwefelsaure dauert bei Siedetemperatur 
15-20 Minuten und kann in einen Pyrexkolben ausgefiihrt werden. 
Ergebnisse der Analyse der Standardgesteine Gl und W1 werden 
angegeben. 

R&n&-On dtcrit une mtthode de determination de la teneur en 
oxyde de fer (11) des silicates solubles dans les acides fluorhydrique et 
sulfurique. La technique permet l’addition d’iodate de potassium au 
tours m@me de la decomposrtion, diminuant ainsi l’erreur provenant 
de l’oxydation atmospherique du fer. La decomposition de la roche 
Dar les acides fluorhvdrioue et sulfurique necessite 15-20 min aux 
temperatures d’ebulliiion,’ et peut etre menee dans un recipient en 
Pyrex. On donne les resultats d’analyse des roches etalons Gl et WI. 

A&;now/edgement-This work was generously supported by grants from the National Research 
Council to Professors J. Gittins and E. W. Nuffield. 
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Summary-Methods for the separation of polynuclear ring-carbonyl 
compounds by alumina column chromatog~phy and alumina and 
cellulose thin-layer chromatog~phy are described. A method for the 
thin-layer chromato~aphic separation of acridones and phenanthri- 
dones from other types of polynuclear compound is also described. 
Compounds on a thin-layer chromatogram are located by fluorescence 
methods employing triffuoracetic acid fumes and tetra-ethylam- 
monium hydroxide solution. Fluorescence spectra of these com~nnds 
on the thin-layer chromatogram and in solution are also reported. 

A PREVIOUS paper reported the determination of polynuclear aza heterocyclic com- 
pounds, polynuclear aromatic hydrocarbons and long-chain n-afkanes in the urban 
atm0sphere.l The aromatic hydrocarbons are found in the aromatic fraction, the 
aza heterocyclic compounds in the basic fraction and the n-alkanes in the aliphatic 
fraction of organic airborne particulates. 

Carbonyi compounds would be more di~cu~t to separate as a group. This is 
because they are a major component of the various fractions of organic airborne 
particulates, as shown by the infrared spectra of the benzene-soluble fraction and 
its aromatic, neutral oxygenated, acid, water-soiubIe and basic subfractions.2 Jt 
should be possible, however, to separate and analyse smaller classes of carbonyl 
compounds. Because there is a very large variety of carbonyl compounds, it was 
decided to concentrate our efforts on a study of the aromatic carbonyl compounds 
and especially the polynuclear ring-carbonyl type. 

Reagents and apparatus 
EXPERIMENTAL 

Carbonyl compounds. The various carbonyl compounds were obtained from commercial sources 
or synthesised by pubIished procedures. All solid compounds were purified to a constant melting 
point by ~~stalli~tion. 

~~ectro~huto~~oro~etry. An Amino-cowman s~trophotofluorometer with Ovl-ml and l-ml 
cells was used with the following settings: sensitivity 50, slit arrangement No. 2, and phototube 
RCA type lP21. The fluorescence spectra of spots on thin-layer chromatograms were obtained by 
use of an Aminco solid-sample accessory.3 

An alternative method for preparation of a thin-layer chromatogram for s~trophotofluoro- 
metricexamiMtion is the following. Spray the developed ~hromatogram lightly with a chromatogram- 
preserving medium (Gallard-Schlesinger Chemicai Mfg. Corp., Carle Place, N.Y., U.S.A.). When the 
chromatogram surface feels dry to the touch, cut with a razor blade 0.4-inch wide stripes containing 
the origin and the sub-spots and peel off the strips. If a strip adheres to the surface, steam the plate 
for a few minutes so that the strip can be removed easily. Examine each spot on the strip by the slit 
procedure.* Before fluorometric examination, the spot can he immersed in concentrated sulphuric 
acrd or strong alkali. 

4 605 
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Spectrophotometer. A Cary Model 11 spectrophotometer was used in the absorption spectral 
studies. 

Column chromatography 

Merck acid-washed alumina was washed with ether, dried and heated in an oven at 130” for 4 hr. 
The treated alumina contained approximately 12% of water (as determined by weighing a sample, 
heating to a standard red-heat for 10 mins cooling in a desiccator and reweighing). 
was then added to give a final concentration of 13.0%. 

Enough water 
(Less water was added for greater resolution; 

more water for faster separation.) The alumina was shaken and allowed to stand overnight in a 
stoppered container before use. 

The sample to be analysed was dissolved in a small volume of chloroform and adsorbed onto 
1 g of alumina, then the chloroform was evaporated. This alumina was then added to a column 
(05-inch diameter, 15 inches long), which contained a well-packed lower layer of 9 g of the previously 
prepared alumina and an upper layer of 0.5 g of silica gel, neither containing eluting solvent. The 
column was eluted with successive lOO-ml volumes of pentane solutions containing the following 
percentages of ether: 8, 16, 24, 32, 40, 48, 56 and 64. Elution required about 3 hr. Fractions 
of about 15 ml were collected. After evaporation the contents of each tube were dissolved m 3 ml of 
pentane and the absorption spectrum from 250 to 450 rnp was obtained. 

Thin-layer chromatography 

Both the cellulose and the aluminum oxide-G plates were prepared by the directions obtained with 
theadsorbents (Brinkmann Instruments, Inc., Great Neck, N.Y., U.S.A). The Rf values obtainedwith 
the cellulose plates were much more reliable and reproducible than those obtained with the alumina 
plate, which could adsorb enough water on the alumina to affect the R, values drastically. The 
laboratory humidity, the type of alumina, the amount of water in the tank and the time of exposure 
of the plate to the air all contribute to the unreliability of the R, value. It must be emphasised that in 
spite of the irreproducibility of the R, on alumina, this system is very valuable in identification of 
carbonyl compounds and in the separation of mixtures as long as standards are run alongside the 
mixture. 

DISCUSSION 

Column chromatography of ring-carbonyl compounds 

The separation of seven ring-carbonyl compounds is shown in Fig. 1. Each 

compound was present in 1-mg amount. The separation is fairly sharp except for 

t 

PERCENT ETHER IN PENTANE 
600 

6 I 16 I 24 1 32 1 40 1 48 1 56 

COLUMN CHROMATOGRAPHlC TUBE NUMBER 

FIG. l.-Alumina column-chromatographic separation of some polynuclear 
ring-carbonyl compounds. 
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phenalen-l-one and 7H-dibenzo(c, h)xanthen-7-one. This pair and the xanthen-g-one 
and thioxanthen-9-one pair are the only compounds not completely separated. The 
individual members of each pair can be characterised and estimated through ab- 
sorption spectrophotometry. Although these compounds ordinarily would be eluted 
with the aza heterocyclic compounds, the aza compounds can be extracted quanti- 
tatively from the carbonyl and other less basic compounds with 20 % aqueous sulphuric 
acid before the separation. 

ISI----- 

TLC-A&Or 
SOLVENT FRONT 

FERCENT ETHER IN TOLUENE 

FIG. 2.--The effect of an increasing percentage of ether in toluene on the alumina 
thin-layer-chromatographic separation of ring-carbonyl compounds. 

Thin-layer chromatogvaph) 

Individual ring-carbonyl compounds can be readily separated on alumina with 
toluene or toluene-ether solutions (Fig. 2) or with pentane-ether (19: 1) (Fig. 3). 
Thin-layer chromatography on cellulose with dimethylformamide-water (35:65, v/v) 
separates the compounds in a radically different sequence (Fig. 4). 

Freshly made alumina plates that had been activated at 110” for 60 min were 
Fpotted vvclthin 10 min after activation and immediately run; separations are shown 
in Fig. 2. The best separation was obtained with toluene-ether (19: 1). Compounds 
3 and 4 showed superior separation with toluene; compounds 4 and 5, with the 5 
and 10% ether solutions: and compounds 6, 7 and 8, with the higher ether 
concentration. 

The separation of various types of polynuclear compound on an alumina plate 
is shown in Fig. 3. This plate had been previously exposed to wet air long enough 
that benzo(a)pyrene gave an Rf value of 0.85 with pentane-ether (19:l). Plates of 
this same activity had been used previously to separate the polynuclear aromatic 
hydrocarbons4 and the azn heterocyclic compounds .5 Of the polynuclear aromatic 
hydrocarbons found routinely in the air only coronene wouId be found among the 
ring-carbonyl compounds. Aza heterocyclic compounds and aromatic amines can 
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1s 
A SOLVENT FRDN, 

------I’” 

F1G. 3.-A comparison of the alumina thin-layer chromatographic separation of 
various families of polynuclear compound with pentane-ether as developing solvent 

la11 separations with benzo(a)pyrene (R, = 0.85) as internal standard]. 

IS 
SOLVENT FRONT 

TLC-CELLULOSE 
35% AQ. DMF 

f3fQ l 
IO 

i 

INDI,2$-tjwO 

P BlmnPHD 
!! 

8 

t 
E 

5 A8 
P8 Bc ACff 

OBajACR t 

8aP l DBahACR@ 

BghlPERI) 
7-@DBchACR 

Fro. 4.-A comparison of the ceflulose thin-layer chromatographic separation of various 
families of ~lynucl~r compound with ~~~~e~~~us dimethylfo~amide as developing 

be readily extracted from a mixture with 20% aqueous sulphuric acid so that their 
interference could be prevented. The most serious interference could be the carbazofe 
compounds, but this class of compound is readily differentiated from the carbonyl 
derivatives by fluorescence colour reactions on the plate with tetra-ethyl- 
ammonium hydroxide and trifluoracetic acid fumes. 

Even better separation of the ring-carbonyl compounds is shown in Fig. 4. As in 
Fig. 3, the main interference is from the carbazole compounds. 



Chromatographic separation of polynuclear ring-carbonyl compounds 

The acridone or phenanthridone type of ring-carbonyl compound can’beseparated 
readily from the other ring-carbonyl compounds and from the polynuclear aromatic 
hydrocarbons and aza heterocyclic compounds (Table I). This separation method 
should also be of value for the larger acridones and phenanthridones, Which could 
be expected to have much lower Rr values than their tricyclic homologues. 

The separations of a large number of polynuclear ring-carbonyl compounds:and 
aralkyl ketones are compared in Table II, which lists values for three systemsthatare 
useful for the separation of the polynuclear ring-carbonyl compounds and..adU@ 
ketones. 

TABLE I.--SEPARATION OF ACRIDONE AND PHENANTHRIDONE FROM OTHER COMPOUNDS 

Polynuclear compounds Rr 
- ____-__ __-_ 

Ring-carbonyl compounds [Ruoren-9-one to 7H-dibenzo(c, h)xanthen-7-one] 0.87-l .o 
Aromatic hydrocarbons (anthracene to coronene) 0.96-l .o 
Aza heterocyclic compounds [benzo(h)quinoline to dibenz(a, h)acridine] 0.93-1-o 
6(5H)-Phenanthridinone N 060 
9-Acridanone N 052 

Al,O,-toluene:methanol (19: 1, v/v) 

TABLE II.---SEPARATION AND FLUORESCENT LOCATION OF CARBONYL COMPOUNDS 

Compound (I ,U~Y of each) 

ALO, Cellulose* Fluor. colour” 

Pentane- DMF-H,O 
3.5:65 

TFA 
ether 19: 1 Toluene Neutral fumes 

IO,1 I-Dthydro-5H-dibenzota, d)- 
cycloheptene-S-one 

Fluoren-Pane 
2Benzoylpyrene 
9-Acetylphenanthrene 
6-Benzoylchrysene 
Thioxanthen-9-one 
I lH-Benzo(b)fluorene-1 l-one 
Anthrone 
3-Acetylpyrene 
9-Acetylanthracene 
Xanthen-9-one 
6HBenzo(c, d)pyrene&one 
5,12-Dihydronaphthacen-5-one 
Benzanthrone 
I - lndanone 
Coumarin 
Phenalen-1 -one 
IH-Dibenzo(c, h)xanthen-7-one 
7,8-Benzoflavone 
9-Acridanone 
6(5H)-Phenanthridinone 
11,12-Dihydroindeno(2,1-a)- 

fluorene-I 1,12-dione 

064 0.76 0.67 
060 0.72 0.11t 
0.50 0.79 0.08 
0.49 0.66 064 
0.48 0.76 040 
0.48 0.66 0.47 
0.44 064 0.34 
0.43 0.78 0.63 
0.43 064 0.37 
0.42 0,74 0.34 
0.38 0.53 0.63 
0.31 0.49 e19t 
0.30 064 0.24 
0.29 0.58 0.39 
0.29 0.55 0.93 
0.13 0.47 0.92 
0.11 0.24 O-81 
0.08 0.29 0.07 
0.00 0.10 0.34 
O+IO 0.08 0.83 
0.00 0.00 o-79 

0.00 0.00 0.00 

- 
d 
1Y 
- 
1Y 
B 
10 
- 
B 

- 
1YO 
Y 
GY 
- 

Y 
B 
B 
1B 

PB 

dR 

‘Y 
Jim 
- 

‘1R 
- 
Y 

& 
- 
1B 
B 
RO 
RO 
0 
BGc 
GYd 
EmG 

G” 
B 
1B 

- 
--- - 

* t = tails. 
b On the alumina plate: - = could not see spot, B = blue, d = dull, Em = emerald, G = 

green, Y = yellow, I = light, 0 = orange, p = pale, R = red. 
c H&O* needed to locate by fluorescence colour. 
d Drop of 29% methanolic tetra-ethylammonium hydroxide needed to locate by fluorescence 

colour. 
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Although the results on alumina are not reproducible from week to week, they 
are of definite value in separation. Both activated and non-activated plates should be 
used, because the superiority of either type of plate depends on the compound of inter- 
est and the type of mixture in which the compound is present. Except for the acridone 
type of molecule the relative order of the ring-carbonyl compounds separated with 
toluene-ether (9: 1) on alumina is unaffected by the activity of the alumina. Changes 
in the Rr values on aluminas of widely varying activities are drastic. With more 
water in the alumina the carbonyl compounds tend to give higher Rf values. The 
exception to this rule in the toluene-ether system is acridone. Preliminary results 
indicate that with more water in the alumina, acridone can give a lower Rr value. 
Other variables also could have an effect on the RI value relative to the other ring- 
carbonyl compounds. This phenomenon should prove useful in the separation and 
analysis of acridone compounds. 

TABLJZ III.-FLUORLSCENCE copout CZL&NGES AND DETENTION LIMITS FOR RING-CARBONYL 
03MPoUNoS ON A CELLULCSE THIN-LAYER PLATE 

TFA’ TEA’ Det. 
Compound Dry fumes drop limit,c q 

9-AM&none B B IBG 
Anthrone - GY : 
Benmnthrone G YO - 5 
7,iNenzoflavone B BG - 1 
7H-Dibenzo(c, h)xanthen-7-one GY G - 1 
lO~ll-Dihyd~SH-di~n~(a, d~ycloh~ten-Sane Y - 100 
Phenalen-l-one ic EmG dG+Yd 
6(5H)-Phenanthridinone 1B IB 1; 
Thioxanthen-g-one G B 10 
Xanthen-9-one lB B - 5 

a TFA = trifluoroacetic acid; see Table II for key to symbols. 
b TEA = 29 % methanolic tetraethylammonium hydroxide. 
0 All detection limits obtained after treatment with TFA fumes except anthrone, phenalen-l-one 

and 6(5H)-phenanthridinone, for which treatment with TEA gave the best results. 
d This change in fluorescence colour took several minutes. At the same time the visible colour 

changed from light yellow to pink. 

Characterisation tests on the plate 

Table II lists some of the characteristic fluorescence colours obtained on the 
alumina plate b&ore and after treatment with trifluoracetic acid fumes. Most of the 
ring-carbonyl compounds give brilliant fluorescence colours, especially after treatment 
with trifluoracetic acid fumes. Fluorescence colour changes and detection limits on 
the alumina plates have been reported for some of the aralkyl derivatives and ring- 
carbonyl compounds. 6 Trifluoracetic acid fumes were useful in detecting the 
strongly basic aromatic amines and aza heterocyclic compounds, as well as the weakly 
basic carbonyl compounds. 

Changes in fluorescence colour of ring~arbonyl compounds on the cellulose 
plate before and after treatment with trifluoracetic acid fumes are shown in Table 
III, which also gives the fluorescence colour changes with methanolic tetra-ethylam- 
monium hydroxide (TEA). Anthrone, phenalen-l-one and 6(5H)-phenanthridinone 
give very brilliant colours that should prove useful in their cha~c~risation, Phenalen- 
l-one shows a green fluorescence after the addition of TEA with a detection limit 
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of 1 ng. After development for 5 min, a yellov fluorescence is obtained which 
has a detection limit of 50 ng. A visible pink colour is detectable after development 
for 12 min at a limit of 50 ng. The ring-carbonyl compounds give approximately 
the same colour changes with TEA on alumina except that the fluorescence of 
9-acridanone is a more vivid blue-green. 

Fluorometric spectra. 

Table IV lists the fluorometric spectra of the ring-carbonyl compounds in solution 
and on the cellulose plate. The cellulose thin-layer plate was preferred to the alumina 
plate mainly because we expect the last separation step of a mixture before fluorometry 
to be by cellulose thin-layer chromatography. 

The disadvantage of using trifluoracetic acid fumes to form the salt of a ring- 
carbonyl compound is that these compounds are so weakly basic that a mixture of 
salt and neutral compound sometimes forms on the plate. In addition, over a period 

TABLE IV.-FLUOROMETRIC SPECTRA AND DETECTION LIMITS OF POLYNUCLEAR RING- 

CARBONYL COMPOUNDS ON CELLULOSE THIN-LAYER CHRQMAToGRAMS AND IN SOLUTION 

Compound 
C or SB 
solvent 

Concentration, Fhetz$zir 

w or 
(molarity) 1 MM.T 

Spectrab 
emission Det. 

I MM.T limit,e ~7 

9-Acridanone C-dry 

C-DMF 

C-TFA 

9-Acridanone S-MeOH 

Anthrone C-TEA 

S-H,SOa 

S-MeOH 

S-H,SO, 

0.1 

0.01 

0.1 

(10-1) 

(10-6) 

0.01 

(10-S) 

(le-l) 

260 23 409 
292 5 429 
300s 4 450s 
380s 73 480s 
392 75 
257 0.9 408 
292 0.1 428 
382 2.3 454s 
392 
250 f:! 428 
290 1.8 450 
330 15 473 
372 20 510s 
390 24 
410 18 
250 0.11 410 
290 0.015 430 
302 0.01 455s 
374 0.15 480s 
390 0.16 
250 1.2 430 
292 0.1 454 
320s 0.4 480s 
330 0.7 
374 0.6 
390 0.7 
410 0.5 
368s 3.3 530 
378 3.9 
400s 2.9 
252 0.13 428s 
364 O-05 448 
380 0.05 
250 0.01 478 
280 0.02 
350 0.10 

23 
22 
10 
2.4 

1.1 
1.1 
0.6 

12 
26 
11 
4.5 

0.12 
0.11 
0.05 

o-015 

0.6 
0.77 
0.5 

5.0 

0.12 
0.14 

0.1 

5 

5 

5 

0.5 

0.8 

5 

100 

200 
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TABLE IV (Conr’d) 

Compound 

Concentration, Fluorescence Spectrab 

C or S I% or excitation emission 

solvent (molarity) 1MM.T 
Det. 

1 MM.T limit,c no 

Benzanthrone C-TFA 

S-HISO, 

?,&Benwflavone C-dry 

C-TFA 

S-MeOH 

S-HPSO, 

7H-Dihenzo(c, h)xanthen- 
‘I-one C-TFA 

S-MeOH 

S--H$OA 

lO,ll-Dihydro-SH-dihenzo- 
(a, d)cyclohepten&one C-TFA 

S-H&01 

Phenalen-l-one C-dry 

0.1 

(10-j) 

0.01 

0.01 

(10-b) 

(10-E) 

0.01 

(10-U) 

(lo-‘) 

(N-4) 

0.01 

362 4.0 550 
389s 3.0 
412 4.0 
442 3.0 
460 3.6 
472 3.4 
482 3.4 
250 0.24 570 
280 0.15 
370 1.9 
420 1.0 
447 0.66 
462 1.1 
470 1.1 
480 1.4 
481 1.5 
502s I.3 
330s 1.1 468 
360 I.2 
302 3.0 470 
345 5.0 
375s 4.8 
385 5.0 
290 0.38 412 
310s 0.3 
342 0.3 
372 0.1 
390 0.1 
z 0.48 0.1 487 

350 0.65 
380s 0.52 
393 0.58 

270s 1.6 490 
:: 6. 6. 

39’s 8. 
405 8.6 
411 8.7 
290 0.22 402 
342s 0.1 
358 0.13 
270 0.015 490 
304 0.07 
334 0.05 
410 0.07 

322 I.5 500 
298 0.15 516 
329 0.23 
390 0.38 
400s 0.37 
374s 0.2 486 
390 0,36 
400s 0.35 
408s 0.33 

4.2 2 

1.9 20 

0.6 I 

2.5 1 

0.4 250 

0.64 

6.4 

0.22 

0.07 

1.5 
0.36 

0.33 

I5 

0.3 

5 

2 

50 
1000 

10 
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TABLE IV (C’ont’d) 

Compound 

Concentration, Fluorescence Spectrab 
C or Sp rg, or excitation emission Det. 
solvent (molarity) -I. MM.T ?. MM.T limit.en,v 

Phenalen-l-one (cont’d) C-TFA 

S-H,SO, 

6(5H)-Phenanthridinone C-Dry 

C-TFA 
S-MeOH 

S-H&SO, 

ThioxanthenB-one C-TFA 

S-MeOH 

S-HISOI 

Xanthen-9-one C-TFA 

S--HzSOS 

0.01 

(10-6) 

0.1 

0.01 
(10-6) 

(10-S) 

0.1 

(10-S) 

(10-E) 

0.01 

(IO--‘) 

350 2.2 486 1.9 
390 4.2 
360 0.56 500 0.8 
400 0.80 
450 036 
460 044 
470 0.34 

240s 0.9 360 1.9 
-260 1.8 370s 1.8 
320s 6.0 
330 61 
254 0.1 370 0.1 
238 0.04 360 0.11 
258 0.05 370s OGJ 
320 0.11 
330 0.1 
250s 0.24 382 0.43 
255 0.25 
317s 0.23 
332s 0.36 
348 0.45 

268 2.3 490 2.3 
340 2.0 510s 2.2 
392 3.7 
405s 3.5 
260 0.09 430 0.12 
282s 0.03 
378 o-14 
270 0.7 500 0.7 
334 0.4 512s O-68 
415s 0.2 ’ 
445 0.3 
460 0.36 

240 0.3 440 4-o 
270s 0.5 
295s 0.8 
325 2.3 
350 2.6 
250 0.054 450 0.2 
268 0.015 
330 0.2 
390 0.05 
400s O-045 

1 

4 

50 

10 
20 

80 

5 

5 

5 

10 

I 

n C = cellulose thin-layer chromatogram; S = solution in a cell. C-Dry signifies that fluore- 
scence spectra of the dry spot on cellulose obtained. DMF = 0.25 ,ul of dimethylforma- 
mide added to the dry spot before fluorometric examination; all other C-solvents used 
similarly, except C-TFA, which consists of treatment with trifluoracetic acid fumes. TEA = 
29% aqueous tetraethylammonium hydroxide solution. 

b s = shoulder. Italicised values are excitation (emission) wavelength maxima at which emission 
(excitation) spectra were obtained. 

c The limits in solution were for a 0.1-m] cell. 
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--- O.Olpg t bMF ON CEL_LlJbOSE TLC 

- IO-‘hl IN CH,OH 

300 400 400 5x 

FIG. 5.-Fluorescence excitation (A) and emission (B) spectra of 9-acridanone in the 
neutral state:- (-) lo-’ M in methanol at meter multiplier reading (MM) of 0.003 ; 
A at emission 2 430 m,u and B at excitation 1374 mp. (- - -) 0.01 ,~lg wet with 0.25 ,uI 
of dimethylformamide on a cellulose thin-layer plate at MM 0.1; A at emission i. 454 m/t 

and B at excitation I257 rn!f. 

---- O.lpg +TFA ON CELLULOSE TLC 

410 
-IO-'M IN H,SO, 

FIG. 6.-Fluorescence excitation (A) and emission (B) spectra of the 9-acridanone 
cationic salt:- (-) 10-B M in concentrated sulphuric acid at MM 0.01. (- - -) 0.1 pg 
wet with 1 ~1 of trifluoracetic acid on a cellulose thin-layer plate at MM 0.3. (A at 

emission 1450 rnp; B at excitation I.330 ml’.) 

of 5 to 15 min the intensity of the spectral bands of the salt can decrease as the 

acid evaporates. 
Although fluorescence spectra could be obtained from the dry spots of some of 

the compounds, e.g., 9-acridanone, analogous spectra could not be obtained for other 
compounds even in l-,ug amounts, e.g., 7H-dibenzo(c, h)xanthen -7-one. Fluorescence 
spectra could be obtained for phenalen-l-one in the dry state on the cellulose plate, 
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but not when the plate was wet with methanol or dimethylformamide, even at the 
1-,ug level. Obviously, such phenomena should prove useful analytically and so 
should be studied more thoroughly. 

For some compounds the spectra in solution and on the plate were similar. For 
example, the spectra of 9-acridanone show this similarity either as the neutral molecule 
(Fig. 5) or as the cationic salt (Fig. 6). For some compounds the spectra are different 
on the plate and in solution, especially in the excitation spectra, e.g., thioxanthen-9-one, 
Fig. 7. In the spectrum on the plate the long-wavelength excitation bands are probably 

--- 0.1 pg t TFA ON CELLULOSE .TLC 

- IO-% IN H&O, 
492 

FIG. ‘I.-Fluorescence excitation (A) and emission (B) spectra of thioxanthen-Bone in 
acid solution:- (-) 10-O Min concentrated sulphuric acid at MM 0.01. (---) 0.1 pg 
wet with 1 ,vl of trifluoracetic acid on a cellulose thin-layer plate at MM 0.1. (A at 

emission 149qmp; B at excitation 1270 m,u.) 

hidden under the scatter peak. The main difference is the 392-rnp band on the plate. 
The emission spectra on the plate and in solution are almost identical. These dif- 
ferences in spectra should also prove useful in the analysis of these types of compound. 

CONCLUSION 

With the described column and thin-layer chromatographic separation methods, 
fluorescence location tests and fluorometric analysis on the plate and in solution, 
it should be possible now to examine complicated mixtures of ring-carbonyl compounds. 

The best system for the separation and characterisation for these weakly basic 
compounds in a mixture seems to be the following sequence: extraction of the 
basic compounds from the mixture, alumina column chromatography of the non-basic 
fraction, alumina thin-layer chromatography of the appropriate column chromatog- 
raphic fractions and cellulose thin-layer chromatography of appropriate alumina 
thin-layer chromatographic spots, followed by characterisation procedures, such as 
direct spectrophotofluorometric and spectrophotophosphorimetric examination of 
the spots. 
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Zuaammenfassung-Methoden zur Trennung mehrkerniger Ring- 
Carbonylverbindungen durch Siiulenchromatographie an Aluminium- 
oxyd und Dtinnschichtchromatographie an Aluminiumoxyd und 
Cellulose werden beschrieben, desgleichen eine Methode zur dtinns- 
chichtchromatographischen Trennung von Acridonen und Phenanth- 
ridonen von anderen Typen mehrkerniger Verbindungen. Die 
Verbindungen auf einem Diinnschichtchromatogramm werden nach 
Entwicklung mit Trifluoressigsluredampfen und Tetralthylammonium- 
hydroxydlosung durch Fluoreszenz lokalisiert. Die Fluoreszenzspek- 
tren der Verbindungen auf dem Diinnschichtchromatogramm und in 
Losung werden ebenfalls angegeben. 

R&atm&-On d&it des methodes de separation de composes poly- 
nucleaires a fonction carbonyle sur le noyau, par chromatographie 
sur colonne d’alumine, et chromatographie en couches minces sur 
alumine et cellulose. On d&it egalement une mtthode de separation 
par chromatographie en couches minces d’acridones et de phtnantri- 
dones d’autres types de composts polynucltaires. Sur les chromato- 
grammes en couches minces, on localise les composes par des methodes 
de fluorescence, utilisant les vapeurs d’acide trifluoracttique et une 
solution d’hydroxyde de tetraethylammonium. On donne aussi les 
spectres de fluorescence de ces composes sur le chromatogramme en 
couche mince et en solution. 
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Summary-In order to establish in theory the necessary conditions 
for reaching ideal thermodynamic equilibrium in the zone melting 
of organic substances, transport of impurity in the melt zone is 
analysed by : 

1. The chemical potential for the case of pure diffusion, 
2. Studying complete mixing in the melt by stirring, 
3. Deriving the impurity concentration as a function of zone 

velocity. 
These analyses show that for maximum ultrapurit the factors of 
zone length and zone velocity are critically define dytfor equilibrium 
conditions. 

INTRODUCTION 

IN the previous article of this series, l the significance of ultrapure pharmaceuticals 
as related to zone refining was described. The underlying principles of zone melting 

organic compounds under ideal equilibrium conditions were also set forth. 
To establish ideal equilibrium conditions the following factors are involved: 
I. Thermodynamic equilibrium& 
2. Length of molten zone, 
3. Transport of impurity, 
4. Velocity of zone movement. 
In order to establish the length of the molten zone a classical thermodynamic 

analysis of the chemical potential, p, for the zone-melting process for the case of 
pure diffusion is discussed. For the special case where complete mixing in the molten 
zone occurs, such that mass ?ransport takes place as distinguished from rnoIec~Iar 
di@tsion, a further analysis yields additional information on the length of the molten 
zone. By collating data from various investigators, equations are suggested which 
relate the velocity of zone movement and the efficiency of segregation of impurities. 
From these equations, a zone velocity for ideal equilibrium conditions is postulated. 

+ This work was supported by research grant GM07967, U.S. Pubiic Health Service, Bethesda, 
Maryland, U.S.A. 

1 This work is abstracted from a dissertation submitted to the Graduate school, University of 
Connecticut, in partial fulfillment of the requirements for the Ph.D. degree by R. Friedenberg.4 

$ Recipient of the Lundsford-Richardson Award-1963. 
p See reference 1. 
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CHEMICAL POTENTIAL IN THE ZONE-MELTING PROCESS 
FOR THE CASE OF PURE DIFFUSION 

From a thermodynamic point of view, assuming only pure diffusion, a moving 
zone is analysed for a eutectic type mixture under ideal equilibrium conditions. 
The partial free energy change, ,u~ = (aE’,/i?N,),,, with respect to concentration 
(N, = number of moles, F, = free energy, ,u~ = chemical potential. P :-- pressure, 

T = temperature) is analysed in two parts:* 

%,dN, = pu,clN, t PI@,, (1) 

where subscript I indicates the impurity or solute, and subscript I/ Indicate,. rhe major 
component or solvent such that 

4 = 4~ + &II (7) 

A stationary molten zone that passes through a given distance of a cklrge ma> 
be represented as follows: 

Pure 
crystals 

I 

Freezing 
Interface 

r------- 

Impure 

crystals 

Y 

NIA f 
Meltmg 
Interface 

Molten tir 
liquid zone 

where N,, = number of moles of Impurity in solvent, 

and XI_., = mole fraction of impurity in molten zone. 
If the zone moves in a horizontal dlrection, freezing occurs at the interface on the 

left, freezing out pure component and th ‘~~liltiing up solute concentration in the molten 

zone at the interface. At the interface c)il the right, melting occurs and solute and 

solvent are added to the molten zoiic. 

-- ____-._ _ . . 

Ihe\% ione 
Movemen. :i‘ r’~.~:it’ _--- ~_ 

N,,; = number of moles of irnpurl~~~ left I. v molten Lone at interface as pure solvent 

freezes out. 
X,,{ = mole fraction of impunty at ItIc,. ‘I& ’ *11 i’_c 3:; rjure solvent freezes out. 

XIV _ tota] mole fraction of’ impurity ;:I r:~oitrn zone after zone has moved. 

x,, = XI, + XL1 
Nrc = N,., + Nrn 

* The nomenclature used In this paper is taken after I. Klotz, Chemicd Thermodynamics, Prentice- 
Hall, New York, 1950. The SU~SCII~~ : 1, uzctl to mdrcate an rndicid definition or equation. 
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The chemical potential of the solute is given by 

where ,u~ = 
G(T)= 

Ntot = 
R= 
T= 

and fI = 

PI = G(T) + Ntot RT In _fi 

chemical potential of solute, 
an arbitrary function of temperature, 
total number of moles of solute, 
gas constant, 
temperature, 
fugacity of solute. 

The change in chemical potential is given by 

d,ul = Nlot RT dlnf[ 

Integrating between limits and substituting 

fi = KX, 
where K = Henry’s Law constant, yields: 

f ,$_tr = N,,, RT In m 
fihitid) 

XI(R,nI, A,uu, = Nto+ RT In y 
A Ifimtml) 

Therefore, from the diagram : 
A,uI = A/L 1.1 + APIL3 

XI,. Xrc Ap, = NI_, RT In x + NIB RT ln- 
I.1 XI, 

In the same manner: 
x 

ApII = N,,, RT In Il(fiual) 
XIZ(initial) 

where ApII = change in chemical potential of solvent, 
Ntot = total number of moles of solvent, 

and XI, = mole fraction of solvent. 
Then 

619 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 
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Thus, the change of chemical potential for this system is given by 

A,uz = API + APIZ (17) 

ApS = NIA RT In $z + N1, RT ln 2 -I- NII_~ 

IB 

XZI, 
+ NrIB RT In - 

XZZB 
(18) 

Although equations (11) and (16) for Ap, and A,uIr are by chance similar in form, 
it is to be noted that differences in the analysis of the role of the solute and the solvent 
as well as differences of interpretation of the figures are implied in the derivation. 

If the impurity is present in ppm, then from the diagram the following relations 
hold :- 

for the solute: N,, > NIB 

x123 > XI, 

XII3 > -JfIA 

xIC > xIA 

for the solvent: Nrrs > NIIj3 

NIIC > XI, 

x IZA > &IB 

x JIA > xIIC 

but NIIA > NIA. 

Therefore 

ApzA = (+) large absolute magnitude, 
ApIR = (-) very small absolute magnitude, 

Apzla = (-) very large absolute magnitude, 
Apzzs = (+) very small absolute magnitude approaching zero. 

From this analysis, the following conclusions may be drawn. A,M% for the total 
process will be (-) as expected. The determining factor is ApITA; more specifically, 
the magnitude of N,,. This means that, depending upon the relative concentration 
of impurity, the larger the molten zone (Le., the more solvent in the zone, NIIA) the 
greater the probability that the sum total of the chemical potential for the whole 
process will be negative. By increasing the length of the zone, we are also increasing 
the amount of solute. However, the increase in solute is infinitesimally small compared 
with the increase in solvent, and the analysis shows that it is this negative quantity 
which controls the process. Restating the concept in another way, as more solute and 
solvent are added into the hopper at the melting interface, the concentration gradient 
in the zone builds up exponentially as the ratio of the solvent to solute increases in 
the zone. 

On close examination of the zone melting process, it is noted that there is a tempera- 
ture change at the freezing interface as the impurity or component Z is rejected into 
the molten zone. However, if the impurity is present in ppm, the lowering of the 
freezing point will be so slight in its effect upon the chemical potential compared to 
concentration effects that, for the purpose of this analysis, it may be assumed to be 
constant. 
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COMPLETE MIXING IN THE MELT 

During the zone-melting process of a eutectic mixture, if complete mixing in the 
melt by stirring is assumed, the mathematics describing this process is very simple. 
Assuming uniform distribution of impurity in the sample initially in ppm, 
where C, = initial concentration of impurity, 

C = average concentration of impurity in melt, 
and I = length of molten zone, 
following the conservation law, an expression for cf may be derived: 

c,(x+ l)= Cl (19) 

(20) 

Concen- 
tration 

I 

Cl+ , 

X zone movement 
l 

From this analysis, the following conclusions may be drawn: 
1. Assuming complete mixing by stirring under ideal equilibrium conditions, c, 

the average concentration of impurity in the melt, is a time-independent function. 
If all the impurity remains in the melt (K = 0, where K = partition coefficient), 
although c is dependent upon 1, the zone length is at maximum efficiency for all values 
of 1. 

2. Because stirring involves convection, which is a mass-transfer process as 
compared with diffusion which is a very slow molecular process, the lepgth of the 
zone during the refining procedure may be as large as mechaRica1 features permit. 
The rapidity of mass transfer makes this highly desirable under iddal equilibrium 
conditions. 

ZONE VELOCITY 

Studies by Schwab and Wichers2 and by Wilcox3 indicate that zone melting 
or zone freezing of naphthalene and benzoic acid (with the same length of charge) 
at different zone velocities, yield the approximate experimental data shown in Table I. 

TABLE I 

Zone velocity, cm/hr 

6.0 
0.6 
0.06 
0.006 
O+KN36 

Impurity removed 
with one pass, % 

45 (40-50) 
90 (88-92) 
95 (92-96) 
99 

100 (?) 
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&cause these data are only approximate, it is the purpose here to estabhsh a gerzeral 
relationship between zone velocity and impurity removal as a first approximation. 
Fig. I illustrates the form of the curve taken by plotting the rate of zone movement 
against the amount of impurity removed. If one considers a high zone velocity 
(greater than 6 cmjhr), then the right-hand side of the curve must be considered. 

f 
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I c : I 
I 
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I I I / !K 
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Impurity not removed, % 

FIG. L-Theoretical curve for rate of zone movement (based on data of Schwab and 
W&9 and of Wilcoxa for henzoic acid and naphthalene; K = initial amount of 

impurity). 

Although rigorous experimental data for this part of the curve are lacking, studies 
involving the diffusion gradient show this to be true. * At slower zone rates the curve 
is exponential and the following equation is suggested to describe this part of the curve: 

F= I- Ke-” 

where F = final impurity con~ntration, 
I = initial impurity concentration, 

K = empirical constant for the substance dependent upon crys~liinity 
(approach to ideal conditions) and percentage impurity concentration, 

and z = zone rate. 
An expression describing the entire curve may also be suggested: 

where 2, F and I are as previously defined, 
* See Theoretical Considerations qf Zone Melting of Organic Subsrances-The Diffusion Gradient 

R. Friedenherg, J. Eng. Sci., X%5, January. 
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A and B = empirical constants for the substance depending on region of impurity 
concentration, 

and 

Substituting in these equations leads to the result of a zone velocity of 6.0 : : 10m3 
to 6 x 1O-6 cm/hr. One approach to this solution is to substitute known values into 
the above equation as follows: 

60 = A + B tan (3/8~r) 
6 = A + Btan (O-371) 

O-6 = A + B tan (0.1~) 

TABLE II 

Zone rate Initial impurity Impurity removed Final impurity F+ I* 

m (I), % by zone melting, % left (FL % F 

60 100 40 60 813 ’ 
6 100 50 50 3 
O-6 100 90 10 11 

100 99 1 101 
100 99+ <l ‘CE 
100 tl 9947 -2 

* To convert y values to radian measure : F+I T + - = f3 in radians. 
F 

It is then necessary to solve for the constants and obtain the zone rate when a final 
zero concentration of impurity is substituted. 

It must be emphasised that these equations represent only a rough first approxi- 
mation for these data. 

CONCLUSIONS 

It has long been known that in a eutectic type mixture, if thermodynamic equilibrium 
is reached at the interface of a cooling solid in contact with its melt, the impurities 
will remain in the melt and the major component will freeze out ultra-pure. Thermo- 
dynamic equilibrium means a temperature and velocity differential between the 
solid and liquid freezing interface. 4 For purposes of this investigation ideal thertno- 
dynamic equilibrium, referring to the temperature differential, means a temperature 
gradient ranging from O*lOO” to 0~010”C/mm for the solidifying interface. If the 
boundary of the temperature is not sharp, impurities will be occluded by the advance 
of this freezing front. s The growth rate must be slow enough and the movement of 
the zone similarly slow such that the impurities have sufficient time to be transported 
into the bulk of the molten zone by diffusion, convection or with complete mixing by 
stirring. An analysis of the chemical potential for pure diffusion indicates that the 
zone should be as large as practicality permits. An analysis of complete mixing in 
the melt zone indicates a time independent function, such that with complete mixing, 
the process is independent of its zone length. The zone movement favouring ideal 
equilibrium conditions was found to have an order of magnitude of 5. x 10-l to 
1 x 1O-3 cm/hr. Thus, ideal equilibrium conditions are defined here to mean thermo- 
dynamic equilibrium at the narrow freezing interface (a temperature gradient of 
0.lO”C/mm) with a slow moving zone approaching an infinitesimal rate. For each 
substance, the exact rate before occlusion occurs must be determined experimentally. 
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In the past, most zone melting of organic compounds has been performed in such a 
manner that the solid and liquid never reach thermodynamic equilibrium. Under 
these conditions, of course, an effective distribution coefficient is retevent, but is 
completely dependent upon the conditions of the system and not upon the nature of 
the substance (i.e., whether the substance forms a eutectic or solid solution with the 
impurities). 

Zusammenfassung-Die notwendigen Redingungen fur das ideaie 
therm~~ami~he Gleichgewicht beim Zonenschmelzen organischer 
Substanzen sollen theoretisch erfaBt werden. Zu diesem Zweck wird 
der Transport der Verunreinigung in der Schmelzzone analysiert 
durch (1) das chemische Potential ftir den reinen Diffusionsfall: (2) 
viillige ‘Durchmischung der Schmelze durch Riihren; (3) Ableituhg 
der Konzentration an Verunreinigung in Abhangigkeit von der 
Wanderungsgeschwindigkeit der Zone. Diese Analysen zeigen, dati 
fiir h&hste Reinheit die Zonenllnge auf die Gleichgewichtsbedingun- 
pen kritisch eingestelh werden muB. 

R&am&-Afin d’ttablir theoriquement les conditions necessaires pour 
atteindre I’tSquilibre thermodynamique ideal dans la fusion de zone des 
substances organiques, on a analyse le transport de l’impurett dans la 
zone fondue par : 

1. Le potientel chimique dans Ie cas de la diffusion pure. 
2. L’etude du melange complet dans la zone fondue par agitation. 
3. L’etude de la ~n~ntration en impurete en tant que fonction 

de la vitesse de la zone. 
Ces analyses montrent que, pour atteindre l’ultra-purete maximale, 
les facteurs relatifs a la longueur de zone sont fondamentaux pour les 
conditions d’equilibre. 
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Summary-An improvement of the oxidimetric determination of 
cobalt(I1) with hexacyanoferrate(II1) in ammoniacal solution, by 
means of a photometric end-point detection, is proposed. Amounts 
of cobalt down to 20 ,qg can be determined with fairly good accuracy 
and precision. Most common eiements do not interfere. The inter- 
ference of manganese(I1) can be overcome using glycine or other 
amino acids as complexing agents instead of ammonia. 

INTRODUCTION 

THE oxidimetric determination of cobalt(H) in ammoniacal solution with hexacyano- 
ferrate(III), according to the reaction 

Fe(CN),S- + Cog+ - Co3+ + Fe(CN),4- 

was developed by Dickens and Maassen’ and TomiiSek and Freiberger.2 The reaction 
proceeds to the right, on the addition of ammonia, because the complexes ofcobalt(II1) 
with ammonia are much stronger than the corresponding complexes of cobalt(I1). 
The reaction has proved to be very suitable for the potentiometric determination of 
cobalt in amounts from 2 to 100 mg, because of its very good accuracy and repro- 
ducibility and because of a fairly good selectivity. Two different procedures have been 
proposed, viz a direct titration and a back titration of added excess hexacyano- 
ferrate(II1) with a standard cobalt(D) solution. A disadvantage of the direct titration 
is, the oxidation of cobalt(U) in ammoniacal solution by oxygen. Oxygen has, there- 
fore, to be excluded.3 Most authorsq-% apply the back titration. Air oxidation does 
not interfere in the back titration, because the oxidation of cobalt(D) with oxygen is 
very slow compared with that by hexacyanoferrate(II1). 

Very recently LinganeS thoroughly reinvestigated the qualities of the determination 
in the absence of other metals. He used a direct titration with the exclusion of oxygen 
and he found that the error of a single determination of a not too small amount of 
cobalt (more than 20 mg) is certainly less than 0,I %. This suggests that the method 
has an extremely good accuracy and reproducibility. 

The equilibrium constant of the reaction under the most favourable conditions 
(pH about 10 and concentration of ammonia not less than 134) is I@. Consequently, 
the increase of the potential of the indicator electrode in the vicinity of the equivalence 
point is not large, but that does not prevent an accurate determination of the equiv- 
alence point.8 

A large concentration of free ammonia is necessary for a sufficiently large equilib- 
rium constant of the titration reaction. Because of the protonation of ammonia the 
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concentration of free ammonia is dependent upon the pH and the total (analytical) 
concentration of ammonia. The stability constants of the complexes of cobalt(I1) and 
cobalt(II1) with ammonia can be used to show that an analytical concentration’of 
ammonia of IM at pH 10 results in a maximum value of the equilibrium constant. 
Further increase of pH or analytical concentration of ammonia does not result in a 
larger value of the equilibrium constant. 

The use by Diehl and Butler9 of ethylenediamine as complexing agent, instead of 
ammonia, increases the equilibrium constant of the reaction at a given pH and con- 
sequently the potential change in the vicinity of the equivalence point, but it leads to 

I 
P. 6 

I I 
8 IO 

Cyonoferrote. ml 

FIG. l.-Potentiometric titration curve of 3.8 x 10-aM cobalt(II) with hexacyanoferrate- 
(III) in a 2.OM glycine medium at different pH; the three curves are separated by a shift of 

about 100 mV in the potential for each new curve. 

a much faster oxidation of cobalt(I1) by oxygen than in the case of ammonia. The same 
holds for the use of triethylenetetramine and tetra-ethylenepentamine as complexing 
agent. 

Recently, the use of amino acids instead of ammonia has been proposed by Kop- 
anica and DoleZ81,fo who used glycine in the pH region 95-12.0; Agasyan and Khaki- 
mova,ll who used a mixture of alanine or phenylalanine and ammonia; and Chang 
Yeh Siya, Dole331 and Z$ka, l3 who used glutamic acid in the pH region 9-8-l 1.4. In 
all these cases oxidation by oxygen from the air appeared to be negligible even in the 
direct titration. The relative stabilities of the complexes of cobalt(I1) and cobalt(II1) 
with amino acids give rise to a formal potential of the Co(III)/Co(II) couple larger 
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than in the case of ammonia but still small enough to make possible a titration of 
cobalt(H) with hexacyanoferrate(II1). Consequently, the potential change in the 
vicinity of the equivalence point and the equilibrium constant of the titration reaction 
are smaller when amino acids are used instead of ammonia. This is illustrated ‘in 
Fig. 1, Titration curves of cobalt(I1) with hexacyanoferrate(l11) in a glycine medium 
are given for pH values from 7 to 11. 

The titration conditions were as follows: 
Platinum indicator electrode, area 2 cm’, calomel electrode as reference electrode, pH meter (Radi- 
ometer Copenhagen type 22); glycine concentration 2.OM; cobalt concentration 3.8 x 10-aM: 
volume 135 ml; hexacyanoferratc(II1) concentration O.OlM; no other metals present; the pH of 
the solution was adjusted with sodium hydroxide; ,direct titration. 

From Fig. 1 it can be calculated that the equilibrium constant of the titration 
reaction is about 109. 

It is obvious that the potential change in the vicinity of the equivalence point is 
too small to obtain a good reproducibility for the determination of cobalt ,by this 
method. No interference by oxygen was observed. An advantage of the titration in 
the presence of amino acids instead of ammonia is the fact that within the pH range 
7-l 1 no change of the equilibrium constant occurs, and this is very important for the 
elimination of the interference of manganese(I1) (aide infiu). 

DISCUSSION 

Whereas LinganeS proved the accuracy of this titration in the absence of other 
metals, our purpose has been the increase of the sensitivity and of the selectivity of 

the method. 

Sensitivity 

Potentiomefric titration. An increase in sensitivity can be brought about by de- 
creasing the titration volume or the concentration. 

Potentiometric titrations are not easily made in a volume of only a few -ml. 
Moreover, a small titration volume is not easy to realise when, as in this case, aback 
titration is generally carried out and a number of reagents have to be added. In the 
case of very low concentrations on the other hand, difficulties from the kinetics of the 
titration reaction or the electrode reaction often occur near the equivalence point. 

We compromised, when studying the sensitivity of the potentiometric determination, 
with a volume of about 60 ml. The electric conditions were the same as in the experi- 
ments of Fig. 1. The concentration of ammonia was 4.7M and that of ammonium 
citrate 1.2M. The lowest cobalt concentration studied by Lingane was 3 x IO-%. 
Therefore, we investigated titrations in a concentration range down to lOAM. The 
concentration of the hexacyanoferrate(II1) solution was six times that of cobalt in 
every titration, so that 10 ml of hexacyanoferrate(II1) solution were needed. Titrations 
were carried out directly in an oxygen-free atmosphere. 

A few results are given in Fig. 2. In one of the titrations a %-fold amount of iron 
was added; in the others no foreign elements were present. It can be seen that below a 
concentration of 1O”M an accurate determination of the equivalence point is im- 
possible. Moreover, the reproducibility becomes very bad. The titration in the 
presence of iron points to the fact that the concentration limit of 1O”LM is much 
higher when other elements are present. The presence of ions like iron(II1) obviously 
has an unfavourable influence on the electrode kinetics. 



628 I-I. POPPE and G. DEN BOEF 

When we assume 25 ml to be the lower limit for the titration volume, we may 
conclude that 1 to 2 mg of cobalt can be determined potentiometrically with 
reasonabIe accuracy (within 1%) in the presence of other non-interfering eIements. 
This is in agreement with the previously published results. 

Photometric titration. It had to be determined whether the bad results of the 
potentiometric determinations at low cobalt concentrations were caused by a bad 
eIectrode response or by anomalies in the titration reaction. 

I I f 
15 20 25 

Cyanoferrote, ml 

FIG. 2.-Potentiometric titration curve of different concentrations of cobalt(H) with 
hexacyanoferrate(II1) in an ammoniacal medium; the curves are separated by a shift in 

the potentiaI for eachpw curve; w&III)] = 2.1 x IO-*N:-- 
Curve 1: [Co(II)] = 4.2 x lo-‘; Curve 2: [Co(II)] = 42 X RPM; 
Curve 3: [Co(II)] = 1.7 x 10-6N, Curve4: [Co(II)] = 4.2 x lo-*M. 

Therefore, we investigated another method for the determination of the equivalence 
point of the reaction. The red-coloured reaction product of the titration reaction 
makes the reaction suitable for photometric end-point indication.ls Fig. 3 shows 
that the absorbance in the 500-rnp region at the equivalence point of the reaction is 
much larger than can be expected from the absorbances of the two compounds that 
are supposed to be formed in the reaction. The intense red colour only occurs when 
cobalt(H) is oxidised by hexacyanoferrate(III), but not when other oxidising agents 
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are used; hydrogen peroxide, lead dioxide, sodium bismuthate or sodium hypochlo- 
rite, all result in pale red complexes. The composition of the red-coloured compound 
formed in this reaction is not clear. It could be a binuclear complex like Co(II1) 
(NH&--N-C-Fe(CN),, similar to that proposed by Adamson and Gonick14 for 
the product formed by cobalt(II), hexacyanoferrate(I11) and EDTA. 

The molar absorptivity of the product in the 500-m,u region is about 500. 
The reproducibility of the formation of the colour is not good enough to base a 

spectrophotometric determination on this reaction, but the colour is well suited for the 
photometric end-point detection of a titration based on the reaction. 

x. nm 

FIG. 3.-Molar absorptivity curves of some products involved in the titration in an am- 
monicalmedium:- 

Curve 1: hexacyanoferrate(II); Curve 2: cobalt(IIl), prepared by oxidation with 
peroxodisulphate; Curve 3 : reaction product at the equivalence point; Curve 4: 

cobalt(U); Curve 5 : hexacyanoferrateJII1). 

Photometric titrations were carried out with an EEL titrator, a Zeiss spectro- 
photometer PMQ II and a Zeiss ELK0 II spectrophotometer. 

A typical titration curve is given in Fig. 4. The equivalence point and the end-point 
of the titration coincide for concentrations down to 5 x 10-5it4. This proves that 
the bad results of the potentiometric end-point detection are from a bad electrode 
response. 

When errors of about 1% are tolerated, the lower limit of the concentration of 
cobalt that can be determined appeared to be 5 x lo-” for the EEL titrator, corre- 
sponding to about 0.6 mg of cobalt, and about 5 x 10”M for the Zeiss instruments, 
corresponding to 30 pg of cobalt. 

There are other advantages of photometric end-point detection. 
The influence of other elements on the end-point detection is, in general, small. It 

is not necessary to make absorbance measurements in the vicinity of the equiv- 
alence point. An equilibrium constant of a titration reaction too small for a 
potentiometric determination of the equivalence point may still be large enough for 
accurate photometric end-point detection, because the physical property measured in a 
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photometric titration is directly proportional to the concentration of the indicator 
compound, whilst there is a logarithmic dependence in the potentiometric titration. 

This explains the suitability of the photometric end-point detection of the titrations 
of cobalt(I1) with hexacyanoferrate(II1) when amino acids are usedinstead ofammonia. 
The molar absc@%@curves of the cobalt(II)- and cobalt(III)-glycine complexes, as 
well as the corresponding curve for hexacyanoferrate(III), are given in Fig. 5. From 
these curves it can be concluded that 520 rnp is a suitable wavelength for the photo- 
metric titration of cobalt(I1) with hekacyanoferrate(II1) in a glycine medium. 

Selectivity I 

The selectivity of the potentiometric titration has been investigated exten- 
sively.'A4-*P Th e conclusions differ according to the method used (back titration or 

OO 
I 

0.2 
I I I 

0.4 0.6 0% 

Cyanoferrote, mL 

FIG. 4.-Photometric titration curve of 5 x 10-5M cobalt(U) with hexacyanoferrate(Il1) 
(Zeiss PMQ spectrophotometer). 

direct titration), but apart from that there is a good agreement in the results of the 

various authors. 

All authors recommend the addition of large amounts of ammonium citrate in 
order to keep a great number of metal ions in solution. 

With the conditions pH about 10, a citrate medium and ammonia as complexing 
agent, the most common elements do not interfere except for manganese(I1) and 
chromium(II1). 

In the direct titration chromium(II1) interferes only when it is present in an 
amount more than 100 times that of cobalt,2 because the oxidation of chromium(II1) 
to chromate by hexacyanoferrate(II1) is slow. In the case of the back titration small 
amounts of chromium(II1) interfere, because the chromium(II1) is in contact with 
an excess of hexacyanoferrate(II1) for some time and oxidation to chromate is 
appreciable. Prior oxidation of chromium(II1) to chromate eliminates this interfer- 
ence, but the reproducibility of the determination is then worse. 

Manganese(I1) interferes, because it is oxidised by hexacyanoferrate(II1). In the 
presence of citrate the oxidation product is a manganese(III)-citrate complex and no 
precipitate appears. The reaction takes place in the pH region 7-l 1, in which the 
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oxidation of cobalt(H) with hexacyanoferrate(II1) was investigated. In the absence of 
citrate manganese(I1) is oxidised to manganese dioxide, according to the reaction 

2 Fe(CN),3- + Mn2+ + 4 OH- -+ 2 Fe(CN),4- + MnO, + 2 H,O. 

This reaction is strongly affected by PH. In the pH range 7-8 or lower, manganese(H) 
is stable towards hexacyanoferrate(II1). 

As both oxidation reactions of manganese(I1) at pH 10 occur at the same poten- 
tial as the oxidation of cobalt(II), no simultaneous determination of cobalt(I1) and 
manganese(I1) is possible. 

The interference of manganese(I1) can be overcome in two ways. 
First, the use of ethylenediaminee instead of ammonia results in a much larger 

potential change at the equivalence point, because of an extra stabilisation of the 

500 - 

4w- 

A, nm 

FIG. L-Molar absorptivity curves of some products involved in the titration in glycine 
medium. The curve marked with Co(III) is the curve of the reaction product. 

tervalent state of cobalt. Moreover, when 5sulphosalicylic acid is added to com- 
plex manganese(III),B two potential jumps occur in the titration curve, the first when 
the oxidation of cobalt(I1) is complete, the second after the oxidation of manganese(I1). 
Although in this way cobalt(I1) and manganese(U) can be determined simultaneously 
by a direct titration, the method has the great disadvantage of its sensitivity to oxygen 
from the air. 

Second, use can be made of the fact that, in the absence of citrate, oxidation of 
manganese(I1) no longer takes place when the pH is 8 or less. In this case ammonia 
can no longer be used as a complexing agent for cobalt because the actual concentration 
of ammonia is too small in this medium. As mentioned above, amino acids may be 
used instead of ammonia at pH 7 to 8. It indeed appeared to be possible to determine 
cobalt(I1) with hexacyanoferrate(II1) in the presence of manganese(I1) at pH 8 in a 
medium containing certain amino acids. When other metals like iron(II1) are present, 
auxiliary complexing agents have to be added to avoid the precipitation of hydroxides. 
Citrate is unsuitable because manganese(I1) interferes, but fluoride is suitable. Large 
amounts of manganese(II), however, cause precipitation of manganous fluoride. 
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EXPERIMENTAL 

Reqents 

Ammonia. MM solution 

Ammonia as Complexing Agent 

Ammonium citrate solution. Dissolve 5ODg of citric acid (C,H&HsO) in water, add 180ml 
of ammonia solution (14M) and dilute to 1 1. 

ZZexacyunoferrate(ZZZ) solution. Recrystallise potassium hexacyanoferrate(lI1) from water, dry 
the product for 1 day at 80”, dissolve the desired amount in water and dilute to a known volume. 
Keep the solution in a brown glass flask. 

All chemicals used were of a “pro analysi” quality. 

Apparatus 
EEL titrutor. A sample filter photometer, de&&on type with no amplification, 
Zeiss s~ctrophotometer PMQ II. A prism s~opho~~ter, deflection type with photo- 

multiplier. 
Zeiss spectrophotometer ELK0 II. A filter photometer, substitution principle, no amplification; 

especially suited for the accurate measurement of small absorbances.16 
Burette. l-ml Metrohm piston type. 

Procedures 
For EEL titrator. Place a sample solution, containingO&O+l mg of cobalt in not more than 10 ml, 

in the titration vessel (20 ml) of the titrator. Add 5 ml of ammonia and 3 ml of ammonium citrate 
solution. Dilute, if necessary, to 20ml. Use filter 601 or 602. Titrate with hexacyanoferrate(H1) 
solution of appropriate notation from a l-ml Metrohm burette (type E 374). Add the titrant 
in equal volumes such that 10-20 additions result in a 100% excess of cyanoferrate(H1) (Fig. 4). Wait 
30 set after each addition of titrant before reading the absorbance. The end-point results graph- 
ically from the point of intersection of two straight lines (Fig. 4). Points in the neighbourhood of the 
equivalence point are neglected. 

For Zeiss PiUQ Ii s~ctrophotometer. Use the titration assembly supplied by the manu- 
facturer of the apparatus, which is provided with a titration cell of 2-cm optical path length and a 
content of 12 ml. 

The procedure is the same as in the case of the EEL titrator, but for a few modifications. The 
sample contains 20-300 pg of cobalt in about 2 ml. The amounts of ammonium citrate and ammonia 
taken are 45 ml and 3.0 ml, respectiveIy. The titration volume in this case is 10 ml. 
at which the absorbance is measured is 510 rnp. 

The wavelength 

For Zeiss ELK0 Zlphotometer. The same titration cell is used as in the case of the Zeiss PMQ 
spectrophotometer. The procedure is also the same, except for the amounts of ammonium citrate 
solution and ammonia, which are 23 ml and 1.5 ml in this case. The S 51 E filter is used. 

Notes to procedures 
a. Corrections for volume are only necessary when the absorbance at the beginning of the titra- 

tion is large. This may be caused by the presence of compounds absorbing in the SOO-rnp region 
[e.g., chromium(III)]. 

b. Oxygen from the air was neither removed, nor excluded during the titrations. With the con- 
centrations of cobalt used in these titrations air oxidation appears, M general, to be negligible. If 
the titration solution stands for 1 hr, under the conditions mentioned in the procedure for the 
EEL titrator an oxidation of about 1% of the cobalt(H) present occurs. Iron catalyses the air oxi- 
dation (vi& infra). 

c. The strength of the ~x~~ofe~t~II1) solution was taken such that O-245 ml of the -gent 
was needed for the equivaknce point. 

d. Stirring was done magnetically. It is not necessary to stop stirring when absorbances are read. 
e. The reproducibility of the determination in the various apparatus was tested for various 

quantities of cobalt. The standard deviation, in the absence of other metals, calculated from 10 
titrations, was: O-7 % for the devotion of 0600 mg of cobalt on the EEL tit&or; 1.0% for the 
determination of 3Opg of cobalt on the &?&s PM0 II 

bz=tr 
ophotometer; 0.5 % for 300 pg of 

cobalt, 1-O % for 40 pclg of cobalt and 1.6 *A for 20 pg of co t on the Zeiss ELK0 II filter photometer. 
f. No systematic error was observed for the determination of amounts of cobalt larger than 100 

pg. In the 20-,ug region a negative systematic error of about I % occurs. A correction for this error 
can be applied to the results mentioned in Table I. 

g. The lotion with the EEL tit&or of amounts of cobalt smaller than @4 mg is not 
possible without an appreciable loss of accuracy. 
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h. The special aspects of photometric titrations on a photometer of the substitution principle 
(e.g., the Zeiss ELK0 II apparatus), such as accuracy, reproducibility and a discussion on the op- 
timum conditions, will be dealt with in a separate paper.” 

Some results of determinations of cobalt with these three procedures are given in Table I. Only 
experiments with large amounts of other elements present are included. With amounts of other 
elements smaller than those mentioned in Table I, the reproducibility and accuracy of the deter- 
mination generally agrees with the data mentioned above under Note e. 

Reagents 
Glycine as Complexing Agent 

28M Glycine solution. Dissolve 21 g of glycine in water and adjust to pH 8.0 with potassium 
hvdroxide solution; dilute to 100 ml. 

’ 3.4M Potassium-fluoride solution. 
Ammonium citrate solution. Dissolve 50 g of citric acid in water, add aqueous ammonia to bring 

the pH to 8.0 and dilute to 100 ml. 
Hexacyanoferrate(lZZ) solution. As given in the procedure in an ammoniacal medium. 

Procedure 

Titrations were, in general, carried out with the Zeiss ELK0 II photometer. 
Place a sample solution, containing 20-300 /cg of cobalt in about 5 ml, in the titration vessel. 

Add, if necessary, l-10 drops of ammonium citrate solution or fluoride solution. Add glycine 
solution to a volume of 10 ml. Titrate with hexacyanoferrate(II1). 

Notes to procedure 
a. The glycine concentration should be about 2.OM in order to get an equilibrium constant of the 

titration reaction large enough for accurate photometric indication. When the volume of the sample 
solution is too large, glycine can be added in the solid state. 

b. The buffer capacity of a glycine solution at pH 8 is not large. Therefore, it is necessary to 
adjust the pH of the citrate solution to the same value. Sample solutions containing many foreign 
compounds, especially acids or bases, may affect the pH. In that case the pH has to be measured 
before starting the titration and, if necessary, adjusted. 

c. When tervalent or quadrivalent metals are present, an auxiliary complexing agent, fluoride or 
citrate, has to be added. In general, citrate is better, because fluoride causes precipitation of some 
metals, but when manganese(I1) is present the use of fluoride is obligatory. The amount of fluoride 
taken should be as small as possible. 

d. The standard deviation in the absence of other metals, calculated from 10 determinations, 
was 1.3 Td in the region 40-300 pg of cobalt and 2 % for 20 }Lg of cobalt. 

Ammoniacal medium 
RESULTS 

Iron(III) catalyses the air oxidation of cobalt(I1). Therefore, large amounts of iron 
may result in low results. This can be seen in experiments 8, 16 and 28. As mentioned 
earlier, air oxidation is favoured by increasing the pH or the analytical concentration 
of ammonia. The experiments with the EEL titrator were carried out at pH 10.2. 
In order to obtain better results in the presence of iron(III), the pH was decreased in 
the case of the Zeiss PMQ II spectrophotometer to a value of 10-O. In the procedure 
for the ELK0 photometer the analytical concentration of ammonia was half the value 
of that in the procedure for the Zeiss PMQ II. The titration conditions resulted in a 
pH of 9.7 in this case. Indeed, the third procedure turned out to be the best, when 
large amounts of iron are present. Experiment 27 shows that a 400-fold amount of 
iron(II1) can be tolerated, provided that the titration is started immediately after the 
preparation of the titration solution. 

The presence of large amounts of chromium(II1) may lead to two difficulties. 
Firstly, chromium(II1) absorbs strongly in the titration medium in the 500-rnp region. 
This causes a bad reproducibility for the determination of cobalt on the apparatus 
without a possibility of amplification of the photocurrent. Therefore, in the presence 
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of large amounts of chromium(III), the Zeiss PMQ II spectrophotometer or another 
equivalent apparatus should be used. Secondly, the absorbance of a titration solution 
containing chromium(II1) is not constant until about 1 hr after its preparation, 
because of the slow formation of the complexes of chromium(II1). This may cause 
errors when large amounts of chromium(II1) are present. Therefore, the titration 
solution should be allowed to stand for a certain time in this case before starting the 
titration. This effect is illustrated in experiments 12, 23 and 24. When iron(II1) and 
chromium(II1) are both present a middle course has to be steered between the re- 
quirements of immediate titration for iron(II1) and waiting for chromium(II1) (see 
experiments 19, 20, 30, 31 and 32). 

Copper( when present in large amounts, strongly absorbs in the 500-m,u region 
(see experiment 25). In this case also, titration with a spectrophotometer including an 
amplifier has to be preferred. 

Nickel(I1) causes no difficulties, even when it is present in a lOOO-fold amount (29). 

Glycine medium 

The combined presence of iron(II1) and chromium(I1) does not interfere in this 
procedure. 

A IOOO-fold amount of iron(II1) or copper(I1) does not interfere. For nickel(I1) 
even a lO,OOO-fold amount may be present (experiments 11 and 12). The error in 
experiment 11 is probably from traces of cobalt in the nickel salt used. 

When large amounts of chromium (III) are present it is necessary to allow the 
formation of chromium(II1) complexes with glycine or citrate at pH 5. After the 
formation of the complexes, which requires about 15 min, adjust the pH to 8-O. If 
the waiting period is neglected, precipitation of chromium(II1) hydroxide may occur. 

Manganese(I1) does not interfere when the use of citrate is avoided, 
Vanadium(V), in general, does not interfere when it is present in an amount less 

than ten times that of cobalt. The combined presence of vanadium(V) and other 
elements interferes in some cases. This behaviour is not yet clear. 

Other amino acids as complexing agents 

Experiments were carried out with aspartic acid and glutamic acid Although 
good-results were obtained there appeared to be no advantages over glycine. The 
expected effect, viz the possibility of avoiding the addition of auxiliary complexing 
agents, was not realised. 

CONCLUSION 

From the experimental results it is obvious that the photometric end-point de- 
tection of the titration of cobalt(I1) with hexacyanoferrate(II1) in a medium of a 
complexing agent greatly improves the selectivity and sensitivity. The method appears 
to be practically specific in a glycine medium. Only certain combinations of ions 
interfere. 

Zusammenfassung-Es wird vorgeschlagen die Endpunktsbestimmung 
der oxidimetrischen Be.stimmung von Co(H) mit Hexacyanoferrat(II1) 
in ammoniakalischer Liisung photometrisch durch zu ftihren. Mengen 
bis zu 20 pg kiinnen bestimmt werden in Anwesenheit von den meisten 
anderen Metallionen, ausgenommen Mn(.II). Die Stiirung durch Mn- 
(II) kann durch Anwendung von Glycin statt Ammoniak beseitigt 
werden. Die Bestimmung ist dann beinahe spezifisch. 
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R&sum&On propose l’indication photometrique du dosage oxidi- 
metrique du Co(H) avec le hexacyanoferrate(II1) dans un milieu am- 
moniacal. Jusqu’a 20 ,ug du Co(I1) peuvent &e doses en presence de 
presque tous les autres metaux, avec l’exception du Mn(I1). Si l’on 
remplace l’ammoniac comme agent complexant par le glycine le Mn(Il) 
ne g&e plus et le dosage devient presque specifique. 
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SHORT COMMUNICATIONS 

Analytical applications of Solochrome Azurine B.S.: New method 
for the selective detection of copper 

(Received 26 September 1964. Accepted 18 March 1965) 

SOLOCHROME dyes have been known to the chemist since the beginning of this century, but only 
recentty have they been used as analytical reagents. *a8 Solochrome Azurine B.S., which has the 
following formula 

COONa 

has been shown to be a very sensitive spot reagent for thorium.8 This dye was also found to give 
distinct colour reactions with other cations, such as copper( uranium(W), vanadium(W), iron( 
aIumin~um(t It) and zir~ni~m(lV). The present investigations, which were restricted to the study of 
the copper complex with the dye, under different conditions, have resulted in the develonment of a 
sensitive and selective test for the detection of copper in sub-micro quantities. The followiig reagents 
have been used to detect copper by spot tests (the sensitivity for each is eiven in oarenthesis): CZ- 
furoinoxime (O-01 ,ug),* rub&me a&d’t0*006 [lg, but in presence of iron 5.48 @g),6’ dithizone’(0.03 
tug>” and Atizarin Blue (0.05 pg in so&ion and OW4 frg as precipitate).’ Each of these tests is 
subject to interference from some common cations. The advantage of the proposed detection method 
is that, w&t maintaining very good identification limits (0.02 pg; 0.01 pg on dye-fluoride paper), it 
is possible to detect copper(H) in the presence of a number of cations, e.g., uranium(W), vanadium(W), 
irontl I I), aluminium(llI), thorium(lV), zirconium(lV), cadmium(H), nickel(B) and cobah( 

Reagents 
EXPERIMENTAL 

Standard copper sulphate solution 
Solochrome Azurine B.S. solution. lo-‘4M and lo-*M, prepared from a “Gurr” analytical grade 

reagent. A freshly prepared solution of the dye should be used. 
Buj&-. A buffer solution having a pH between 3 and 5. 
Potassium fluoride solution 1 M. 
interfering cation solutions. Standard solutions of uranyl acetate, vanadyl sulphate, ferric alum, 

ai~minium chloride, thorium nitrate and zirconium nitrate were used. AMiyti~~-gr~e reagents 
were used for the solutions. 

RESULTS 

InpUence of pH on the dye and its copper complex. 

A neutral aqueous solution of the dye is yellowish-brow, but thecolour is dependent upon the pH.8 
The sharpest development of colour between copper and dye was found to be in the pH range 3 to 5. 

639 
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EJGect of dye concentration 

The concentration of dye is very important. The studies conducted on a spot plate by using 
varying concentrations of the dye showed best colour development when 0.01 ml of 10-9&f dye was 
used in the presence of 0.2 rg of copper. At concentrations of copper lower than this, 10-aMdye was 
found more suitable because higher concentrations of the dye gave such a prominent colour that it 
interfered seriously with the test. 

E#ect of copper concentration 

For finding the lowest amount of copper detectable by the test, its quantity was varied from 
OW6 pg to O-6 pg. At concentrations lower than 0.06 ,og the colour or precipitate developed with 
the dye is bluish-green rather than bluish-violet. 

Interference by other cations 

The dye also gives a blue-violet colour with nickel(U), cobalt(H), uranium(W), vanadium(W), 
iron(III), aluminium(III), thorium(IV) and zirconium(IV) and therefore these cations interfere. All 
these cations form stable complexes with fluoride ion. Thus, in the presence of fluoride, the dye gives a 
blue colour only with copper. Cadmium(I1) and manganese(I1) do not give a colour with low concen- 
trations of the dye. The amounts of interfering ions that can be tolerated are given in Table I. 

Procedure ,for testing on a spot plate 

Mix 1 drop of the test solution on a spot plate with 1 drop (0.01 ml) of 1 M potassium fluoride. 
Add 1 drop of lo-*M dye solution. A positive response is indicated by the appearance of a blue colour 
or precipitate:- * 

limit of identification: 0.024 ,ug of copper; 
dilution limit : 1: 1,500,OOO. 

The limit of identification is 0.126 pg when the test is conducted in semi-micro tubes. 
Note. The optimum pH for the reaction was found to be between 3 and 5. Because the pH of the copper 
solution in our experiments was approximately of the same order, we did not buffer the solution while 
carrying out the spot tests. Further, the use of buffer solution increases the dilution and so decreases 
the intensity of the colour produced. However, if the pH of the test solution is other than this, use of a 
buffer solution is recommended. 

TABLE I.-TOLERANCE OF INTERFERING CATIONS 

Cation a Amount tolerated, pg 

um 2.7 
WV) 0.66 
Fe(II1) 5.6 
Al(II1) 2.6 
Th(IV) 2.32 
zr(Ivj 0.91 
CdfII) 10.2 
Mn(Ii) 10.2 
Ni(I1) 8.6 
Co(I1) 9.0 

* O-02 ,ug of copper(I1) taken for each 
test. 

Test on paper impregnated with dye andjuoride 

In an attempt to attain greater sensitivity, the test was conducted on filter paper (Whatman No. 1) 
impregnated with dye and potassium fluoride. This paper was prepared by dipping the filter paper 
first into 1M potassium fluoride, then into lo-‘Mdye and finally drying it. However, if the order 
of treatment is reversed, i.e., first the paper is dipped in dye and then in fluoride solution or if the 
dipping is carried out simultaneously in a mixture of dye and potassium fluoride, the suppression 
of the interfering ions is not complete [uranium(W) and vfmadium(IV) are especially difficult to 
suppress]. The colour of the properly-prepared paper is pmktsh-yellow ; the colour of paper dipped 
in dye only is pinkish. 
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To perform the test, place 1 drop of the test solution on the paper. Copper reacts immediately. 
producing a blue spot concentrated at the centre. At concentrations of copper lower than 0063 rg 
a blank test (by putting 1 drop of water only) should be conducted. At lower concentrations. when a 
comparison is made with a blank, the main distinction is that in the case of the blank a uniform blue 
stain is left but with copper the spot is concentrated at the centre. 
can be identified. 

By this method 0.01 ,ug of copper 
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SummarySolochrome Azurine B.S. has been used for the selective 
detection of, copper. The limit of identification is 0.01 rg in the 
presence of nickel(II), cobalt(H), cadmium(II), uranium(VI), vana- 
dium(IV), iron(III), aluminium(III), thorium(lV), zirconium(IV) and 
manganese(I1). 

Zusammenfassung-Solochromazurin B.S. wurde zum selektiven 
Kupfernachweis verwendet. Die Nachweisgrenze liegt bei 0,Ol pg neben 
anderen Kationen wie Ni*+, Co*+, Cd*+, UQp*+, VO”+, Fe’+, Al*+, 
Th4+ und Zr4+. 

R&m&-On a utilid le Solochrome Azurine B.S. pour d&celer s&c- 
tivement le cuivre. La limite d’identification est de 0,Ol /cg en pr&e.nce 
des cations Ni*+, Co’+, Cd*+, UO,‘+, VO*+, Feat, Al’+, Tha+, Z?+. 
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Ion-exchange equilibria in the presence of organic solvents-III: 
Influence of organic solvents on the distribution coefficients of caesium, 

barium and zinc lons 

(Received 30 July 1964. Accepted 7 February 1965) 

IN the last few years, organic solvents have been used more and more, in mixture with a mineral acid, 
for the elution of cations from ion-exchange resins. This is because the mineral acid produces a 
dissociation of the resin-cation complex, and the resulting cations form complexes as a result of the 
dehydrating action of the organic solvent. 

In the present paper the results of our study of the influence of some organic solvents on the 
ion-exchange equilibria of caesium. barium and zinc ions are reported. 

L.engyeP mentioned that on Dowex 50 W x 8 in alcoholic media, the selectivit for caesium ions 
increased with the concentration of methyl alcohol, and Materova, Vert and Grin L rg* showed that, 
on Wofatit C in alcoholic media, the rate of exchange of barium ions increased more rapidly in the 
presence of an organic solvent than in its absence. 
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presence of an organic solvent than in its absence. 
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Fritz and Rettig,* working in acetone media on Dowex 50 W x 8, concluded that at low acetone 
concentrations the distribution coegiciints of zinc ion increased, but at high solvent concentrations 
they decreased with increasing solvent content. 
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FJG. 2.-Variation of log Kd with the concentration of organic solvent for barium ions. 

EXPERIMENTAL 

The static distribution coefficient, Kd, of the various cations(concentration : 1.58 x lo-* equiv/ml) 
was determined between sulphonated polystyrene resin KU-2 and solutions containing organic 
solvents (methyl alcohol, isopropyl alcohol and acetone), hydrochloric acid and water. 

The cations were identitled by using :Zn, ab”Ba and ‘r?iCs as radioactive tracers. The conccntra- 
tions of organic solvent and hydrochloric acid varied between 0 and 80% and 0 and 1.4M, 
respectivety. 
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Results one’ discussion. The distribution coefficient was calculated from the experimental data 
using the equation: 

Kd = Ai--. y 
At m 

where At = the initial specific activity of the solution, A, = the final specific activity, V = the volume 
of the solution (4 ml) and m = the mass of resin (0.02 g; 0.1 mequiv). 

Fig. 1 shows plots of log Kd vs. solvent concentration in the case of caesium ions for different 
concentrations of hydrochloric acid. One can see that the value of Kd increases with increasing 
organic solvent content. 

Fig. 2 shows the same thing for barium ions. In the absence of hydmchioric acid the curves are 
concave, whereas for acid concentrations between 0.2 and l*OM they are convex with regard to the 
abscissa with the exception of the cases of 0.0 and 1 .OM hydmchlortc acid with acetone. 
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FIG. 3.-Variation of log Kd with the concentration of organic solvent for zinc ions, 

In the case of zinc ions (Fig. 3) one observes a decrease in the distribution c&?icient, it being more 
pronounced at higher solvent contents. This could be due. to a more strong sorption of zinc ions by 
the resin at low concentrations of orgamc solvent and mmeral acid but weaker sorption at higher 
concentrations, because the organic solvent favours the dehydration of zinc ions, which an then 
form chloro complexes, as proposed by Yoshino and Kurimura 9 

fZn(H,O),l”+ + Cl- -+ ~ZnCXH,O),J+ + HI0 
[ZnCl(H~O)*J+ + Cl- - [ZnCl~(H*O)*~ + HpO 
[ZnCI,(H,O)~Io i- Cl- -+ IZnCWIaO)J- + H,O 
[ZnCl,(H,O)]- + Cl- - [ZnC%]*- + H,O. 

The maximum of these curves appears at that concentration of hydrochloric acid for which the 
negatively charged complexes bewme predominant. Consequently, on a cationic exchanger we have: 

(C& = [Zn*+la f [ZnCI+l, 

whereas the negatively charged species remain in solution. 
Assuming that the law of mass action applies to the reactions 

RH+Me++RMe+H+ (where Me = Cs) 
2 RN + Me’+ + RIMe + 2H+ (where Me = Ba) 
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we have 
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Zinc ions readily form complexes, so that the reaction takes place in steps: 

tRH+Zn*+“,R,Zn+2H+ 
RH + ZnCi’ F+ RCiZn + Hi . 
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FIG. 4.-Variation of log Kd with log Ke for methyl alcohol: 
x --caesium, 
O-ZitBC, 
O-barium. 

A plot of log Kd OS. log Ke (Fig. 4) gives straight parallel lines, corresponding to the equations 

[H+l 
iog K, = tog Kd i- log ml (for univalent ions)’ 

WI log Ke = lug Ka + 2 log [RH] (for bivatent ions). 

This shows that the effect of the organic solvent is the same for any concentration of acid, independent 
of the nature of the solvent. 
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Considering the quantity of cation sorbed as a function of the acid, a family of curves has been 
obtained, corresponding to the equations 

y= -ux*+b (forbarium) 
y=-ux+b (for caesium) 

where y = the quantity of sorbed ions, b = the maximum quantity sorbed at zero acidity, x = the 
initial concentration of acid and a = a constant, which is characteristic of the quantity of organic 
solvent present in the solution. These curves show that the presence of the organic solvent does not 
change the character of the reaction which takes place, but only increases the sorption of ions. 

Volume, ml 

FIG. 5.-Elution of zinc and caesium ions with 
70% CH*COCHa + 14% HCI + 16% Ha0 (for zinc) 

and 20% CHSCOCHt + 14% HCl + 66 % H,O (for caesium). 

3000 
r 

Volume, mL 

FIG. 6.-Elution of barium and caesium ions with 
20 % CHICOCHI + 8 % HCl + 72 % H1O 

and 20% CH#XCH* + 14% HCl + 66% HI0 . 
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Finally, the separation of zinc and caesium and of barium and caesium was attempted using a 
column of KU-2 resin (20 cm x 0.6 cm) and the following eluting agents (Figs. 5 and 6): 

70% CHIICOCHI + 14% HCI + 16% H,O for zinc, 
20% CHICOCH, t 14% HCI + 66% H,O for caesium, 
20% CHIICOCHS + 8 % HCI + 72% H,O for barium. 

CONCLUSIONS 

(1) The presence of organic solvents in acidic media does not influence the manner in which caesium 
and barium ions are sorbed on the sulphonated polystyrene resin KU-2. 

(2) Zinc ions, because of their complexing capacity, show a decreasing sorption with increase in the 
concentration of the organic solvent. 

(3) The organic solvents increase the values of the distribution coefficients in all cases for caesium, 
but for barium only in those solutions containing hydrochloric acid and more than 40% of organic 
solvent. 

Institute for Atomic Physics CARMEN GRIGORESCU-SAB;~U 
Bucharest, Rumanh STEFANIA SPIREKIN 

Summa~-The change in the distribution coefficients of caesium, 
barium and zinc ions on the sulphonated polystyrene resin KU-2, as a 
function of organic solvent concentration in hydrochloric acid solution, 
is studied. The organic solvents investigated are methyl alcohol, 
isopropyl alcohol and acetone. From the data obtained, it is possible 
to devise separations of zinc and caesium and of barium and caesium. 

Zusammenfassu~-Es wird die Anderung der Verteilungskoeffi- 
zienten von Caesium-, Barium- und Zinkionen an dem sulfonierten 
Polystyrolharz KU-2 ah Fur&ion der Konzentration organischen 
Liisungsmittels in Salzsaure verfolgt. An organischen Losungsmitteln 
wurden Methylalkohol, Isopropylalkohol und Aceton untersucht. An 
Hand der gemessenen Daten ist es mbglich, Verfahren zur Trennung 
von Zink und Caesium sowie von Barium und Caesium anzugeben. 

R&u&--On a dtudie les changements des coefficients de partage des 
ions c&ium, baryum et zinc sur la resine polystyrene sulfonee KU-2 
en fonction de la concentration du solvant organique dans l’acide 
chlorhydrique. Les solvants organiques examines sont : methanol, 
isopropanol et acetone. A partir des don&es obtenues, il est possible 
de mettre au point des separations de zinc et c&ium et de baryum et 
cbsium. 
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PRELIMINARY COMMUNICATION 

Amperometry with two polarisable electrodes: Chelometric 

determination of calcium and magnesium 

(Received 23 February 1965. Accepted 15 March 1965) 

BLUWEROMETRIC indication of the end-point of EDTA titrations has now been found possible even 
in an alkaline medium. Under similar experimental conditions to those described in OUI previous 
papm L* the following results have been obtained with the use of two graphite or platinum polar- 
isable (stationary) electrodes. 

The course of the titration curves corresponding to the titration of calcium with EDTA (in a 
medium of potassium hydroxide or borate buffer solution) has a quite different nature from that of 
titrations carried out in an acidic or neutral medium. I,* Similar differences have also been observed 
in the case of titrations in an ammonia/ammoruum nitrate buffer solution of the same pH. It is 
presumed that in the titration of calcium in a strongly alkaline medium, sorption effects play an 
important role. 

On the other hand, similar effects have not been observed in the titration of magnesium in various 
buffer solutions. The observed differences in titration of calcium and magnesium have been applied 
as a basis for chelatometric determination of the sum of calcium and magnesium and for the consec- 
utive determination of calcium and magnesium in mixtures. Determination of the sum is carried out 
in an ammonia/ammonium nitrate medium; the elements can be determined consecutively in mixtures 
in a boric acid/potassium hydroxide medium. 

In potassium hydroxide solution, calcium can be determined even in the presence of a relatively 
large excess of magnesium, Magnesium is precipitated as its hydroxide and does not interfere. Under 
identical conditions, strontium and barium can also be determined. 

The above observations can be used for determination of the alkaline earth metals in various 
materials. Chelometric titration of the alkaline earth metals with biamperometric indication of the 
end-point is now under detailed study and the results will be published in due course. 

Analytical Laboratory 
Polarographic Institute of J. Heyrovskj 
Czechoslovak Academy qf Sciences 
Prague 1, Jilskd 16, Czechoslovakia 

and 
Research Institute of Iron Mines 
MniJek p. Brdy, Czechoslovakia 

F. VYDRA 

J. VORL~?EK 

Summary-Calcium and magnesium can be determined in an alkaline 
medium by chelometric titration with biamperometric indication of the 
end-point using two graphite or platinum stationary electrodes. Under 
suitable conditions (pH, buffer solution) calcium and magnesium can 
be determined consecutively and the sum of these elements can also be 
obtained. 

Zusannnenfaasw-Calcium und Magnesium kijnnen in alkalischem 
Medium chelometrisch titriert werden, wobei der Endpunkt biampero- 
metrisch mit zwei ruhenden Graphit- oder Platinelektroden angezeigt 
wird. Unter geeigneten Bedingungen (pH, Pufferlbsung) kiinnen 
Calcium und Magnesium nacheinander bestimmt werden; such die 
Summe beider Elemente ist bestimmbar. 

647 
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R&wmC--Dn peut doser le calcium et le magnesium en milieu alcalin 
par titrage chtlatometrique, avec indication bi-amperomdtrique du 
point final, en utilisant deux electrodes stationnaires en graphite ou 
platine. Dans des conditions convenables (pH, solution tampon), on 
peut doser le calcium et le mag&imn successivement, et l’on peut 
6gatement obtenir la somme de ces elements. 
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LETTERS TO THE EDITOR 

Use of iron(III)-l,lO-phenantbroline complex in presence of light as 
an oxidising agent in organic analysis 

SIR, 

The oxidising properties of the yellow complex of l,lO-phenanthroline with iron(lI1) have been 
used for the indirect determination of cobalt1-4 and of uranyl ions. 6 An indirect determination of 
oxalic acid using ferron has been described by Burrow9 and Jablonkowski.’ The yellow iron (III)- 
1 ,lO-phenanthroline complex is photosensitive, especially after irradiation with light having a wave- 
length shorter than 590 nm.8 

In the presence of organic acids with labile carboxyl groups it is possible to make use of the 
catalytic influence of light on the reaction: 

[Fe,Phen, (OH),]*+ + 2e + 2 HPhen+ -, 2[FePhen#+ + 2 H,O. 

In solutions containing 3.7 x lo-“M iron(II1) (as chloride), 7 x lo-‘M l,lO-phenanthroline, 
0.6M sodium acetate, 0.6M ammonium chloride and 04X1.0 mg of citric, tartaric, malic or oxalic 
acid in 100 ml, decomposition of the organic acids takes place after irradiation in accordance with the 
following equations: 

[Fe,Phen, (OH),]‘- + (COO),*- + 2 HPhen+ -% 2IFePhen,]*+ + 2 CO, + 2 H,O 

[Fe,Phen, (OH),]‘- f 2 R.CHOH.COO- + 2 HPhen+ 

-%2[FePhen,]‘+ C 2 R.CH*OH f2 CO1 + 2 HyO. 

As a proof of the liberation of carbon dioxide, a stream of argon was first bubbled through the 
illuminated solutions of the organic acids under the above conditions, then through a solution of 
barium chloride; a precipitate of barium carbonate was formed in the latter solution. 

In samples containing no other substances interfering with the properties of iron-phenanthroline 
complexes, it is possible to make use of the mentioned oxidising effect for the determination of the 
stated acids. 

The composition of a test sample and of the solution used for plotting the calibration curves must 
contain a sufficient excess of the yellow iron(III)-l,lO-phenanthroline complex (at least 25%). 
Furthermore, it is necessary to maintain constant conditions of irradiation and temperature. 

Institute of Physics 
Academy of Sciences 
Prague, Czechoslovakia 
12 November 1964. 

JOSEF NOVAK 
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Interlingua 

I have seen Professor Wilson’s comment* on Dr. Rieman’s letter’ in Tulunta. The translation 
challenge included in it is intriguing indeed. 
tinctive character of Interlingua. 

I accept it because in doing so I can dramatise the dis- 
It is not really an artificial language but stands and falls with the 

axiom that the languages of the West are variants of a traceable common standard. In attempting to 
translate your challenge passage into Interlingua I do not meet the need to create new terms but to 
derive them from what 1 find in French, Spanish, German, English, etc. I do run into trouble with 
‘quencho-‘, but this is interestingly the same trouble I would have run into, had you asked me for a 
French or German or Spanish version. My sources tell me that spectrophotofluorometrically ‘quench’ 
is German ‘abschrecken’, French ‘tremper’, with a blank for Spanish, Italian, etc. (The blank is my 
ignorance and source failure and could be mended.) I boldly assume that the other romance languages 
use the same root as French, and here we go (I sticking my neck out and you seeing me do so): 
“ . . . un nove procedimento es addite al armamentario de1 analyse de moleculas fluorescente, i.e., 
le method0 de1 analyse “tempero-fluorescentic”. [Le termino “tempero-fluorescentic” rende le 
anglese “quencho-puorescence (an4fysis)“.] Iste dominio de recercas va haber extense ramificationes 
in le analyse oligo-organic. 11 se tracta de utilisar, pro le objectives de1 analyse, leeffecto temperante 
que existe in le spectrophototluorometria. 11 ha essite trovate que composites de1 typo de anthracen, 
phenanthreno, pyreno, benz(u)anthracen, benzo(u)pyreno, peryleno, etc es non-fluorescente in 
solution nitromethanic, sed isto non vale pro hydrocarburos que contine le an,ulo fluoranthenic. 
Tal hydrocarburos es fluorescente.” 
Please note that errors in this translation reflect my ignorance rather than an inadequacy of Inter- 
lingua. 

Science Service 
Division de Interlingua 

ALEXANDER GODE 

80 East Eleventh Street 
New York 3, N.Y., U.S.A. 
15 March 1965 
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APPLICATION OF ANODIC STRIPPING 
VOLTAMMETRY TO THE DETERMINATION 

OF MERCURY IN LITHIUM SULPHATE 

P. EMMOTT 
M.G.O. Inspectorates, Chemical Inqectoratc, Royal AM&, 

Woolwich S.E. 18, England 

(Received 3 Decmber 1964. Accepted 17 February 1965) 

falling to 044 &ml at the lower level. The interference of other 
cations haa been studied and their effect overcome by the use of a 
standard addition procedure. 

INTRODUCTION 

ANODIC stripping voltammetry consists of plating a metal onto an electrode surface 
at a potential sufficiently negative to deposit the metal, but not to electrolyse the 
solvent. The voltage is then scanned anodically at a set rate and the metal stripped 
from the electrode;ld the resulting current/voltage trace is recorded automatically 
and gives a peak current at a potential corresponding to the polarographic half-wave 
potential of the element, the height or area of this peak being related to the concen- 
tration of the metal in the solution. The method is more sensitive than conventional 
polarography and involves a much larger proportion of the electro-active metal, 
which is in effect concentrated onto the electrode. An excellent review of anodic 
stripping has been given by Neeb.’ 

Several different kinds of electrode have been used in this field; solid electrode9 
have been found to give erratic results because of surface contamination and a mer- 
cury pool electrode1 has poor sensitivity because of diffusion of the deposited metal 
within the mercury. A levelled-off mercury thread’ has been used, but a more widely 
used electrode is the hanging mercury drop, s&s the applications of which have been 
discussed by Kemula and Kublik .6 Recently, several workers have used wax- 
impregnated carbon electrodes’ and carbon-paste electrodes,s which have low residual 
currents and a wide usable anodic range. It is obviously impossible to use a mercury 
electrode for the determination of mercury and because wax-impregnated electrodes 
are reputedly difficult to make, it was decided to use a carbon-paste electrode for the 
work described below. 

EXPERIMENTAL 
Rqenrs 
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Standard mercury solution (100 &ml). Prepared from pure mercury. 
Stanabrd iron solution (lOO&ml). Made from analytical reagent grade ammonium iron 

sulphate. 
“Stanabrd mixture”. Made by mixing standard solutions of analytical reagent grade salts cf 

Bi, Cd, Cr, Co, Cu, Fe, Pb, Mn, MO, Ni, Ag, Sn, V and Zn with the lithium sulphate solution and 
evaporating to dryness. This gave a mixture containing 60 ppm of each of the metals with respect 
to lithium sulphate. 

Valve voltmeter 

1 

IMoMopnetic stirrer 

Apparatus 
FIG. 1 .-Cell assembly 

Graphite-paste electrode (Fig. 1). The electrodes was fabricated from a l-inch section of ) 
Teflon rod, hollowed at one end and the resulting hole (t” deep and y diameter) packed with a 
paste made from spectrographically pure gra bite (3 g) and bromonaphthalene (2 ml); electrical 
contact was made by means of a platinum lea cr . 

Cell (Fig. 1). The cell was fabricated from a 50-ml polythene beaker fitted with a side arm (for 
flushing with nitrogen) and a magnetic stirrer, The cell was covered with a polythene lid having holes 
for the saturated calomel electrode, the platinum electrode and the gra 

d; Stirrer. A: Baird and Tatlock stirrer (C33/0020) and paddle (C33/ 
hite paste electrode. 
34) were used. Experiments 

showed that the sensitivity of the technique improved with increased stirring rate and the stirring 
was made as fast as possible without causing splashing of solution. This setting was then retained 
for all subsequent work. 

Voltage scan unit (Fig. 2). The unit was a transistorised Miller integrator circuit which could 
be set at any desired voltage between -2.0 and +2*0 V or used to scan this range at a desired rate. 

Value cbneter. Mullard type E7555/3. 
Recorder. Bristol Dynamaster (&lo mV) connected across a resistor in series with the working 

electrode. 

Determination of current-uottage curves 

The graphite-paste electrode was immersed in pure lithium sul hate 
+O+? V for 10 mn& remove electro-active imnurities before eat K 

solution and electrolysed at 
run (all voltaaes were measured 

relative to the saturated ealomel electrode). ’ 
Y 

The cell was assembled as shown (Fig. i) and 20 ml of lithium sulphate solution added. Nitrogen 
was bubbled throueh the stirred solution at 200 mllmin for 10 min to remove dissolved oxvaen and 
was also passed o;er the surface of the liquid during the subsequent operations. A poieitial of 
-1.0 V was applied to the graphitepaste electrode for 15 min. during which time the solution was 
stirred, then the voltage supply and stirrer switched off. 
scanned to +0*6 V at a rate of O-2 min. The resulting 

After 30 set, the potential was set at 0 V and 
current-voltage curve (Fig. 3) was horizontal 

over the desired range. and indicated a low residual current. 
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FIG. 2.-Voltage scan unit: 

VRl-!kt starting voltage, 
VRZ-Sctrccordetzcro, 
VR3-W scan rate, 
VR4kSet Miller circuit, 
VRS-Set recorder ranec. I 
S.1a.b 
Position t-Circuit starting voltage, 
Position 2-Auto-scan. 

Other iyuritics f \ 

0.2 0.4 O-6 O-8 

IOmV 
Recorder 

V 

FIG. 3-Oxidation currents of mercury 
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The above procedure was repeated with varying amounts of mercury (0 to 50 @ added to 20 ml 
of lithium sulphate solution. Fig. 3 illustrates typical peaked polarograms obtained for different 
concentrations. The height (h) from the peak to the minimum on the positive side was measured 
as shown (Fig. 3). This method was used to avoid the tail of the impurities peak. The same electrode 
(A) was used for all measurements and peak height plotted against mercury concentration gave a 
linear relationship (over the tested range of 5-50 rg of mercury) suitable for use as a calibration 
curve. Replicate determinations were carried out at the 25 ,q/ml level and the 0.25 &ml level 
and no significant difference in the results was observed with different electrodes; this is consistent 
with earlier reports.* The results are recorded in Table I. 

TABLE T.-REPRODUCIBILITY OF MERCURY PEAK CURRENTS 

Concentratron of @ml mercury, 2.50 0.25 
Peak current, PA (Electrode B) 12.5, 13.5, 12.4 0.94, 1.25, 144 

(Electrode C) 13.1, 13.1, 12.8 1.12, 0.80, 0.94 
Mean, ,uA 12.9 1.12 
Mean (Fig. 4), ,ug/mf recovery 2.55 0.25 
Standard deviation, pA 044 0.19 

p&n1 0.09 0.04 

The standard deviation of O-04 &ml at the lower level indicated a 20 detection 
limit of O-08 pg/ml. The coefficient of variation was 16 % at the lower level and 35 % 
at the higher level. 

Eflect of other cations 

The impurity most likely to be present in lithium sulphate is iron; the addition 
of iron in concentrations of up to 5 ,ug/ml did not have any effect on the mercury peak 
current. The effect of other impurities was established by adding the “standard 
mixture”, containing Bi, Cd, Cr, Co, Cu, Fe, Pb, Mn, MO, Ni, Ag, Sn, V and Zn to 
the lithium sulphate solution so that the final solution contained 2.5 lug/ml of each 
of these metals. The effect on the peak current, obtained from l-25 pg/ml of added 
mercury, was such as to give successive recoveries increasing from 1.35 pg/ml to l-65 
pg/ml of mercury. Consistent recoveries (about the l-35 pg/ml level) were only 
obtained by more drastic decontamination of the electrode before each run. It was 
found necessary to wash the electrode thoroughly with 1: 1 nitric acid and water, 
before pre-electrolysing at +0*8 V for 10 min. 

Current-voltage curves for the solutions containing the above metals are shown in 
Fig. 3. The peak at +0-l V was attributed to copper, which was shown to give a 
peak at this potential when it was present alone in the lithium sulphate solution. 
The slight interference in the recovery of mercury can be attributed to the fact that 
during a large part of the plating time, mercury is deposited onto a graphite-paste 
electrode coated with other metals. 

It was thought advisable to adopt a standard addition procedure for the 
analysis of actual samples of lithium sulphate, because it was considered likely that 
this would overcome any slight interference effects caused by the presence of other 
cations. It should also eliminate any differences between electrodes, although 
different electrodes were not, in fact, observed to give significantly different results. 
A solution was made up of lithium sulphate, containing 1.25 pg/ml of mercury 
and 2.5 ,ug/ml of each of the metals listed above, and the resulting peak current (h,) 
measured. A known amount (25 ,ug) of mercury was added to a second 20-ml 
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aliquot of this solution and the resulting peak current (A,) measured. The mercury 
recovered (x) was then calculated from the equation 

x/(x+$) =h,/h, 

is the final concentration of mercury. Table II lists the recoveries 

from six such determinations. 

TABLE I~.-+EPLICATE STANDARD ADDITION RESULTS 

Mercury originally 
present, ~g/tnl 

1925 

Mercury recovered, &ml 1.30. 1.45. l-20 
1.15, 1.20, 1.25 

Mean, pgfttd l-25 
Mean recovery 100% 
Standard deviation, jcglml , 0.10 

Suggested procedure 

(1) Make up the sample to give 40 ml of t-8 M solution. 
(2) Prepare graphite-paste electrodes as described above, wash well with 1: 1 nitric acid and water, 

then electrolyse at +0*8 V in pure lithium sul hate solution for 10 min. 
(3) Add 20 ml of the sample solution to the P 

stirred solution at - 1.0 V for 15 min. 
ccl , pass nitrogen for 10 min and electrolyse the 

(4) Switch off the current and stirrer for 30 sec. 
(5) Scan anodically from 0 to +0*6 V and measure the mercury peak current (h,). 
(6) Wash and pre-electrolyse the electrode. 
(7) Add a known amount of mercury (e.g., 25 ,@ to the other 20-ml ahquot of sample solution 

and repeat steps 3-5. Measure the peak current (/r,). 
(8) Calculate the original mercury content (x) of the sample solution from equation (I). 

CONCLUSIONS 

Mercury has been determined in l-8 M lithium sulphate solution in inundations 
up to 25 pg/rnl by an anodic stripping vohammetric technique using a graphite- 
paste electrode. The limit of detection was 0.08 pg/rnl and the standard deviations 
were 0.04 pg/ml at the O-25 pg/ml level and 0.09 pug/ml at the 2.5 pg/ml level. In 
the presence of other impurities, a standard addition method was found to have a 
standard deviation of 0.10 &ml at the 1.25 pg/rnl level. The time required for one 
such determination was approximately I hr. 

Acknowle&emen&-The author wishes to thank Mr. D. G. Lamb for designing and constructing the 
voltage scan unit. 

ZusammenfassnnS-Die Methode der “anodic-stripping-” Voltam- 
metrie mit einer Elektrode aus einer te wurde auf die 
~ti~~gvonQu~ksil~rin 1.8MLjthiumsu~a 
Zwischen 0,08 und 2,5 &ml besteht 
Spitzenstrom und Quecksiibergehalt. Im Bereich hijherer Konzen- 
trationen ist die Standardabweichung der Ergebnisse 0,l &ml, 
bei niedrigeren Konzentrationen fiillt sie auf 0,04 @nl. Die St&rung 
durch andere Kationen wurde untersucht und durch Zugabe eines 
Standards beseitigt. 
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Ran a applique la technique de voltametrie par dissolution 
anodique. avec electrode de carbone en pate, au dosage du mercure 
dans des solutions 1,8M de sulfate de lithium. Dans le domaine 
0,08-2,5 @ml, ii y a une relation lineaire entre le courant de pointe 
et la teneur en mercure. L%cart type des resultats est de 0,l @ml 
pour la valeur sup&ieure, et tombe a 0,04&ml pour la valeur in- 
ferieure. On a dtudid l’interference d’autres cations, et leurs effets 
ont bte elimines par l’emploi d’une technique normalis& d’addition. 
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smampry-_cObalt(II) forms deepblue stable chloro-complexes in 
dimethylformamide. One of them, (CoCl,)‘-, is used for the spectro- 
photometric determination of cobalt. Optimum analytical conditions 
have been established. Beer’s law is obeyed between a cobalt con- 
centration of 5 and 100 ppm; a wider concentration range was not 
investigated. Sensitivity of the colour reaction is O-10,eg of cobalt 
per cm* for log IO/I = 0401; a large exccas of many foreign ions can 
be tolerated; an ion-exchange separation is used when necessary. The 
method has been applied successfully to the determination of cobalt 
in steel, ferromanganese and a nickelcopper alloy. 

IN an attempt to use 2,3quinoxalinedithio11-s in dimethylformamide as a spot test 
for cobalt it was observed that a deep-blue colour is formed when dimethylformamide 
alone is added to dilute cobalt chloride solutions. Further study revealed that the 
colour is caused by cobalt chloro-complexes. An investigation of the colour reaction 
and its use for the spectrophotometric determination of cobalt in several types of 
material is described in this paper. 

Apparatus 
EXPERIMENTAL 

Spcctrophotometers. Beckman Models DK-2 and DU with matched l-cm Corex cells. 
pH Meter. Beckman Model G. 
Zox-exche eoiurrvr.s. The ion+xchange columns were constructed from 7-mm (o.d.) Pyrex 

tubing, sealed to a capillary stopcock at one end and to 10 cm of 15-mm (o.d.) Pyrex tubing at the 
other end. The columns were 

p” 
ked with a slurry of Dowex-1,8X resin, 50 to 100 mesh. The resin 

bed was 25 cm in length. A g ass-wool plug was used at each end of the resin bed. 

Reagents 

Standard cobalt.soZutioas (1000 ppm). Dissolve O*SOO g of Johnson, Matthey’s “Specpure” cobalt 
sponge in reagent grade 1zM hydrochloric acid and dilute to 500 ml with 1W hydrochloric acid. 
Prepare a chloride-free cobalt standard by dissolving 0500 g of cobalt sponge in a minimum of 
concentrated nitric acid and dilute to 500 ml with dimethylformamide. 

Dimethylformamide (DMF). This compound was used as received from Matheson, Coleman, & 
Bell. Redistillation was not required. Eastman’s DMF was also satisfactory. 

Other chemicals. All other chemicals were reagent grade. Solutions were prepared using either 
distilled water or DMF. 

PROPERTIES OF THE COBALT CHLORO-COMPLEXES 
IN DIMETHYLFORMAMIDE 

Absorbance spectrum 

The cobalt chloro-complexes have a deepblue colour in dimethylformamide. 
The absorbance spectrum is shown in Fig. 1. The peaks are fairly sharp and two 

* Present address: Appalachian State Teachers College, Boone, North Carolina, U.S.A. 
2 657 
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maxima occur: one near 610 m,u and another near 675 rnp. The positions of the 
maxima are independent of the amount of chloride in excess but their heights increase 
with the chloride concentration up to about a 500-fold excess, after which they 
become constant. Chloride solutions and DMF have very little absorbance at 610 
and 675 mp. 

Rate of formation of the complexes and their stability 

The cobalt chloro-complexes form instantaneously either upon mixing the 
reactants with DMF or upon adding sufficient DMF to their aqueous solutions. 
No significant difference in absorbance occurred over a period of 5 days; measure- 
ments were not made over longer periods. 

I I I I I I 7 

O%- 

02- 

t 
500 550 600 650 700 750 600 650 

Wavelength, mp 

FIG. 1 .-Absorbance spectrum of cobalt chloro-complexes in dimethylformamide. 

E#ect of pH 

The absorbance of the cobalt chloro-complexes in DMF does not appear to be 
dependent upon the apparent pH (i.e., pH meter reading) of the solution if chloride 
is in large excess. Moderate amounts of strong acids, such as nitric, sulphuric, 
perchloric and phosphoric, have no effect. Basic solutions were difficult to test because 
of the low solubility of alkali in DMF. Ammonia begins to interfere at an apparent 
pH of 4.5 to 5, perhaps because of cobalt ammine formation, and hence cannot be used. 

Eflect of order of addition of reactants 

The order of addition of the cobalt, chloride and DMF has no effect on the absorb- 
ance if the ratios are correct. Hence, the reactants may be mixed in any order. 

Valence state of cobalt ,in the complexes 

It is fairly certain that the cobalt in the complexes is in the bivalent state. Indeed, 
the complexes can be formed in the presence of reducing substances, such as hydroxyl- 
amine; in fact, hydroxylamine hydrochloride can be used as the source of chloride. 

Mole ratio studies 

The empirical formulae of the cobalt chloro-complexes in solution were established 
by the mole ratio method of Yoe and Jones4 and by the continuous variations method 
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of Job,” as modified by Vosburgh and Cooper. 6 The data are plotted in Figs. 2 and 3. 
A rigorous interpretation of Fig. 2 indicates very small changes in slope at mole 
ratios of 1 to 1 and 1 to 2, though the differences are only slightly greater than the 
experimental error. A stronger indication of a 1 to 3 species, (CoCl$-, exists, 
though rounding of the absorbance curve in this area is pronounced because of 
dissociation of the complex. The curve finally becomes horizontal above mole ratios 
of about 1 to 500 at an absorbance of 0401. Extrapolation of either the “best” 
straight line through the first several points or any of the first three segments intersect 
the line representing an absorbance of 0.401 near a mole ratio of I to 4. This leaves 
little doubt that the final species formed is (COCI~)~-. 

Sufficient concentrations to observe the 1 to 4 complex in the continuous variations 
method could not be used, but it did confirm the formation of the lower complexes 
(see Fig. 3). Hence, the formation of 1 to 1, 1 to 2, 1 to 3, and 1 to 4, cobalt chloro- 
complexes, i.e., (CoCI)+, iloCI,, (CoCI,)- and (CoCl,)” are indicated. These findings 
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FIG. 2.-Mole ratio of cobalt chloro-complexes by Yoe and Jones method. 
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FIG. 3.-Mole ratios of cobalt chlorocomplexes by continuous variations method. 
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are in broad agreement with those of Baaz et ~1.’ who used other organic solvents 
but disagree with those of Bobtelsky and Spiegle6 who found no evidence for a 
1 to 3 complex. It is not surprising that a large excess of chloride is required to force 
a fourth chloride into the negative (CoCI,)- co-ordination sphere. Ligands other than 
chloride which may be in the co-ordination sphere have been omitted and were not 
studied. 

Structure of the complexes 

It seems plausible to postulate a tetrahedral (COCI&~- anion as the species used for 
the cobalt determination.9 

Absorbance spectra between 400 and 750 rnp of 1 to 1, 1 to 2, 1 to 3 and 1 to 4 
cobalt-chloride ratios have the same general shape, much like that shown in Fig. 1. 
Only one isosbestic point occurs at 585 mp, which is believed to be caused by un- 
reacted cobalt which has a maximum absorbance at 525 rnp. This indicates the 
formation of a single blue chloro-species from the pink cobalt nitrate solutions, 
unless the various chloro-species have about the same characteristics over the wave- 
length range 400 to 750 mp. These spectra can be explained, however, if the cobalt in 
the absence of chloride is assumed to be octahedrally co-ordinated, as indicated by its 
pink colour,g and to shift to a tetrahedral co-ordination upon the addition of a single 
chloride, followed by stepwise substitution of three more chlorides. The complexes 
are much more stable in DMF than in water but are still highly dissociated, requiring 
a large excess of chloride to produce (COCI&~- with a maximum and reproducible 
absorbance. 

I I I I 

0.6 - 

Cone. hydrochloric acid, % by vol. 

FIG. 4.-Effect of hydrochloric acid concentration on the absorbance 
of the cobalt chloro-complex in dimethylformamide. 

DETERMINATION OF COBALT 

Selection of a suitable chloride 

Because the solubility of metallic chlorides that do not form chloro-complexes is 
very low in DMF and because a large excess of chloride is required to produce 
maximum absorbance by the cobalt chloro-complex, (CoClJ2-, hydrochloric acid 
was chosen as the chloride source. The effect of the hydrochloric acid concentration 
was studied by maintaining the cobalt concentration at 50 ppm and varying the 
hydrochloric acid concentration from 0 to 100 volume %, i.e., 0 to 12M HCI. The 
results are plotted in Fig. 4 and show that a nearly constant maximum absorbance 
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occurs between 4% and 20% (by volume) concentrated acid, i.e., between 0%4 and 
25h4 hydrochloric acid in DMF. 

Recommended calibration procedure 
Transfer 0.05,0.10, 020, 040,060,0~80 and 1.00 ml, respectively, of a standard cobalt solution 

(1000 ppm) in 12M hydrochloric acid, to lO-ml volumetric flasks and add sufficient 1W hydrochloric 
acid to make 1 ml. The series will contain 5, 10,2O, 40,60.80 and 100 ppm of cobalt, respectively, 
when diluted to volume (10 ml). Add to each solution 6-8 ml of DMF, mix and allow to cool. 
Make to volume (10 ml) with DMF, mix thoroughly, and measure the absorbance at 675 ~IJJ against 
a reagent blank. Construct a graph of absorbance as a function of concentration. 

Reproducibility 

The average, standard deviation and percentage error for one standard deviation 
for six determinations at each of the seven concentrations used in preparing the 
calibration curve are listed in Table I. 

TABLE L-DATA FOR CALIBRATION CURVE 

co, Absorbance Std. Dev. Error, 
PP” * average u % 

5 0.052 0.003 5.77 
10 0.102 0.002 1.96 
20 0.202 0.003 1.49 
40 0401 OGO4 1.00 
60 0.599 0.003 0.50 
80 0.790 0X106 0.76 

100 0.994 0039 0.91 

Efect of temperature 

Normal variations in laboratory temperature cause no significant change in 
absorbance. 

Eflect of water 

The effect of water upon the results obtained using the calibration procedure was 
studied by keeping the cobalt concentration constant at 40 ppm and varying the 
volume percentage of water from 0 to 25%. The results are plotted in Fig. 5 and 
show that the absorbance begins to decrease between 3 and 4% of water. The de- 
crease does not become appreciable, however, until water concentrations greater than 
6% are reached. 

I I I I 

L5 

f 

G 
goz- 

"b 
0" 
a 

I I I I 
0 4 8 12 16 20 

Waler, % by vol. 

FIG. 5.-Effect of water on the cobalt determination. 
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Eflect offoreign ions 

A cobalt concentration of 30 ppm was used for this study. Because of the limited 
tolerance to water, many of the less common ions were tested at a 2-fold excess; the 
more common ions were tested at a 20-fold excess: A change in absorbance of f2 % 
(about 20) or less was considered as “no interference.” None of the common inorganic 
anions interfered, nor did acetate, citrate, oxalate, tartrate or EDTA. The common 
mineral acids can be tolerated up to at least O-5 ml per 10 ml of solution. Ge(IV), 
Rh(III), Nb(V) and Ta(V) ions formed precipitates in the DMF but they usually 
settled quickly and the supernatant liquid gave the same absorbance as the cobalt 
solution alone. Removal of the precipitates by filtration also produced satisfactory 
results. Of the common cations tested only Cr(III),‘Ni(II) and Cu(I1) caused a de- 
viation in absorbance greater than 2% at a 20-fold excess. Vanadium(V), however, 
was not tested above a 2-fold excess and might interfere at higher concentrations. 
The chlorides of lead, silver and mercury(I) did not precipitate from the DMF-HCl 
mixture. 

Tolerance to Cr(III), Fe(III), Ni(I1) and Cu(I1) was arbitrarily set at that con- 
centration which caused a change in absorbance of f2% and f5 %, respectively. 
The results are given in Table II. 

TABLE II.-TOLERANCE OF THE COBALT DJDER- 

MINATION (30 pplll OF COBALT)TOINTERFEXINoIONS 

Ion 
Limiting concentration, ppm 

*2% fS% 

Cr(II1) 110 190 
Fe(III) 1000 2500 
Ni(I1) 60 150 

-Cm) 250 600 

This procedure is able to tolerate interferences better than that baaed on the same 
complex in ethanollo 

Discusion of the determination of cobalt 

Beer’s law is obeyed over a cobalt concentration range of 5 to 100 ppm. A wider 
concentration range was not tested. Absorbance values between 0.2 and O-7 were 
chosen as the optimum range” and correspond to a cobalt concentration range of 
20 to 70 ppm. The sensitivity is 0.10 rug of cobalt per cm8 for log I,,/1 = 0401, i.e., 
one part of cobalt in ten million parts of solution. 

The use of 1 ml of 12M hydrochloric acid per 10 ml allows the samples, after 
appropriate dissolution, to be diluted to volume with 12M hydrochloric acid. The 
sample size and dilution should be adjusted so that a I-ml aliquot will contain 
sufficient cobalt (0.247 mg when using a lo-ml volumetric flask) for one analysis. 

Prevention of interference by foreign ions 

Interference by foreign ions is not a serious problem because a considerable excess 
of most of them can be tolerated. The interference caused by large amounts 
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of chromium, iron, nickel or copper, could not be prevented by common masking 
agents, but ion-exchange separationls*ls was satisfactory. 

Recommended separation procedure 

After appropriate dissolution, dilute the sample to volume with 9M hydrochloric acid. Place an 
aliquot containing between 0.2 and 0.7 mg of cobalt on a resin column which has been conditioned 
with 9M hydrochloric acid. Eccausc the distribution coefficient of cobalt on Dowex-1, 8X resin in 9M 
hydrochloric acid is about 80, elut’ion with this solution can be continued until all unabsorbed ions 
are removed. Nickel and chromium are easily removed. Then elute the cobalt with 4M 
hydrochloric acid, evaporate almost to dryness, and determine as described under the recommended 
calibration procedure. 

Copper, iron and zinc remain on the column and may be removed by elution with 0*005M 
hydrochloric acid. The column may then be re-used. 

ANALYSIS OF NBS SAMPLES 

To evaluate the method, three National Bureau of Standards samples (Nos. 153, 
162 and 68) were analysed for cobalt. Twelve samples of No. 153 were analysed 
without separation. The cobalt values obtained ranged between 8.34% and 8.56 %, 
the average being 8.46 % and the standard deviation f O-95 %. This compares favour- 
ably with the Bureau’s range of 840 % to 8.54 % and average value of 8.45 %. NBS 
Nos. 162 and 68 required removal of interferences by ion-exchange before analysis. 
Five samples of each were analysed. The results are summarised in Table III. 

TABLE Ill.-DETERMINATION OF COBALT IN NBS SAMPLES 

NBS 
sample 

NBS % Co New Method % Co 

Range Average Range Average 

No. 153 Steel 8.40-8.54 8.45 8.34-8.56 8.46 
No. 162 Ni-Cu alloy 0.53-0.54 0.54 0.529-0.544 0.534 
No. 68 Ferromanganese 0.07’ - O-068-0.075 0.072 

(i Represents the result of only one NBS analyst. 

Zusammenfassung-Kobalt(l1) bildet in Dimethylformamid tiefblaue 
stabile Chlorokomplexe. Einer davon, (CoCl,)*-, wird zur spektral- 
photometrischen Bestimmung von Kobalt beniltzt. Die besten 
analytischen Arbeitsbedingungen wurden ermittelt. Das Beersche 
Gesetz gilt bei Kobaltkonzentrationen von 5 bis 100 ppm; ein griSBerer 
Konzentrationsbereich wurde nicht untersucht. Die Empfindlichkeit 
der Farbreaktion ist 0,lO ,ug Kobalt pro cm’ bei log 1,/l = 0,001. Ein 
groBer Uberschulj vieler Fremdionen ist zullssig; niitigenfalIs wird 
durch Ionenaustausch abgetrennt. Die Methode wurde mit Erfolg 
auf die Bestimmung von Kobalt in Stahl, Ferromangan und einer 
Nickel-Kupfer-Legierung angewandt. 

ReSumGLx cobalt(l1) forme, en dim&hylformamide, des chloro- 
complexes bleu-fond stables. L’un d’eux (CoCl,)*- est utilid pour le 
dosage spectrophotomCtrique du cobalt. On a 6tabli les conditions 
analytiques optimales. La loi de Beer est respect&e pour des con- 
centrations en cobalt comprises entre 5 et 100 ppm. On n’a pas 
Ctudit un plus grand domaine de concentrations. La sensibil@ de la 
reaction color6e est de OJO rg de cobalt par cm* pour log ID/I = 0,001. 
Un gros ex& de nombreux ions &rangers peut &re to&C; si n&es- 
saire, on a rewurs d une dparation par &hange d’ions. On a appliqut 
la mkthode avec su&s au dosage du cobalt dans l’acier, le ferro- 
mangan&se, et dam un alliage nickel-cuivre. 
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VANADIUM COMPOUNDS IN REDUCTIMETRIC 
TITRATIONS-I 

STANDARBISATION OF VANADIUM(I1) SULPHATE WITH 
IRON SOLUTION 

K. L. CHAWLA and J. P. TANDON 
Department of Chemistry, University of Rajasthan. Jaipur, India 

(Received 21 December 1964. Accepted 12 March 1965.) 

W-Methods of standardisation of vanadium(I1) sulphate 
against iron(III) solutions are described. The standardisation can be 
carried out visually at a temperature of about 80” using acetylacetone, 
or mec5n& salicylic or sulphosalicylic acids as internal mdicators. The 
titration can be carried out at room temperature if copper(H) is used 
as a catalyst; the end-point can be detected with methylene blue, 
gallocyanine or potentiometrically as well as by the indicators listed 
above. The copper@) catalyses the oxidation of vanadium(III) to 
vanadium(IV), which is slow at room temperature. 

BI-, ter- and quadrivalent vanadium compounds have been used for a number of 
reductimetric titrations. Vanadium(I1) compounds are powerful reducing agents* and 
have been employed for visual,s-7 potentiometrics-14 and amperometric*l’ titrations 
of various oxidising agents. A number of organic compounds**s~ls belonging to 
different groups have also been determined, including nitro compoundss that are 
difficult to reduce. 

Maasss carried out the standardisation of vanadium(I1) sulphate with iron 
solution potentiometrically. Banerjeea has claimed that the above titrations are 
possible at room temperature using thiocyanate as internal indicator. Recently, Ellis 
andVogel,“in agreement with Gapchenko and Sheintsisl’ and contrary to the experience 
of Banerjee,* found that the use of thiocyanate as indicator at the laboratory temperature 
is unsatisfactory. With the help of potentiometric titrations they showed that the 
following two stages of oxidation of vanadium(I1) with iron(II1) are involved: 

Vs+ --t Vs+ + e (a rapid reaction) 
v” + HsO + VOs+ + 2H+ + e (a comparatively slow reaction). 

They found that the oxidation of vanadium(II1) to vanadium(IV) is a compara- 
tively slow reaction, which does not reach completion when the vanadium(I1) solution 
is added to the iron(II1) solution at the normal titration rate. This results in high as 
well as erratic titres when the titration is carried out by the method recommended by 
Banerjee. Ellis and Vogel,s therefore, preferred the reverse addition of the solution 
and used the one electron change i.e., vanadium(I1) to vanadium(III), with pheno- 
safranine as visual indicator. 

In a previous communication by Mittal, Tandon and Mehrotra,@ it was shown 
that the change of vanadium(I1) to vanadium(IV) can be indicated satisfactorily by 
carrying out the titration at about 80”, and using methylene blue or gallocyanine 
as visual indicators. 

665 
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In the present investigations, it has been found that a small amount of copper 
catalyses the oxidation of vana~um(II1) to van~ium(IV~ and even at the normal 
speed of titration, the titre, when both a visual and a potentiometric end-point were 
used, corresponded to the two-electron change of vanadium(I1) to vanadium(IV). With 
this modified technique, titrations with vanadium(I1) are at least as convenient as the 
conventional titrations with titanous salts. In some analytical application the 
possibility of oxidation stages(II1) and (IV) might be turned to some advantage. For 
visual titrations, methylene blue, gallocyanine, acetylacetone, and meconic, salicylic 
and s~pho~cylic acids have been su~essfuliy used as indicators. 

The use of acetylacetone as an internal indicator in the titration of iron(III) with 
EDTA was described by Singh, Sahota and Gupta. la Salicylic and sulphosalicylic 
acids were used in the determination of iron(II1) against ascorbic acid by Erdey and 
Bodor.“? Meconic acid was used in the titration of iron(III) solution against titan- 
ium(II1~ chloride by Koltho~.l* 

The use of copper in catalysing a number of reactions is well known. Both 
organiclv~ss as well as inorganicsl-aa compounds have been determined in the presence 
of cupric ions. 

A number of methods have been described for the preparation of vanadium(I1) 
solutions. Reduction of vanadium(V) and vana~um(IV) compounds with metals or 
ama~gams6,s~ll.l~‘~ or electrolytic reduction at a platinum or lead cathodes** are some 
of the well known techniques. Electrolysis with a mercury cathode has been used for 
preparative purposesa9*a4 and in electrochemical studies.ivss In the present investig- 
tions vanadium(I1) solution was prepared by reducing vanadyl sulphate with amal- 
gamated zinc in the presence of dilute sulphuric acid as described by Lingane and 
Pecsok,s’ and then stored in an inert atmosphere of purified hydrogen in an apparatus 
described in an earlier communication6 

EXPERIMENTAL 

Recfgent: 

Vduum(ll) so&ion. Prepare approximately 0.0% vanadium(II), sulphate solution by dissolv- 
ing 20 g of reagent grade vanadyl sulphate in 11. of distilled water containing 30 ml of concentrated 
sulphuric acid. ~~ati~ly, dtssolve 6 g of reagent grade ~0~~ agate in boiling water 
and reduce the solution by sulphur dioxide until a clear blue solution is obtakd. Remow~ the excess 
of sulphur dioxide by passing carbon dioxide throu h the solution. Add 30 ml of concentrated 
sulphuric acid and make up the solution to 11. Stan d the solution overnight in contact with amalga- 
mated zinc. Complete reduction is marked by a change in colour from blue to violet. Standardise the 
vanadium(I1) solution against standard potassium dichromate.6 

Iron(ZZZ) soZuti~~. Prepare 0.1 M iron(I11) sulphate solution by dissolving about 5.6 g of 
reagent grade iron wire. Standard&e the solution with potassium dichroma~ after reduction with 
stannous chloride. 

O&U COZ+W-(ZZ) w&hate solution 

hzdicators. Prepare a 0.2% aqueous solution of methylene blue or gallocyanine, 2% aqueous 
solution of sulphosalicylic acid and2% alcoholic solution of acetylacetone,meconic and salicylic acids. 

Apparatus 

Visual titrations are carried out in a lOO-ml conical flask fitted with a rubber bung with three holes, 
which ac~mmodate inlet and outlet tubes for carbon dioxide and the tip of aLburette. 

Potentiometric titrations are performed with a bench-type Cambridge pH meter with a platinum 
indicator electrode and a saturated calomel reference electrode, A IOO-ml Pyrex beaker, Atted with a 
rubber bung with five holes to accommodate inlet and outlet tubes for carbon dioxide, the electrodes 
and the tip of a burette, is used. 
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Stankdisation of vamdum(ZZ) solution agaiwt iron(ZZZ) sulpkate usiqq methylene blue and gallo- 
cyfmine as visual inaikators 

Place 10 ml of iron (III) solution and 2 ml of copper solution in the titration veeael and bubble 
carbon dioxide through the solution for about 10 min. Add 2-3 drops of the indicator, and titrate the 
solution slowly with vanadium(I1) solution, to a light blue colour. The indicators are reveraibk, 
aa reported earlier; an indicator correction of 0.1 ml had to be applied. A few reaulta are given in 
Table I. 

TABW I.---VISUAL INDICA’IDRS FOR TITRATION OF IRON WlTH VANADIUM(II) 

Vanadium(D) found 

Indicator 
used 

vanadium(II) In presence of 
present. mnwles copper( mmofes At 80°C mmoles 

Potentiometrically, 
mmoles 

Methylene blue 
Gallocyanine 
Methylene blue 
Gall anine 

“r Methy ene blue 
Gallocyanine 
Acetylacetone 
Acetylacetone 
Meconic acid 
Meconic acid 
Salicylic acid 
Sali 

x 
lit acid 

Sulp oaalicylic acid 
Sulphoaalicylic acid 

0.4714 0.4714 0.4714 0.4714 
04714 04714 0.4714 0.4714 
0.4998 0.4998 0.4998 0.4998 
0.4998 0.4998 0.4998 0.4998 
04807 0.48W 04807 0.4807 
04807 0.4807 04807 0.4807 
0.4999 0.4999 0.4999 0.4999 
0.4704 0.4712 0.4712 0.4712 
0.4992 0.4999 0.4999 0.4989 
0.4704 0.4712 0.4712 04688 
0.4999 0.4999 0.4999 0.4999 
0.4704 0.4712 0.4712 04688 
0.4999 0.4999 0.4999 0.4999 
0.4704 0.4712 0.4712 04688 

DISCUSSION AND RESULTS 

EJect of varying concentrations of copper(H) sulphate 

The effect of different concentrations of copper(I1) on the visual end-points was 
studied in detail and it was observed that for every 5 ml of O-1 M iron(W) solution, 
1 ml of O-1 M copper(I1) sulphate was the minimum required (see Table II). The 
effect of acidity was also noted and it was found that satisfactory results were obtained 
in an over-all acidity of about 2N. At higher acid concentrations there was an increase 
in the titres. 

TABLE IL-Error OF COPPER SULPHATB ON THE TITMZION OF mo~(I1I) 
WlTH VANADIUM(II) USINO VISUAL INDICA.XXX.? 

copper Vanadium(U) Vanadium(D) found, - 
sulphate added, mmvles present, mmoies mmoles 

0.01 0.2499 0.2500 
0.05 0.2499 0.2497 
0.10 0.2499 0.2499 
0.20 0.2499 02499 
040 O-2499 0.2499 
050 0.2499 02499 

Standbrdisation of vanadium(ZZ) solution against iron(M) sulphate in presence of other 
visual indicators. 

Besides methylene blue and gallocyanine, other suitable visual indicators are 
acetylacetone, and meconic, salicylic and sulphosalicylic acids. The procedure followed 
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is the same as in the case of methylene blue and gailocyanine, although the indicator 
correction is negligible in these cases. Some typical results are shown in Table I. 

E#ect of diuerse ions 

Zinc(II), cobalt(U), nickel(I1) and manganese(I1) do not interfere, whereas 
cerium(IV), manganese(VII), chromium(VI), vanadium(V), tungsten(V1) and molyb- 
denum(V1) do interfere and should not be present. 

Standardisation of sanadium(ll) sol&on against iron(lll) @&ate potentiometricaiiy 

Potentiometric titrations were performed under three different experimental con- 
ditions: (i) at normal titration speed, (ii) slowly, allowing 2-3 min between each drop 
at least 1 ml before the end-point, and (iii) at normal speed and in the presence of 
copper sulphate. The results in the first two cases were found to be in agreement . 
with those of Ellis and Vogel .5 However, in the presence of copper(I1) satisfactory 
results could be obtained at normal titration speed and without much waiting near 
the end-point. It was possible to complete the titration within a period of about 
15 min. Some typical results obtained are shown in Table III. 

TABLE III.---POTENlTOMETRK TITRATION OF IRON(III) WITH VANADlUM(II) 

UNDER DIFFERENT CONDITIONS 

Vanadium(I1) found, mmoler 

V~adi~(Il) 
present, rnmoles 

05095 
0.5035 
05095 
0.4712 
0.4712 
0.4712 
0.4713 
0.4713 
0.4713 

Normal speed of 
titration 

time taken about 
15 min 

05248 
- 
- 

04804 
- 
- 

04822 
- 
- 

Slow titration 
time taken 

about 40 min 

O*GS 
- 

0.4682 
- 

oG13 
- 

In presence of 
coppn(w 

time taken about 
15 min 

- 
- 

05074 
- 
- 

0 4712 
- 
- 

0.4713 

CONCLUSION 

In the present investigation it has been shown that the s~ndar~~tion of van- 
alum solution with iron(II1) sulphate can be successfully carried out at the Iabora- 
tory temperature in the presence of copper as catalyst. The end-point corresponds 
to the two-electron change of vanadium(I1) to vanadium(IV) and can be indicated 
either visually or potentiometrically with almost the same accuracy. In the absence of 
copper(H), however, the second stage of oxidation, vanadium(II1) to vanadium(W), 
is comparatively slow and does not reach completion at normal titration speed and is 
marked by high and erratic titres. For satisfactory results the titration must be carried 
out slowly or at a temperature of about 80”. A few other common catalysts [nickel(II), 
manganese(II), mercury(II), silver(I), iodine monochloride and oxalic, citric and 
tartaric acids] were also tried but these were found to be unsuccessful. 

~c~~~~e~e~~~~-T~ authors wish to express their grateful thanks to Prof. R. C. Mehrotra, Head 
of the Chemistry Department, for his keen interest in the work and for providing all the laboratory 
facilities. One of us (K. L. C.) is also grateful to the Council of Wentigc and ~d~trial Research 
(India] for the award of a Junior Research Fellowship. 
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masauug-Methoden zur Einstellung von Vanadium(II)- 
sulfat eeeen Eisen(III)-sulfat werden beschrieben. Die Einstellune 
kann l%Oetwa 80”‘ visuell ausgefbhrt werden, wobei Acetylaceton: 
Mecon-, Salicyl- oder Sulfosalicylsaure als Indikatoren in der Lasung 
verwendet werden k&men. Mit Kupfer(I1) als Katalysator kann bei 
Zimmertemperatur titriert werden;, der Endpunkt kann mit Methyl- 
enblau, Gallocyanin oder potentiometrisch, femer mit den oben 
aufgeziihlten Indikatoren festgestellt werden. Kupfer(I1) katalysiert 
die Oxydation von Vanadium(I11) zu Vanadtum(IV), die bei 
Zimmettemperatur langsam verlauft. 
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R&sum6-On d&c& des methodes de titrage du sulfate de vanadium(I1) 
au moyen de sulfate de fer(lll). Le dosage peut %tre ment visuel- 
lement a une temerature d’environ 80”. en utilisant. comme indi- 
cateurs intemes, l’ac&ylac&one, ou les acides meconique. salicylique 
ou sulfosalicylique. On peut mener le dosage a temperature ambiante 
si l’on emploie du cuivre(l1) comme catalyseur; le point final peut 
etre detect& au bleu de methylene, a la gallocyanine ou potentio- 
metriquement, ainsi qu’avec les indicateurs &rum&es cidessus. Le 
cuivre(I1) catalyse l’oxydation du vanadium(II1) en vanadium(IV), 
qui est lente a temperature ambiante. 
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Sununa~--A study of the determination of copper by titration with 
EDTA, using biamperometric detection of the end-point with two 
stationary platinum electrodes, is reported. The influence of pH, 
applied potential, temperature and rate of stirring on the course and 
accuracy of the titration are examined. The selectivity of the titration 
is investigated and possible analytical applications discussed. 

THE possibility of the chelometric de~rmination of copper with amperometric 
indication, using two poiarisable electrodes at constant applied potential, has already 

been mentiomrdl As in the determination of ~on(~Ii)~~ the exact evaluation of the 
titration curves for copper is not possible on the basis of the corresponding current- 
potential curves, which is usually recommended in the case of biamperometric 
methods (dead-stop). * The reason for this statement has been published earlier.s 
The electrode reactions occurring during the titration with EDTA are now being 
studied and the results will be published later. 

The present paper is a continuation of the previously reported studies of the 
amperometric method using two identical polarisable electrodes. It deals with the 
titration of copper with EDTA using an indication system of two stationary platinum 
electrodes. 

EXPERIMENTAL 
Recgen?s 

All chemicals used were of the highest grade of purity (reagent grade). The exact concentrations 
of solutions of metahic salts were determined by recommended procedures. 

Bu$er solrcrions. Prepared from 1M solutions of trichloracetic, monochloracetic, formic, acetic 
and aminoacetic acids, by neutralisation with aqueous ammonia under potentiometric pH control. 

Standard solutions of copper, Prepared by dissolving copper metal (99.99%) in a minimum 
amount of nitric acid (1: I) and, after evaporation to remove oxides of nitrogen, the solution was 
diluted with water so that 1 ml contained 140 mg of copper (standardised by electrolysis). Standard 
solutions of copper in perchloric, sulphuric and hydrochloric acids were prepared similarly. 

@OSM EDTA solution. Prepared by dissolving 37.22 g of Chelaton 3 (Lachema, Prague, 
Czechoslovakia) and diluting to 2000 ml. The titre of this solution was determined against standard 
lead nitrate solution using Xylenol Orange as indicator.5 

Apparatus 
Amperometric tit~tions were carried out using apparatus identical to that described previondy.‘*, 

The electrodes were two plat~um plates (5 x 6 >: 0.2 mm). When not in use these ekctmdes were 

* Part V: reference 5. 

671 
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maintained immersed in distilled water. A micro ammeter DLL (Metra Blansko) with a maximum 
defkction of 750 PA was used as the indication instrument. pH was measured with an electronic 
pH meter (Multoscop V, Lab. potfeby, Prague, Czechoslovakia) and a glass electrode. 

Procedure 
A known amount of standard copper solution was diluted to 100-120 ml and the pH adjusted 

either with nitric acid (1: 1) or with aqueous ammonia (1: 1) or with 20 ml of buffer solution. When on 
other conditions are given, this solution was titrated with 0.5M EDTA at pH 2.5 and a temperature of 
20’. The applied potential was maintained at l-4 V; the rate of stirring was 1600 ‘pm. All titra- 
tions were started 3 min after immersing the electrodes into the titration solution. Change of 
current was plotted against volume (ml) of titrant added. The stabilisation of current (especially 
near the equivalence point) was very rapid. Results of all titrations represent the arithmetic mean 
of three measurements. 

RESULTS AND DISCUSSION 
Injluence of p H 

With respect to the specificity of the method, the course of the titration was examined 
especially in an acidic (buffered and unbuffered) medium. The titration curves obtained 

FIO. l.-Influence of pH on titration of copper in unbutfered medium: 

HNO, HCl 
1. 1.9 4. 20 
2. 2.8 5. 4.8 
3. 4.0 6. 5~4 

[15*00 mg of copper; total volume: 120 ml; 20”; applied potential: 1.4 V] 

in unbuffered solutions of nitric and hydrochloric acids are presented on Fig. 1, and 
in buffered solutions in Fig. 2. The results show the possibility of determining copper 
above pH 1.9 in a nitric acid medium and above pH 2.5 in buffer solutions of trichlor- 
acetic acid/ammonia and of formic acid/ammonia. In hydrochloric acid solutions 
and in moqochloracetic acid/ammonia buffer solutions (pH 2), detection of the end- 
point is more difficult. Similar results have also been observed in buffered solutions 
of perchloric and sulphuric acids. Experiments carried out in the pH range 5.1-l 1.3 
(buffered solutions) gave satisfactory results up to pH 10.7 (see Fig. 3). Above this 
pH, detection of the end-point was not accurate. 

Influence of applied potential 

The influence of applied potential on the biamperometric determination of copper 
was studied over the range 142.0 V in unbuffered solutions and in the interval 
lC2.0 V in buffered solutions. No influence was observed except in the case of an 
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FICZ. 2.-Inffuence of pH on titration of copper in a buffered (non-complex forming) 
medium: 

Trichloracetic acid/ammonia Formic acid/ammonia Monochloracetic acid/ammonia 

1. 2.5 3. 4-s 6. 2.5 
2. 2.8 4. 5.2 

5. 6.7 

[15@0 mg of copper; total volume: 120 ml; 20”; applied potential: I.4 V) 

FIG. 3.4afluence of pH on the titration of copper in a buffered (acetic acid~ammoni~) 
medium: 

1. 5‘1 4. 10.7 
2. 7.0 5. 11.3 
3. 85 

[ 1540 mg of copper; total volume : 120 ml ; 20” ; applied potential : 1.4 V] 

applied potential of l-0 V (titration curve not well developed); detection of the 
equivalence point is sharp enough. The mean error in the determination of 150 mg 
of copper is &0*1x ref. 

At pH 6 (unbuffered solution) and an applied potential of 14344 V, layers of 
copper are formed on the surface of the negative indicator electrode which either 
dissolve during the titration or remain stable. Under these conditions the determi- 
nation is impossible. 

3 
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InpUence of temperature 

At room temperature (20”) there are no irregular changes in the current. At a 
higher temperature (70”) the course of the titration remains unchanged and also at 
lower applied potentials. Stabilisation of the current during the titration is better at 
a higher temperature. 

Inzuence of stirring 

No influence of the rate of stirring was observed between 600-3400 rpm. 

“Passivation” of indicator electrode 

The influence of the products of the electrode processes on a series of subsequent 
titrations was studied. These titrations were all carried out under identical conditions 

O*m i 
0,05M-EDTA- 

FIG. 4.-Course of titration of copper in a series of 25 determinations: 

1. titration 1 4. titration 15 
2. titration 5 5. titration 20 
3. titration 10 6. titration 25 

7. after immersion m warm HNOI (1: 1) 

[15@0 mg of copper; total volume: 120-150 ml; 20”; pH: 2.5 (unbuffered); applied 
potential : 1.4V] 

without any chemical or mechanical treatment of the surface of the electrodes. A 
series of 25 EDTA titrations was carried out over an interval of 5 hr. The results con- 
firmed the unfavourable influence of the products of the reactions on the perennial 
decrease of current (Fig. 4). However, the accuracy of the detection of the end-point 
is not affected by this phenomenon. Deposits on the electrode surface dissolve very 
well if the electrodes are immersed in warm (70”) nitric acid (1: 1) (Fig. 4, curve 7). 
The error in a series of determinations of 1540 mg of copper did not exceed 0.1% rel. 

The &crease of current from the moment of insertion of the electrodes was also 
examined. Fig. 5 shows the dependence of current on time in ‘an acidic medium, 
nearly neutral medium and alkaline medium. Stabilisation of the current sets in after 
3 min. 
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FIG. 5.-Current-time curwe during stabiion of the current in the titration of 
CoppM: 

1. pH 2.5 (unbuffered) 
2. pH 6.0 (but&red) 
3. pH 9.5 (buffered) 

[15~00 mg of copper; total volume: 120 ml; ZOO”; applied potential: 1.4 V] 

Concentration range and accuracy 

The described procedure enables the determination of l-150 mg of copper in a 
volume of 120 ml with greater accuracy than is possible in a visual indicator titration. 
Some results of such determinations are summarised in Table I. The mean relative 
error does not exceed f lx, with the exception of the determination of 1 mg of 
copper when the error is magnified by the small consumption of the titrant. 

TABLE I 

fi*v 0*05&f-EDTA, ml DiffCSCncQ 

Taken Found Calculated Found w o/drl. 

1.02 0.315 0.32 + 0.02 +2*00 
4.99 l-571 1.57 -0.01 -0.99 

15.00 14.93 4.721 4.70 -0.07 -0.47 
SO+lO 49% 15.738 15.72 -0.06 -0.12 

100~00 100.23 31.504 31.55 +0*23 +0*23 
150Go 149.32 47.214 47.00 -068 -046 

Selectivity 

The selectivity was examined by the titration of 15.0 mg of copper in a total 
volume of 120 ml at pH 2.5 and an applied potential of 1.2-1.4 V, in the presence of 
various metal ions. Even high concentrations of acetate, nitrate, sulphate, chloride, 
phosphate, perchlorate, borate, tartrate, oxalate and fluoride do not interfere with the 
determination; neither do the following metal ions interfere: aluminium, calcium, 
cadmium, manganese, silver, titanium, uranium(W) and zinc. On the other hand, 
cobalt, indium, iron(W), lead, mercury, nickel, thallium, thorium, zirconium and 
thiocyanate interfere. 

In a buffered alkaline medium (pH 95) triethanolamine, ascorbic acid, amino- 
acetic acid, calcium and cobalt interfere ,with the determination. Magnesium, 
barium, hexamethylenetetramine, tartrate, chloride, oxalate, formate, nitrate, sulphate 
and perchlorate do not interfere. 
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The influence of some interfering ions can be masked by suitable masking agents. 
Thus, iron(II1) ions can be screened by ascorbic acid, which enables the determination 
of 150 mg of copper in the presence of 500 mg of iron6 

Analytical Application 

The developed procedure can be used successfully in metallurgical ana1ysis.O It 
makes possible a reduction in the time of analysis of some metallurgical materials, 
ores, minerals and flotation products. It can also be applied to the determination of 
copper in pure chemicals and concentrated acids. The use of extremely dilute EDTA 
solutions enables the determination of very small quantities of copper to be made.’ 

~~-4s wird iiber eine Untersuchung berichtet, bei der 
der Endpunkt da Kupfertitration mit EDTA biamperometrisch mit 
zwei ruhenden Platinelektroden bestimmt wurde. Der EinfhrR von 
pH, angel 

$ 
a Spannung, Temperatur und Rbhrgeschwindigkeit auf 

Verlauf un Genauigkeit der Titration wurden gepriift. Dre Selek- 
tivitiit ‘der Titration wird untersucht und moghche analytische 
Anwendungen diskutiert. 

R&tun&Gn d%crit une etude sur Ie dosa e du cuivre par titra a 
I’EDTA, en utilisant une detection hi-am & fi” om6trique du point nal 
au moyen de deux 6lectrodes stationnaires en Mine. 

P 
Gn examine les 

influences du pH, du potentiel appliqu6. de a temp6rature et de la 
vitesse d’agitation sur la marche et la p&&ion du dosage. Gn 6tudie 
la sClectivit6 du dosage et discute des applications analytiques 
possibles. 
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DETERMINATION OF DEACTIVATED OLEFINES ON 
THE SUBMICRO SCALE 

R. BELCHER and B. FLEET 
Department of Chemistry, University of Birmingham, Birmingham 15, England 

(Receiued 4 February 1965. Accepted 29 March f965.) 

relines which do not undergo the normal addition 
reactions with electrophiiic reagents can be reacted with the nucleo- 
phiiic reagent morpholine to form a tertiary amine.. A submicro 
method using this reagent has been developed. When the addition 
product is basic it is titrated after acetylation of the excess morpholine; 
when it is neutral the excess of morpholine is titrated. 

THE submicro methodr for the determination of olefinic unsaturation, based on the 
addition of bromine monochloride to the double bond, was successfully applied to the 
analysis of a/3 unsaturated acids. However, when a group more strongly electron 
attracting than -COOI-I, i.e., -COOEt, -C=N or -F, was conjugated to the 
double bond, the electron availability was found to be lowered to such an extent that 
bromine monochloride (and other electrophilic reagents) was no longer effective, This 
type of compound is, however, susceptible to attack by nucleophilic reagents at the 
incipient positively-charged carbon atom. A method has been described by Critch- 
field, Funk and JohnsorP in which the nucleophilic reagent morpholine, is reacted 
with deactivated olefines to form a tertiary amine. With the majority of olefines the 
addition product is basic, so that it can be titrated with standard perchloric acid in a 
non-aqueous medium after acetylation of the excess of morpholine. If, however, an 
electron-attracting group is attached to the carbon atom and to the nitrogen, the 
addition product is weakly basic or even neutral, and a modification of the general 
method is then necessary to deal with this class of compound. 

In the development of the submicro method it was first of all necessary to find the 
optimal concentration of morpholine reagent. Because the excess of morpholine is 
removed by conversion to ~-acetylmorpholine, it would appear that the actual con- 
centration of morpholine, provided that it was present in excess, would have little 
effect on the reaction. It was found, however, that too large an excess of morpholine 
caused the indicator colour change in the titration of the tertiary amine to be less 
distinct than when lower concentrations of morpholine were used. The indicator used 
in the preliminary investigation, screened Thymol Blue, was the one recommended by 
Critchfield et ~1.~ The colour change of this indicator in the submicro procedure was 
not very sharp (yellow-pink) and a more distinctive change was found with pyridine- 
2’-azo-p-dimethylaniline,s which changes from red to purple at the end-point.4 

The indicator end-point was further improved by changing the solvent to 2- 
methoxyethanol alone instead of the 2-methoxyethanol~methanol solvent system used 

in the original method. A potentiometric study of the indicator end-point was carried 
out, partly to examine the sui~bility of various indicators for the titration and also to 
investigate the influence of the nature of the olefine on the basicity of the addition 
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compound. A Weston standard cell was connected in series with the electrodes in 
order to obtain a reading on the p&meter. The backing-off potential could be 
adjusted through a I-Megohm variable resistance. 

TABLE I.--RESULTS OBTAINU) BY ~OCiiDURE A 

Compound C-C found, % 

AcrylanitrW (9488 ~g; 44%, 455NI. 42*86,43*59 
C==C theory: 4525 %; 15 min) 45*38,44*68 

Ethyl anylate* (88.80 ~g; 23.16, 22+5, 23.84, 29-U 
C==Ctheo~: 24.08%; 15 min) 

Acrylic acid* (64.28 pg; 31*68,30*69,3239,3f*fO 
C=C theory: 33.42%; 6Omin; 
100” ; HAc catdyst) 

Asx@ami& (3748-i f6*24 pg; 324!4,32*9f, 3349,34=%~34*25 
C-C timry: 33-87X; 30 min; 
BAe catalyst) 

* Standard solution in 2-methoxyethanol 

The results obtained with olefines which react with morpholine to give a basic 
tertiary amine addition product are shown in Table 1. A potentiometdc titration 
curve was plotted for each compound (Fig. 1) because this gives an indication of the 
basicity of the tert$ry amine. The results obtained. with those compounds which 
formed a neutral or weakly basic addition compound are shown in Table II. 

Fro. f .--Potentiometric titration curves: 
1. 2-Amino-2-hydroxymethycthyt 1,3~propane diol 

11, Acrylonitriie, 
HI. Acrylamide, 
IV. Ethyl acrylate, 
V. Acrylic acid, 

VI, Morpholine. 

The resuits obtained from the addition of morpholine to fluoro-oletines indicate 
that further investigation of the mechanism of the addition is necessary. With 
hexafiuoro-1,2_difluoro-pent-1-ene, addition of morpholine in 2-methoxyethanol solu- 
tion gave results which only corresponded to @l-70% of the theoretical double-bond 
oo~sent. A possible reason for the low results could be attributed to reaction between 
the sampie and the solvent. 
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TABLE II.-k3JLTS OBTAINED BY PROCEDURE B 

Compound C=C found, % 

Tetracyanoethylene (58.8G122.43 pg; 18.66, 17.33, 17.01, 16.87 
C-C theory: 18.75 y;) 

I-Aminophenyl-2,2’-dicyanoethylene 13.89, 13.39, 13.36 
(68.29-80.74 /lg; 
C=C theory: 14.200/G) 

Hexafluoro-1,2-difluoro-pent-I-ene* 10.59, 11.50, 10.31, 1064 
(87.90 yg; 10.93, 11.26 
C-C theory : 11.33 7;) 

* Standard solution in diethyleneglyool dimethyl ether 

A similar type of reaction has been studied by Pruett.5 Although the occurrence of 

this reaction was not definitely proved, when the solvent was changed to diethylene- 
glycol dimethyl ether (diglyme) in the present study the results obtained were much 
improved. This solvent was used in all subsequent investigations. The results 
obtained for hexafluoro-1.2-dichloro-pent-17ene were all less than 50% of the theo- 
retical value, and for the unsubstituted compound hexafluoro-pent-1-ene, no reaction 
at all was observed. This would seem to indicate that the necessary deactivation is 
only achieved when the fluorine is attached to the double-bond carbon atom. 

EXPERIMENTAL 
Apparatus 

pH Meter. (E.I.L. Vibron Model) 
Electrodes. These were glass and silver/silver chlorides incoporating a salt bridge of 0.1 M sodium 

perchlorate in glacial acetic acid. 
Weston standard cell 
Titration vessels. Borosilicate glass test-tubes (3 x 1 cm) were used in the potentiometric titrations, 

but for all other routine determinations the conventional submicro titration vessels were used.’ 

Reagents 

Morpholine. Reagent grade 
2-Methoxyethanol. Reagent grade 
Acetic anhydride. Analytical reagent grade 
Acetic acid solution. A 1: I solution of glacial acetic acid (analytical reagent grade) in 2-methoxy- 

ethanol. 
0.05 % Pyridine-2-azo-p-dimethylaniline solution. 0.05 g of the solid indicator was dissolved in 

100 ml of 2-methoxyethanol. 
Diethyleneglycol dimethyl ether (diglyme). Reagent grade 

Procedure A (where the addition product is basic; Table I) 

Add 0.05 ml of morpholine from an Agla micrometer syringe to approximately 0.5 pequiv of the 
oletine, followed by 0.2 ml of 2-methoxyethanol and 0.05 ml of acetic acid solution. The time allowed 
for the addition reaction to reach completion depends on the reactivity of the olefine, but 30-90 min 
is generally sufficient. Then add 0.1 ml of acetic anhydride to acetylate the excess of reagent and 
allow 5 min for the reaction solution to cool to room temperature. Add 0.4 ml of 2-methoxyethanol 
together with 0.02 ml of the indicator solution and titrate with standard O.OlM perchloric acid to the 
first appearance of a purple colour. A simultaneous blank determination should be carried out. 

Procedure B (where the addition product is neutral; Table II) 
Add a measured excess of a standard morpholine solution in diethyleneglycol dimethyl ether to a 

measured amount of the olefine (approximately 0.5-I .O yequiv) and then add a further @2 ml of diethyl- 
eneglycol dimethylether to the solution. Allow 0.5 hr for the reaction to reach completion, then add 
0.4 ml of diethyleneglycol dimethyl ether together with 0.02 ml of indicator solution; titrate the 
excess of morpholine with the standard perchloric acid solution. A simultaneous blank determination 
should be carried out. 

Acknowledgement-This investigation was sponsored by the Office. of Research and Development, 
U.S. Department of the Army, through its European Research Office. 
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~-Gkflne, die mit elektrophilen Reagentien nicht die 
normalen Additionsreaktionen eingehen, konnen mit dem nukleo- 
phikn Morpholin xu terti8ren Aminen umgesetxt werden. Eine 
Submikromethode mit diesem Reagens wurde entwickelt. 1st das 
Additionsprodukt basisch, so wird es nach Acetylierung des tlber- 
schtlssigen Morpholins titriert; ist es neutral, so wird das Uberschttssige 
Morpholin titriert. 

R&mm&Les 016tlnes qui ne subissent pas les reactions normales 
d’addition avec les reactifs electrophiles peuvent rCagir avec le rtactif 
nucltophile morpholine, pour former une amine tertiaire. On a 
&labor6 une sub-micro-methode utilisant ce reactii. Lo ue le 

Y* produit d’addition est basique, on le dose apr&s a&ylation de exc&s 
de morpholine; lorsqu’il est neutre, on dose I’exc& de morpholine. 

REFERENCES 
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Srnnma~--Bromopyrogallol Red reacts with niobium(V) in a tartrate 
medium at pH 6.0 to form an intense blue coloured 3:l reagent : metal 
complex (estcmr = 60,000); the reaction is gelatin sensitised. In a 
medium made IO-‘M with respect to EDTA a 2: 1 complex is formed 
and though the sensitivity decreases slightly (es10 mlr = 53,000), the 
reaction becomes highly selective towards niobium. After the addition 
of masking agents to complex the few interfering ions, no interference 
is found from IOOO-fold excesses of the 34 cations examined, including 
tantalum, tungsten, molybdenum, titanium, zirconium, beryllium and 
thorium, or from any of the common complexing anions, including 
phosphate and fluoride. The conditional stability constant for the 
3:l complex is 2.7 x lOI and for the 2:l complex, 1 x lot”. The 
colour system is stable and reproducible and the proposed method 
seems to be the most sensitive visible-range spectrophotometric method 
so far proposed for niobium(V). 

BROMOPYROGALLOL Red has been shown recently to possess unique sensitivity and 
conditional selectivity as a spectrophotometric reagent for the determination of 
trace amounts of silver because of the formation of a ternary complex between 
l,lO-phenanthroline, Bromopyrogallol Red and silver ion in an acetate buffered 
medium at pH 5% l This blue ternary complex (,I, 635, E = 51,000) has entirely 
different characteristics from the yellow coloured binary system between silver and 
Bromopyrogallol Red reported earlier by the same w0rkers.s We have made a pre- 
liminary report? on the colour reaction between Bromopyrogallol Red (BPR) and 
niobium; the present paper gives a detailed account of our examination of the 
reaction. 

Preliminary studies showed that the blue complex formed between niobium(V) 
and BPR in an acetate/tartrate medium (cu. pH 58) could be formed equally well in 
the presence or absence of a considerable excess of EDTA. This indicated that a 
method based on the use of BPR should be very selective. However, it was found that 
the colour systems were stable for maximal periods of only 10-20 min and various 
attempts were, therefore, made to achieve stabilisation. The addition of water- 
miscible solvents and of indifferent electrolytes showed no marked improvement, nor 
did variation of pH over the working range of the system. However, during these 
experiments it was observed that when the colour system was developed in a small 
volume before dilution to the mark, a much more intense colour was obtained, but 
that this colour was more unstable than that developed following immediate dilution. 
This suggested that the coloured complex was colloidal and the latter was further 
substantiated because ,the complex could be collected at the interface when the 

l Present address: College of Chemistry and Physics, Louisiana State University, Baton Rouge, 
La., U.S.A. 

t Present address: Department of Chemistry, Imperial College, London S.W.7, England. 
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aqueous system was shaken up with water-immiscible solvents, such as benzene, 
carbon tetrachloride or chloroform. Because of the presence of sulphonic acid groups 
in the metallochrome it was not expected that either the BPR or its blue niobium 
complex would be extracted; this was confirmed. It is also relevant to note that in 
these early experiments the blue complex produced in aqueous media settled out on 
standing overnight and adhered to the walls of the glassware. 

The above findings suggested that stabilisation could be achieved through the 
action of protective colioids. These can act in several ways, e.g., by prevention of 
coagulation, if the system involves a suspensoid; by prevention of precipitation, if 
an insoluble compound is being formed from an initially ‘soluble’ species or by pre- 
vention of fading of such a system as it ages. In addition, Feigl* has noted a sensitis- 
ation effect whereby the colour of a system is enhanced or even the absorption 
band shifted to other wavelengths because of adsorption of a coloured complex on 
a protective colloid or vice rersa. 

In our initial experiments we used l,lO-phenanthroline because of its previous 
user and because it is capable of producing the same effect as a protective colloid and 
is readily available in a pure state. Its addition resulted in complete stabilisation of 
the colour system, and fading no longer occurred on dilution. Furthermore, there was 
found to be considerable sensitisation. In the absence of EDTA, maximum colour 
development was achieved in 90 min and in its presence in 2 hr. A very slight further 
increase occurred overnight. In the process of establishing the optimum pH, time of 
development, etc., it was found that the response of the system, at constant pH, was 
critically dependent on the nature of the buffer and on its ~on~ntration. The 
greatest sensitivity was achieved with an ammonium acetate buffer, and, for a given 
concentration of the latter, maximum absorbance for the niobium complex was found 
to occur in the range pH 5%-6.6. 

In an attempt to eliminate the variation of sensitivity with buffer concentration it 
was found that the use of gelatin instead of I,lO-phenanthroline overcame the 
problem completely. With gelatin, the optimum pH range was found to be 57-64. 
An ammonium acetate buffer at pH 6.0 was subsequently used in all other experiments. 
Variation of buffer concentration in the range 5-20 ml had no effect on the colour 
system. The optimum time for colour development was 90 min in the presence of 
EDTA and 75 min in its absence. Both solutions showed a small increase in absor- 
bance overnight and after standing for several days the colour separated out as a 
blue precipitate. The order of addition of the gelatin appeared to be uncritical, but 
as a matter of routine it was added to the niobium test solution immediately after the 
other reagents. The recommended order of addition of reagents is EDTA, BPR, 
buffer, gelatin. In all subsequent work, the colour was allowed to develop for 90 min 
after addition of all the reagents, then the solution was diluted to 100 ml with water 
after this time had elapsed. 

Fig. 1 shows the absorption spectra of BPR (A); of the same amount of reagent 
with $ mole proportion of niobium solution (B); with ) or 1 mole proportion of 
niobium (C) and spectrum (B) repeated in the presence of a 1000-fold excess of 
ED-IA (D). 

The formation of the 2: I, BPR: niobium complex proceeds with a bathochromic 
shift of the wavelength of maximum absorption in the visible region of the spectrum, 
(curves A -+ C in Fig. 1) and with a pronounced hyperchromic effect. On the basis 
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of later evidence, q.u., and the isosbestic point on Fig. 1 common to curves A, B and 
D, it may be assumed that a 3 : 1 complex (curve B) has been formed, but incompleteiy 
(shoulder at 610 rnp still present and indicative of the presence of some 2: 1 complex 
and isosbestic point indicative of free reagent); curve D shows the breakdown of the 
3: 1 complex to give free reagent (maximum now back at 560 rnp) and the 2: 1 
complex (shoulder at 610 rnp now more pronounced). 

Wavelength, mp 

FICL l.-Absorption spectra of Bromopyragallol Red and its niobium(V) complexes 
at pH 6.0: 

(A) 10 ml of 10-4MBPR + 10 ml of buffer solution in 100 ml; 4-cm cuvcttcs against 
water. 

Cs) As (A) with addition of 3.33 ml of IO-*Mniobium(?J) solution + 1 ml of 1% geiatin. 
(C) As (A) with addition of 5.0 ml of lO-‘~nio~~~ solution 4 1 ml of I % gelatin. 
(D) As (B) with addition of 10 ml of IO-QWEDTA. 

Obviously, the formation of the niobium complex of BPR may be fobowed by 
measurements at 560 mp, the band maximum for the reagent, or at 610 rnp, the 
point of maximum divergence between the spectra of the complex and the BPR. Ail 
future measurements were made at the latter wavelength. The analytical potentiality 
of the procedure was checked against the Lambert-Beer law performance of the 
colour system (Fig. 2A). Straight-line calibration curves were obtained over the 
range 9-45 ,ug of niobium (0XI9-045 ppm in final solution), but no attempt was made 
to establish the upper limit of the linear relationship [Fig. 2A, curve (i)]. A similar 
calibration curve was obtained in a 10-aM EDTA medium [Fig. 2A, curve (ii)], from 
which it will be seen that there is only a slight reduction in sensitivity. From these 
curves, the molar absorptivity is polo m,, = 60,000 and in the presence of EDTA 
lo-'M EDTA 

%omr = 53,000. The corresponding sensitivity indices are O-0015 ~g~crns and 
OWI 7 pgfcms, respectively. 
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FIG. 2. 

(A) Calibration Curves: 

(i) l-5 ml of lo-‘M niobium(V) solution + 10 ml of 2.5 x lo-’ M BPR + 10 ml of 
buffer solution + 1 ml of 1% gelatin in 100 ml; 4-cm cuvettes, 610 q against reagent 
blank. 
(ii) As (i), but with addition of 10 ml of lo-%f EDTA added before other reagents. 

(B) Continuorrs, Variation Plots: 

(i),Total molar concentration of BPR -I- niobium(V) = 10 ml of lo-%f solutions f 
10 ml of buffer solution + 1 ml of 1% gelatin in 100 ml; 4-cm cuvettes, 610 ny against 

water. 
(ii) As (i), but with the, addition of 10 ml of lO+M EDTA. 

Both curves are uncorrected for reagent blank, 

(C) Male-Ratio Plots: 

(i) 2 ml of lO+M niobium(V) solution f 10 ml of buffer solution + x ml of lo-‘M 
BPR ,+ 1 ml of 1% gelatin in 100 ml; 4-em cuvettes against n ml of BPR reagent 

blank at 610 m,~. 
(ii) As (i), but in presence of 10 ml of lo-IM EDTA + 5 ml of 10% potassium chloride 

solution. 

(D) Slop-Ratio Plot: 

Concentration of invariablecomponent: 10 ml of 10-aMsolution; variablecomponent: 
l-&ml of lo-%f solution; butfer, EDTA and gelatin as before in 100ml; 4-cm 
cuvettea at 610 w against water (niobium invariable) or same amount of BPR (BPR 

inva~b~e). 
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An examination of the data presented in Table I shows that BPR is considerably 
more sensitive than conventional reagents. Calibration curves are reproducible and, 
as will be shown subsequently, the proposed procedure is also more selective than 
most of the others. 

TABLE I.-SENSITIWW OF NIOBIUM REAGENTS 

Reagent/masking medium 

BPR 
BPR in 10%-f EDTA 
BPR in 10 -*M EDTA I 2% tartrate 
PARb 
PAR in 2 x IO-‘M EDTAd 
PARin x lo-WEDTA -t S%‘tartrat& 
Thiocyanate (acetone addition)* 
Thiocyanate (ether extraction)’ 
Xylenol oral@ 
8-Hydroxyquinolinti 
Tribromopyrogallolg 
Hydrogen peroxide@ 

!Scn;kxity 

O.OOJS 
09017 
OQOIS 
O.0024 
O*OO% 
0*0039 
0~0027 
0.0029 
QOOS8 
0.009 

Composition of niobium-BPR complex 

The niobium solutions used ia this particular part of the work were prepared 
from a stock solution which had been standardised by a gravimetric ~-~~oylph~yl- 
hyd~xy~mine procedure in which the precipitate is ignited to niobium pentoxide. 
The BPR reagent was assayed by ~tentiomet~c ti~ation with sodium hydroxide 
solution. On the basis of its structure it should be possible to titrate the sulphonic 
acid proton and one of the phenolic protons; the other two phenolic protons are less 
readily removed because of strong hydrogen bonding to quinone oxygen atoms. This 

Bromopyrogalkl Red (BPR) 

proved to be the case. An inflection occurred at 1.95 moles of base to 1 mole of reagent 
(ca. pH 7.5), giving a purity of ca. 98% for the reagent used in this work. 

Continuous variation plots showed a 3: 1 BPR:Nb complex in the absence of 
EDTA [Fig. 2B (i)] and a 2: 1 complex in a 10eaM EDTA medium (ca. lOOO-fold excess) 
[Fig. 2B (ii)].. From Yoe and Jones mole-ratio plots similar evidence was obtained for 
3 : 1 and 2: 1 complexes in the absence [Fig. 2C (i)] and presence [Fig. 2C (ii)] of EDTA. 
In the latter instance no clear break was obtained on the curve except. when the 
electrolyte ~n~tration of the medium was increased (0*8M potassium chloride). 
Harvey-fanning slope-ratio plots (curve 2D) gave unequivocal evidence of the 2: I 
BPR:niobium complex both in the absence and presence of EDTA, but showed no 
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evidtnce of the 3: 1 complex revealed clearly by the other two procedures. This 
evidence supports the thesis that the 2: 1 complex is the strongest of the three possible 
complex species, but this aspect was not pursued further because both the previous 
methods and the absorption spectra (Fig. 1) show clear evidence in favour of the 
existence of the 3 : 1 species. Moreover, because BPR reacts with very many cations and 
still reacts with niobium in the presence of an excess of EDTA (Fig. 1, curve C), it 
is obvious that the analytically important species is the 2:l complex, because the 
reagent would normally only be used in conjunction with EDTA as a mass-masking 
agent. Calculations of the degree of dissociation (a) of the two complexes from the 
continuous variations studies in Fig. 2B give conditional stability constants of 
2.7 x 101* for the 3: 1 complex and 1 x 101* for the 2: 1 complex in the presence of 
lO-*M EDTA. 

These studies clearly reveal the stoichiometry of the colour body, but do not 
present any evidence of its physical nature. The only pertinent evidence available 
from this study is that the complex precipitates out readily from solution and is 
easily coagulated at the interface of water-immiscible solvent systems. This, despite 
the presence of sulphonic acid groups in the periphery of the organic reagent remote 
from the chelating centre of the molecule, is indicative of a colloidal body and 
suggests that an adsorption system, i.e., lake formation, may be involved. This is 
further substantiated by: (a) the gelatin stabilisation and sensitisation of the colour 
system; (b) the observation of FeigP* that, ‘infer u&a, niobium is precipitated quanti- 
tatively by gelatin from an acid solution, and (c) the ease of dest~ction of the colour 
system by heat. Against this, it may be noted that the presence of indiffe~nt electro- 
lyte appears to favour colour formation, whereas it usually destroys adsorption 
compounds and additionally, the blue complex, though unstable, may be formed i,n 
the absence of gelatin. The definite 2: 1 and 3: 1 stoichiometry of the colour bodies 
also favours the view that a complex of definite composition is formed, which is of 
colloidal nature and stabilised by adsorption of gelatin, or by adsorption on gelatin. 
It is also to be concluded that EDTA possibly takes part in the stoichiometry of the 
2: 1 complex and the very beneficial effect of ammonium ions on the colour system 
may also be significant. The sensitivity of the colour reaction of BPR towards 
niobium(V) and insensitivity towards tantalum(V) suggests the probability that in 
these polyhydric phenol reagent complexes the visible region spectra produced by 
niobium may be caused by electron transfer reactions between niobium and the 
phenol. The ease of reduction of niobium~ relative to ~talum(~ may explain 
the lack of colour production with the latter. 

It is concluded that the two adjacent phenol groups in BPR are involved in the 
complex formation because of the well known affiity of niobium for reagents 
containing vicinal phenolic groups, e.g., pyrogallol, catechol, gallic acid. The pos- 

0 
II 

sibility of complex formation through the > C(OH jC- group in the molecule also 
exists, but molecules containing this group, e.g., 2,3,7-trihydroxy-%phenyL64luorone 
and 9~methylaminophenyl)-2,3,7-trihy~ox~uorone, usually show a greater 
affinity for taotalum than for niobium: the BPR reagent shows little reactivity to- 
WafdS ~mhm~ From the evidence available the empirical ambitions of the 
complexes are most probably NbOYa* and NbOY,-, where YB- represents the BPR 
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molecule with its two readily dissociated protons removed. The entry of EDTA into 
the colour complex or association of the coloured anionic species with ammonium 
ions, is not precluded. An anionic complex is also suggested by its extractability into 
amine-containing solvents. This behaviour would not be expected from an adsorption 
compound of BPR on hydrated niobium pentoxide. 

hrerference studies 

Be&se of the sensitivity of BPR towards many cations, the interference of various 
ions in the niobium method was examined in a medium which was 10mZM with respect 
to EDTA. The anions examined at a lOOO-fold g-ion excess relative to niobium level 
were citrate, cyanide, fluoride, oxalate, phosphate, sulphide and sulphite, viz., those 
ions likely to be added as masking agents. Of these, only citrate produced a definite 
diminution in colour intensity (ca. 7%) and sulphide yielded a turbidity. Sulphide 
would not normally survive the processes by which niobium is brought into solution, 
and citrate only causes a slight diminution even when present in a lOOO-fold excess, so 
that were its presence essential, it could be tolerated by incorporation of approximately 
similar amounts in the calibration solutions. Tartrate and acetate are, of course, 
present in the recommended procedure in considerable concentrations. The tolerance 
of the procedure towards fluoride and phosphate is noteworthy, particularly because 
it seems that they interfere in all the conventional spectrophotometric methods. 

The cations examined at cu. a IOOO-fold g-ionic excess relative to niobium included: 
aluminium, arsenic(M), barium, beryllium, bismuth, calcium, cadmium, cerium(III), 
cerium(IV), chromium(IIJ), cobalt(II), copper( iron(H), iron(IIl), lanthanum, lead, 
magnesium, manganese(II), mercury(ll), nickel, silver, strontium, thorium, tin(N), 
uranium(VI), vanadium(V), zinc and zirconium. Of these cations, only aluminium, 
cerium(IV), silver, thorium, uranium(V1) and vanadium(V) caused interference. 
With bismuth and mercury(I1) it was observed that colour development was slowed 
down considerably, but full recovery was, in fact, obtained after 4 hr. The addition of 
a small amount of ascorbic acid reduced the higher oxidation states of cerium and 
vanadium and they no longer interfered, whilst the addition of fluoride overcame the 
interference of aluminium and thorium. Phosphate addition similarly overcame the 
interference of 0-5-l mg amounts of uranium(V1) and zirconium, and the addition of 
cyanide overcame the interference of silver. 1 Thus, the addition of reducing or 
masking agents removed the few interferences amongst the 29 cations first examined. 

A second series of potential interfering cations was next examined in the realisation 
that these would be more difficult to overcome .l Those were antimony(V), molyb- 
denum(Vl), tantalum(V), titanium(lV) and tungsten(V1). All interfered seriously 
with the determination of ca. 18 pg of niobium when present in milligram amounts, 
although none of them showed much colour formation with BPR in the absence of 
gelatin. Several separation methods are available for the preliminary separation of 
niobium from these ions and, as will be described in a subsequent paper, the niobium 
-BPR complex itself can be extracted into di-n-octyl methylamine in amyl acetate, but 
a simpler expedient was simply to increase the tartrate concentration. We have 
already noted that the interference of large amounts of tantalum in the procedure 
using 4-(2-pyridylazo)-resorcinol (PAR) can be eliminated by the addition of a 
convenient concentration of tartrate. 

In the present instance with BPR, it was found that the presence of 2% W/v Of 
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ammonium tartrate in the final solution reduces the molar absorptivity ealomr= 
60,000 to ,,,,;t,te = 49,000 and in the EDTA medium from &~MEDTA = 53,000 
to &~~EDTA’2% tartrate = 47,500. In the latter medium it was found that there was 
no interference from milligram amounts of any of these ions (cJ Table 11). 

TABLE IL-DETERMINATION OF NIOBIUM IN 
PRESENCE OF ANTIMONY AND SOME REFRACTORY 

METALS (cf. Experimental for conditions) 

Interfering ion present Absorbance 

18pgofNb 0.380 
18 of Nb + rug 15 of MoVr mg 0.315 

18pgofNb+ 25mgofWVt 0.380 
18pgofNbt ImgofTa” 0.315 

18 of Nb + p”g 0.5 of TitV mg 0.375 
18pgofNb + 0.25 mg of Sbv 0.380 

Discussion of results 

The proposed procedure (and sub-procedures) for niobium is completely free from 
the interference of 34 cations and 7 anions, almost all of which would be expected to 
interfere in some way with the colour system. In a few cases, which are noted in the 
recommended procedure, it is necessary to make addition of a soluble masking 
agent. The sensitivity and freedom from interference from elements usually associated 
with niobium provide an attractive procedure for the determination of trace amounts 
of niobium. The addition of tartrate to the extent of 2% eliminates the interference 
from milligram amounts of antimony and the refractory metals molybdenum, 
tantalum, titanium and tungsten, and although this reduces the sensitivity of the 
routine, method by ca. 10 %, it is still more sensitive than the other methods (cf. 

Table I). In addition to high sensitivity and selectivity, the method also maintains the 
-excellent reproducibility and stability of colour system which are associated with 
the PAR procedure. 5 In contrast to the latter, however, it should be noted that the 
reagent formulation is subject to oxidation and for good reproducibility it should be 
prepared afresh every 7 days. 

Reagents 
EXPERIMENTAL 

lo-‘M Standard niobium(V) solution. Fuse 0.266 g of niobium pentoxide (BDH Ltd., England) 
with 7.5 g of potassium hydrogen sulphate in a silica or porcelain crucible and extract the cooled 
melt with a boiling solution of 20 g of tartaric acid in water. Filter, cool and dilute to 1 litre with 
distilled water. Standardise the solution gravimetrically by precipitation of niobium N-benzoyl- 
phenylhydroxylaminate and ignition to Nb106. I1 From this stock solution transfer the calculated 
amount required for 1 litre of IO-‘&f niobium (V) solution (ca. 50 ml) to a beaker. Add 20 g of 
tartaric acid and neutralise to pH 5.8-6.4 (pH paper). Allow to cool, transfer to a l-line flask and 
dilute to volume with distilled water: 

1 ml of lo-‘M niobium(V) solution = 9.29 rg of niobium. 
2.5 x 10-4M Bromopyrogallol Red solution. Dissolve 0.1396 g of Bromopyrogallol Red 

(BDH Ltd., England) in 500 ml of absolute ethanol and dilute to 1 litre with water. This solution is 
best prepared afresh every 7 days. 

Buffer solution (pH 6.0). Dissolve 80 g of analytical 
treat with 6 ml of glacial acetic acid and dilute to 1 litre. 

reagent grade ammonium acetate in water, 

lO-‘M EDTA solution. Dissolve 37.225 g of EDTA (disodium salt dihydrate) in 1 litre of water. 
1% Gelatin solution. Dissolve 1 g of gelatin in warm water and, after cooling, dilute to 10~1 ml. 
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Apparatus 

Unicam SP 600 spectrophotometer operated from a 12-V transformer; 4-cm cuvettes. 

Calibration curve 

Transfer l-5 ml aliquots of lo-‘M niobium(V) solution to lOt%ml standard flasks, add 10 ml of 
lo-‘M EDTA, 10 ml of 25 x lo-*M BPR reagent, 10 ml of buffer solution and 1 ml of 1% gelatin. 
Do not dilute the mixture at this stage, but allow LO stand for 90 min before doing so. Measure the 
absorbance of the niobiumcontaining solutions against a reagent blank, similarly prepared but 
containing no niobium, in 4-cm cuvettes at 610 rnp. 

Procedure 

Take an aliquot of niobium solution, containing 45 rg of niobium, in 2% tartaric acid and 
nearly neutralised with sodium hydroxide to pH 576.6, and determine the niobium content by the 
procedure described above under Calibration curve. 

Sjwcial precautions 

In the presence of cerium(lV) or vanadium(V), add sufficient solid ascorbic acid to reduce them to 
cerium(III) or vanadium(IV). 

In the presence of aluminium or thorium, add 5 ml of 0*2M sodium fluoride. This will cater for 
up to milligram amounts of these ions. In the presence of uranium(V1) or zirconium (up to 1 mg), 
add 5 ml of a 0.1A.f solution of sodium phosphate; in the presence of silver add sutlkient of a 1% 
solution of cyanide. There is no need to modify the calibration curve procedure for any of these. 
additions. Care must, however, be taken not to exceed the capacity of the buffer when dealing with 
solutions of hydrolysable metals. 

In the presence of milligram amounts of tantalum,, titanium, tungsten(VI), molybdenum(VI) or 
antimony(V), use- the above procedure, but add 10 ml of 20 % ammonium tartrate before the addition 
of the BPR reagent. In this instance it is necessary to add a similar amount of ammonium tartrate to 
the solutions from which the calibration curve is made. 

R&urn&L.e rouge de bromopyrogallol r6agit avec le niobium (V) 
en milieu tartrique a oH 6.0 pour former un comnlexe reactif: metal 
3:l intensemeni color6 en blue (es10 mp = 600&Q; la reaction est 
sensibilisee ii la eelatine. Dam un milieu lo-‘M en EDTA. il se forme 
un complexe 2”: 1 et, quoique la sensibilite decroisse -1egerement 
(es10 mll = 53000). la reaction devient hautement selective du niobium. 
Apres addition d’agents dissimulants pour complexer les quelques ions 
interferants, on n’a pas trouve d’interference avec des quantites 1000 
fois plus Clevees des 34 cations examines. comprenant les tantale, 
tungstene, molybdbne, titane, zirconium, beryllium et thorium. Les 
anions comolexants communs, y compris phosphate et fluorure, 
n’interferent’egalement pas. La c&stand de stabili’tt du complexe 3 : 1 
est 2.7 x IO’* et celle du comnlexe 2: 1. 1 X 1O’p, dans les conditions 
don&s. Le systeme color6 e& stable et reproductible, et la methode 
proposee semble etre, dam le visible, la methode spectrophotometrique 
la plus sensible proposee. jusqu’g present pour le niobium (V). 

Zusammenfassuag-Brompyrogallohot reagiert mit Niob(V) in 
Tartratmedium bei pH 6,0 zu einem intensiv blauen 3 : l-Reagens: 
Metall-Komplex (csie mp = 6oooo). Die Reaktion wirddurch Gelatine 
sensibilisiert. In einem Medium mit lo-*M EDTA wird ein 2:1- 
Komplex gebildet. Obwohl die Empfindlichkeit schwach abnimmt 
(eslo m/r = 53000). wird die Reaktion hochselektiv fur Niob. Nach 
Zugabe von Maskierungsmitteln, urn die wenigen storenden Ionen 
komDlex zu binden, stbren weder lOOO-fache Uberschilsse der 34 
unteisuchten Kationen, darunter Tantal, Wolfram, Molybdfin, Titan, 
Zirkon. Beryllium und Thorium, noch die h~ufigsten komplexbildenden 
Anionen, darunter Phosphat und Fluorid. Unter den angegebenen 
Bedingungen ist die Stabdititskonstante des 3 : l-Komplexes 2,7 . 101*, 
die des 2 : I-Komplexes 1 . lo’*. Die F&bung ist stabil und reprodu- 
zierbar ; die vorgeschlagene Methode ist offenbar die empfindlichste. 
die bisher im sichtbaren Bereich fur Niob(V) vorgeschlagen wurde. 

4 
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SHORT COMMUNICATIONS 

Analysis of metal chelat~IV: * Simultaneous polarographk 

dete~ination of metals and ~hy~xyq~~ in metal 

~hydroxyqu~lat~ 

(Received 11 November 1964. Accepted 14 March 1965) 

INORGANIC ions and organic substances are usually determined independently by d.c. or a.c. polaro- 
graphic methods. The authors are attempting to determine inorganic and organic substances simul- 
taneously by polarography,1v6 and in the present investigation have studied the determination of the 
metal and I-hydroxyquinoline contents of various metal 8-hydroxyquinolates. 

I-Hydroxyquinoline has been widely used for the gravimetric determination of metals, but it 
reacts with many metallic ions and the precipitates to be examined are apt to be contaminated with 
foreign ions. Vve have determined the contents of cadmium, copper, zinc, lead, bismuth, nickel and 
8-hydroxyquinoline in the I-hydroxyquinolates of these metals, in order to investigate the extent of 
coprecipitation. Various methods have been published for the polarographic determination of these 
metals, and a few reports on the polarography of 8-hy~oxyquino~me have appeared, but these have 
mainly referred to the dete~iMtion of metal ions. 

Reagents 
EXPERIMENTAL 

All chemicals used were analytical reagent grade. Solutions of cadmium, copper zinc, lead and, 
bismuth at about O.lM concentration were prepared from suitable salts and standard&d by EDTA 
titration. A 2 % solution of 8-hydroxyquinoline in ethyl alcohol was used. 

Apparatus 

An a.c. polarograph (model PA-102, Yanagimoto Co., Kyoto, Japan) was used. This type of 
a.c. polarograph was developed using the principle of the bridge polarograph.4 

Procedure 

The precipitation of the metal I-hydroxyquinolates was carried out according to a conventional 
gravimetric procedure7 as follows. Aliquots of each metal solution were transferred to 200-ml beakers 
and diluted with water to about 100 ml. Four g of sodium a&ate trihydrate were added to the cad- 
mium solution, 1 ml of 6M acetic acid and 5 g of sodium acetate trihydrate to the copper solution, 
1 ml of 6M acetic acid and 4 g of sodium acetate trihydrate to the zinc solution, 3 ml of 1M sodium 
citrate solution and 2 g of sodium acetate trihydrate to the lead solution followed by the addition of 
2M sodium hydroxide solution to adjust the pH to about 10, and 2 ml of 6Macetic acid, 1 g of sodium 
citrate and 6 g of sodium acetate trihydrate added to the bismuth solution. After heating these 
solutions to 6u”, 8-hydroxyquinoline solution equivalent to twice the quantity of each metal was 
added with continuous stirring. The precipitates were filtered on sintered glass filters and washed 
with boiling water. 

All the precipitates except the lead complex were dissolved in 20 ml of 2iU hydrochloric acid; 
lead 8-hydroxyquinolate was dissolved in a mixture of 20 ml of 2M hydrochloric acid and 10 ml of 
1~ sodium citrate. To the solutions of cadmium, copper and zinc 8-hydroxyquinolates 10 ml of 
1~ sodium citrate and 5 ml of concentrated phosphoric acid (sp. gr. l-71) were added and the solu- 
tions diluted with water to 250 ml in volumetric flasks. To the solution of lead 8-hydroxyquinolate 
5 ml of concentrated phosphoric acid were added followed by dilution with water as described above. 
To the solution of bismuth 8-hydroxyquinolate 10 ml of 1M sodium citrate solution were added 
followed by dilution, A portion of each solution was transferred to a ~~rog~phic cell and dissolved 

* Part 111: Talanta, 1965,X& 179. 
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oxygen removed by passing purified hydrogen through the solution for 10 min. Metals and 8-hydroxy 
quinoline were determined by P.C. polarography in the voltage range 0 to -2.0 V IIS. the mercury 
pool at 25”. 

RESULTS AND DISCUSSION 

Polarogrqhy of cndmium, coppr, zinc, lead, bismuth and 8-hydroxyqzdnoline 

About 30 mg of each metal were precipitated and the metals and S-hydroxy@noline deMmh~I 
by B.C. polarographr as mentioned above. The polarograms obtained are shown 111 Fig. 1. Cadmium, 
copper, lead and bismuth, which are reduced reversibly, give well-defined a&. polarographic waves 

0 -0.2 -0-4 -0.6 -0.6 -1.0 -1.4 

Potential, V - 

FIG. l.-A.C. polarograms of bismuth, cadmium, copper, lead, zinc and 
&hydroxyquinoline. 

which are separated from each other except in the case of copper and bismuth. 8-Hydroxyquinoline 
gives an a.c. polarographic wave at a higher potential, and which can be measured separately from 
the waves of the metal ions. The a.c. polarographic wave of 8-hydroxyquinoline corres~nds to the 
A wave of 8-hydroxyquinoline studied by Stock and may represent reduction to the dlhydro com- 
pound.6 The wave also corresponds to the tirst wave reported by Carruther$ and by Stone and 
Furman;’ the corresponding d.c. polarographic wave has been used to determine S-hydroxyquino- 
line.*-* In general, the a.c. polarographic waves obtained from irreversible systems are compara- 
tively small and broad.a The wave of I-hydroxyquinoline is very small and broad in comparison with 
the waves of the metal ions, as shown in Fig. 1, so that it would appear that the reduction of S-hydroxy- 
quinoline is irreversible at the dropping mercury electrode. The wave can, however, still be used for 
the determination of S-hydroxyqumoline as described below. 

The summit potentials of the a.c. polarograms obtained are shown in Table I. 



The cadmium, copper, lead and bismuth solutions were buffered to pH values of @30,0.30,050 and 
1.00, respectively. The summit potential of 8-hydroxyquinohne varied with pH, and moved to higher 
potentials with increasing PH. 

The solution obtained from zinc 8-hydtoxyquinolate gave only one wave (Fig. 1). When zinc 
solution was added to this solution the height of the wave did not change, but when 8-hydroxyquino- 
line was added the wave height increased. It appears that the polarographic wave is due only to 
8-hydroxyquinoline. In pure solution the zinc wave appeared at -,1*13 V in the supporting electolyte 

Tlur~s ~.--%JMMIT PolXN’rUU OF AC. 

POLAROGRAMS. 

Summit potential 
Reducible species V 

Cadmium -0.67 
Copper - 0.22 
Lead -0.47 
Bismuth -0.18 

8Hydroxyquinoline -1.13 to -1.20 

used; it is suggested that a complex is formed hetween zinc and 8-hydroxyquinohne in the supporting 
electrolyte used. Nickel behaved in the same way as zinc. These effects will be studied later. 

In the present work calibration curves for cadmium, copper and 8-hydroxyquinohne have ,heen 
plotted. The heights of the waves for cadmium, copper and 8-hydroxyquinoline were linearly pro- 
portional to concentration in the range 1-16 mg of cadmium, 5-25 mg of copper and 2-loO.mg of 
Il-hydroxyquinoiine in 250 ml of the final solution, respectively. 

Ry means of the method described, metal ions and 8-hy~o~q~~ in metal 8-hydroxyqumo- 
late can be determined simul~~usly by a.c. ~~ro~phy. 

M~~awa Women’s ~nive~sily YACHIYO TANE~AWA 
Nishinvmiya, Japan SATOKO M~JUMI 

KAYUYOSHI TAKIYAMA 

Sunmuuy-Studies of the simultaneous determination of metal and 
8-hydroxyquinoline in metal 8-hydroxyquinolates have been made by 
a.c. polarography, after precipitation of the chelates by a conventional 
procedure and re-solution in a suitable medium. Cadmium, cop 
lead and bismuth may be determined, together with 8-hydroxy 
but the zinc peak cannot be distinguished from that of the 
quinoline under the conditions employed. Some 
results are discussed. 

~-Die gleichzeitige ~ti~~g von Metal1 und 
8-Hydroxychinolin in Metall-8-hydroxychinola~n wurde wechsel- 
str~m~laro~phi~h untersucht. Die Chelate wurden dabei auf 
herkiimmliche Weise gefallt und in einem geeigneten Medium wieder 
gel&t. Cadmium, Kupfer, Blei und Wismut k&men zusammen mit 
8-Hydroxychinolin bestimmt werden; der Zink-Peak kann unter den 
verwendeten Bedingungen nicht von dem des 8-Hydroxychinolins 
unterschieden werden. Die Ergebnisse werden unter einigen Gesicht- 
spunkten diskutiert. 

R&urn&-On a ttudie, par polarographie en courant alternatif, le 
dosage simultane du metal et de la 8-hydroxyqdnoleine dam les 
&hydroxyquinoleinates m&alliques, aprbs precipitation des chelates 
par une technique usuelle, et remise en solution dans un milieu 
convenable. Le cadmium, le cuivre, le plomb et le bismuth peuvent 
bre doses avec la 8-hy~xyquinol6~ne, mais b sommet du zinc ne 
peut &re distingue de celui de la 8-hy~oxyqu~ol6~ dans les condi- 
tions utilistes. On discute de quelques aspects des r&ultats. 
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Applications de la dAatom&i~XVII:* Dosage volumhique des 
ions argent par r&l&ion a l’ht &mentaire 

(Recu le 1 fmrier 1965. Accept& Ie 14 mars 1965) 

ON sait que la constante de stabilitc du composd form6 e&e 1’E.D.T.A et les ions Argent-1 n’atteint 
que 7,3 et, de a fait, est trop faible pour permettre un dosa 
Les pro&d& indirects sont fort 

p” d’ions nickel-11 B partir du camp 
u nombreux; le principal d 

chClatom&rique direct de ces ions. 
entre eux con&e darts la liberation 

exe tetracyano-nickelique de facon a permettm le titrage de as ions 
lib&& en p&urce de murexide comme indicateur; a pro&& dQ a Flaschka et Huditx,4~6 a et6 
rppliqu6 notammcnt au dosage de l’argent dans les alliages cuivre& et darts les tllms hoto 
iques,” et au dw indimct des halog&ntres, p $ ‘8 des iodures en pr6sence de chlorures, * du 

ph- 
romc 

zanr 
‘quel*sl* et de l%usenic organique. *‘ 

ogLa# organiqw, 
Nous l’avons utilist nous-m&es pour l’tvahration des 

‘.* de la mercaptopurine,ll des sulfamides,lo et des vie-polyols; il est a 
remuquer, toutefois, que le virage n’est pas toujours facile a saisir avec nettete et atte observation 
a conduit Gedansky et Gordon’ a utiliser une lecture photom&rique tout en conservant la 
murexide, et Klein et SkIiv6nek*8 it remplacer cet indicateur par la thymolphtalexone en presence 
d’ungsune de dhn6thyle. 

ode ch6latometrtque r&ente emploie une suspension de di&hyl-dithiocarbamate de 
&we;” les ions-cuivre-11 mis en solution sont mesurts apt% filtration. Cabrera et West** ont dose 
ks sels d’ar@ en direct au moyen des acides thioglycolique, &mercaptopropionique, ou mercapto- 
succinique; la @im&h 
de xy%e-cyanol qtu f 

.&J lam&-benzalrhodanine peut i%re utili& comme indicateur en presence 

indianice d’ar 
te la perception du virage; 

t donnent de t&s bons rcsultats. 
les mesures potentiom6triques avec une Clectrode 

Les modes r e reduction des ions Artrent- en armt 616memaire sont nombteux: si on utilise un 
agent r6ducteur mh&al, on peut env&ger le dosa& d’un exc&s de a dctii ou &lui du compose 
oxydt obtenu am&s r6action. En 1953. Pfibil. Dole&d et Simonit avaient utilist le caractere r&lucteur 
ducomplexe fe?reux de l’E.D.T.A.; ie point final Ctait observe par amp&om&rie ou par potentio- 
m6trle. Les sels manganeux, en milieu alcalin, constituent un r&a&f convenable pour les ions Ar- 

r 
t-1,“ et nous avons essayt d’utiliser le complexe manganeux de 1’E.D.T.A. dans le but de mesurer 

quantit6 d’E.D.T.A. lib&-& ap&s precipitation du bioxyde de manganese; mais ce reactif, .en 
miheu alcalin, s’est r&616 beaucoup trop sensible vis-b-vis de l’oxyg6ne atmosph&ique pour &tre 
utilisable dune maniere pratique. 

La r&l&ion par les m6taux alcalins* est bien connue. de m&me que alle obtenue par le cadmium ; 
k zinc, l’aluminium.*q le plomb,la le bore’” et l’oxyde cuivreux;‘8 l’isolement de l’argent par le zinc 
est 
de i&J 

uantitatif et peut 6tre utilis6 pour une s6paration analytique;i‘ Senderens,w-** dit que le poids 
ucteur employ6 ne correspond pas a alui de l’argent prdcipitt de son nitrate et ce, par suite 

d’une l@re r6ductum de panion nitrtque; Doldal et ZLka* ont n&umroins d6crit tout rkemmmt 
unc tcddpc utilisant les ama@mes de zinc ou de bismuth avec titrage des ions zinc-11 ou bismuth- 
III form&r apr&s reaction. Nous avons essay6 l’action des mttaux seuls dam les m&es conditions et 
avons finalement obtenu des rtsultats satisfaisants avec le cuivre. 

PARTIE EXPERIMENTALE? 
R&et@ utilids 

Cuivre. NOW avons choisi a metal sous la forme de fil d’une Cpaisseur de 0.1 mm; 
le fll 6tait coup6 en longueurs d’environ 5 mm. 

pour l’emploi, 

l Article prbobdcnt: T&a, 1965. 12, 420. 
t Avec la COkboratiOn de Michel Berteleau (Ecole Superieure de Chimie de Paris) 
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Applications de la dAatom&i~XVII:* Dosage volumhique des 
ions argent par r&l&ion a l’ht &mentaire 

(Recu le 1 fmrier 1965. Accept& Ie 14 mars 1965) 
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p” d’ions nickel-11 B partir du camp 
u nombreux; le principal d 
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entre eux con&e darts la liberation 
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iques,” et au dw indimct des halog&ntres, p $ ‘8 des iodures en pr6sence de chlorures, * du 

ph- 
romc 

zanr 
‘quel*sl* et de l%usenic organique. *‘ 

ogLa# organiqw, 
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Tampon (pH-8). 54 g de chlorure d’ammonium sont dissous darts 800 ml d’eau distilke; de I’ammon- 
iaque est ajout6 jusqu’a ce que la solution accuse un pH Cgal PL 8; k tout est complet6 B un litre. 

iUurexi&. 75 mg sont dissous dans 50 ml ~6t~y~g~~l; cette solution reste stable pedant 
plusieurs semames. 

0,OlM E.D.T.A. 3,7 g d’tthykne diino-t&a&ate disodiquc sont dissous dans l’eau distilke 
en compktant a un litre. On d&ermine la molaritt exacte B partir d’un poids connu de magnesium 
cn utilisant k noir triochrome T commc indicatcur. 

Mo& opdratoire 

La solution contenant k se1 d’argent doit 6tre neutrc (pH 5,5 B 6,O). Si bosom est, la ~t~on 
pourra ttre faite au moyen dune solution de carbonate de potassium. 20 ml de solution, contenant 
0.2 B 1 mmole d’argent, sont introduits dans une fiole jaug6e de 100 ml; on ajoute 250 mg environ de 
cuivrc, bouche la fiole et agite Cnrgiquement pendant quinxe minutes. Le contutu de la 6ok eat 
compktc a 100 ml au moyen deau distilke fralchement bouillie et la fiok est abandonMe pendant 
quelques minutes pour permettre B la.plus grande partie de l’argent r&l& de se d6poser;t 50 ml du 
liquide sumageant sont prelev6s au &yen d’une pipette et introduits dans une flole d’Erlauneyer; 
on ajoute 100 ml environ d&u distillte; 20 ml de Tampon pH-8 et une quantite de murexide juste 
suffisante pour obtenir une leg&e coloration jaune plus ou moins verd&re. 

Ajouter la solution d’E.D.T.A. 0,OlM au moyen dune burette jusqu’au virage de l’indicateur; 
on peut utiliser une burette de 25 ml graduCe en 0,OS ml pour une teneur en argent su 

Et” 
kurea4Omg 

et une burette de 10 ml graduee en 0,02 ml pour une teneur inf6rkure; le virago a ‘eu du jaune au 
viola& en 

B”” 
t par une teinte gri&re que nous avons choisk comme point final du dosa 

Le nom $ re de milligrammes d’argent contenu dans l’chantillon dos6 est don& par la formu e: 

p = 431,s x V x N’ 

V = nombre de millilitres de solution d’E.D.T.A., 
N’ = molaritt exacte de cette solution. 

TABLIMJ 1 

nombre de mg nombre de mg Rapport, Deviation, 
Sargent present d’argent trouvc % % 

21,575 21.61 
5394 53,71 
- 53,55 

75.52 75,95 
- 7566 

107,88 10756 
- log,20 
_* 107,62 
_* 108,26 

lOOJ6 +0,16 
99,57 -0.43 
99.28 -0,72 

100.57 + 0.57 
100.18 +0.1s 
99,70 -0.30 

foO~30 -to,30 
99,76 -0.24 

100.36 +0,36 

* Reduction effectucC en presence de 4 mmoks de nitrate de 
potassium. 

La pr&ente technique a et6 experimentfe sur des vohunes de solutions O&W et O&M de nitrate 
Q’argent contenant 42 B I mihimole; ks r&hats obtenus sont r&mis darts le tabkau I. 

-urt CLAUDE HENNART 
Val &O&e 

ZSsm&-b ions argent-I sont r&kits q~ti~tiv~t par le 
cuivn tkmentaire; ks ions Cuivre-II form& sont do&s, sans 
filtration, au moyen de l’E.D.T,A. avec la murexide comme indicateur. 

t La prtsence de petitcs quantitts d’argent rtduit en suspension ne perturbe pas k dosage mais 
une trop forte quantite peut g6ner la perception du virage. On pourra verifier sur quelqucs 
millilitres du liquide, l’absence d’argent par l’addition d’une goutte d’acide chlorhydrique. 
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reduction with elemental cop ; 9 
titrated, without filtration, by g 
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I, have been 
properties 0 P 

repared by Lions and his coworkers in the course of extensive studies on the chelating 
multidentate ligands. r** It was pointed out’ that the co-ordination of PAPHY to a 

metal ion increases the acidic character of the hydrogen attached to the nitrogen of the hydra&e 
residue with the result that this is readily detached as a proton. The interaction between PAPHY 
and a transition metal ion generally produces a coloured cationic complex which, on treatment with 
alkali, is converted by loss of a proton to a neutral, water-insoluble species. 
applications have been discussed. lo 

The possible analytical 
Therefore, there is the possibility of using this type of &elate 

for the gravimetric and spectrophotometric determination of palladium over different rw of pH. 
In the present investigation, the complexes of palladium and PAPHY have been studied and the 

experimental conditions determined for their use in the analysis of palladium. 

Apparatus 

EXPERIMENTAL 

S’ctrophotometers. Spectra were measured on the Optika Recording Spectrophotometer. 
Absorbance measuremen ts 
photometer. 

at a particular wavelength were made on the Umcam SP 500 Spactro- 

ee Universal pH Meter 

Regents 

PaLWum soiut&ms. A standard palladium solution, 9.4 x lo-*M, was. 
417 mg of palladium chloride in 25 ml of 6M hydrochloric acid and diluting to 2 

S”p”‘d, by dissolving 
0 ml. A 3.76 x IO-% 

solutiolr, containing 40 lprn of p ladium, was prepared by 25-fold dilution of the standard solution. 
Pyruiine-2-al&hyde- -pyr@ hydrazone. Pyridine-2-aldehyde-2-pyridylhydraxone was prepared 

by the reaction in cthanolic solution between equimolar quantities of redistilled pyridine 2-aldehyde 
The latter was made by reaction between 2-&lorop@hne and hydraxine.rr 

available from 
PAPHY was prepared by dissolving the required weight in ethanol. The ethanolic solution showed 
no decomposition after 1 week and the solid appeared to be stable indefinitely. 

O&r sohtions. These were all prepared from reagent grade chemicals. 
Ethanol. Reagent grade 

RESULTS 

Palladium complex of pyrtdine-2-aldehyde-2- yrtiylhydrazone 
A deep-red sparingly soluble complex is P armed over the pH range 14 when 15 ml of an ethanolic 

solution of PAPHY containing O-15 g of reagent is added to 100 ml of palladium(II) chloride solution 
containing 0.0417 g of palladium chloride (a molar ratio of 3 : 1) and the pH adjusted by the addition 
of h drochloric actd or sodium hydroxide. 

K nalysis of the complex showed: C, 38.00; H, 3.00; N, 14.95; Cl, 11.22; Pd, 30.73%; 
Pd(CrIN,H,Cl) requires: C, 38.95; H, 2.65; N, 16.5; Cl, 105; Pd, 31.4%. 

Spectrophotometric Studies 

The absorption spectra of a series of solutions, obtained by mixing equal volumes of 35.8 ppm of 
PAPHY and 5.3 ppm of palladium(II) chloride to give a molar ratio of 6: 1 and bu&ed to various pH 
vale, were measured. These are characterised by a broad absorption band in the visibk regron 
with Iti, varying between 510 and MO w (Fig. 1). The reagent itself in ethanolic solution shows 
no absorption at this wavelength and so the absorbance at 520 rnp can be used as a measure of the 
palladium present. 

The absorbance varied with PH. reaching a maximum at pH values between 11.5 and 11.8. Beer’s 
Law is obeyed over the range 0.8-9.6 ppm of palladium at pH 11.6. The range of.most accumte 
measurement ls 2.0-9.6 ppm palladium. The colour is fully developed 2 min from the time of 
mixing and remains constant for at least a further 30 miu. 
occur if the solution is allowed to stand for longer periods. 

Some slight decmasa in absorbance may 

‘h composition of the coloured complexes in solution at pH 1 l-6 and 4 was determined both, by 
Job’s method of continuous variation and the mole ratio method. Fig. 2 shows the Job lots obtained 
from measuremeuts at 510 mpr. Absorbance measurements at 470 and 550 nyr conkmtdthatat 
both pH values the ratio of ligand molecules to metal ions is 1: 1. 
of the complex at 520 w and at pH 11.6 was found to be 13,960. 

From this, the molar absorptivity 



Wavelength, mp 

FIG. I.-Absorption spectra of the palladium co 
“p 

lex 
pyridylhydraaone in 8~ueous solutions of varying pH 

of pyridme-2-al&hyde-2- 

x 10-W): 
concentration of complex, 8.01 

0 pH = 1.7 0 pH = 4.7 0 pH = 8.3 0 pH = 11.6. 

[b&j / [Pd2+]+[Pophyl 

FIG. 2.-Detenmnation of the composition of the complex between palladia and 
PAPHY by the method of continuous variation [mta9uremen ts at 510 w; con- 

centration of reagents (equimolecular), 5.27 x lO-*M]: 
0 pH=11.6 0 pH=4.0. 

Eflect of other ions 
The criterion for significant interference was taken to be a measured value of absorbance which 

differed by more than 2 % from that found with palladium alone. 
In a solution containing 40 @25 ml of palladium (1.6 ppm) and excess reagent, up to 40 ,ug 

of iron( silver(I), zinc@), indium(IV), platinum(N), rhodium(IU), ruthenium(III) and (IV), 
and gold0, when present separately, did not interfere. Smaller amounts of niclcel(LI) and copper0 
t=- 10 pg) and cobal@) (> 1 ,u@ caused interference, but up to 40 pg of. these cations separately 
had no effect on the absorbance in the presence of a 3-fold molar excess of EDTA. 

The anions sulphate, nitrate and halides did not interfere. 



Dissolve the sampIe by appropriate means. Aqua rg& may be used, provided the nitric acid is 
removed s&equently by fummg down several times with hydrochloric aad. 

pipette 1 ml of the sample solution ((20-250 pg Pd and 0*02&M with respect to HCl~ into a 25 ml 
vohrm&c &Sk and add 8 ml of the ethanolic solution of 
(O-5 g/l). Allow the solution to stand for five minutes, Jen P 

yridine 2-al&h de 2-pyridyl hydraxone 

solution and dilute to 2!l ml. 
add 1 ml o 1M sodium hydroxide 

1 
Read the absobance at 520 m& and calculate the weight of palladium present from a previously 

prepared calibration curve. 
DISCUSSION 

Precipitation from solution is incomplete below pH 2 although the development of a red &our 
is consistent with the formation of the complex ion IL Loss of a proton (from the :NH group) 

II 

produces an un&uged complex which precipitates from solution over the pH range 1-4. 
of the solid confhms that this uncharged complex has the composition Pd(C,,N,&)Cl. 

The analysis 

At pH values above 4, aqueous solutions again contain a complex cation, as indicated by ion- 
exchange exper&mts. This cation could result from the uncharged complex by replacement of the 
chkiride ion with a water molecule. 

Palladium behaves di&remly from most other transitiou metal ions in forming a 1: 1 complex 
with PAPHY. This is pebbly due to the tridentate &and occupying three of the four co. 
ordination positions at the corners of a square plane. When the fourth position is occupied by a 
&lo&e ion, the complex has a single posttive charge. Dipositive tram&on metal ions which are 
usually hexa-co-ordinate, form complexes with PAPHY in which the ratio of metal atoms to ligand 
molecules is 1: 2. Then the complex cations formed in acid solution have two positive charges and 
so do not pracipitate until the pH is high enough to remove both acidic hydrogens. 

CONCLUSIONS 
Pyrldine-2-aldehyde-2-pyridylhydraxone is a selective reagent for the spectrophotometric deter- 

mination of palladium. Maximum sensitivity is reached in aqueous alkaline solutions of pH greater 
than 11; the few metals which interfere can be successfully masked with EDTA. 

Ackaow&&wre&.-The authors wish to express their grateful thanks to International Nickel Ltd., 
London, for the provision of the platinum metals used in this investigation. 
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Summary-Palladium(U) and pyridine-2-aldehyde-2-pyridylhydrawne 
form a red complex in aqueous solution with maximum development 
of colour at pH values between 11.5 and 11.8 (&.r = 520 mr). A 
procedure is described for the accurate spectrophotometric determin- 
ation of I-10 M of palladium. Only a few metal ions interfere and their 
inteffcrence can be prevented by the addition of EDTA. 

Z~enfissung-Palladium(I1) und Pvridin-2-aldehyd-2-pvridyl- 
hydraron @en- in w&&iger Losung &en roten tiornpiei r&t 
maximaler Farbtiefe bei DH 11.5-f 13 f.hr = 520 m&. Eine 
Arbeitsvorschrift zur genaueh s~ktmlphoto~tr~~n R&&mung 
von i-10,ug Palladium wird angegeben. Nur wenige Metallionen 
St&en; dii Starting kann durch Zugabe von EDTA verhindert werden. 

* Present address: International Nickef Ltd., Rashley Rd., London, N.W.10, England. 
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R&mm&-Le palladium(Il) et la pyridine 2-aldehyde 2-pyridylhydra- 
zone forment en solution aqueuse tm complexe rouge avec dbveloppe- 
ment maximal de la coloration aux pH compris entre 115 et 11,8 
(&X = 52Omp). Gn decrit la technique pour le dosage spectro- 
photometrique pr6cis de 1 a 1Opg de palladium. Quelques ions 
m6talliquee seulement interferent, et leur interference peut ttre &it&c 
par I’addition d’EDTA. 
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LETTERS TO THE EDITOR 

Chemical species to he determined 

Whenever one wishes to discuss the general principles underlying analysis, particularly when 
considering the evaluation and errors of analytical results, it is necessary frequently to use the term 
chemical species to be derermined or its equivalent. This term is cumbersome and yet. to the best of 
my knowledge, there is no single word that may be substituted. I believe that a word is needed to 
fill this gap in analytical terminology. 

I would suggest that the term determinand bc used to denote that which is to be determined. The 
word is analogous to other terms, such as titrand, multiplicand and legend, and is formed from well 
known Latin roots. General acceptance of this suggestion would simphfy the phraseology of analysis 
and I should be interested to hear of the views of your readers on this suggestion. 

A. L. WILSON 
Analytical Chemistry Section 
Central Electricity Research Laboratories 
Cleeve Road, Leatherhead, Surrey, England 
16 April 1965 

Selectivity index 

I have read with interest the letters from Professor Belcher and Dr. Betteridge that have recently 
appeared in this journal.’ The points made by Dr. Betteridge in support of the Selectivity Index are 
telling, but I believe that the compression and elimination of so much analytical detail might well lead 
to &fusion and ambiguity. Ho&ever, the main purpose of my letter is to-argue against &e definition 
of an interference proposed by Dr. Betteridge. The following points seem to me of importance: 
1. Chemical species other than ions may cause interference but, of course, this point could be covered 
by a simple change of the definition. 
2. It seems desirable to avoid the use of the same word, i.e., interference, for both the effect and its 
cause. I would suggest that interference be reserved for the effect and interfering species for the 
cause. Again, this joint, if accepted, could be covered by a simple change of the &&tion. 
3. The orooosed definition implies a model of interference in which the relative effect of the inter- 
fering spet&s, present in a l&fold (molar) excess, is independent of the concentration of the deter- 
minand.* When the interference does not conform with this model, the definition may lead to 
ambiguity. Thus, for a constant (molar) ratio of the interfering species and the determinand, the 
concentration of the latter may affect the magnitude of the interference. An example of this type of 
interference is afforded by the effect of phosphate in the spectrophotometric determination of silicon.* 
A further possibility is that the interference caused by a certain species may pass through a maximum 
or minimum as its concentration is increased. The effect of phosphate in the spectrophotometric 
determination of silicon’ also provides an example of this type of effect. 

Such deviations from the model implied by the proposed definition of interference will, in general, 
lead to ambiguity because the concentration of the detenninand and the arbitrary choice of the 100- 
fold excess of another species X may determine whether or not X is classed as an interfering species. 
4. In practical analysis, one is often concerned with the situation where the interfering species is 
present in a reasonably constant concentration, and the concentratron of the determinand varies. It 
is then of interest to know whether or not the magnitude of the interference is independent of the 
concentration of the determinand. The proposed definition does not cover this point, and might 
even tend to restrict the amount of detailed investigation made on interference. 
5. The magnitude of the interference caused by a species may depend markedly on the concentrations 

* The term determinand has been suggested in a previous letter in this issue of T~/u~~tu. 
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of the reagents. Two examples are provided by the effect of the concentration of bathophenanthroline 
on the interference caused by copper in the spectrophotometric determination of iron,’ and the effect 
of the concentration of ammonium molybdate on the interference caused by phosphate in the spectro- 
photometric determination of silicon .a Thus, depending on the particular values chosen for the 
concentrations of the reagents, the same species might or might not be classed as an interfering 
species. Such situations would tend to cause confusion. 
6. If the proposed definition were adopted, a species X causing a systematic relative error of 47: 
would not be termed an interfering species. On the other hand, such an error may often be regarded 
as an important effect, and the natural tendency, following the custom of many years usage, would 
be to call X an interfering species. It seems likely that the literature might evolve with the same 
species being classed both as an interfering and a non-interfering species. Such a situation is clearly 
undesirable, particularly in view of the proliferation of the literature and the increasing use made of 
abstracting journals. 

This difficulty could be overcome by deciding to use a new word to denote those species that cause 
systematic errors less than 5 %, but this seems too artificial. It is clear that this problem of terminology 
arises because of the choice of an arbitrary magnitude of error (i.e., 5%) in the definition; 
changing the value assigned to this error does not eliminate the problem. 

merely 

7. From the points above, the question obviously arises: what is the best way to define an interfering 
species? It seems desirable that the definition should depart as little as possible from currently-held 
views, and yet should contain no arbitrary elements. 
definition which is, of course, far from original. 

On this basis, I would suggest the following 

Fur agiven analytical method, any species present in the sample that causes systematic error in the 
analytical result shall be called an interfering species for that method. 

Professor Etelcher and Dr. Retteridge both emphasised that it is a reaction rather than a reagent 
that is selective. My suggested definition extends this concept so that it is the complete analytical 
method that is regarded as selective. This seems to be more correct than to emphasise one particular 
reaction, because usually a number of equilibria and experimental parameters jointly determine the 
magnitude of the interference caused by different species. 

It follows from this definition that no species can be proved not to be an interfering species. This 
statement is a consequence of the fact that random errors affect all measurements, and lead to un- 
certainties in quantitative statements based on experimental results. Therefore, after experimental 
tests, all that can be said is that the effect of a species X is less than a certain value that is determined 
by the magnitude of the random errors. Thus, my proposed definition implies that all species must 
be regarded as potentially-interfering species, but this leads to no difficulty in practice because of 
the following considerations. 

To those concerned with investigating, developing or applying analytical methods, it is essential 
that those species present in the sample should not cause more than a tolerable systematic error that 
will vary from one application to another. If the literature or new experimental tests show that the 
systematic error caused by a particular species is greater than can be tolerated, then a different 
analytical method must be used. This is a simple approach, and no recourse need be made to some 
arbitrary choice of the magnitude of systematic error that constitutes interference. It seems possible 
that my definition may lead to greater attention being paid to the subject of interference than if Dr. 
Betteridge’s proposal were adopted. 

I suppose the substance of my letter can be summarised by saying that 1 think no compromise 
on the definition of interference should be attempted. 

A. L. WL’3ON 
Analytical Chemistry Section 
Central Electricity Research Laboratories 
Cleeve Road, Leatherhead, Surrey, England 
16 April 1965 
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PRECISION OF THE DETERMINATION OF COPPER 
AND GOLD BY ATOMIC ABSORPTION 

SPECTROPHOTOMETRY 

H. KHALIFA,* G. SVEHLA and L. ERDEY 
Institute for General Chemistry, Tech&al University, Budapest Xi 

Gellert Ttr 4, Hungary 

(Received 19 May 1964. Revised 29 January 1965. Accepted 29 March 1965) 

Suv-Copper and gold can be determined by atomic absorption 
spectrophotometry using hollow cathode lamps which produce the 
resonance lines of 3247 A and 2428 A, respectively. Gptimal experi- 
mental conditions have been ascertained. In the case of copper 
calibration curves are presented for 10-100 as well as for 100-700 ppm, 
and in that of gold for 5-50 as well as for 50-500 ppm. The influence 
of several cations and anions has been examined. Precision calculations 
have been made by a method suggested previously by the authors. 

ATOMIC absorption spectrophotometric methods are becoming more and more wideiy 
used in science and industry. However, a thorough study of the optimal experimental 
conditions and of the best attainable precision is lacking in almost all cases. We have 
previously recommended an improved method for calculation of the precision of 
quantitative spectrophotometric measurements. x This method can also be used as the 
basis for evaluation of the results of atomic absorption me&urements. We have 
already investigated the optimum conditions for determination of zinc2 and silver.3 
Atomicabsorption methods forcopper4-6*10 and gold7*8 have already beendescribed by 
various authors. Our present aim was to ascertain those conditions under which the 
precision of measurements for these two elements are best, even if the sensitivity of 
the method decreases somewhat. 

EXPERIMENTAL 
Reagents 

Capper nitrate standard solution. Prepared from analytically pure copper nitrate and standard&d 
by titration with disodium ethylen~iaminetetra-a~e~te standard solution, using Murexide as indica- 
tor. From a stock solution appropriate dilutions were made to obtain the standard working solutions 
needed. 

Gofd chloride standard solution. Prepared from commercially available AuCl,*HCi*3HeG by 
dissolution in water. Standardisation was made by titrating the solution with standard iron 
sulphate using potentiometric end-point detection.9 

Solutions for inuestipation of cationic interferences. 
Their concentrations were adjusted by weighing only. 

Prepared from analytically pure reagents. 
Metal nitrates were used whenever possible, 

or metals, metal oxides or metal carbonates were dissolved in nitric acid by heating. Nitric acid was 
present in all cases in a slight excess. Stock solutions were prepared in all cases, containing at least 
20 mg/ml of the relevant cation. 

Solutions for imesti$ation of anionic interferences, Prepared from analytically pure ammonium 
salts. Their concentrations were adjusted by weighing. The stock solutions contained at least 20 
mglml of the relevant anion. 

* Assistant Professor, Cairo Unive~ity, Faculty of Science, Chemistry Department, Giza, Egypt, 
U.A.R. 
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Apparatus 

The Hilger Uvispec spectrophotometer was used with its atomic absorption attachment. Air, 
pressure was controlled by a fine manometer, while illuminating gas was introduced into the burner 
directly from a laboratory gas tap. The gas pressure seemed to be constant, and, when measured by 
a flow manometer, had a value of 40 mm of water. The determinations of copper were made on the 
3247 8, copper resonance line, using the brass hollow cathode lamp supplied with the instrument. 
Gold determinations were made with another hollow cathode lamp, which emitted the resonance line 
2428 A of gold. 

INVESTIGATION OF EXPERIMENTAL CONDITIONS 

Air pressure 

Because the amount of liquid sprayed into the burner depends mainly on the air 

pressure, absorbancies at various pressures are different. By using higher pressures 
the number of atoms capable of absorption will increase in unit time, i.e., the sensi- 
tivity of the measurement increase’s in this case. The air pressure cannot, however, be 
increased to extremely high values, because an unstable flame occurs, which causes a 
high scattering in the absorbancy readings. At the same time, the calm, laminary flow 
of the solutions changes stepwise to a turbulent one, which also results in a decreased 
reproducibility of the measurements. To investigate the optimal air pressure, we made 
absorbancy measurements of solutions of 100, 500 and 1OOOppm of copper and 50, 
150 and 300 ppm of gold, respectively, at pressures of 0.2, 0.3 and 0.4 kg/cm2 over- 

pressure. A slit width of 0.1 mm was chosen on the basis of preliminary measure- 
ments. A lamp current of 40 mA was used in all cases. Results are shown in Tables 
I and II for copper and gold, respectively. In the case of copper a O-3 kg/cm2 air 

overpressure seemed to give the most steady flame, while in the case of gold O-4 kg/cm2 
was chosen because of a better sensitivity. 

Variation of lamp current 

We also made measurements using various lamp currents. The air pressure was 
adjusted in all cases to 0.4 kg/cm2, while slit widths were adjusted arbitrarily to 
0.15 mm. The results in Tables III and IV for copper and gold, respectively, indicate 
that in both cases a lamp current of 40 mA provides the best working condition. 
Currents were applied in increasing order, and 30 min were allowed to elapse before 
each series to ensure complete heat equilibrium between the hollow cathode and its 
environment. In all further investigations a 40-mA lamp current was used. 

Variation qf slit width 

For the sake of accuracy of the measurements the use of adequate slit width is 
essential. Therefore, we carried out a series of measurements using various slit widths 
and measuring the optical densities from copper solutions of 100, 500 and 1000 ppm, 
and from gold solutions of 100, 250 and 400 ppm. In all cases six parallel readings 
were made, and the standard deviations of these were calculated. The results are 
presented in Tables V (copper) and VI (gold). In both cases a slit width of O-15 mm 
gives the most precise and also the most sensitive result. Thus, this slit width can be 
recommended for practical measurements. 

Optimal concentration limits 

As previously pointed out,l reliable results can be expected in quantitative spectro- 
photometric measurements only if the optical density of the solution to be analysed 
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TABLE I.-VARIATION OF ARSORRANCY OF 
COPPERSOLLKIONS WITH AIRPRESSURE 

Air Absorbancy 

overpressure, Copper, PPm 
kg/cm’ loo 500 loo0 

0.20 0.180 0.655 0.982 
0.30 0.382 1.027 1.350 
040 0.450 1.050 1.500 

TABLE II.-VARIATION OF ARSORRANCY OF 
GOLD SOLUTIONS WITH AIR PRESSURE 

Air 

overpressure, 
kg/cm’ 

Absorbancy 

Gold, ppm 

50 150 300 

0.20 0.043 O-118 O-235 
0.25 0.069 0.160 O-321 
0.30 0.085 0.200 0.374 
0.35 o-113 0.262 O-465 
040 0.134 0.303 0.535 

TABLE III.-VARIATION OF LAMP CURRENT 
IN COPPER DETERMINATIONS 

Lamp current, 
Absorbancy 

mA Copper, PPm 
100 500 loo0 

20 0.290 0.740 0.823 
33 0.270 0.773 0.870 
40 0.295 0,797 1.050 
60 0.270 0.780 ,0.940 

TABLE IV.-VARMTION OF LAMP CURRENT 
IN GOLD DETERMINATIONS 

Lamp current, 
mA 

Absorbancy 
Gold, ppm 

50 150 300 

10 0.091 0.202 0.353 
18 0.085 0.203 0.353 
28 0.080 0.202 0.348 
38 O-085 0.202 0.375 
44 o-095 0.210 0.375 
60 O-085 0.202 0.321 

lies within 0.2 and 0.8. Our experiments have shown that these limits correspond to 

concentrations of 60 and 400 ppm of copper and of 100 and 500 ppm of gold. These 
should be the lowest and highest concentrations on which atomic absorption measure- 
ments should be made. For practical purposes, however, we prepared two calibration 
curves for each metal, covering the concentration ranges IO-100 and 100-700 for 
copper, and 5-50 and 50-500 ppm for gold. The optimal experimental conditions are 
shown in Tables VII and VIII for copper and gold, respectively. 
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TABLE V.-VARIATION OF SLIT WIDTH IN 

COPPER DETERMINATIONS 

Slit 
Absorbancy and standard 

width, 
deviations 

mm Copper, ppm 
100 500 1000 

0.335 0900 1.223 
0.10 

*to.0133 MO448 100485 

0.400 1.09 1.253 
0.15 - 

1tz00065 ztO.0155 10.0158 

0.35 0.88 1.12 
0.20 

0.01 004 0.05 

TABLE W.-VARIATION OF SLIT WIDTH IN 

GOLD DETERMINATIONS 

Slit 
Absorbancy and standard 

wtdth, 
deviations 

mm 
Gold, ppm 

100 250 400 

0.164 0.350 0.511 
0.1 

h-1.30 &060 kO.72 

0.153 0.337 0.502 
0.15 

ir1.31 30.62 10.71 

0.163 0.339 0.495 
0.2 

b1.93 *to.98 zto.77 
- -- 

0149 0298 0433 
0.25 

rtl.95 *104 50.90 

TABLE VII.--OPTIMAL EXPERIMENTAL CONDITIONS FOR 

DETERMINATION OF COPPER 

Line: 3247 A copper resonance line 
Lamp current : 40 mA 
Air pressure: 0.3 kg/cm* (overpressure) 
Slit width: 0.15 mm 
Calibration curves : 

for ‘10-100 ppm of copper 
E = 00009 & 0009 + (000367 * 000015) C 
for 100-700 ppm of copper 
E = 0.269 f 00028 + (0001281 l OOOOtW62) C 
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TABLE v~~~.--oPTlMAL. EXPERIMENTAL CONDITIONS FOR 
DETERMINATION OF QOLD 

Line: 2428 8, gold resonance line 
Lamp current: 40 mA 
Air over pressure: 0.4 kg/cm8 (overpressure) 
Slit width: 0.1 mm 
Concentration limits 5-50 and 50-500 ppm of gold(M) 
Calibration curves: 

for 5-50 ppm of gold(Ill) 
E = - 0.0002 * OWO113 + (OX@26 f OMOGO37) C 
for 5@1500 ppm of gold(II1) 
E = OX)671 rt 0.0026 + (OGO1506 f OXMMOO84) C 

Precision 

The precision of the measurement of a concentration can be calculated in the 
following way? 

sr,~=LlO&~Ll@)++O 
c E-a E-a 

where (s,/c)lOO is the standard deviation of the concentration measurement, sg is the 
standard deviation of the absorbancy measurements, E is the absorbancy itself, a is 

the intercept and b is the slope of the absorbancy VS. concentration curve, and S, and 
sb are the standard deviations of these quantities, respectively. We made the precision 
calculations for both ions in all concentration regions; the results are shown in Tables 
IX-XII. Especially the determination of gold seems to be precise from this point of 
view; it can be carried out with an average 2% total relative precision at higher 
concentrations. The photometric precision [(3,/E - a)1001 is favourably small in all 
cases. 

TABLE IX.-PRECISION OF COPPER DETERMINATIONS WITHIN A 
CONCENTRATION OF 10-1~ PPM 

Concentration, 

PPn’ 

10 4.7 
20 4.1 
30 4.9 
40 3.9 
50 0.8 
60 1.1 
70 0.8 
80 1.8 
90 1.9 

100 1.0 

..__ _____ 
23.7 
11.7 
8.4 
6.5 
4.8 
4.1 
3.5 
3.1 
2.7 
2.4 

1 32.6 
20.0 
17.5 
14.6 

~4.2 
9.8 
9.4 
8.5 
9.1 

Efect of foreign ions 

We examined the effect of added foreign cations on the absorbancy measurements 
by adding lo- and lOO-fold amounts of the ions to solutions of 100,500 and 1000 ppm 
of copper as well as 40- and lOO-fold amounts to 50, 100 and 150 ppm solutions of 
gold. Because we did not find any influence from the IO- and 40-fold concentrations, 
we mixed together more of the cations and measured the effect of these mixtures. It 
must be emphasised that, in a given group of metals, each ion was present in a lo-, 
40- or lOO-fold excess; therefore, the results were obtained in the presence of a very 



I-I. KHALIFA, G. SVEHLA and L. ERDEY 

TABLE X.-PRECISION OF COPPER DETE~INA~ON~ WITHIN A 
C0NCENTRATION OF 1OO-700 PPM 

Concentration, 

PP’n 

100 
200 
300 
400 
500 
600 
700 I @5 4.2 8.2 5.4 2.2 24 7.5 1.2 

TABLE XI.-PRECISION 0~ CS~LD DETERMINATIONS WITHIN A CONCENTRATION 
OF 5-50 PPM 

Photometric Total 
precision precision 

Concentration, 

PPm 
$$oo &yO +3O +O 

5 7.57 O-85 8.56 
10 4.96 0.43 5.53 
15 3.82 0.28 414 
20 3-32 o-22 3.68 
25 t .99 0.17 2.30 
30 2.85 1.15 0.14 3.14 
35 l-52 0.12 1.78 
40 1.82 0.11 2.01 
45 1.45 0.10 1.69 
50 1.61 0.08 1.83 

TABLE XII.-PRECISION OF GOLD DETERMINATIONS WITHIN A 

CONCENTRATION OF 5%500 PPM 

Photometric 
precision 

Total 
precision 

Concentration, 

PPm 
~.loo &*.lOO +!O ~.lOO 

50 4a 4.00 
100 1.20 1.75 
150 1.20 1.20 
200 0.74 0.87 
250 O-66 0.67 
300 0.87 0.55 
350 043 O-48 
400 0.41 o-43 
450 0.40 o-39 
500 O-40 @35 

9.16 
3.51 
2.96 
2.17 
1.89 
1.98 
1.47 
1.40 
l-35 
1.31 
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TABLE XIII.-EFFECT OFFOREIGNIONSONDETEIMNATIONOFCOPPER 

709 

Foreign 
ions 

HB p+ + Hge+ 

CdB+ + Pbe+ + 
+ Bi*+ 

Mn*+ + Co*+ + 
+ Zng+ + Ni*+ 

Fe*+ + AIS+ 

Ca*+ + Sre+ + 
+Bal+ + Mg*+ 

Cl-, SCN- 

Sods-, CH,COO- 

S2O82-, NOa- 

Br-, (COO),‘- 

Copper Absorbancy in presence. of 
solution, 0 10 100 

PPm fold amounts of foreign ions 

100 0.263 0.262 0.254 
500 0.686 0.707 

1000 0.900 0.900 

100 0.263 0.263 0.271 
500 0686 0.707 

loo0 0900 0.880 

100 0.263 0.266 0.265 
500 0.686 0.675 

1000 0.900 0.883 
- 

100 0.263 0.262 0.285 
500 0.686 0.695 

1000 0.900 0.870 

100 0.263 0.270 0.285 
500 0.686 0718 

1000 0.900 0.900 

200 0.310 0.305 
400 0.402 0402 
600 0.477 0.477 

z 0.310 0.310 
0402 0400 

600 0.477 0.472 

200 0.310 0.322 
400 0.402 0.438 
600 0.477 0.490 

200 0.310 0.350 
400 0402 0440 
600 0.477 0.500 

high concentration of foreign ions. Deviations are not high even in the presence of a 
IOO-fold excess. The metals were added in the form of their nitrates. 

To examine the effect of anions we added ammonium salts to 200,400 and 600 ppm 
of copper and to 50, 100 and 150 ppm solutions of gold, using a lo-fold excess in the 
case of copper and a 40- and IOO-fold excess in the case of gold. No remarkable effect 
was found if a IO-fold excess of anions was present in the case of copper, but in the 
case of a lOO-fold excess the deviations were remarkable. Here only peroxydisulphate, 
bromide and oxalate ions have marked effects. The results for gold are even better; 
only oxalate ions have any effect, forming a precipitate with the gold ions in the 
solution. The results of these measurements are shown in Table XIII for copper and 
in Table XIV for gold. 
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TABLE XIV.-EFFECT OF FOREIGN IONS ON DETERM&ATION OF GOLD 

Absorbancy in presence of 
Gold solution, 0 40 100 

Foreign ions PPm fold amounts of foreign ions 

Cu*+ + Cd“+ + BiS+ 50 0.130 0.110 0.087 
+PbP+ 100 0.218 0.187 

CdZ+ 50 0.130 0.125 0.128 
150 0.290 0.287 

cuz+ 50 0.129 0.127 0.110 
100 0.216 0.215 

B13+ 50 0.130 0.130 
150 0.289 0.292 

Pb2+ 50 0.130 0.130 0.126 
100 0.217 0.217 

FeS+ + Ala+ -I- CrS+ 50 0.130 0.123 
100 0.218 0.199 
150 0.290 0.263 

FeJ+ _t AP+ 50 0.130 - 0.127 

Zn*+ + MnP+ + Co2+ 50 0.130 0.131 0.130 
+ Ni*+ 100 0.215 0.215 

150 0.288 0.286 

Mg*+ + Ca2+ + 50 0.130 0.130 0.130 
Sr?+ + Ba2+ 100 0.219 0.216 

150 0.290 0.286 

Cl- 50 0.128 0.125 0.125 
100 0.217 0.206 
150 0.289 0.269 

Br- 50 0.127 0.117 0.127 
100 0.216 0.200 
150 0.288 0.260 

SCN- 50 0.130 0.127 0.132 
100 0.218 0.214 
150 0.288 0.286 

CO,‘- 50 0.130 0.133 0.134 

PO,8- 50 0.130 0.127 0.120 

so,*- + S,O,“- 50 0.130 0.130 0.127 
100 0.218 0.214 
150 0.288 0.283 

NO,- + CH&OO- 50 0.130 0.128 0.131 
100 0.217 0.216 
150 0.287 0.288 
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ZusammM-Kupfer und Gold konnen bestimmt werden durch 
atomare Absorptionsspektralphotometrie mit Hohlkathodenlampen, 
die die Resonanzlinien 3247 A bzw. 2428 A emittieren. Die besten 
Arbeitsbedingungen wurden festgelegt. Bei Kupfer werden Eichkurven 
fur 10-100 und 100-700ppm vorgelegt, bei Gold fiir S-50 und 50- 
500 ppm. Der EinfluD verschiedener Kat- und Anionen wurde 
geprtift. Nach einer frtiher von den Autoren vorgeschlagenen Methode 
wurde die Genauigkeit berechnet. 

R&arm&On peut doser le cuivre et l’or par spectrophotometrie 
d’absorption atomique en utilisant des lampes a cathode creuse qui 
produisent les raies de resonance de 3247 A et 2428 A, respectivement. 
On a determine les conditions experimentales optimales. Avec le 
cuivre, les courbes d’ttalonnage sont present&s pour 10-100 et pour 
100-700 p.p.m,, et avec l’or pour S-50 et 50-500 p.p.m. On a examine 
l’influence de quelques cations et anions. Les calculs concemant la 
precision ont ete faits selon une methode anterieurement sugg&e par 
les auteurs. 
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Summa~--After separation of metal ions into Groups l-5 of the 
classical hydrogen sulphide scheme of qualitative analysis, the metal 
ions in each Group are separated by circular thin-layer chromatog- 
raphy. Several solvents and spray reagents for the Group analyses 
are reported. The method is simple and convenient; development of 
a chromatoplate is complete within 2 min. 

THIN-LAYER chromatography (TLC) for the separation of mixtures of substances 
otherwise difficult to separate possesses the advantages of shortness of running time 
of the solvents and uniformity of the chromatographic support obtained by using a 
standardised gel preparation. 

Circular chromatography is considered to be a very convenient and versatile 
analytical tool for the separation of a mixture which is not quite resolved by linear 
development. Many workers have tried to carry out circular thin-layer chromatog- 
raphy but because the horizontal development requires the solvent to be fed to the 
layer by a wick, no convenient and satisfactory modification has so far been devised. 
For example, Bryant’s apparatus’ for horizontal development consists of a chromat- 
oplate inverted over a petri dish and solvent is fed to the film by a cotton wick held 
at the centre of the dish. In Stahl’s modification2 of this technique, a cotton feeder 
is plugged into a small hole drilled through the chromatoplate; this requires great 
skill. MottieI3 tried to achieve the advantages of horizontal development in radial 
technique. The principle of the method is first to draw the pattern on the film with 
a fine needle, then to scrape the unwanted adsorbent off the glass with a spatula. 

Meinhard and Hal14es employed developing pipettes for circular chromatography 
and illustrated their usefulness in the analysis of mixtures of iron and zinc4 and of 
copper and nickel6 salts. Though the method is convenient, it required further 
refinement because it is difficult to keep the atmosphere saturated with the solvent 
by the use of a simple pipette. The preliminary results of Meinhard and Hal14Bs were 
not very satisfactory, but these authors were still of the opinion that thin-layer 
chromatography would prove useful in inorganic chemical analysis. However, the 
inorganic field was virtually ignored6 until 1960. Since then some studies have been 
reported on the separation and subsequent identification of inorganic ions7-9 on 
thin films but, generally speaking, these researches have involved only a small number 
of ions. 

In the present paper a simple and convenient modification of Meinhard and 
Hall’s technique,5 which involves the use of a developing chamber and an irrigating 
pipette for circular thin-layer chromatography, is described. This enables the metal 
ions of Groups I-V of the classical hydrogen sulphide scheme of qualitative analysis, 
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previously separated into these Groups by conventional means, to be separated 
using alumina and silica adsorbents. Development of the chromatogram is complete 
within 2 min. A number of spray reagents on alumina and silica glass plates have 
also been studied and several solvents for the separation of different groups of cations 

are reported. 
EXPERIMENTAL 

Reagents 

All reagents were of analytical grade or comparable purity. 
Aluminium oxide (D-5, containing 5 % calcium sulphate as binder, Camag) and silica gel (D-O, 

without binder, Carnag) were used for preparation of the thin films. Both were used without further 
treatment. 

Apparatus 

The apparatus consists of a developing chamber and irrigating pipette, both being all glass (Fig. I). 
The develooine chamber is like an inverted funnel with a circular solvent CUD fused to its inner wall. 
The open top Gf the chamber is of such a diameter as to provide a tight fit Gith the irrigating pipette 
inserted through it. The surface of the developing chamber, which touches the film surface, is 
ground to produce a leak-proof joint. 

__ -_- 

1 
2Oin 

_,I_-. 

6CIin 

FIG. I.-Circular thin layer chromatography apparatus: 
A-developing chamber ; B-irrigating pipette. 
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The irrigating pipette consists of a capillary dmwn to a fine jet at one end, the other end being 
fused to a piece of wide-bore glass tubmg. Several irrigating pipettes with varying jet cross-sectional 
areas are needed for the proper handling of liquids of different viscosity. 

The applicator (Camag, Muttenz, Homburgerstrasse 24, Switzerland) consists of a spreading 
trough of stainless steel fixed to an ahtminium bed on which glass plates can be aligned. It can 
accommodate IO-cm or 2O-cm width glass plates of any thickness or length. 

Preparation of thin films 
Five g of ahunina or silica gel are mixed thoroughly with 16 ml of water usin a pestle and 

mortar; the slurry is placed in the applicator and glass plates are coated to a um orm thickness *fp 
(cu. 200 rc)* The plates are dried overnight at room temperature (30-32”). 

Silica gel film which has been atbwed to dry overnight in the atmosphere at room temperature 
is about as active as that which has been heated to I ID” for 30 min.l@ In the present procedure the 
thin films are exposed to the atmosphere for a considerable time during use and would m-absorb 
moisture if they had been heat-activated. ln order to avoid the non-Iinear bebaviour of thin films 
because of re-absorption of moisture, it was found best to dry the films at room temperature 
overnight. 

Development of chromatopiates 

A very fine hole is made in the prepared surface with a small pin, About 1-2 ~1 of the test 
sohrtion to be chromatographed is 
entific Co. Ltd., London, England) 

ap bed to the plate with a micro pipette (2512: Shandon Sci- 
ta &, mg care that the solution does not spread in the film, thus 

fotming a larger spot. This pipette has a flat mouth and cannot be used alone, so that a very fine 
capillary, having a suitable diameter to fit tightly, was placed in its mouth. The volume of test 
sohttion applied depends on the concentrations of the individual cations and on the sensitivity of 
the spraying reagents to be used. The spot is allowed to dry and the developing chamber is placed 
over the spot with its solvent cup filled with the solvent with which the film is to be irrigated. A 
small piece of filter paper is placed in the sdvent cup in such a way that its lower end dips into the 
solvent while the upper end spreads towards the top of the chamber; this be@ to saturate the 
atmosphere in the devefoping chamber more quic@y. After IQ-15 min, when the atmosphere in 
the chamber has been saturated with the solvent, the cork closing the top of the solvent chamber 
is removed and the irrigating pipette containing the solvent inserted into the developing chamber 
in such a way that its capillary tip touches the plate where the test solution was originally spotted. 
Development of the chromatoplate is complete in 1-2 min. The plate is then dried and sprayed 
with the appropriate reagent to locate the position of the different rings. 

Details of the spray reagents together with the treatment after spraying arc given in Table I. 
Treatment with ammonia can bc carried out simply by exposing the plates to ammoniacal vapours, 

TABLE L-SPRAY REAGENTS FOR LOCATION OF METAL 10~s 

Reagent 

Sodium sutphide (SS) 
Alirarin (AZJ 
~~thy~g~yoxj~ (DC) 

Sodium rhodizonate (SR) 

Dithizone (DZa) 
Dithizone (DZc) 
Rubeanic acid (RA) 

Solution 
Treatment after 

spraying 

0.5 % aqueous 
Saturated in % % ethanol 
Saturated in ethanol 

containing 25 % ammonia 
I % aqueous, freshly 

prepared 

NH8 atmosphere 
NH, stmosphere 

0.05 % in 80% acetone 
045 % in chloroform 

NH, atmosphere 

Saturated in 96 y< ethanol 
NHs atmosphere 
NH, atmosphere 

Anuijds of mixtures 

In order to analyse an unknown mixture, it is essential to separate the cations by conventional 
means into the various Groups of the classicai hydrogen suiphide scheme of analysis.1s Solutions 
are then prepared from the various Group precipitates and processed by the procedure detailed 
above. 

A sohztion containing the nitrates of Ag4, Pb*+, f 
NY+, ZrP-, Ba*+, Ca*+ and Srpct the chlorides of Sb 

Hg* BL Hga+, BP, Cd*+, Cus+, Fe*+, Co=+ 
a+ Sn&+, AR*, Mnx+, together with sodium , 

arsenite and chromium oxide, was prepared in dilute hydr~hIor~c acid, followed by filtration 
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in order to separate the chlorides of Group I. The chlorides of silver, mercury(l) and lead thus 
separated, were dissolved in concentrated nitric acid, the solution heated to dryness and the residue 
extracted with a small amount of concentrated nitric acid, followed by suitable dilution for analysis 
by TLC. 

The sulphides of Group II were separated into Groups HA and IIB by the use of yellow ammonium 
sulphide. The cations of Group IIA were dissolved in a mixture of potassium chlorate and hydro- 
chloric acid and the resulting solution, after removing excess acid by successive concentration and 
dilution, was analysed by TLC. The sulphides of Group IIB were reprecipitated with dilute hydro- 
chloric acid, then dissolved in aqua regia. After removing excess acid by successive concentration 
and dilution, the solution was used for TLC. The hydroxides of Group III were dissolved in hot 
dilute hydrochloric acid and this solution used directly for TLC analysis. Group 1V sulphides were 
dissolved in uguu regiu, excess acid removed by successive concentration and dilution, before the 
solution was analysed by TLC. Finally, the carbonates of Group V were dissolved in concentrated 
hydrochloric acid and the solution used directly for TLC analysis. 

RESULTS AND DISCUSSION 

Nine different solvents have been investigated for the separation of cations into 

different groups (Table 11). Though some of the solvents contain the same reagents 

TABLE II.-SOLVENTS FOR SEPARATION OF METAL IONS 

Solvent Composition, o/v Group 

A n-Butyl alcohol, acetone, nitric acid (cont.) I 
23~23~4 

B n-Butyl alcohol, acetone, acetylacetone, nitric acid (cont.) I 
20:20:6:4 

C n-Butyl alcohol, methanol, hydrochloric acid (8M), acetylacetone IIA 
28:15:4:3 

D n-Butyl alcohol, hydrochloric acid (8M), acetylacetone HA 
43:4:3 

E n-Butyl alcohol, acetone, hydrochloric acid (8&f), acetylacetone 1IA 
33: 10:4:3 

F Acetone, hydrochloric acid (8M), acetylacetone IIB 
48:l:l 

G Acetone, hydrochloric acid (4M), acetylacetone III, IVB 
97:2: 1 

H Acetone, Hydrochloric acid (4M), acetylacetone IVA 
46~212 

J Acetone, hydrochloric acid (4M) V 
9713 

as used previously,a their composition is different to suit the separation of different 
cations under the present experimental conditions. Nitric acid has been used 
instead of hydrochloric acid for the separation of the Group I cations, otherwise 
precipitation of the cations would occur. 

The maximum diameter to which the solvent is allowed to spread is about 1 inch 
and Rr-values are measured with a fine geometrical divider of the type generally used 

by a draughtsman. To minimise the error, Rr-values are evaluated by measuring the 

diameters of the rings obtained on spraying. Special care must be taken in applying 
spots on chromatoplates because the spot size is of great importance. Spots of 
smaller size give better results. The function of the irrigating pipette is that of a 

wick in circular chromatography. 
The irrigating pipette may be marked to deliver equal amounts of solvent to run 

a chromatoplate. Such chromatoplates are found to have an almost reproducible 

solvent flow diameter. 
The Rr-values of various cations are given in Table Ill. In Group IIA. the 
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RI-values of cadmium(I1) and mercury(II) are almost the same but their bands can 
be distinguished by their specific colour. It is difficult to obtain reproducible Rr- 
values, though the order of separation always remains the same. Hence, cations 
are identified according to their sequence and their specific colour reactions. 

TABLE III.--& VALUES OF METAL IONS$ 

Group Absorbent Cation 
Spray reagent+ Solventt 

and colour Rf 

I Alumina (D-5) 

1IA Alumina (D-5) 

11B Silica Gel (D-O) 

111 Silica Gel (D-O) 

IVA Alumina (D-5) 

IVB Alumina (D-5) 

V Silica Gel (D-O) 

Al? 
Hgn” 
PbY i 

clP* 
CdP+ 
HgP+ 
BP+ 
PbO+ 

Sbs+ 
As= ’ 
Sn’- 

Fe’ 
Al*+ 
Cr*+ 

Ni?+ 

Co’ r 

Mn’- 

Fe3. 

Ba2 * 

SrP 7 
Cae r 

dark brown (SS) 
tan (SS) 
dark brown (SS) 

dark brown (SS) 
yellow (SS) 
tan (SS) 
brown (SS) 
dark brown (SS) 

red-orange (DZc) 
yellow (DE) 
violet (DZc) 

blue-violet (AZ) 
yellowish-orange (AZ) 
violet (AZ) 

blue (RA) 
red (DG) 
dark-brown (RA) 
brown (DG) 
red-brown (RA) 
red (DG) 
brown (RA) 
yellowish-green (DG) 

blue (DZa) 
red-violet (DZa) 
green (DZa) 

brick-red (SR) 
red (SR) 
violet (AZ) 

A B 
0.63 0.63 
0.80 0.78 
044 0.43 

C D E 
O-96 0.95 0.96 
0.75 0.64 0.60 
0.73 0.59 0.62 
0.61 O-36 0.46 
0.47 0.27 0.36 

F 
1m 
0.93 
0.86 

G 
1.00 
0.34 
0.13 

H 
0.17 

0.49 

0.30 

1.00 

G 
040 
0.56 
1.00 
J 

0430 
0.28 
0.81 

* CL Table I. 
+ Cf. Table II. 
‘J RI-values represent averages of 3 separate runs for each Group. 

The sensitivity of detection of various metal ions on thin films is given in Table 
IV, which indicates the smallest amount of each metal ion which can be identified. 

Seiler and Seiler’ separated the acid-hydrogen sulphide group cations [mercury(U), 
bismuth, lead, copper and cadmium] with a development time of 2 hr and the 
ammonium sulphide group cations [iron(IIl), chromium(III), aluminium, cobalt, 
nickel, manganese(H)] in 15-20 min. With the present procedure the separation of 
each Group takes place within 2 min. 

It is advisable to use a chloroform solution of dithizone for location of Group 
JIB cations because an acetone solution of dithizone does not work satisfactorily. 
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The analysis of a mixture containing all the cations from Groups I-V was carried 
out by separating the cations into the various Groups, then andysing each Group 
by TLC (see Experimental). This avoids interference from the cations of one Group 
in another Group. The identification of each cation in the different Groups was 
quite satisfactory. When analysing an unknown mixture, it is not necessary to run 
standard chromatograms because the sequence of separation of different cations re- 
mains the same, although the Rr-values may differ slightly from those given in Table 
III. Theprocedure described in this paper is not a comprehensive scheme for the identi- 
fication of cations from unknown mixtures until these are separated into different 

TABLE Iv.--sENSllTVlTY OF METAL IONS ON THIN FILMS 

Sensitivity, Sensitivity, 
Ion % Ion iug 

Al? 
Hg? 
Pb2+ 
cut+ 

Cde+ 
*+ 

;I+ 

SbB+ 
ASS’ 
Sn4+ 
Fe%+ 

2 (!%I* 
3 (SS) 
2 (SS) 
3 (SS) 
1 (DZa) 
5 W) 
3 (SS) 
2 (SS) 

15 (DZc) 
6 (DZc) 
2 (DZc) 
5 (AZ) 

20 (RA) 
10 (DC) 

Al’+ 
era+ 
NiD+ 

co’+ 

Mn”+ 

Zn*+ 
BaS+ 
SC=+- 
Ca*+ 

3 (AZ) 
7 (AZ) 

0.6 (DG) 
0.5 (RA) 
0.8 (DZa) 

: E,’ 
5 (DG) 
10 @A) 
3 (DZa) 
2 (SR) 
2 tSR) 
2 (AZ) 

l Cf. Table I. 

Groups by the classical hydrogen sulphide analytical scheme before proceeding for 
TLC. 

From an unknown mixture, the Group IV cations were separated with solvent H 
(cJ Table II). The chromatograms were sprayed with a saturated solution of rubeanic 
acid for location of nickel, cobalt and manganese, while the outermost ring due to 
zinc (having an Rf of 035) was visible only when the same chromatogram was 
sprayed with dithizone solution in chloroform. 

Attempts were made to include the analysis of mixtures of sodium, potassium 
and ma~esium, but no spray reagent was found satisfacto~ for location of the 
cations of this Group. 

Zasammentassuag-Nac~ Trennung der Metallionen in die 5 Gruppen 
des klassischen Schwefelwasserstofftrennungsganges der qualitativen 
Analyse werden die Ionen jeder Gruppe durch ringfSrmige Diinn- 
schichtchromatographie getrennt. Verschiedene Lijsungsmittel und 
Spriihreagentien fiir die Gruppenanalysen werden angegeben. Die 
Methode ist einfach und bequem; die Entwicklung eines Chromatog 
ramms dauert 2 Minuten. 

R&urn&-Aprils separation des ions mttalliques en groupes I-V au 
moyen d’hydrog&e sulfur&, selon le schema classique de l’analyse 
qualitative, on &pare les ions mttalliques dans chaque groupe. par 
chromato~aphie en couche mince circulaire. On d&it plusleurs 
solvants et r&&ifs de pulv~~~tion pour l’analyse des groupes. La 
m&hode est simple et commode; le d~elop~ment d’une chromato- 
plaque est achev6 en 2 minutes. 
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Snnnnary-A selective and very simple substoichiometric determination 
of copper in high-purity aluminium, silicon, iron, gallium, zinc and 
tin by activation analysis has been developed. The radiochemical 
procedure is based on the extraction of copper diethyldithiocarbamate 
into chloroform from an aqueous alkaline medium. The only inter- 
fering elements are mercury, palladium, silver, osmium and gold. 

THE determination of traces of impurities of the order of 1O-4% and lower can be 
carried out by destructive activation analysis. 

In order to prepare a radiochemically pure sample for counting, a laborious and 
time-consuming isolation may be necessary and the chemical yield may need to be 
determined. Determinations can be done very much quicker if the technique of 
gamma-spectrometry is used for the measurements. In this case the requirements 
for radiochemical purity of the counted sample are not as high as for the counting 
of beta-activity. Even in this case it may be desirable partially to separate radiochemi- 
tally the activity to ensure that peaks in the gamma-spectrum do not overlap; here 
again it would be necessary to determine the chemical yield. 

A substantial reduction in the complexity of the chemical isolation can be 

achieved by using the principle of substoichiometry suggested by RuiiEka and Stari.’ 
The main advantage of this principle lies in the greatly enhanced selectivity of the 
radiochemical separation. Using exactly the same quantity of carrier and reagent 
for both the test sample and the standard solution, the two chemical yields are the same 
and need not be estimated. The above-mentioned authors have successfully applied 
the substoichiometric method in activation analysis, e.g., for the determination of 
zinc and copper in germanium dioxide by extraction with dithizone,2 of silver also 
by dithizone extraction ,s of molybdenum by extraction with 8-hydroxyquinoline,4 etc. 

For the determination by activation analysis of traces of copper in high-purity 
aluminium, silicon, iron, zinc, gallium and tin, we have now used the substoichio- 
metric method by extracting copper diethyldithiocarbamate into chloroform. The 
extractability of metal carbamates decreases in the order: mercury, palladium, 
silver, copper, thallium(Ill), etc. 5 Therefore, using a substoichiometric amount of 
reagent, the organic phase will contain, besides copper, only mercury, palladium and 
silver, and with gamma-spectrometry it should be possible to perform a selective 
analysis for copper. 

EXPERIMENTAL 
Apparatus 

2OOChannel gamma-spectrometer, Intertechnique SAI 332 (Intertechnique, 94 Avenue de Paris, 
Versailles; France). Nal(TI) crystal 1 x I.5 inch. 
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Reagents 

Copper carrier solution. An aqueous solution containing 10 mg of copper/ml in the form of 
Cu(NO&. 

Copper sta&wd solution. Prepared by diluting the carrier solution in the ratio 1: 50. 
Screeniq solutions. 25 % Aqueous citric acid, 5 % aqueous disodium ethylenediaminetetra-acetate 

(EDTA). 
Sodium diethyldithiocarbamate (NaDDTC) solution. Prepared by dissolving 680 mg of the reagent 

in 100 ml of water (1 ml of reagent solution E 1.27 mg of copper). 
The purity of all reagents used was Pro Analysi. 
Test substances. Samples of high-purity aluminium, silicon, gallium and tin, spectrally pure iron, 

pure zinc, sodium carbonate (Pro Analysi) were used. 

Irradiation 

The test samples of high-purity metals, weighing0.08-05 g, were irradiated in aluminium containers 

for l-20 hr in a VVR-S reactor in the Institute of Nuclear Research, Rei, in a flux of about IO’* 
neutron.cm-*se&; zinc was irradiated in a thermal column in a flux of 10” neutroncn-*.sec’. 
The standards, prepared by evaporating to dryness 0.1 ml of carrier solution in quartz ampoules, 
were also enclosed in the ahuninium containers. 

Some of the samples (zinc, gallium, tin) give resonance peaks in the epithermal region of neutron 
flux. It was, therefore, necessary to estimate the extent of the possible modification of copper analysis 
from the absorption of neutrons in the matrix. By irradiation of copper both inside and without a 
cadmium capsule it was revealed that the contribution of epithermal neutrons to the total activity 
amounted only to 5.6% for irradiation in the core and 0.4% for irradiation in the thermal column. 
Epithermal resonance absorptions exert, therefore, no substantial influence on the copper activity. 
Moreover, the resonance peaks of gallium and tin do not overlap the resonance peaks of copper and 
are located at relatively high energies. E Auto-absorption of thermal neutrons in the present experi- 
ments is negligible.’ 

The irradiated test sample was dissolved in hydrochloric acid to which 1 ml of carrier solution 
and a small quantity of nitric acid were added. For dissolution of silicon a mixture of nitric and 
hydrofluoric acids was used. After dissolution, 15 ml of 25 % citric acid solution and 15 ml of 5 % 
EDTA solution were added and the solution made alkaline using Alizarin Yellow R as indicator 
(pH 12). The solution was then transferred to a 50-ml separatory funnel, exactly 5 ml of NaDDTC 
solution were added and copper was extracted with 20 ml of chloroform for 3 min. After washing 
the mixture with 25% citric acid solution and 5% EDTA solution at pH 12, the chloroform layer 
was discharged into a 25-ml graduated flask, diluted to the mark with chloroform and the gamma- 
spectrum measured by means of a 2OO-channel analyser. The standard solution was treated similarly; 
the residue from evaporation was washed out quantitatively from the quartz ampoule with 5 ml of 
cont. nitric acid and diluted with water to the mark in the graduated flask. For the actual determi- 
nation a suitable portion was taken, 1 ml of copper carrier solution added and treated in exactly the 
same way as the test sample. By comparing the areas of the annihilation gamma-peaks of Wu in 
the test sample and in the standard solution, the copper content of the test sample was measured.* 

RESULTS AND DISCUSSION 

Extraction of copper with sodium diethyldithiocarbamate can be used for the 
selective separation of copper either from slightly acidic or alkaline solutions. The 
extraction of copper from an alkaline medium of pH above 10 in the presence of 
citric acid and EDTAB has been found most suitable for its substoichiometric 
separation from solutions containing up to gram-quantities of various test materials. 
Under these conditions the determination is highly selective5*9 and only mercury, 
palladium and silver-and perhaps also osmium -will be co-extracted with copper. 
Gold is slowly reduced to the metal by the diethyldithiocarbamate, any non-reduced 
gold also being extracted. 9 Of the possible interfering radionuclides, only lesOs 
gives photopeaks, corresponding to gamma-rays of energies O-46 and O-56 MeV, in 
the vicinity of the annihilation peak (O-51 1 MeV) of s*Cu (Table I). However, these 
peaks could be differentiated. 
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TABLE I10s11 

Isotope Half-life 

Wu 12.8 hr 
loam* 

gg 
5 year 

loa* 2.3 min 
uam* 
1Nl* 

gg 

253 day 
24 set 

l85OS 94 day 
lWlQS 14 hr 
1°IOS 15 day 
1 OSOS 31.5 hr 

lSBAu 2.1 day 
IWIn” 
IWH 

gg 

25 hr 
65 hr 

lWIlIH 
g 43 min 

s”aH 47 day 
MH 5.1 min 

Photon energies, 
MeV 

Actrvation 
cross-section, 

barn 

0.51 ann; (1.34) 
0.12; 0.62; 0.43 

0.66; 0.88 
0.66 
0.65; 0.88; 0.87 
0.74 
0.129; 0 042 
0.073; 0.281; 0.46 
0.39; 0.56; 
0.412 
0.164; 0,133 
0.077 
0.16 
0.279 
0.20 

4.3 
- 

44 
3.2 

110 
200 

- 
8 
1.6 

96 
- 
- 
- 
4 
0.4 

3 

cpmd 

1 

2 

I I I ’ ’ ’ 

20 30 40 50 60 

% of cocmr exhcted 

FIG. I.-Extractron of carrier solution (labelled with Yu) using an increasing (sub- 
stoichiometric) amount of sodium diethyldithiocarbamate solution and a fixed volume 
of chloroform (stoichiometry equals 100% of carrier extracted; activity of organic 

phase expressed in cpm; extraction at pH 10). 

In order to ensure the highest possible purity of the extracted copper, a sub- 
stoichiometric quantity of the reagent solution, corresponding to about 63% of the 
carrier added, was used for its extraction. Also, this substantially reduced the 
duration of the determination, because it was unnecessary to determine the chemical 
yield. In order to estimate the reproducibility, extractions of carrier solution (labelled 
with Wu) with increasing substoichiometric amounts of sodium diethyldithiocarba- 
mate solution and a fixed amount of chloroform were studied (Fig. 1). A number of 
such experiments was also carried out in the presence of target materials. Repro- 
ducible results were obtained in all cases and so it has been proved that substoichio- 
metric amounts of sodium diethyldithiocarbamate can be used for the extraction of 
copper. In almost all analyses of target materials, pure 84Cu was obtained in a 
single extraction (see, for instance, Fig. 2). Even if some other isotopes were ex- 
tracted (Table I), they would not affect the chemical yield because their quantity by 
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Counting rote 
TU 
0,5n MeV 
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FIG. 2.--Gamma-spectrum of 84Cu isolated in determination of copper in silicon. 

t 
Counting rate 

FIG. 3.--Gamma-spectrum of ‘Wu isolated in determination of copper in aluminium. 

I I I I I L 

Energy 

weight is negligible. They can be easily distinguished in the gamma-spectrum. In 
fact, in two instances the gamma-spectra showed the presence of traces of leRAu 
and 1e7*zosHg (Figs. 3 and 4). In several cases, the purity of the sample was also 
checked by measurement of the decay beta-activity and of the annihilation peak 
(0.511 MeV), e.g., in the sample in which the presence of gold was proved. This 
measurement confirmed either the radiochemical purity of the sample or the absence 
of foreign activities in the energy range around O-511 MeV. 

Using the developed method it was found possible to determine even submicro- 
gram amounts of copper in aluminium, silicon, tin and gallium of high purity. The 
copper content of spectrally pure iron is considerably higher. For the determination 
of copper in zinc, only zinc with a high copper content was available. The results 
of the latter determination, therefore, confirm only the possibility of carrying out a 
simple and rapid determination of copper in this metal. The results from our 
analyses are given in Table II. The method is also applicable for the determination 
of copper in specially pure reagents and acids, e.g., in sodium carbonate (Pro Analysi). 

It permits the determination of less than 1O-8 g of copper. The chemical treatment 
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FIG. 4.--Gamma-spectrum of Wu isolated in determination of copper in gallium. 

TABLE II 

Sample Cu found*, ppm 

Aluminium 160 
Silicon 0.25 
Iron 49.50 
Zinc 41.20 
Gallium 24.10 
Tin 1.44 
Na,CO, 3.14 

* Average of 3 experiments. 

required is very simple. Most time in the analysis is needed for dissolving the high- 
purity materials; the chemical separation proper lasts only 5-10 min. The use of 
the gamma-analyser facilitates the copper determinations without the need to measure 
the half-life even in the case when the extraction is not quite specific. 

Zusammenfasstmg-Eine selektive und sehr einfache unterstiichio- 
metrische Methode zur Bestimmung von Kupfer in hochreinem 
Aluminium, Silicium, Eisen, Gallium, Zink und Zinn durch Aktivie- 
rungsanalyse wurde entwickelt. Die radiochemische Arbeitsweise 
beruht auf der Extraktion von Kupferdilthyldithiocarbamat aus 
w&ig alkalischem Medium mit Chloroform. Es stbren mu Queck- 
silber, Palladium, Silber, Osmium und Gold. 

R&mtn&-Qn a elabore une methode de dosage substoechiometrique, 
selective et tres simple, du cuivre dans les aluminium, silicium, fer, 
gallium, zinc et etain de haute purete, par analyse par activation. La 
technique radiochimique est basee sur l’extraction du diethyldithio- 
carbamate de cuivre en chloroforme a partir dun milieu aqueux al&in. 
Les seuls elements qui interferent sont le mercure, le palladium, l’argent, 
l’osmium et I’or. 
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Summary-Alkyl disulphides are reduced to thiols by triphenylphos- 
phine in aqueous methanol, with the phosphine being converted to the 
oxide. Water is believed to be the source of the hydrogen aa_d pxygen 
required. The reductions are rather slow; heating for periods of 
several hours is necessary. Maximum yields of 70-80x are generally 
obtained, although some substituted alkyl disulphides, such as cystine 
and dithiodiglycolic acid, are quantitatively reduced. The principal 
analytical application of this reduction appears to be the determination 
of aromatic disulphides in the presence of alk 

K 
1 disulphides, because 

the aromatic compounds are reduced at a muc greater rate. 

INTRODUCTION 

TRIPHENYLPHOSPHINE has been found to be an effective agent for reducing aromatic 
disulphides, in aqueous methanol, to thiols. l This reduction was first reported for 
phenyl disulphide by Schonberg2 and was mentioned later in a report by Schonberg 
and BarakatS on the reaction of triphenylphosphine with a series of disulphides: 

RSSR + (C,H,),P + H,O - 2RSH + (C,H&PO. 

Several acyl and thioacyl disulphides and 4,4’-dithio-bis-N,N’-dimethylaniline 
were found to react with triphenylphosphine to yield the corresponding monosulphide 
and triphenylphosphine sulphide. This reaction was later reported for ally1 disulphide4 
and for a number of alkenyl disulphides:5*s 

RSSR + (C,H,)aP + RSR + (C,H,),PS. 

Schonberg and Barakat3 reported that ethyl, benzyl, benzhydryl, and 9-fluorenyl 
disulphides did not react with triphenylphosphine in refluxing benzene. Moore and 
Trego5 found that benzyl disulphide did not interact with triphenylphosphine after 
several hours at 80” in benzene. These authors also reported that isopropyl, tert-butyl 
and n-butyl tetrasulphides were converted to the disulphides on refluxing with excess 
triphenylphosphine in benzene and that there was no reaction beyond this point. 

We have found that a number of alkyl disulphides are reduced to thiols on reaction 
with triphenylphosphine in aqueous methanol containing perchloric acid. The re- 
ductions, generally, are not quantitative but yields of 90% were found for some 
compounds. Only a small amount of reduction occurs after several hours at room 
temperature. Because of the great difference in ease of reduction of aromatic disul- 
phides with triphenylphosphine as compared to alkyl disulphides it is possible to 
obtain selective reduction of aromatic disulphides in the presence of alkyl disulphides. 
This paper reports a study of the reaction of a variety of alkyl disulphides with 
triphenylphosphine and the selective reduction of aromatic disulphides. 

* Present address: The Dow Chemical Company, Freeport, Texas, U.S.A. 
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DISCUSSION 

The reduction of alkyl disulphides to thiols with triphenylphosphine is considerably 
more difficult than for aryl disulphides, requiring several hours of heating for even 
partial reduction. Aryl disulphides are quantitatively reduced at room temperature 
in a few minutes. This difference in the ease of reduction is also reflected in the polaro- 
graphic behaviour of these disulphides. Aromatic disulphides are reduced at the 
dropping mercury electrode in the region of -0.5 V us. S.C.E. in acetate buffer while 
alkyl disulphides require a potential of approximately - 1.75 V. Only a few substituted 
alkyl disulphides are quantitatively reduced by triphenylphosphine and these only 
after heating for l-2 hr. Although alkyl disulphides can be much more easily reduced 
by other procedures, the great difference in rate of reduction of aromatic disulphides 
and alkyl disulphides with triphenylphosphine allows the quantitative determination 
of the aryl compounds in the presence of the aliphatic substances. 

Polarographic studies 

The presence of the alkyl thiols was detected by polarographic observation of the 
reaction solutions. All of the alkyl thiols showed an oxidation wave at the dropping 
mercury electrode with a half-wave potential at $0.05 V vs. S.C.E. inO*lMperchloric 
acid (Fig. 1). It has been suggested that this is caused by the formation of the mer- 
curous salt of the thiol.’ These waves are somewhat erratic; sometimes a pronounced 
“dip” in the plateau of the wave, from +0*2 to $0.3 V vs. S.C.E., appears. This 
oxidation wave is greatly dependent on acidity, with the half-wave potential occurring 
at approximately -0.35 V t’s. S.C.E. in sodium acetate-acetic acid solutions inaqueous 
methanol. 

The reactions of the alkyl disulphides were followed by observing the polaro- 
graphic reduction waves in the region of - 1.75 V us. S.C.E. The loss of the disulphide 
was shown by the decrease in the wave height. In most cases the decrease in disulphide 
concentration correlated fairly well with the amount of thiol formed. In some 
experiments there was some discrepancy in that the reduction wave had almost gone 
whilst the titre showed 60-70% reduction. This is possibly because of loss of thiol 
through the reflux condenser. In most cases the coolant for the condensers was 
maintained at about -10” by use of a refrigerant bath. 

Amperometric titrations 

Results for the titrations of the alkyl disulphides are shown in Table I. As stated 
previously, yields become almost quantitative after several hours of refluxing. The 

TABLE I.-REDUCTION OF VARIOUS DISULPHIDES 

Compound RSSR”, ,ng Time, hr Temperature RSH, mg Reduction, O/Q 

Renzyl disulphtde 12.7 20 Room 5.3 40 
14.4 4 Reflux 13.7 95 

Butyl disulphide 12.5 5 Room 1.0 8 
12.5 6 Reflux 11.6 93 

Ethyl disulphide 10.1 5 Reflux 8.1 80 
Propyl disulphide 11.1 4 Reflux 8.1 73 
Dithiodiglycolic acid 11.1 4 Room 9.1 82 

12.1 2 Reflux 12.7 105 
Cystine 11.6 3 Reflux 12.6 109 

a The ratio of (C,H,),P to RSSR was 1.5 to 2.0. 
b Elemental sulphur added before titration, to react with excess phosphine. 
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two substituted alkyd disulphide~ seem to be easier to reduce with ~iphenylphosph~e 
than the unsubstituted compounds, Essentially quantitative reduction was obtained 
for cystine and dithiodigIycolic acid in 1-2 hr. This agrees with the difference in 
ease of polarographic reduction. Cystine is reduced at -0.6 V t’s. S.C.E. in O*lM 
perchloric acid and dithiodiglycolic acid at -1*4V vs. S.C.E. in acetate buffer, 
whilst the unsubstituted disulphides are not reduced until - 1.7 to - 1.8 V vs. S.C.E. 
in acetate solutions. 

*4 N.2 

E vs. S.C.E., wm” 
-iP2 

FEG. i.--Polarogram of n-p~~~~~th~o~ produced by reaction of n-propyl disuiphide 
with triphenylphosphine 

It was found that the presence of unreacted triphenylphosphine leads to high 
results in the amperometric titration of the thiols with silver nitrate, because of the 
interaction of the phosphine with silver ion. Several organic phosphines are known 
to form complexes with silver ion. B The only simple means to overcome this difficulty 
appeared to be the addition of elemental sulphur to form the phosphine sulphide: 

Because the mole ratio of triphenyl~hosph~ne to disdphide was usually 2 : 1 (in order 
to increase the yield of thiol) the addition of sulphur was normally necessary. Neither 
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triphenylphosphine oxide nor sulphide exhibited any interaction with silver ion. How- 
ever, the presence of excess sulphur did lead to complications in the titrations of the 
thiols. Sulphur is reported to react with mercaptides forming a monoalkyl disulphide 
ion, which will then react with silver ion producing silver sulphide and an organic 
trisulphide :9 

RSH + S + RSSH 
2RSSH + 2Ag+ + R,S3 + Ag,S. 

It is still possible to determine thiols in the presence of sulphur by titratiqn with 
silver and even to estimate the amount of sulphur from the inflections in the potentio- 
metric curve.B However, some difficulties are encountered if the solutions containing 
sulphur and thiol are allowed to age for very long. 

In acidic aqueous methanol solutions containing thiol and sulphur addition of 
silver nitrate caused the appearance of a yellow, then orange colour with an early 
cloudiness, which resulted in a dark precipitate on aging for a few minutes. The 
colour is redder when aryl thiols are involved. In the titration of a solution con- 
taining p-aminothiophenol and sulphur with silver ion a deep red colour with no 
cloudiness resulted. There was no precipitation until the titration had been concluded. 
A dark precipitate formed after a few minutes and the colour disappeared. The 
titration of the thiol was quantitative. The nature of the interaction between thiols 
and sulphur and the subsequent reaction with silver ion has not been experimentally 
defined. In spite of the complex behaviour of these systems, the thiols can be titrated 
quantitatively so that sulphur can be used to react with excess triphenylphosphine. 

Applications 

Perhaps the most useful analytical application of the triphenylphosphine reduction 
would be the determination of aromatic disulphides in the presence of alkyl disulphides. 
Results from the reduction of aromatic disulphides in the presence of benzyl disulphide 
and butyl disulphide are shown in Table II. These reductions were carried out at 

TABLE II.-SELECTIVE REDUCTION OF AROMATIC DISULPHIDES 

Compound 

Benzyl Butyl 
ArSSAra, disulphide, disulphide, ArSH, Reduction, 

mg W “X mR 
O’b ,0 

Phenyl disulphide 

p-Tolyl disulphide 

Bis(o-nitrophenyl)disulphide 

4,4’-Dithiodianiline 

IO.8 13.1 10.8 100 
10.1 8.1 10.2 101 
13.2 12.6 12.3 93 
14.3 8.1 14.1 98 
18.8 16.6 99 
13.8 8.1 

18.3 
13.5 98 

13.8 12.8 13.6 98 
13.4 8.1 13.2 98 

* 32-36 mg of (C&H&P present. 
8 Reaction time was 20 min; elemental sulphur added before titration. 

room temperature. It is probable that the reduction of almost any alkyl disulphide 
would be sufficiently slow so that there would not be enough alkyl thiol produced to 
cause error in the determination of the aromatic disulphides. The reductions were 
terminated in 20 min by adding sulphur to react with the phosphine. This time 



Reduction of alkyl disulphides with triphenylphosphine 731 

could be shortened in the event of interference because small amounts of aromatic 
disulphides are reduced in 5-10 min by triphenylphosphine. 

Detection of triphenybhosphine oxide 

The presence of triphenylphosphine oxide in reaction residues was detected by 
infrared studies. The oxide shows a strong absorption band at 1190 cm-l, which has 
been attributed to the P-O vibration .l” Infrared spectra of the reaction residues for 
the reactions involving cystine, dithiodiglycolic acid and butyl disulphide showed a 
prominent absorption peak at the P-O frequency. It is possible that some oxidation 
could occur by dissolved or atmospheric oxygen although it has been shown that 
triphenylphosphine is not readily oxidised in a stream of 0xygen.l’ Triphenylphos- 
phine alone when put through the same procedure as that used to obtain the reaction 
residues showed little evidence of oxide formation on infrared examination. 

EXPERIMENTAL 

Apparatus 

Polurography. Polarograms were recorded with a Sargent Model XV recording polarograph. A 
conventional “I-I” cell mounted on a Sargent constant head dropping mercury electrode assembly 
was employed. The amperometric titrations were performed using a Sargent synchronous rotator 
with a platinum electrode. Current was measured with a Hewlitt-Packard vacuum-tube voltmeter. 

Infrared spectrophotomerer. Beckman IR-5 spectrophotometer 

Dithiodiglycolic acid and triphenylphosphine oxide were obtained from Chemicals Procurement 
Laboratories. Triphenylphosphine, cystine, benzyl disulphide and the alkyl disulphides were Eastman 
white label grade chemicals. All solvents and reagents used were the best available materials. 

The reactions were usually conducted in 10% aqueous methanol which was O.lM in perchloric 
acid or sodium acetate and acetic acid. For the polarographic studies of the disulphides, a mixed 
solvent of 40% methanol, 40% isopropanol, and 20% water containing tetramethylammonium 
nitrate (O.lM) was used. 

Stock solutions of the liquid disulphides were prepared in methanol and aliquots were taken for 
the reactions. The solid disulphides and triphenylphosphine were weighed directly and dissolved in 
a small volume (1 ml) of acetone or benzene, then diluted to 100 ml with the aqueous methanol 
solvent. Solutions were refluxed for periods of from 1 to 6 hr. The reflux condenser was cooled to 
-10” in most instances to prevent loss of the volatile thiols. Polarograms were then recorded for 
some of the reaction solutions to detect the presence of the thiols and observe the decrease in con- 
centration of the disulphides. The yields of thiols were determined by amperometric titration with 
O.OlM silver nitrate employing a rotating platinum electrode with a saturated calomel electrode as 
reference. The titration procedure was essentially the same as that of Kolthoff and Harris.” 

Acknowledgment-The support of the Robert A. Welch Foundation of Houston, Texas, is gratefully 
acknowledged. 

Zusammeufassung-Alkyldisulfide lassen sich in wa0rigem Methanol 
mit Triphenylphosphin zu Mercaptanen reduzieren, wobei das 
Phosphin in Phosphinoxyd iibergeht: Vermutlich stammen der 
benijtigte Wasserstoff und Saurerstoff aus dem Wasser. Die Reduk- 
tionen gehen langsam; mehrstundiges Erhitzen ist notwendig. Im 
allgemernen lassen sich Ausbeuten t% zu 70-80% erzielen; inldssen 
werden einiee substituierte Alkvldisulfide. wie Cvdin und Dithio- 
glycolslure, “quantitativ reduzier% Die Wichtigsti analytische An- 
wendung dieser Reduktion ist offenbar die Restimmung aroma&her 
Disulfide in Gegenwart aliphatischer, da die aromatischen’ Verbin- 
dungen mit vie1 griiBerer Geschwindigkeit reduziert werden. 
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R&sum&--Les disulfures d’alcoyle sont reduits en thiols au moyen de 
triphenyl-phosphine en m&hanol aqueux, avec conversion de la 
phosphine en son oxyde. On pense que l’eau est la source de l’hydro- 
gene et de l’oxygene necessaires. Les reductions sont lentes; il est 
n&essaire de chauffer pendant plusieurs heures. On obtient en 
general des rendements maximaux de 70-80x, bien que la reduction 
soit quantitative avec quelques disulfures d’alcoyle substitues, comme 
la cydine et l’acide dithioglycolique. L’application analytique princi- 
pale de cette reduction semble &tre le dosage des disulfures aromatiques 
en presence des disulfures aliphatiques, les composts aromatiques 
&ant reduits beaucoup plus rapidement. 
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Suck-An investigation of the comptex formed between plati- 
num(iV) and tin(E) in hydrochloric acid solutions has been carried 
out, and its extractibility by various long-chain high molecular weight 
amines (HMWA) in organic solvents examined. The orange 
coloured platinum(IV)-tin(H) complex is quantitatively extractable 
from an aqueous phase into an organic phase of a wide range of high 
molecular weight amines in chloroform or benzene. On the basis of 
this extractability a method has been developed for the spectrophoto- 
metric destination of platinum in the presence of many other 
elements. Comparison of the abso~tjon spectra of the coloured 
species in the aqueous and amine phases indicates the presence of the 
same absorption species in each medium. The extractability of the 
complex by HMWA suggests that the coloured species is anionic and 
not cationic as reported by earlier authors. 

INTRODUCTION 

HIGH molecular weight amines (HMWA), particularly the highly branched alkyl 
amines, have been used for the separation of several pairs of metals as anionsf4 and 
for the extraction of metals such as uranium, thorium and plutonium.5-s In several 
cases the elucidation of the structure of anionic species on the basis of extraction 
information has been possible. c1a The most popular method of extraction of metals 
is as the halo-complexes from hydrochloric acid into an organic phase containing the 
amine. 

In the present work a survey of the literature revealed that extraction of metals of 
the platinum group into HMWA as the stannous-chloro complexes had not previously 
been employed. 

The reaction of tin(U) with platinum(IV) was first observed by Wohler,= who 
attributed the colour formation to colloidal platinum, analogous to the “purple of 
Cassius” when gold is similarly treated. SandelP* studied the method and found that 
the system obeyed Beer’s law but was subject to marked interference from palladiumand 
other platinum group metals. Ayres and Meyer15 carried out a detailed spectrophoto- 
metric study of the pIatinum(IV)-tin(lI)chlo system in aqueous solution and in amyl 
and ethyl acetate extracts. We found that the colour on extraction faded rapidly, prob- 
ably because of atmospheric oxidation, and that almost all the platinum group metals 
form similarly coloured products, which are extractable into the organic phase. 
Further, co-extraction of tin (mostly stannic) into the organic phase was an undesir- 
able feature. 

733 
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In a study on the nature of the p~atinum(I~tin(i1) chloride complex Meyer and 
Ayres16 identified it as a tetrapositive cation, (PtSn,CI,)*f, in which platinum exists in 
zero valency, analogous to the zero valent metal in tetracyanonickelate and -palla- 
date.” Shukla,“* however, demonstrated, by electrophoretic studies, the presence of an 
anionic species, support for which was recently given in correspondence on the 
subject.lgvZO 

In the belief that the species was more likely to be anionic than a tetrapositive 
cation, investigations were begun in this laboratory with the aim of using HMWA to 
extract the species and, if possible, use it for the spectrophotometric determination of 
platinum. The investigations carried out to this end, and the results obtained are 
reported below. 

EXPERIMENTAL 
Apparatus 

Hilger Uvispek Spectrophotometer (S.P.700) 

Reagents 

Platinum chloride solution, Exactly 1 g of grade I platinum thermocouple wire (purity 99.99%) 
was dissolved in aqua regiu, evaporated almost to dryness and the mass taken up with 20 ml of 1: 1 
hydrochloric acid. The evaporation and hydrochloric acid treatment was repeated three times to 
remove all the nitric acid and to destroy any nitrosoplatinic acid. Finally, the residue was taken up 
in 90 ml of concentrated hydrochloric acid and the solution diluted to 1 litre, giving a concentration 
of I mg of platinum/ml. The concentration of this solution was checked by precipitating platinum 
with formic acid, igniting and weighing as the metaLa 

Tin(Zf) chloride solution. 23 g of tin(H) chloride dihydrate were dissolved in 1OOml of 35M 
hydr~hloric acid. 

Organic soluents. Chloroform was redistilled before use, but benzene (thiophene free) was used 
without any additional purification. 

H&h molecular weight amines. The amines used are listed below; all were used without further 
purification : 
primene 81-R (t-C,1_14H85_;leNHs), mol. wt. 185-213, from Lennig Chem. Co., Ltd; tribenzylamine, 
mol. wt. 287, from B.D.H. (reagent grade); tri-n-hexylamine, mol. wt. 269, from Aldrich Chemical 
Co; tri-n-octylamine, mol. wt. 354, from L. Light & Co., Ltd. 

Each amine was used as a 0*2&f solution in benzene or chloroform, which was shaken with 3M 
hydrochloric acid before use. 

Procedure for determination of platinum in presence (or absence) of palladium 

When palladium is present, the amount should not exceed that of platinum and the aliquot taken 
for the determination should not contain more than 100 pg of each element. 

To the solution in a 50-ml beaker, add dropwise 5 % (v/v) aqueous a~onia from a burette until 
the sofutlon just turns alkaline. Add a drop or. two in excess and stir the solution thoroughly for 
0.5-l min. then add 7 ml of concentrated hydrochloric acid and 1 ml of tin(H) chloride solution 
without delay. Transfer the solution to a separatory funnel and add 5 ml of amine solution, which 
has been treated with hydrochloric acid. Shake for 2 min and allow the phases to separate. Filter 
the amine layer through a small filter paper into a lo-ml flask and make up to the mark with pure 
solvent. Measure the absorbance at 40Om,~ and compare with a calibration curve prepared by 
taking standard amounts of platinum through the same procedure. 

Notes. 1. 05-l min is sufficient time to form the ammine of palladium. Longer periods 
allow the platinum to form the ammine salt and interference with the determination of platinum arises. 

2. If only platinum is present, the addition of aqueous ammonia is unnecessary. 

Procedure for determination of platinum in presence of rhodium 

The amount of rhodium should not exceed the amount of platinum. An aliquot containing not 
more than 100 f&g of platinum is suitable for the determination: 

Take an aliquot of Sml, containing platinum and rhodium in O-l@-O*llM hy~~hlo~c acid. 
Add 5 ml of 0*2M pretreated amine in organic solvent and shake for 2 min. Allow the phases to 
separate and draw off the aqueous phase, which contains almost all the rhodium. Wash the amine 
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phase with 10 ml of O.lM hydrochloric acid by shaking for 03-l mm (the wash liquid may appear 
turbid but no platinum will be stripped). Discard the aqueous phase and determine the amount of 
platinum in the amine phase. To do this shake the amine phase in a separatory funnel containing 
7 ml of concentrated hydrochloric acid and 1 ml of tin(D) chloride solution in 50 ml of water. Con- 
tinue the shaking for 2 min. Allow the phases to separate, collect the organic phase in a lO-ml llask 
and finish according to the procedure above. 

As a 6nal check on the method, the following “unknowns” were analysed by one of us (M.A.K.). 
The results are shown in Table II. 
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FIG. I.-Absorption spectrum of platinum(N)-tin(II)chloro complex ,extracted by 
various amines in chloroform (0.2M) and the absorption spectrum of the same amount 

of platinum(W) in the aqueous phase: 
l -primene, 0-tri-n-benzylamine, 

A-tri-n-hexylamine, A-tri-n-octylamine, 
~--platinum colour developed in aqueous phase. 

RESULTS 

Formation of platinum(W)-tin(H)-chloro complex and extraction by HMWA 

The complex, orange in colour, was readily formed by treating 500 pg of 
platinum(N) with 7 ml of concentrated hydrochloric acid and I ml of tin(II) chloride 
solution and making the volume up to 50 ml. It could be extracted by following the 
procedure given under Experimental. 

To investigate the influence of HMWA, the procedure was followed using each 
amine in turn. All the complex was found to be removed from the aqueous phase in 
one extraction by all the amines used. This would appear to indicate that the complex 
is anionic, thus confirming the observations of Shukla and others. 

Absorption spectrum 

The platinum(IV)-tin(I1) complex, after formation and extraction as outlined 
above, was examined spectrophotometrically and the absorption curve prepared in 
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the range 350-600 rnp. In Figs. 1 and 2 the absorption spectrum for different amines 
in chloroform and benzene, respectively, is shown. From the figures it will be seen 
that all the curves are identical, showing maximum absorption at 400 rnp. A second 
absorption maximum occurs around 310 rnp. However, below 325 rnp the absorption 
of the blank is so great that this maximum is unsuitable for use. The absorption spectra 
of the complex in different amines closely resembles that of the platinum(IV)-tin(H) 
complex in aqueous solution, where the maximum occurs at 403 rnp.15 

WAVELENGTH (mp) 

FIG. Z.-Absorption spectrum of platinum(lV~tin(II~h~oro complex extracted 
by various amines in benzene (0.2&f): 

*--primene, A-tri-n-hexylamine, C;--tri-n-octyiamine. 

It would appear, therefore, that the coloured platinum(IV~tin(I1) complex is 
extracted from aqueous solution into the amine~organic phase, probably with little 
change in structure. Further, the fact that pure chloroform or benzene does not 
extract the complex from aqueous solution, whereas amine solutions of the solvents 
extract the complex with great efficiency, would indicate that it is anionic in nature, 
agreeing with the suggestions of Skuklals and the findings of Young et al.,* but 
disagreeing with the structure of Meyer and Ayres.rB 

Known concentrations of platinum were extracted by the foregoing procedure and 
optical densities measured at 400 my. For solutions containing between 10 and 
500 PgjlO ml, Beer’s law was closely obeyed, An optical density of O-1 corresponded 
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to 25 pg when chloroform was the solvent and to 27 ,ug when benzene was used. The 
sensitivity of the amine-extracted complex showed an increase in sensitivity five-fold 
over the amount of platinum~~tin~1) complex in the aqueous phase. 

effect of hydrochloric acid concentration 

To prevent precipitation of tin(I1) chloride the presence of hydrochloric acid is 
essential. Various concentrations of acid were examined and a concentration in the 
range 1~3-1*5M was found to be most suitable for efficient extraction. Further, in 
this range the extract was stable and clear. Within limits the amount of tin(I1) chloride 
had little effect on the intensity of the colour. However, for all subsequent deter- 
minations the amount of tin(H) chloride was kept to a minimum (1 ml) which was 
sufficient to produce maximum colour intensity. 

Extraction eficiency 

In earlier work involving the extraction of the platinum(IV)-tin@) complex the 
solvents used were iso-amyl acetate and ethyl acetate.ls The extracts were, however, 
found to be unstable, particularly in the former solvent. Further, the extinction 
coefficient, and hence the sensitivity in both solvents was about the same as in the 
aqueous phase. The instability of the complex in these solvents probably arises from 
the fact that the negatively-charged species is not strongly bound by the solvent and 
decomposes into entities of indefinite composition on standing. On the other hand, 
there is a great affinity of HMWA for anions, which increases in the series primary > 
secondary > tertiary .% The high extraction efficiency of these high molecular weight 
amines for the complex can be judged by the fact that 5 ml of 0*2&f amine in chloro- 
form or benzene will extract the complex quantitatively from 50 mt of aqueous phase 
in a single extraction. 

Stability 

The stability of the amine/organic solvent extract was found to be dependent on 
three factors (I) hydr~hloric acid con~ntration, as discussed above, {2} the type of 
solvent, and (3) the type of amine. 

Solvent efict. When chloroform is used as the solvent, the extract is stable for 2 hr, 
but cloudiness then appears, probably because of the co-extraction of tin in the 
stannic form. However, despite the cloudiness the intensity of the colour remains un- 
changed even after standing overnight, if the tin(IV) is filtered off before measurement. 

A benzene solution of the amine, when used as extractant, gives a very clear 
solution, which remains clear for a considerable period of time. No trace of turbidity 
is produced on standing overnight. An interesting point for which no explanation can 
be offered at present, is that, all conditions being the same, the amine/benzene system 
gives a greater intensity at the absorption maximum than the amine/chloroform 
system, although there is no shift in the absorption maximum. 

Ty:pe oj’amine. All the amine extracts were stable and without cloudiness, except 
in the case of primary amines using chloroform. Tri-n-hexylamine and tri-n-octyl- 
amine in benzene solution gave excellent phase behaviour and the best extraction 
efficiency. Tribenzylamine in benzene gave a precipitate with the aqueous phase. 
No curve is shown for it in Fig. 2. 
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Interferences 

The effect of tin(I1) chloride in hydrochloric acid on a number of elements was 
examined by adding, to the solutions of a number of associated elements, hydrochloric 
acid and tin(I1) chloride. 

The following results were obtained with the different elements examined: 
Osmium. The test solution itself has a faint amber colour. No colour change took 

place on the addition of the reagents and there was no evidence of extraction or 
interference in the determination of platinum. 

Iridium. The test solution was bright orange in colour. Addition of the reagents 
decolourised the solution leaving only a faint yellow colour in solution. There was no 
evidence of extraction or interference in the determination of platinum. A third layer 
forms at the interface of the two phases, gel-like in appearance. This is, however, 
retained by the filter paper and presents no problem. 

Ruthenium. The test solution was dark-blue in colour. Addition of the reagents 
changes this to a very pale blue. There was no evidence of extraction or interference 
in the determination of platinum. 

Palladium. The test solution was light-orange. An intense red-orange colour 
develops instantaneously on addition of the reagents. The colour is completely and 
efficiently extracted into the amine phase and, under such conditions, interferes with 
the determination of platinum. Interference is, however, removed by the addition of 
dilute aqueous ammonia before the reagents. By this treatment palladium is converted 
into the cationic complex [Pd(NH&“+ which, under controlled conditions, does not 
interfere with the platinum determination. Platinum treated with aqueous ammonia 
before adding tin(I1) solution does not show a tendency to form an ammine complex, 
unless left for some time. 

Rhodium. This element forms two species when reduced w>th tin(I1) chloride.22 
A hydrochloric acid solution of rhodium slowly develops a red colour when heated 
with tin(I1) chloride. Such a solution on dilution with 244 or stronger hydrochloric 
acid retains its colour, but changes to a yellow solution on dilution with water. 
Neither coloured species has been identified. Both species are completely extractable 
into the amine phase, indicating anionic complexes; both interfere with the deter- 
mination of platinum. Investigations showed, however, that the distribution ratio 
for the rhodium species in HMWA was very low in O*lM hydrochloric acid, whereas 
that for platinum is a maximum in acid of this strength. For equal amounts of plat- 
inum and rhodium contained in O*lM hydrochloric acid this difference in the distri- 
bution ratios enabled platinum to be determined. 

Molybdenum. This element when treated with the reagent gives a blue colour, 
which on dilution turns reddish-orange. However, under the conditions used for 
platinum, molybdenum is not extracted. Even a one hundred-fold excess of molyb- 
denum, which gives an intensely coloured aqueous phase, does not show the slightest 
sign of extraction. Molybdenum does not, therefore, interfere in the determination 
of platinum. 

The following cations and anions caused no interference with the method: os- 
mium(lV), ruthenium(IV), iridium(IV), cobalt(II), nickel(II),’ iron(III), sulphate, 
nitrate and perchlorate (Table I). 
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DISCUSSION 

As indicated above, the complex formed between platinum(IV) and tin(II) is 
readily extracted into HMWA, from which it is supposed that the complex is anionic 
in nature and that “liquid anion exchange” occurs between the charged complex and 

TABLE I.-DETERMJNATION OF PLATINUM IN THE PRESENCE OF DIVERSE IONS 

Diverse ion Amount, rg 
Platinum, j+y 

Taken Found 

Error, 

tLg 

osmium(Iv) 
Ruth~ium~II) 
Iridium(~ 
Palla~~~~ (a)’ 

[{ 

Palladium(II)t 
Rhodium(W) (a) 

(b) 
(c) 
id 

NickeKII1 
Cobalt(IIj 
Iron(fI1) 
Chromium(III) 
~oppe$m 
Nitrate 
Chlorate 
Sulphate I 

:z 
moo 

100 
100 
100 
100 
100 
100 
100 
100 
100 

1000 
1000 
1000 
1000 
1000 

lg 

400 402 
400 400 
400 397 
100 101 
100 102 
100 100 
100 103 
100 625 
100 102 
100 100 
100 100.5 
100 101 
200 202 
200 200 
200 198 
200 200 
200 200 
400 398 
400 402 
400 400 

+2 

-! 
-i-l 
+2 

0 
+3 

-375 
+2 

0 
-to*5 
$1 
$2 

0 
-2 

0 
0 

-2 
+2 

0 

* Allowed to stand for up to 1 min before addition of reagents, 
t Allowed to stand for 5 min before addition of reagents. 

TABLE II.-ANALYSIS OF “UNKNOWN” SAMPLES 

Sample No. 
Platinum, ,ug/ml 

Present Found 

Error, 

1% 

Other elements, 
/@ml 

I 5.0 5.1 to.1 Pd, 5; Rh, 0 
4-95 -0.15 
505 $0-05 

II 25 246 -0.4 Pd, 0; Rh, 10 
25.1 10.1 
25.05 +oa05 

III 40 
2::‘ 

$0.4 Pd, 10; Rh, 0 
10.5 

4.5 $05 

* In this “unknown” the amount of palladium present was greater than that of platinum and, as 
expected, gave higher results. 

the high molecular weight amine. The over-all reaction for this type of ion exchange 
might be represented by: 

RNH,prgt + H+A-(aa) = ERNH,+A-lprg, 

n~RNHs~A-l~~r~~ + tMXl& + ([RNI-&-%, [MX~-)~~rs~ + nA-tsal 

where HfA--(8qt in the present case represents hydrochloric acid, and [MX]&J$ 
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represents the platinum(IV)-tin(I1) complex in aqueous solution. The conclusion 
that the complex is anionic in nature confirms the contention of Shukla.16 

Further, from the fact that the absorption spectra of the complex species is the same 
with all the amines and organic solvents used would indicate that the absorbing 
species is the same in each case. 

Rhodium forms two different kinds of complex with tina but both are extractable 
in a similar manner to the platinum(IV)-tin(II) complex. Palladium behaves in the 
same way, suggesting that the coloured species of both elements are also anionic in 
nature. It is assumed that, in the case of rhodium, the yellow complex differs from 
the red in the number of chlorine atoms in the molecule. 

It may be that in the metal-tin complexes investigated, the metal is reduced by 
tin(I1) chloride, then the tin(I1) chloride enters the co-ordination sphere, giving rise 
to a metal-tin bond. 

A study of the structure of the complexes of ruthenium, rhodium, iridium and 
platinum with tin(I1) chloride has recently been reported by Young et aI.= In this 
laboratory a study of the palladium-tin chloride complexes is at present in progress. 
Results will be reported later. 

R&aa&-On a effect& des recherches sur le complexe forme entre le 
platine(IV) et l’etain(I1) en solutions chlorhydriques, et Btudie son 
extractibilite par diverses amines a longue chahre et haut poids mole- 
culaire (HMWA) en solvants organiques. On peut extraire quantit- 
ativement le complexe platine(IV)-&ain(II), color6 en orange, a partir 
dune phase aqueuse, dans une solution en chloroforme ou benzene 
dune grande variete d’amines a haut poids moleculaire. Sur la base 
de cette extractibilite, on a elabore une methode de dosage spectro- 
photometrique du platine en presence de nombreux autres elements. 
La comparaison des spectres d’absorption des esp&es color&s en 
phases aqueuse et amin& indique la presence de la meme es@ce 
absorbante dans chaque milieu. L’extractibilite du complexe par 
HMWA suggere que l’e@ce color6e est anionique et non cationique, 
ainsi qu’il a tte dit anterteurement par d’autres auteurs. 

ZusammenfassunS-Der Komplex zwischen Platin(IV) und Zinn(I1) 
in salzsauren Ltisungen wurde untersucht sowie seine Extrahierbarkeit 
mit verschiedenen langkettigen Aminen grohen Molekulargewichts 
(HMWA) in organ&hen Liisungsmitteln. Der orange geftirbte 
Platin(IV)-Zinn(II)-Komplex ltit sich quantitativ aus einer wtirigen 
Phase mit sehr vielen Aminen hohen Molekulargewichts in Chloro- 
form oder Benz01 extrahieren. Auf Grund dieser Extrahierbarkeit 
wurde eine Arbeitsvorschrift zur spektralphotometrischen Bestimmung 
von Platin in Gegenwart vieler anderer Elemente entwickelt. Vergleich 
der Absorptionscpektren der farbigen Spezies in wariger und Amin- 
chase zeiet. dab in beiden Medien die selbe. absorbierende Snezies 
korliegt. ‘Die Extrahierbarkeit des Komplexes durch HMWA*weist 
auf anionische Natur der farbigen Spezies hin, im Gegensatz zur 
Ansicht frtiherer Autoren. 
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Sunnnery-Speetrophotometric methods for palladium and platinum 
recorded subsequent to 19.58 are critically reviewed. Associated with 
the descriptions of each metal there is included a table which identifies 
reagents recorded before 1958 together with pertinent references. 

INTRODUCTION 

THE number of spectrophotometric methods for the noble metals published during the 
past two decades probably exceeds the total number of all other reported quantitative 
methods for these metals. Simultaneously, new systems of analysis for alloys, 
solutions, ores, etc., which contain traces of noble metals have been reported. Many 
of these analytical systems involve separational techniques, such as cbromato~aphy, 
ion exchange and extraction with immiscible solvents, which processes lend themselves 
especially to final spectrophotometric determinations. Arising out of these areas of 
research there has been developed a variety of methods for the determination of even 
fractions of micrograms of noble metals in kilogram amounts of sample. Systems 
for which no analytical methods were previously available may now be treated with 
simplicity and accuracy. A case in point is the separation and determination of micro- 
gram amounts of rhodium and iridium. 

Ironically, this surplus of methods has created the usual problems associated with 
superabundance. Thus, the choice of method has now become a difficulty and this, in 
turn, has created a more critical attitude towards the content of pertinent publications. 
In general, the spectrophotometric methods are concisely and effectively recorded. 
However, there remain di~cu~ties of inte~retation and application and it is with a 

hope for the extended usefulness of spectrophotometric methods that the author, 
who has struggled under, and contributed to these difficulties, offers the following 
comments. 

Practically all of the spectrophotometric methods for the determination of the 
noble metals deal with the problem of interfering constituents. Indeed, many authors 
justify their contributions with the claim for an improved degree of selectivity. In 
general, the technique used to ascertain the toleration for impurities is based on a 
prescribed small percentage departure from a specific absorbance resulting from a 
measured addition of the interfering constituents being tested. Thus, it is assumed 
that the identity of the dissolved constituent is fixed and permanent and irresponsive 

* For reprints of this Review see Publisher’s Announcement at the end of this issue. 
t Fart II : see reference II. 
$ Part III: to be continued. 

743 



744 F. E. BEAMI~H 

to the influences of dissolution processes, variations in acidities, age of solutions and 
air oxidation, etc. 

It is clearly evident that too little attention has been given to the effect on the colour- 
forming capacity of noble metal solutions resulting from aging. It may be noted that 
a determination of the effects of aging require simultaneous variations in acidity, 
temperature, salt content, etc. In general, aging effects are not made evident by deter- 
mining separately the effect of changes of temperature, of acidity, etc. 

Among the noble metals there is no more striking example of the effect of long 
standing on solution composition than that visibly evident when an iridium metal or 
salts are fused with sodium peroxide and subsequently acidified with hydrochloric 
acid. Recently, Ryan’ noted the effect of long standing on the chloroform-extraction 
properties of an iridium solution treated with 4,5-dimethyl-2-mer~aptothiazole. As 
early as 1924 Ardagh er aL2 recorded that aged solutions of ehloroplatinate developed 
a colour with potassium iodide more rapidly than freshly prepared solutions. Recently, 
it has been shown that the cation isolation of ruthenium from base metals by Dowex 
50 x 8 is adversely affected if the solution is allowed to age.3 

Perhaps one of the most enlightening examples of the influence of long standing 
or aging on the colour-forming capacity is found with the osmium-thiourea reaction. 
Solutions of osmium made by distilling octavalent oxide into sulphur dioxide- 
hydrochloric acid yield an immediate pink on the addition of thioirea. With con- 
tinued standing a solution, similarly prepared, may fail to produce a colour. This 
failure which has been erroneously ascribed to losses of osmium is, in fact, the result 
of changes in dissolved osmium constituents. 

Recently, Nemac, Berka and Zjrka3, recorded a titrimetric method for ruthenium 
which involves a titration of Ru*+ or [RuClJ” with lead tetra-acetate. The authors 
state, 

“In order to achieve a satisfactory course of the titration it is, however, necessary 
that the solutions of tetravalent ruthenium in dilute HCl which are titrated should be 
older than 14 days (from the day of their preparation). 

The colour of tetravalent ruthenium stock solutions in dilute HCl(Oe7N) changes 
after some time from the red-brown colour of freshly prepared solutions to a dark- 
brown to violet-brown color. Only sufficiently old solutions of the latter color can 
be used for the oxidation with PbAc, to be described.” 

Examples of the deleterious in~uence on solution composition of a previous 
fuming with sulphuric acid as opposed to the direct addition of a sulphate are 
numerous. It has been stated that large amounts of added sulphate can be tolerated 
in the spectrophotometric determination of platinum by S(p-dimethylaminobenzyli- 
dene)-rhodanine while a previous fuming cannot be tolerated.4 The classical precipi- 
tation of rhodium by hydrogen sulphide requires a treatment with hydrochloric acid 
in those instances where rhodium solutions have been subjected to a period of fuming 
with sulphuric acid. Furthermore, the latter process applied to solutions of platinum 
chloride prevents the quantitative oxidation of platinum to the quadrivalent state 
which is required for hydrolytic separation from the remaining noble metals.5 In 
these instances and others the direct addition of comparable amounts of sulphate ion 
provides relatively little interference with subsequent spectrophotometric and other 
determinations. 

From these data, together with the voluminous literature dealing with the 



Calorimetric methods for the noble metals 745 

complexities of solution compositions of the noble metals, it would appear reasonable 
that consideration should be given to the interrelated effects of dissolution techniques, 
acidities, ion concentrations, period of aging, etc., in the determination of the optimum 
conditions for the colour formation of reagent-noble metal constituents. This 
necessity may be further emphasised by a consideration of the unpredictable behaviour 
of hydrochloric acid solutions of iridium, which metal can be separated from other 
noble metal constituents by reductants from whose potentials one would predict a 
complete precipitation of iridium. The explanation for this anomaly may lie, not in 
incorrect potentials, but in a lack of information concerning the solution composition 
of the simple iridium solution. 

Despite these instances of environmental difficulties, the tolerances for potentially 
interfering cations and anions determined by mixing the required solutions will in 
some cases prove to be acceptable data. This is particularly true when the investi- 
gator has made some effort to duplicate the character of the dissolved constituents, 
perhaps only by using salts whose oxidation states would correspond to those obtained 
by dissolution processes involving the commonly used oxidants such as nitric acid.s 
Furthermore, one cannot expect investigators to provide interference data derived 
from the many and various methods of dissolution. However, in those instances 
where dissolution may be accomplished by a simple treatment with aqua regiu or with 
fuming sulphuric acid, some effort should be made to subject the mixed solution to a 
comparable procedure, and in any case careful consideration should always be given 
to the character of the noble metal salts used and the data should be accompanied by, 
clearly defined descriptions of the environment used for colour development. Perhaps 
it should be stressed that the analytical chemist who is concerned about interference 
from specific constituents should, when it is practicable, determine for himself the 
tolerances applicable to his own techniques. 

Here, perhaps one may suggest also that researchers in the field of spectrophoto- 
metric methods for noble metals have been traditionally and sometimes unduly 
preoccupied with immiscible solvent extractions as a means of accomplishing selec- 
tivity and eliminating interferences; relatively little attention has been given to the 
use of ion-exchange techniques as part of a calorimetric procedure. Contrary to the 
opinion that these techniques involve the treatment of large volumes of solutions, 
one may, by applying the full capacity of an exchanger, accomplish excellent sepa- 
rations with volumes at least comparable to those involving solvent extractions. In 
the areas of noble-metal determination, one may collectively separate large pro- 
portions of many associated base metals with an efficiency exceeding that often 
accomplished by the use of immiscible solvents. There is here a potentially useful 
adjunct to trace methods of analysis. 

A clear recognition of the effect on colour formation of environmental influences 
may dictate favourable procedural techniques. 

Colour reagents which require media of low acidity usually offer some difficulty. 
The fact that, with the exception of quadrivalent platinum, these metals are quanti- 
tatively precipitated as hydrated oxides at a pH approaching neutrality will sometimes 
dictate a specific order of reagent addition and heating techniques. In general, when 
a pH of about 2-7 is required, the reagent, etc., should be added before an adjustment 
to the required acidity and before any required heating period. These procedures 
may avoid low values resulting from the appearance of colloidal hydrated oxides 
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which are usually insensitive to the colour reagent. Examples of this difficulty are 
found in the determination of ruthenium by acetylacetone,’ in which case the pink 
complex is formed most rapidly at pH 5-6, and in the determination of osmium with 
anthranilic acid which requires a pH of 55-6.5 for colour development.* 

Spectrophotometric procedures which belong to this category may prove dis- 
couraging to the practising analyst who wishes to achieve a good degree of precision 
and accuracy. 

Almost invariably, published reports of new spectrophotometric procedures 
contain some expression of reaction sensitivity. The confusion concerning a precise 
meaning of sensitivity, evident in the early literature which deals with qualitative 
detection, has been removed largely by the work of Feigl who distin~ished between 
quantity sensitivity and concentration sensitivity. s To express the former Feigl used 
the term identification limit, which is the mass limit of the constituent, usually 
expressed in micrograms, which can be detected. The limiting value to which this 
identification limit may be diluted is expressed as the “limiting concentration”, 
“dilution limit” or “concentration limit”. 

Obviously, spectrophotometric techniques as they are presently described do not 
allow the use of the term identification limit. However, it is encouraging to note in a 
few recent reports the inclusion of data describing dilution limits for those reactions 
which produce visible colour changes. These data may well provide useful procedures 
for the detection of noble metals, particularly for the much needed field tests. 

An approach to the use of dilution limits for s~~trophotometric determinations 
was recommended by Sandell, I0 who defined sensitivity as “the number of micrograms 
of element, converted to the coloured product, which in a column of solution having 
a cross section of 1 cm2 shows an absorbance of 0401”. ‘Sensitivity”, thus defined, 
assumes that the Beer-Lambert Law holds to infinite dilution and thus cannot be 
applied to those methods which require working curves. Recently, various authors 
have expressed sensitivies in terms of absorbances greater than 04IO1, e.g., 0.01, and 
in addition have provided data concerning concentration sensitivity as expressed by 
Feigl. 

The greater number of recently recorded spectrophotometric methods include 
data denoting the optimum range of concentrations. Presumably, the most favoured 
methods are those with a wide range of applicable concentrations and exceptionally 
high sensitivities. Perhaps too little attention has been given to those methods which 
apply only to concentrations which fall within the range of classical methods. Not 
infrequently, such methods are of considerable value in industrial laboratories when 
large numbers of samples must be analysed and rapidity of determination is of primary 
importance and high accuracy only of secondary importance. 

Reports of procedures involving new reagents generally include data dealing with 
accuracy and precision. In common with all analytical methods, any expression of 
these terms for spectrophotometric methods must involve the efficient functioning 
of some mechanical equipment as well as the efficiency with Which the unit is operated 
and with which the associated techniques are manipulated. An adequate recognition 
of the variability in human frailties requires acceptance with reservations of data 
concerning accuracy and precision. Thus, in some instances an experienced operator 
may increase the accuracy of a s~ctrophotometric method beyond that designated 
by the author or there may be failure to achieve this limit. Generally, one may hope 
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to reach an accuracy of about i 1 to 3 % from most direct spectrophotometric methods. 
Very few if any of these methods applied to the determination of noble metals achieve 
an accuracy in excess of 1 %, which is also the approximate limit for such competitive 
methods as optical and X-ray spectrographic analysis. In general, the authors 
determine the accuracy oftheir method over a quoted optimum range ofconcentrations. 
Because of the relatively low accuracy as compared with many classical analytical 
methods, the problem of achieving high precision is of less importance. However, 
one must hope that newly proposed methods will contain some expression of precision 
and preferably these expressions should be confined to those commonly recognised 
and perhaps confined to those generally useful in the ranges of concentration to which 
spectrophotometric procedures apply. In the present author’s opinion, few, if any, 
of the recorded spectrophotometric methods for r?oble metals, except perhaps in 
certain restricted areas of routine practice, provide an accuracy which could justify 
the inclusion of complete statistical expressions. Perhaps an adequate description of 
precision would be achieved by recording the number of determinations, the arith- 
metical mean and the average deviation. The more statistically useful “standard 
deviation” is seldom required and such terms as relative analytical error, etc., often 
add to confusion and uncertainty of meaning. In any case, uniformity in expressions 
of accuracy and precision would add to the clarity achieved by the recent improvements 
in the symbology of expression for the Beer-Lambert Law. 

With respect to the numbers of spectrophotometric methods now available, one 
may note the deficiency of methods for iridium and ruthenium and the relative 
abundance of methods for palladium. This situation exists also in all classical methods. 
One could hope that the efforts expended in the development of methods for palladium 
might be applied to the discovery of methods for the remaining platinum metals for 
most of which there is some deficiency of reagents. In defence of the rapidly accumu- 
lating methods for palladium it has been stated that a newly proposed method, 
despite any lack of obvious advantages, may supply a special need in some unforseen 
application. In the case of palladium the present author entertains reservations 
concerning this opinion and, in any case, perhaps here and in related situations one 
may conserve printed space through limiting the content of such reports to the degree 
that a record of the new reagent will not be lost. 

The present review deals with the spectrophotometric methods recorded sub- 
sequent to the author’s second review. ” The seven tables, one for each noble metal, 
contain a complete list of reagents, including those discussed in the first and second 
reviews, together with the recommended range of concentration for each method and 
the reference to the pertment publication. In general, these ranges are expressed as 
optimum ranges and in those instances in which the range is an expression only as 
that over which the Lambert-Beer Law applies, it is so indicated by the symbol B.L. 
In a very approximate way the reagents are listed in the order of an increasing lower 
limit of the concentration range. In some instances this arrangement is ignored; in 
general, this discontinuity is infrequent and appears especially in instances when there 
is a very close similarity of reagent structure. 

Even a casual examination of the tables will reveal the superfluity of palladium 
reagents and a more detailed examination of the recorded descriptions of each 
palladium method may well serve to discourage a researcher who wishes to publish 
a new method for palladium and who seeks to find some justification for its publication. 
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On the other hand, the tables indicate a deficiency of methods for the remaining 
noble metals and strangely, this is the case with even the more common of the noble 
metals, e.g., gold and platinum. Because spectrophotometric methods are generally 
applied subsequent to some method of concentration and because the concentration 
frequently involves the use of fusion mixtures, chlorination and mixtures of mineral 
acids, such as aqua regia, perchloric acid, fuming sulphuric acid, etc., the spectro- 
photometric methods which may be integrated with these dissolution processes are 
especially useful. These preliminary processes invariably involve the necessity of 
transfering and washing and there are, therefore, difficulties in maintaining small 
volumes. Methods which allow colour development in volumes of noble metal 
solutions of the order of 10 ml or more are advantageous. 

Much of the present author’s research over the past three decades has included the 
application of spectrophotometric determinations subsequent to the use of the above 
dissolution and concentrating techniques. Initially, each researcher is required to 
make a choice of methods appropriate to his problem. It may be of interest to note 
that, despite the wide variety of preliminary treatments to secure the noble metal 
solution, and the variety of sensitivities and ranges involved, the following selection 
of methods is almost invariably made: 

for platinum and palladium-tin(l1) chloride and p-nitrosodimethylamine, 
for rhodium -tin(H) bromide or tin(l1) chloride, 
for iridium -tin(ll) bromide, 
for osmium and ruthenium -thiourea. 

PALLADIUM 

Palladium has been determined by an extraction with ethylene chloride of a com- 
plex formed by mixing with palladium chloride solution, first a potassium iodide 
solution, then tetra-ethyleneglycoldimethyl ether to form the tetra-iodopalladate(I1) 
salt.12 The palladium solution was evaporated to remove nitric acid and adjusted to 
3% in hydrochloric acid. Subsequent to the addition of the iodide and reagent 
solution, three to four extractions were made with ethylene chloride. The organic 
phase was filtered into a volumetric flask, made to volume with the organic extractant 
and the absorbance measured at 340 mp. Large proportions of rhodium, nickel and 
cobalt are tolerated, but there is interference from copper(B), gold(III), iron(IlI), 
and platinum(IV) chloride. 

Beer’s Law applied over the range of O-6 ppm of palladium with a sensitivity of 
about O-2 pg/cm 2.* Better methods are available from the point of view of tolerance 
and of freedom from cumbersome techniques. Exposure of the organic extract to 
sunlight or extended exposure to daylight must be avoided. The required time of 
extraction is stated as 10 min. 

A$V’-Bis-(2-sulphethyldithio-oxamide) was used by Goeminne et a1.13 to produce 
two complexes with palladium. With at least a four-fold excess the complex has a 
mole ratio of platinum to reagent of 1: 2. With a deficiency of reagent the mole ratio 
is 1: 1. The former is the more stable and is formed in 5-6M hydrochloric acid solu- 
tions. Maximum absorbance, measured at 425 mp, was reached in 30 min and 
remained constant for 30 min. The applicable range of concentration is 0*02--0*2 

* The expression for sensitivity used throughout this review is that proposed by Sandell and 
described above. 
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ppm of solution. The sensitivity is 04083 &cm 2; the molar extinction coefficient is 
12,860. There is interference from relatively small proportions of copper, iron, gold, 
platinum and ruthenium, less interference from rhodium and iridium, and relatively 
little interference from nickel and cobalt. Buffered solutions (pH 3-8) may also be 
used for the determination. The absorbance is then measured at 392 rnp. Tolerance 
for associated base and platinum metals is less than that for the determination in acid 
solutions. 

A spectrophotometric method less susceptible to interferences from associated 
metals was described by Gustin and Sweet .l* The method was used over the range of 
2-l 50 pg/50 ml of the sample, which volume is recommended in the procedure. Thus 
the sensitivity on this basis is 0.04 ppm of solution. The reagent, 8-aminoquinoline, 
reacts with palladium at an acidity of pH 2.5 or less to form an insoluble yellow 
chloride complex with bivalent palladium with a mole ratio of palladium to reagent of 
1: 2. The precipitate is converted to a violet, insoluble complex at pH 10.2 or higher. 
This complex is extracted by chloroform to form a violet solution with an optimum 
absorbance at 590 m,u, which absorbance must be measured within 1 hr. Applied to 
synthetic samples containing the associated platinum metals with copper, iron, 
chromium(III), nickel, etc., the results obtained indicated appreciable freedom from 
interferences. Iridium interferes in relatively small proportions. However, the pro- 
posed method requires the use of EDTA. The effect of gold was not determined. 

One of the most effective methods of determining traces of palladium in the 
presence of the base metals frequently associated in such natural occurrences as ores, 
concentrates and alloys involves the selective isolation of palladium by coprecipitation 
with tellurium by tin(I1) chloride. This method, applied to sulphide minerals, 
meteorites, etc., was described by Sandell. lo The method was modified by Marhenke 
and SandelF to the extent that the precipitate of tellurium-palladium is treated to 
allow for an extraction by diethyl oxalate, which is preferred to the usual extractants, 
such as isopropyl ether and n-butanol, because of its lesser volatility, its density of 
1.05 and its greater insolubility in water. Separation from water is clean and the 
palladium-p-nitrosodiphenylamine complex is stable in the extractant. The absorbance 
is measured at 525 rnp. Over the range 0.245 ,ug of palladium the recovery is 90% 
or greater. Presumably, the slightly low results arise from adsorption of palladium by 
coprecipitated metastannic acid. 

The procedure requires a treatment of the sample with nitric and hydrochloric 
acids, removal of nitric oxides, addition of tellurium solution to the 3M hydrochloric 
acid solution, and finally addition of tin(I1) chloride solution to precipitate the tel- 
lurium along with the palladium. The mixed precipitate is converted to a chloride 
solution, O*OlM in hydrochloric acid, treated with the reagent and then extracted 
with diethyl oxalate. As one would expect, the reduction procedure would ensure 
simultaneous precipitation of gold and silver. Treatment of the mixed precipitate 
would result in the formation of silver chloride which has a marked tendency to 
adsorb palladium. Thus, the amount of silver in the sample should not exceed 0.1 mg. 
In the case of gold, dissolution of the mixed precipitate would result in an association 
of gold with the palladium, the former causing high results by giving a colour with 
the reagent. The ratio of gold to palladium should not, therefore, exceed ten if the 
error in palladium is to be kept below 10%. Undoubtedly, an extraction of gold 
chloride following dissolution of the mixed tellurium precipitate would serve to 
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remove this interference. There is practical value in the fact that the method tolerates 

as much as 100 pg of the associated platinum metals as well as large proportions of 
the base metals, iron, copper, nickel, cobalt, lead and chromium. The amount of 
selenium should not exceed 100 pg. 

The authors predict a successful application of the method to meteorites, dunites, 
erc. It may be noted that a comparable separation of gold from a specific ore by 
McBryde and Yoe’” yielded promising results. However, predictions of this nature 
should be accepted with some reservations. The complexities of the compositions 
of rocks, ores and natural alloys, along with the variations in solution composition 
resulting from even presumably consistent techniques of dissolution, will, not infre- 
quently, render inapplicable a procedure which has proved eminently satisfactory 
when applied to synthetic materials. 

8-Mercaptoquinoline (thio-oxine) was used by Bankovskii and Ievin’shi’ to form 
a red chelate, Pd(C,HgNS)Z*H20, insoluble in water and extractable with chloroform, 
chlorobenzene and bromobenzene. In these solvents the colour is an intense orange 
or rose. Extractions are made from 4-6M hydrochloric acid and with chloroform the 
three absorption maxima are 272, 286 and 485 mp. The corresponding sensitivities 
are 0.024, O-003 and 0.14 pg/cm2 of palladium. Beer’s Law applies up to 27 pg/ml in 
6M hydrochloric acid: 2 pg/25 ml can be determined quantitatively. As much as 

20 mg of platinum and l-2 mg of osmium and ruthenium can be masked by thiourea. 
Iridium and rhodium do not react with thio-oxine in the strongly acid solution. 
Tervalent iron does not interfere in amounts up to 80 mg: larger amounts can be 

complexed by sodium hypophosphite. Copper, silver, gold and mercury react with 

thio-oxine and while the salts are not soluble in chloroform, they interfere, and to 
avoid this, thiourea is added to the mixtures of immiscible solvents subsequent to an 
initial shaking to remove the palladium complex. Molybdenum interferes and a modi- 
fication of the method is required in its presence. Oxidising reagents must be absent. 

In a later paper la these authors discussed the analytical applications of 8-mercapto- 

quinoline with the platinum metals. A significant feature of these reactions is that the 
complexes with platinum and palladium are salts of the type MeR, and with iridium, 
rhodium, osmium and ruthenium, of the type MeR,. In the case of the platinum and 
palladium complexes, prepared in a pyridine medium, there is some coprecipitation 
of the oxidation product, thio-oxine-8,8’-diquinolylsulphide. The thio-oxinates of the 
remaining platinum metals do not coprecipitate with the oxidation product. 

Xavierls used 2-mercaptoquinoline, whose sensitivity limit for palladium is 

0.05 ppm. Colour development occurred at pH 14-2.8 and the absorbance was 
measured at 450 mp. There was interference from associated base and noble metals. 

Potassium thiocyanate in IOO-fold excess can be used to form Pd(SCN),2-, whose 
maximum absorbance in solution occurs at 310 mp.20 From 0.1 to 2 ,og of palladium 
can be determined in the presence of a 300-fold amount of iron(I11). Moderate 
amounts of platinum, iridium and rhodium may be tolerated if the absorbance is 
measured immediately. Thiocyanate was previously used by Przheva’shii et a/.al to 
produce a red complex, [Pd(SCN),]22-, extractable with isoamyl alcohol or with 
butyl alcohol at a pH below 5. There was no interference from platinum(W). Excess 
of thiocyanate ion prevented interference from iridium. Iron was complexed with 
disodium hydrogen phosphate. 

Two of the most promising spectrophotometric reagents for palladium were 
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proposed by Busev and Naku. 22 1-Mercaptopropionic-p-anisidide and the corre- 
sponding p-toluidide produced yellow precipitates in an acidic medium with relatively 
high concentrations of palladium and a yellow colour with low concentrations. The 
yellow constituents were extractable by chloroform and benzene to give yellow 
solutions. The mole composition of the yellow constituent is 1: 2 for palladium to 
the reagent. The absorption maximum in chloroform or benzene was 410 mp for 
both reagents. Beer’s Law applied over the range O-2-12 pg of palladium/ml. The 
procedure for colour development required the use of 2-140 pg of palladium in 10-l 5 
ml of solution. In chloroform the molar extinction coefficient for the aniside reagent 
was 15,700 with a sensitivity of 0.14 ,ug/cm 2. These data were comparable for the tolu- 
idide reagent and for benzene solvents. Optimum absorbance was attained over the 
range O-l-3M hydrochloric acid. There was a slight decrease in absorbance at higher 
acidities. At least a 6-fold excess of reagent was necessary for the chloroform extracts 
of the palladium complexes of both reagents; with a sufficient excess in 1M hydro- 
chloric acid the colour of the complex reached a maximum value after 30 min and 
remained constant for 24 hr. Before extracting, the reaction mixture required shaking 
for a few seconds and standing for 5-10 min. A single extraction with chloroform, 
made over a period of 2 min, was sufficient for quantitative recovery. Absorbance 
was measured 30 min after extraction. 

With the described procedure there was no interference from the associated 
platinum metals, platinum(IV), rhodium(III), iridium(IV) and osmium(IV), in 
proportions of 1000: 1. In weakly acidic solutions these metals produce precipitates, 
which are, however, insoluble in chloroform or benzene. Cobalt and nickel form 
grey-black precipitates at pH 6-8 only; they do not interfere in the prescribed 
procedure. Molybdenum (MoOa2-) interferes but can be masked by tartaric acid, the 
latter also masking interference from iron(IlI), bismuth(IIl), zinc(H), lead(ll) and 
tin(H). 

The single difficulty with the proposed method seems to be the interference from 
copper, which metal is often associated with the platinum metals. The experimental 
data recorded by the authors, all of it in the microgram range, indicates very satis- 
factory recoveries and it may be hoped that the method will receive further attention. 

Chrome Azurol S (Colour Index No. 43825; trisodium salt of 3”-sulpho-2”,6”- 
dichloro-3,3’-dimethyl-4-hydroxyfuchson-5,5’-dicarboxylic acid) was used by Sangal 
and Dey% to produce at pH 4 a violet chelate whose composition indicated a mole 
ratio of palladium to reagent of 1: 1. The maximum colour was developed in 5 min 
and remained insensitive to temperatures of 5” to 95”. The colour conformed to 
Beer’s Law over the range 0.33-7.3 ppm. The sensitivity was 0.04 pg/cm2; for an 
absorbance of 0.01 the sensitivity was O-4 pg/cm 2. Absorbance was measured at 580 
mp. Interferences were determined by the direct addition of cation and anion con- 
stituents. In general, associated base and noble metals interfered. 

Sangal and Dey% have added l-(o-arsenophenylazo)-2-naphthol-3,6-disulphonate 
(Thoron) to their list of new reagents for the calorimetric determination of palladium. 
The reddish-violet 1: 1 complex has a maximum absorbance at 525 mp, a sensitivity 
of O-0106 pg/cm2 and an applicable range of 0.35-25.4 ppm of palladium. Colour 
formation is instantaneous over the optimum pH range of 2*0-10-O and it is insensitive 
to a wide range of temperatures. A large number of cations and ions interfere. 

2-Mercaptobenzimidazole and 2-mercaptobenzothiazole were used for the 
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spectrophotometric determination of palladium by Majumdar and Chakrabartty.% 
These reagents and their red coloured complexes with palladium show high absorbance 
in the ultraviolet region and less high in the visible, where there are no sharp absorb- 
ance peaks. Absorbance measurements must be made from a rather limited wave- 
length region where there is minimum absorbance by reagent and maximum absorbance 
by the coloured palladium complex. These reagents offer such advantages as the 
stability of reagent and of the coloured complex, the wide optimum pH range and the 
useful range of palladium concentrations. However, they are not especially selective. 

2-Mercaptobenzimidazole was also used by Xavier2s who preferred a pH range of 
1.0-2.6. Absorbance measurements were made at 380 rnp, 10 min after adding the 
reagent. There is interference from gold, platinum, silver and iron. Iron(III) is 
complexed with phosphate. Small amounts of cobalt, nickel, copper and iron(I1) 
are tolerated. The sensitivity is recorded as 0.04 ppm of palladium. 

Quinoxaline-2,3-dithiol was used by Ayres and Janota2’ for the range O-4 to 3 
ppm of palladium. The reagent is insoluble in water, chloroform, benzene, etc. It 
was used as a O-1 % solution in dimethylformamide, but to ensure stability protection 
from light was necessary. Measurements with the red complex were made at 548 mp; 
a yellow complex was also detected with a maximum absorbance at 466 rnp. The 
colour develops rapidly and is reasonably stable. There is interference from platinum, 
iron, cobalt and nickel. The reagent has also been applied for the simultaneous 
determination of palladium and platinum. 2* Palladium concentrations from 040 to 
2.80 ppm, and platinum concentrations from 1.03 to 7.18 ppm, and concentration 
ratios of palladium: platinum varying from O-056: 2.8 were applicable. The most 
suitable wavelengths were 624 and 548 mp, slightly less precision being obtained at 
624 and 517 mp. 

The reagent in dimethylformamide produces a red complex with palladium and a 
blue complex with platinum. The required bivalency for platinum is achieved by 
tin(U) chloride and the formation of insoluble complexes is avoided by the addition 
of N,N-dimethylformamide. In a previous report Ayres and Janota2’ indicated that 
platinum, osmium, nickel, cobalt and iron(U) interfered seriously. In a recent report 
on the successful use of the reagent for the spectrophotometric determination of 
platinum, Ayres and McCrory 2g found interference from copper, cobalt, nickel and 
rhodium. With both determinations the data obtained indicated relatively little 
interference from sulphate and a variety of other anions, frequently used for the 
purpose of dissolution and separation of the noble metals. It should be noted that 
these conclusions were based on the direct addition of the anion or cation to a solution 
of the platinum or palladium. Therefore, one must not conclude that similar results 
will obtain when the foreign ions are associated with the noble metal throughout the 
processes of dissolution or of any prior separations. 

5-(p-Dimethylaminobenzylidene)-rhodanine in ethyl alcohol reacts with palladium 
in neutral or slightly acid solutions to form a violet precipitate.30*31 Relatively stable 
solutions of the paRadium complex are formed in formic or propionic acid solutions. 
With the former solvent the absorbance maximum is 515 rnp and with the latter, 530 
mp. In hydrochloric acid the maximum absorbance occurs at 515 rnp. Different lots 
of the reagent give slight differences of absorbance maxima and recalibration is 
necessary for each new lot of reagent. Absorbance increases slightly with excesses of 
reagent. The optimum range is about 04-2.5 ppm of palladium. In propionic acid, 
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maximum colour is attained at room temperature in 10-I 5 min, and is stable for more 
than 2 hr. There is interference from platinum, ruthenium, iridium, iron, chromium, 
copper and gold. 

Other reagents for the lower range limit of about 0.4 ppm of palladium contain 
5-membered rings with nitrogen and sulphur and the reactive mercapto group. Among 
these are derivatives of thiodiazoles, benzimidazole and benzothiazole. The first of 
these derivatives applied to the calorimetric determination of palladium was 2- 
mercapto-4,Idimethylthiazole. Ryan32 used this reagent for the range 05-8 ppm. As 
would be expected with this type of reagent, precipitates are formed with palladium 
and amounts of the latter beyond the recommended range may produce a turbidity. 
Beer’s Law is not obeyed over the optimum range. 

However, the method is not sensitive to variations in acidity or salt content and 
only platinum interferes. To separate the latter the usual hydrolytic separation may 
be used. If necessary, palladium can be isolated by an ethyl acetate extraction of the 
palladium-diphenylamine complex. Subsequently, the organic matter is destroyed 
before treatment with the dimethylthiazole reagent. This separation is unnecessarily 
cumbersone. Although the method has the advantage that comparable concentrations 
of gold do not interfere, the obvious disadvantage is the interference of platinum 
which is the almost constant associate of palladium. The effective concentration 
range allows for some application to the analysis of assay beads. It should be noted, 
however, that when sulphuric acid is used as a parting acid the hydrolytic separation 
from platinum is only applicable after a fuming and ashing process. 

An examination of 2-mercapto-4,5-dimethylthiazole as a reagent for p~ladium 
was also made by Radford. 33 It was found that, when the absorbance was measured 
in the ultraviolet region using a mercury-vapour lamp and Wood’s glass filters, there 
was an increase of 160% in sensitivity and that the coloured constituents obeyed 
Beer’s Law. Increases in the concentration of hydrochloric acid caused slightly 
higher absorbance values, and the acidity must, therefore, be controlled. It was also 
found that the addition ‘of ethanol to prevent turbidity was unnecessary. 

The data described above for rhodanine apply also to the thiosalicylic-acid method 
recorded by Dema and Voicu. 34 The range for this reagent is 0.5-2.6 ppm of palladium 
and the acidity for colour development is pH 2-4 in an acetone medium. There is 
here, an advantage in the non-interference of gold, copper, iron and nickel. This 
advantage is to a degree vitiated by the interference from both platinum(I1) and 
platinum(IV). Rhodium also interferes. 

Ayres and Alsop= recorded two procedures for the determination of palladium 
by tin(I1) salts. For the range 0.5-25 ppm tin(H) phosphate was used in a medium of 
phosphoric and perchloric acids; for the range 8-32 ppm in l-cm cells tin(I1) chloride 
was used in a hydrochloric and perchloric acid medium. For the latter reagent the 
absorbance peak occurs at 635 mp. The green colour reaches maximum intensity in 
about 20 min at room temperatures and remains stable for about 30 min. The appli- 
cable range of acidity for colour development is 1*5-2*1M and the optimum per- 
chloric acid concentration is 0*5M, and the maximum concentration for phosphoric acid 
is 2M. Beyond these proportions an unstable colour is developed. Tin@) chloride 
concentrations in the final solution should be 0*02~*~~. The presence of chloride 
ion is essential and should not fall below 0*92M. Lower concentrations result in low 
absorbance values. The order of addition of reagents should be palladium solution, 
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dilute mixed acids and finally the reagent tin(H) chloride. The total volume of 
solution is somewhat critical. For a final volume of 25 ml the addition of tin(H) 
chloride reagent to 17 ml or less of palladium and acid mixture, gives reproducible 
absorbancies. The rate of addition of reagent and temperature variations are not 
critical. There are objectionable interferences from all of the noble metals, but 
relatively large amounts of iron and cobalt can be tolerated. Nitrate and sulphate 
ions do not interfere. No method of colour extraction has yet been recorded. 

The palladium-tin(I1) phosphate system produces a red-violet colour in the absence 
of chloride ion and the presence of perchlorate ion. The narrow absorbance band has 
its maximum at 487 m,u and the colour system obeys Beer’s Law. Maximum colour 
develops within 10 min at room temperature and is stable for l-5 hr. The absorbance 
for a fixed amount of palladium is dependent upon the concentrations of perchloric 
and phosphoric acid. The identity of the coloured tin(H) complex is not known, 

Useful reagents applicable to about the same range of palladium concentration 
as the tin(H) method are found with the naphthol derivatives. Some of these are 
discussed in previous reviews.11p36 

A variety of thio-organic compounds was examined by Burke and Yoe3’ with a 
view to their use as spectrophotometric reagents for palladium. Each of five reagents 
provided absorption curves of approximately the same general shape with absorption 
maxima at 270 rnp, and with about the same sensitivity of 0.01 ,ug of palladium/cm2. 
The spot plate sensitivity was 0.5 pug/O*05 ml and the limit of dilution was 1 in 5. 

1-Thioglycerol was selected from the five reagents for detailed study. The identity 
of the yellow constituent was not determined and it was concluded that the complex 
was ionic and unstable. Beer’s Law was obeyed over the range 0.5-9 ppm. The 
colour was insensitive to pH, the absorbance remaining constant over the pH range 
2-7, and while buffers could be used if desired, in their presence the order of addition 
of reagents became an important factor; a 5 *A decrease in absorbance was observed 
if the buffer was added after colour development. Variations in room temperature 
did not effect the absorbance values. The degree of interference from associated base 
and noble metals was determined by direct addition of the constituents before colour 
development. Within this limitation only nickel of the associated metals could be 
tolerated in reasonable proportions. The reported non-interference of sulphate and 
nitrate ions is acceptable only with the reservations discussed previously in this paper. 
This spectrophotometric method will have only very restricted applications. The 
absorbance is measured in the ultraviolet range, the sensitivity and the applicable 
concentration range offer little or no advantages compared to other recorded reagents 
and the high degree of interferences will in general require a previous isolation of 
palladium. 

Diethyldithiophosphate has been used for spectrophotometric, titrimetric and 
gravimetric determinations of palladium. Busev and Ivanyutin3s provided a detailed 
description of the various applications of the reagent, which was used as the nickel 
salt dissolved in carbon tetrachloride. The yellow complex of 1 atomic weight of 
palladium to 2 moles of reagent has a maximum absorbance at 295 rnp, and a sensi- 
tivity of 0.0034 pg/cm2. Beer’s Law holds over the range of 0.6 to about 4 ppm for 
a l-cm cell. For the range of about 6 to 40 ppm measured at 340 mp, visual colori- 
metry can be employed. The method involves the formation of the insoluble palladium 
complex, acidification and extraction with carbon tetrachloride and subsequent 
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washings with water and sodium hydroxide solution to remove excess reagent. 
Associated base and platinum metals interfere; to a limited degree interference from 
copper, iron platinum, gold, etc., can be eliminated by previous precipitations and 
selective solvent extractions. The method was used to determine palladium in the 
presence of lead and this application is worthy of further examination, because with 
some modification, it may thus be used to determine palladium in assay alloys. 

2-Nitroso-1-naphthol-4-sulphonic acid39 reacts with palladium to form a red 
complex whose composition is 1 atomic weight of palladium to 2 moles of the reagent. 
The complex can be extracted by isoamyl alcohol from solutions of nitric or sulphuric 
acids. Beer’s Law is followed for 06-18.7 pg of palladium/ml. The optimum wave- 
length is 525 m,u, measured in 7M acetic acid solution. There is interference from 
associated base and platinum metals. 

Chromotrope 2 R (disodium 2-phenylazo-1,8-dihydroxynaphthalene-3,6-disul- 
phonate) reacts with palladium to form a complex whose mole ratio is 1 to 1.40 
Maximum absorbance was obtained at pH 2.1-51 and measured at 574 rnp. Beer’s 
Law holds over the range 06-12-3 ppm of palladium. 

Xylenol Orange has been used for the spectrophotometric determination of 
palladium to form an orange complex with an absorption maximum at 518 rnp. The 
reported molar absorptivity of 26,000 indicates a sensitivity of 0.004 pg/cm2. The 
composition of the complex is 2 moles of reagent to 1 of palladium. Beer’sLaw applies 
over the range 0.2-4.0 ppm of palladium with an optimum range of O-8-3-2 ppm of 
palladium. Because of the interference of chloride ion and in order to increase 
selectivity, Otomo41 used a concentrated perchloric acid medium for the reaction with 
maximum and constant absorbance at a concentration range of l-l-1.7M. An excess 
of reagent was required and a short period of boiling was necessary. No conclusive 
statement was made concerning the influence of associated base and noble metals. 
Distinct advantages of the method are the solubility in water of the orange palladium 
complex and the high sensitivity. One may hope that efforts will be made to apply 
the method to natural and artificial products containing palladium. 

Other reagents for palladium containing the mercapto group are 2,5-dimercapto- 
1,3,4-thiodiazole (Bismuthiol-I) and 5-mercapto-3-phenyl-2-thio-1,3,4-thiodiazole-2- 
one (Bismuthiol-II). Majumdar and Chakrabartty2 used Bismuthiol-I over the 
range of O-8-8.0 ppm at wavelengths between 400 and 410 rnp. There are no sharp 
absorbance peaks. The colour develops instantaneously, is independent of pH and is 
acceptably stable under the conditions recommended. The palladium complex is 
fairly soluble in water. Bimuthiol-II was used by Majumdar and ChakrabarttqPa for 
the range 04-8 ppm of palladium. At a wavelength between 410 and 430 m,u the 
colour intensity is relatively insensitive to pH change, remaining stable between pH 3 
and 10. The red coloured constituent forms immediately and because of its insolu- 
bility in water the addition of acetone or methyl cellosolve is required. The claim for 
a sensitivity greater than the p-nitrosodiphenylamine reagent is incorrect. Further- 
more, the latter reagent has a lower limit of both detectability and sensitivity expressed 
as an absorbance-weight response. The extent of interference and the range of 
applicability of Bismuthiol-II is comparable to the mercaptans included above and 
none of these has advantages superior to the more established reagents. 

KodamaG used o-nitrosoresorcinolmonomethyl ether for the range O-8-2 ppm of 
palladium. The procedure involves a fuming period with perchloric or sulphuric acid 
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which allows adaptions to various stages of fire assay techniques, e.g., parting of the 
silver bead. The fumed solution is mixed with coniferin and chloroform in a sepa- 
ratory funnel and the chloroform extract treated with sodium carbonate solution. 
The absorbance is measured at 420 m,u. 

An interesting spectrophotometric method, used by Komatsu and TakiM for the 
range l-30 ppm of palladium, involves the use of a large excess of the reagent I- 
phenylthiosemicarbazide, which redissolves the initial orange-brown precipitate to 
form an orange-yellow solution. The wavelength used is 372 rnp and the optimum 
acidity is 3M in acetic acid. As would be expected, there is interference from asso- 
ciated base metals and some of the noble elements. Platinum forms an insoluble 
green precipitate. EDTA is used to remove interference from copper and silver and 
sodium fluoride is used for iron. Gold is removed by solvent extraction with ether. 

2-Nitroso-1-naphthol has been used to determine palladium in uranium fission 
alloys.4S There is no interference from uranium, ruthenium, zirconium and rhodium. 
The method is a combination of that proposed by Alvareti8 and Cheng.47 Palladium 
is quantitatively extracted by toluene along with excess reagent in the pH range 
I .O-2.0; EDTA serves as a buffer and masking reagent. The excess reagent is scrubbed 
from the organic phase with dilute sodium hydroxide solution. Initial pH adjustments 
are made with aqueous ammonia rather than with sodium hydroxide solution 
because the latter produces low and erratic results. However, sodium hydroxide as 
the scrub solution, produces improved precision. 

A second paper was recorded by Larsen and Ross.~* Palladium was determined 
as its complex with 2-nitroso-1-naphthol after separation by the extraction of the 
complex in toluene; ruthenium was separated by distillation of its octavalent oxide. 
collection in a caustic solution of sodium hypochlorite and a subsequent spectro- 
photometric determination. 

1 ,ZNitrosonaphthol and the 2,1-derivative were used by Kodama40 in perchloric 
or sulphuric acid solution and the resulting palladium complex was then extracted 
with chloroform. For the 1,Zcomplex the absorbance was measured at 298 rnp or at 
441 rnp; for the 2,1_derivative, 308,376 or 385 rnp could be used. The most sensitive 
wavelength is 308 rnp. 

A method which is useful for the simultaneous determination of platinum and 
palladium was recorded by Pyle and Jacobs. 5o The reagent, dibenzyldithio-oxamide, 
produces a yellow palladium complex and with platinum a rose-coloured complex, 
both insoluble in aqueous media but extractable with chloroform. The absorption 
maxima are, respectively, 450 and 520 mp. The applicable range of concentration is 
approximately 14 ppm or to 5 ppm in the case of platinum. The complexes contain 
a ratio of 1 mole of bivalent metal to 2 moles of reagent. The sensitivities are 0.0055 
,ug/cm2 for palladium and 0.0075 ,ug/cm2 for platinum. Colour development is 
optimum in hydrochloric acid solutions of a molarity of 8 or greater, with an immedi- 
ate development in the case of palladium and with platinum, for which a sodium 
sulphite reduction is recommended, the optimum colour development requires 30 
min. Two chloroform extractions remove the complexes and the colour remains 
stable for a least 48 hr. The recommended ratio of added reagent:metal is 31: 1 for 
palladium and 76: 1 for platinum. For the simultaneous determination the reagent : 
metal ratio is that used for platinum. The method is surprisingly free from 
interferences from associated noble and base metals. In the case of palladium, with 
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iron, nickeLcobalt, copper, chromium, the permitted proportions are about 1 pg of 
palladium to 5000 pg of the base metals. Gold interferes, except in the presence of 
sodium sulphite, which probably produces metallic gold, With the obvious exception 
of platinum the interference from the remaining noble metals is not excessive; in the 
case of osmium it may be noted that the use of osmium(V1) for determining the degree 
of interference does not necessarily duplicate the dissolved osmium constituent which 
would result from the author’s preparation of the platinum-palladium solution. 
However, in any case, interference from osmium is readily removed by previous 
oxidation. In the case of platinum the interferences from similar associated metals 
was invariably greater than for palladium. Indeed, for most practical purposes any 
claim for freedom from interference is invalid, e.g., the deleterious effects of copper, 
nickel and, of course, paIladium reduces the value of the method. Any interference 
from gold is eliminated by reduction with the added sulphite. 

Jacobs et ~1.~~ applied the didodecyl derivative of dithio-oxamide for the deter- 
mination of palladium to produce a yellow water-insoluble complex in hydrochloric 
acid solutions of about 7*5M. The optimum concentration range is about l-4 rug 
of palladium/ml of sdlution. The sensitivity is O*OOS pg/cm2; the colour is stable for 
at least 48 hr and its development requires about 15 min. The required ratio of 
reagent to palladium is at least 4 moles to 1 formula weight of palladium; larger 
ratios are recommended. This method will prove useful for the determination of 
palladium in the presence of pIatinum(IV). The permitted ratio is about I to 160, 
respectively. Gold interferes, except in the presence of sodium sulphite, which reagent 
disallows the presence of platinum and increases the tolerance for iron. The tolerance 
indicated for sulphate should not be interpreted to indicate the tolerance for sulphate 
solutions prepared, as they usually are in practice, to include a fuming process. The 
high tolerance for rhodium and iridium will have value only in relatively few ana- 
lytical processes. 

With palladium, tartrazine forms a stable orange complex which may be used for 
determinations in the range 1~23-9.83 ppm of palladium in the presence of ISO-fold 
amounts of platinum(lV). The colour is developed in a sodium acetate solution at 
pH 55-5.75 and the absorbance is measured at 496 my.52 

The spectrophotometric determination of palfadium by sodium I-nitroso-Z- 
naphthol-3,6-disulphonate (Nitroso-R salt)= provides some advantages as compared 
to other nitrosonaphthoIs. The red complex is soluble in water and no extraction is 
required; the colour reaction is rapid, Beer’s Law is obeyed, and the colour intensity 
is constant when measured 15 min after preparation and remains stable up to 24 hr. 
Furthermore, the reagent solution is stable for several months. While the maximum 
absorbance occurs at 430 rnp, there is some significant absorbance of the reagent at 
this wavelength and the plateau at 500-510 ml” is more suitable for measurements. 
The most sensitive range of concentration is 1.28-4.27 ppm of palladium. There is 
no interference from platinum, rhodium, osmium and gold, although in the presence 
of HAuCI, the colour changes slowly and the absorbance measurements should be 
made within 1 hr after colour development. The best results are obtained at an acetic 
acid concentration of 0.2M and at a pH of about 2.6. Hydrochloric acid solutions at 
a pH of about 2 can also be used. It is desirable to use an excess of reagent because 
the absorbance is thereby somewhat increased. 

The application of nitroso-R sah was also discussed by Garcia and Garride,jl who 

.i 
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found that Beer’s Law was obeyed over the range 5-13 ppm. The absorbance was 
measured at 520-560 rnp. The suitable pH range for colour formation was reported 
as 3.25-6.85. An excess of reagent was required and the colour reaction was insen- 
sitive to temperature changes. 
’ Quinoline-2-aldoxime was used by Oi5; to produce a yellow palladium complex at 
pH 5, which could be extracted by chloroform. Beer’s Law applies over the range 
l-5-70 pg/ml. Interference from copper or platinum is avoided by the use of EDTA. 

Phenyl-1-pyridyl ketoxime is a useful reagent for the spectrophotometric deter- 
mination of palladium. Se@ included a recipe for preparation of the reagent but 
it has recently been made available commercially.* This ketoxime forms a yellow, 
water-insoluble compound containing 1 mole of palladium to 2 moles of ketoxime. 
The chloroform extract exhibits absorbance peaks at 410 and 340 mp. Beer’s Law 
applies over the range O-5-14 ppm of palladium with a l-cm light path. The optimum 
range at 340 rnp is l-5-8 ppm and at 410 rnp it is 2-10 ppm of palladium. The 
corresponding sensitivities are OXtO rg/cm2 and O-0036 pg/cm2. 

Because there is some absorbance by the reagent at 340 rnp, the maximum at 410 
rnp is recommended when excesses of reagent are unavoidable. The most favourable 
acidity for formation and extraction of the palladium chelate is between pH 8.5 and 10. 
Maximum colour development is instantaneous and the colour remains stable for at 
least 2 weeks. Temperature variations between 0” and 45” are without significance. 
The reagent forms coloured complexes with iron(H), cobalt, nickel and copper, which 
are simultaneously extractable. These interferences are avoided by the addition of 
EDTA which does not interfere when the absorbance is measured at 410 mp. At 340 
rnp EDTA must be included in the blank. Of the noble metals, only gold interferes. 
The complexes of the platinum metals, lead and iron(II1) are not extracted by chloro- 
form. 

Jacobs5’ used N,N’-bis-(3-dimethylaminopropyl)-dithio-oxamide to produce a 
yellow, water-soluble chelate containing 1 mole of palladium and 2 moles of reagent. 
Beer’s Law was followed over the range O-20-8*0 ppm of palladium with the optimum 
range l-6-5.7 ppm. The sensitivity of the reaction is 0.008 ,ug/cm2; the absorbance 
maximum is at 427 mp. Colour develops immediately at room temperatures and is 
independent of temperatures over the range 1545” and stable for at least 4 hr. With 
a 7*5-fold or greater excess of reagent the absorbance remains constant. For maximum 
sensitivity the molarity of hydrochloric acid should be above approximately 3.4. 
Compared to most calorimetric methods for palladium there is relatively little inter- 
ference from the platinum group, gold and nickel. Interference from osmium and 
ruthenium is of little consequence because these metals are readily removed and, 
particularly in this case, because nitrate and sulphate may be tolerated. In the 
presence of platinum the absorbance of the palladium complex is measured within 
10-I 5 min because platinum slowly produces a rose colour. Copper and iron interfere. 

The above reagent is also used for platinum5s and for the simultaneous determin- 
ation of palladium through a alculation involving the known molar absorbitivies of 
the two complexes. With platinum the rose coloured complex contains a ratio of 
reagent to platinum of 2: 1. The sensitivity is 0.009 ,ug/cm2, which is considerably 
higher than the tin(I1) chloride method but less than the p-nitrosodimethylaniline 
method. Absorbance is measured at 515 mp. The optimum range is 1-8-6-5 ppm. 

* From G. Frederick Smith Co., Columbus, Ohio, U.S.A. 
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As in the case of ~llad~um, the acid strength is adjusted to 443M. The colour is 
developed, subsequent to reduction of platinum by sodium sulphite, and a IO-min 
development period is required. An l&fold or greater excess of reagent is required. 

Because the absorbances of the complexes of both platinum and palladium are 
additive, and Beer’s Law is obeyed at both 427 and 5 15 rnp, a simultaneous determin- 
ation of platinum and palladium may be achieved. A technique such as this encourages 
applications for routine determinations. However, in those instances where there is a 
great difference in the proportions of the two constituents, the errors associated with 
the determinations of the constituent present in large proportions may become 
additive to the errors incident to the determination of the second constituent. 

The method applied to platinum alone does not tolerate large proportions of 
associated noble or base metals. Gold, iridium, ruthenium, nickel and iron are 
tolerated in proportions of about 15 parts to one of platinum. Toleration of palladium, 
ruthenium, osmium, rhodium and copper is low. 

5-Amino-2-benzimidazolethiol in excess produces an orange coloured complex 
with a ratio of 1 atomic weight of metal to 2 formula weight of reagents0 Maximum 
absorbance occurs at 390 m,u and the solution obeys Beer’s Law between 1 and 8 
ppm with an optimum range of 2-7 ppm. The sensitivity is OXlO pg/cm2. Colour is 
developed at room temperature, remaining constant at a pH between 2 and 4 for 
24 hr. Platinum and osmium interfere and must be separated. The claim for no 
interferences from other associated platinum and base metals is based on a permitted 
ratio of 4 ppm of palladium to about 8 ppm of foreign metal. In general, there is 
some increase in tolerance in the presence of EDTA. 

Thiomalic acid, used by Wagner and Yoeso as a s~ctrophotometri~ reagent, 
provides the advantages that it is water soluble and commercially available, and 
reacts instantaneously with palladium over a wide acidity range, although maximum 
absorbance is obtained over a pH range of 1.1 to 2.6. Maximum absorbance of the 
yellow complex occurs at 350 mp. The reagent does not absorb above 290 my and a 
water blank is satisfactory. The complex obeys Beer’s Law over the range 0.4-10 
ppm and it is stable for several days. Temperature variations over the range 15-35” 
are without significant effect. 

The practical sensitivity of the reaction is about O-05 ppm and the optimum range 
of concentration is 2-7 ppm of palladium. Although the reagent is unstable, solutions 
may be used over a period of 24 hr. While the order of addition of reagents is not 
critical, if the absorbance is to be measured immediately, the buffer must be added 
last, otherwise 1 hr is required for the colour reaction to reach a maximum intensity. 
The absorbance remains constant for at least 3 days. An excess of reagent is desirabIe 
because the absorbance of the complex is thus somewhat increased and the tolerance 
to several interferences is also increased. The reagent presumably forms two com- 
pounds, one of which is a stable complex consisting of 2 molecules of thiomalic acid 
to 1 formula weight of palladium and a lesser stable complex with a 1: 1 ratio which 
absorbs to a lesser extent. Because the usual organic solvents fail to extract the yellow 
complex it is assumed to be ionic in aqueous solution. This extraction failure is 
unfortunate because, in spite of a claim for unusual specificity, there is interference 
from most of the noble metals, copper and iron(II1). There is a large tolerance for 
nickel, cobalt, sulphate and nitrate, 

l-(2-~ridylazo)-2-naphthol, previously used for rhodium and iridium by Stokely 
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and Jacobs,61 has been applied by Hayashis2 for the determination of palladium. The 
green 1: 1 mole-ratio complex, soluble in chloroform and isoamyl alcohol, forms in 
weakly acid solution. In chloroform the absorbance is measured at 678 mp. Beer’s 
Law applies over the range l-20 ppm of palladium. Colour is developed by heating 
for a few minutes on a water bath. There is no interference from moderate amounts 
of rhodium, platinum, gold, silver and mercury. This reagent was also applied to 
determine traces of palladium and platinum in high-purity gold. Subsequent to the 
dissolution of the sample, gold was extracted with isopropyl ether and then palladium 
dimethylglyoxime with chloroform. The palladium was next converted to the above 
naphthol derivative (at a pH of 1.5-3.5). Platinum in the aqueous phase was reduced 
by tin(U) chloride, extracted with dithizone in carbon tetrachloride and %he absorbance 
measured at 730 rnp; 0.2 ppm of palladium or platinum could be determined. 

Busev and Kiselevass used a 1% solution of 1-(2-pyridylazo)-2-naphthol in methyl 
alcohol for a chloroform extraction at pH 2.5 and for a range of 6-14 ppm of pal- 
ladium. The extract has absorbance maxima at 620 and 675 rnp; the latter wave- 
length is preferable when the proportion of platinum is high. The method is reasonably 
free from noble metal interferences. Cobalt behaves similarly to palladium. The 
associated base metals can be extracted with isoamyl alcohol. 

This naphthol derivative was also used by Sawada and Katosa for the determination 
of palladium in titanium alloys. Colour was developed at pH 3*0-3.5 and heating at 
100”. The sensitivity was recorded as 0*006 pg/cm2. 

Two new reagents containing the o-hydroxyazo group have been used for the 
determination of palladium(I1). Sodium 1-azophenyl-2-hydroxy-6,8-naphthalene 
disulphonate at pH 6.5-6.8 was used to determine l-04-14 ppm of palladium; sodium 
1-phenyl-3-methyl-5-hydroxy-4-(p-sulphophenyl)-pyrazole reacts at pH 1 to determine 
palladium over the range of 12.61-189-22 ppm. It is stated that these reagents may 
be used for determinations in ores and that platinum, gold, nickel and mercury do 
not interfere.s5 

Among the numerous thiol reagents for the determination of platinum metals, 
2-mercaptobenzoxazole was selected by Arita and YoeG6 to produce an orange-yellow 
complex, with a mole ratio of reagent to metal of 1: 1. The complex is soluble in a 
mixture of cyclohexanone and dioxan. Absorbance measurements are made at 
375 rnp, the optimum concentration range is 15-30 ppm and Beer’s Law applies over 
the range 240 ppm. The sensitivity for an absorbance of O-001 is O-08 pg/cm2; for 
an absorbance of OW5 the sensitivity is 0.4 ppm; the spot plate sensitivity is 0.05 
pug/O.05 ml. 

The colour reaction is instantaneous but the complex is somewhat unstable, the 
intensity decreasing 1% in 10 min. There is also a decrease in stability with increasing 
basicity although this is accompanied by an increase in colour intensity. The addition 
of buffers encourages precipitation and measurements are, therefore, made in dilute 
hydrochloric acid solutions. Absorbance is measured at 375 rnp and is independent of 
the normal laboratory temperature changes and of the order of addition of reagents. 
The degree of interference from associated noble and base metals was determined by 
direct addition of the constituents before colour development. Except for cobalt, 
and to a lesser degree for nickel, there was interference from small proportions of 
associated metals, e.g., 3 ppm of platinum salt added to 20 ppm of palladium produced 
an error of *2x. 
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Nitrilotri-acetic acid has been used for the spectrophotometric determination of 
palladium. 67 Except perhaps for very specific purposes the method will have little 
application. The optimum range of concentration is 20-220 ppm. Measurements 
are made at 330 m,u, and there is interference from the remaining platinum metals. 
No data were provided to indicate the effects of gold or associated base metals. In 
the presence of platinum metals, palladium is first removed by precipitation with 
dimethylglyoxime. The method offers no advantage over the many useful alternative 
methods.. 

Bis-(allylthiocarbamyl)-hydrazine (Dalzin) was used by Dutt and Sarma6sa to 
produce an orange, insoluble complex with a 1: 1 mole ratio of metal to reagent. The 
optimum acidity is pH l-2-1.3. The chloroform extract shows a maximum absorbance 
at 365 m,u. In a later papeFsb the authors recommended a pH of 3-6 and extracted 
the complex in the presence of EDTA. Beer’s Law applied over the range of l-20 
ppm. The complex was found stable for several hours at 25-40”. Associated base 
metals, silver and mercury(I) did not interfere. 

Nioxime was used by Pshenitsyn and Ivonina, 60 who added an aqueous solution of 
the reagent to the palladium solution adjusted to pH 1. After IO-15 min the complex 
palladium salt was extracted by chloroform. 

Derivatives of nioxime are finding increasing use as analytical reagents for pal- 
ladium. Banks andSmith’Oused Cmethyl-1,Zcyclohexanedione dioxime for palladium 
contents of 2.5-250 ,ug. The solution is adjusted to pH 2 by a hydrochloric acid- 
potassium chloride buffer and allowed to stand for 1 hr. The insoluble complex is 
extracted by chloroform and the absorbance measured at 280 m,u using l-cm cells. 
Interference from copper, cobalt and iron can be avoided by masking reagents but 
ruthenium must be removed. One should note that the working range of palladium 
concentration in a method such as this one is determined partly by the efficiency of 
the initial precipitation, together with the completeness of the complex formation, 
and not by the sensitivity in the organic extract which, in the case of this 4-methyl- 
nioxime reagent is 0.07 pug of palladium/cm2. 

Benzildioxime was also usedso with palladium solutions at pH 2 and the absorbance 
of the chloroform extract is measured at 280 rnp. 

Dimethylglyoxime, perhaps the most generally useful reagent for the gravimetric 
determination of palladium, was used by Kodama 40 for the spectrophotometric 
determination of palladium in preference to 1,2nitrosonaphthalene when one must 
avoid interference from chloride. 

The determination of palladium as its iodide compounds in nickel plating solution 
was studied by Frantsevich-Zabludovskaya, Kalimanova and Sharafan.‘r This is an 
interesting and useful examination of the palladium iodide reactions. It was found 
that the optimum absorbance of the brown solution reaches a maximum at a molar 
ratio of potassium iodide to palladium of 2: 1, and subsequently remains constant 
up to a 50: 1 ratio. The absorbance then decreases in the presence of a larger excess 
of potassium iodide, finally increasing again and at a 200-fold excess of the potassium 
iodide it remains constant, the solution now being coloured red. This dissolved 
constituent is K,(PdI),; the maximum absorbance at a ratio of 2: I presumably 
resulting from a colloidal suspension. The red constituent had previously been used 
by Fraser et al. 72 for the spectrophotometric determination of palladium. Frantsevich- 
Zabludovskaya applied this method successfully to the determination of palladium in 
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activating solutions contaminated with detergent. It was found that the absorbance 
was constant over the potassium iodide:palladium molar range from 200: 1 to 
complete saturation of the solution of potassium iodide; it remained constant for 6 
hr, decreasing after 24 hr and it was unaffected by acidity over the pH range 2-5-10. 
Maximum absorbance of the red complex reported by Fraser et aL7* occurs at 410 
rnp. Frantsevich-Zabludovskaya et al. used a blue filter of the FEK-M photoelectric 
calorimeter. 

In the case of the brown solutions resulting from low ratios of potassium iodide : 
palladium, the authors” were unable to identify the coloured constituent. However, it 
was noted that the absorbance was constant with time; the solution conformed to 
Beer’s Law and the molar extinction coefficient, albeit regarded as arbitrary, was 
calculated as 4-3 x 103. While the brown solution examined by an ultramicroscope 
failed to reveal colloidal particles, the dialysis data clearly indicated a colloidal 
suspension. It should be noted here that the present author’e used potassium iodide 
for the gravimetric determination of palladium. An excess of at least 10 times the 
calculated weight of the iodide could be used and PdI, was applied successfully 
as the weighing form. 

In a previous publication the present author expressed the opinion that the pal- 
ladium iodide spectrophotometric method, because of its sensitivity to oxidising and 
cation interferences would find little practical application. Clearly this was an 
erroneous prediction. 

I-Benzoyl-2-methylglyoxal dioxime was used by Schekochikhina, Peshkova and 
Shlenskaya7* to react with palladium at pH l-25-360, forming a yellow crystalline 
salt, soluble in alkaline solution. A chloroform extract eliminated interferences and 
the complex showed a maximum absorbance at 280 rnp. 

2Chloropyridine was used by Egli75 to separate and to determine palladium and 
platinum: The separation was made in a special flask constructed from an Erlenmeyer 
flask in which the sample was weighed, reduced in hydrogen, dissolved in mixed acids 
and the solutions evaporated to form chloride solutions, The latter solution was then 
treated with 40% sodium nitrate solution followed by the 2chloropyridine which 
must be pyridine free. Immediately after the addition of the chloropyridine, the 
solution was mixed, the layers were allowed to separate and the strongly acid aqueous 
layer, which contained most of the impurities, was drained off. The organic layer was 
washed with a solution of 40% sodium nitrate and nitric acid and the washings 
discarded. There was then added consecutively a 1: I solution of acetic acid and 
butanol, an aqueous solution of anhydrous sodium acetate and sodium toluene 
sulphonate. The chloropyridine layer containing the palladium was drawn off into a 
lOO-ml flask containing 50 ml of dimethylformamide. 

The upper layer was similarly extracted with a solution. of 2-chloropyridine, 
butanol and acetic acid, adding the extract to a calibrated cylinder. The aqueous 
layer with the platinum was treated immediately with 20% hydrochloric acid, a 
solution of tin(I1) chloride and pure hydroquinone. The technique of the above 
extraction must be applied with precision. Variations in time, after the addition of the 
chloropyridine, will alter the distribution of the platinum in the two phases because 
of the dissociation of the platinum-chloropyridine complex. On standing there was 
a decrease in the amount of platinum in the aqueous layer and, furthermore, the com- 
plex may partially precipitate. 
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For the calorimetric dete~ination of palladium the extract was now diluted to 
volume with ~ethy~ormam~de~ A measured volume of this solution was transferred 
to a measuring flask and diluted with dimethylformamide, then solutions of acetic 
acid and sodium hydroxide were added. This was followed by a solution of potassium 
iodide and the volume was made up to the mark with dimethylformamide and 
allowed to stand in the dark overnight at 20”. The absorbance of the red colour was 
measured at 525 m,u. 

For platinum the yelfow tin(H) complex was extracted with acetic ester within a 
24hr period, the extracts were made up to volume and the absorbance was measured 
at 401 rnp against a blank containing acetic ester and hydr~uinone. Correction 
factors were proposed to c~m~nsate for losses of platinum resulting from a variety 
of compositions and extraction conditions. Small errors of palladium may occur with 
high ratios of palladium to platinum. However, only traces of palladium should 
appear in the platinum phase. The use of a glass stirring rod rather than the Teflon 
protective rod, induced crystalhsation of the platinum-palladium complexes. The 
claim by the author of an accuracy of palladium determination greater than that 
obtained from the iodide method is unsubstantiated. Maximum intensity of colour 
was achieved after 15 hr, The platinum-tin(H) method was modified by the use of 
hydroquinone rather than by resorcinol. Presumably, iridium interfered with the 
platinum determination and gold with the palladium determination. Quantities of 
the associated base metais, copper, iron, nickel, cobalt, chromium, lead, etc., com- 
parable to the amounts of platinum and palladium, introduce interference of less than 
O-5 7;. 

No data were provided to indicate the accuracy which can be achieved and it 
would seem that in the development of the equipment and of the technique of dis- 
solution, some effort was made to add to the complexity and the difficulty of what is 
normally a relatively simple operation. Compared to the ease of application of a 
standard rose crucible the use of a specially constructed flask of lOO-ml capacity, with 
the associated difficulty of weighing milligram amounts of metal by difference, is an 
unnecessary complication. 

Although thionalide is a general precipitant for heavy metal cations it may be 
used for the spe~trophotometric determination of palladium.76 The complex has a 

mole ratio of metal to reagent of I :2 and is extracted from 2-3M hydrochloric acid 
by a 2: I chloroform-isoamyl alcohol mixture. Absorbance at 375 rnp is measured 
l&15 min after a single extraction. Beer’s Law is obeyed over the range of 04-12 
pgjml and the sensitivity is O-2 pgjml. The claim is made that palladium can be 
determined in the presence of loo0 times its amount of platinum, rhodium, iridium, 
osmium, cobalt and nickel. Tartaric acid is used to mask the presence of molybdate, 
iron( bismuth(III), zinc, lead(U) and tin(IV). Presumably, the degree of inter- 
ferences was determined by the addition of constituents. An accuracy of f5% is 
claimed. 

The related reagent thioglycollic acid has been used for the determination of 
palladium in titanium ores .” In the presence of tartaric acid the reaction produces a 
stable yellow colour. Maximum absorbance occurs at 331 rnp and the eolour devel- 
oped at pH 4 can be extracted by butyl alcohol. Copper, iron and molybdenum 
interfere; platinum does not. 

~~2-Thiazolylazo~-l-naphtho17s produces a blue-green ehelate with a mole ratio 
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of reagent to metal of 1: 1 and a purple chelate with a 1: 2 ratio. The former is 
obtained with a large amount of palladium and the latter with an excess of reagent. 

TABLE k--~PECTROPHOTOM?TRIC METHODS FOR PALLADIUM 

No. Reagent 

Range of 
concentration, 

PPm 

1. 
2. 

Tetra-ethyleneglycoldimethyl ether + potassium iodide” 
N,N’-Bis-(2-Sulphethyldithio-oxamide)1~ 

3. 8-Ammoquinoline14 
4. p-Nitrosodiphenylaminelo~ls~ 70--81 
5. p-Nitrosodimethylaniline~B~lo 
6. 3-Hydroxy-l-@-sulphonatophenyl)-3-phenyltriazine*e7 
7. 8Mercaptoquinoline (thio-oxine)17-1g 

8. 
9. 

10. 

11. 
12. 

13. 

14. 

Thiocyanate*“+ 
I-Mercaptopropionic-p-amside** 
Chrome Azurol S{Trisodium salt of 3”-sulpho-2”,6”-dichloro- 

3,3’-dimethy@hydroxyfuchson-5,5’-dicarboxylic acid}P8 
l-(o-Arsonophenylazo)-2-naphthol-3,6-disulphonate (Thoron)*’ 
5-Mercapto-3-phenyl-2-thiol-l,3,4,-thiodiazole-2-one [Bismuth- 

iol-11]4p 
2-Mercaptobenzothiazole and 
2-mercaptobenzimidazole*K~*~ 
Quinoxaline-2,3-dithiola7-8D 

15. 5-@-Dimethylaminobenzylidene)-rhodanineso~~1 
16. Thionalide’O 
17. 2-Mercapto-4,5-dimethylthiazoles*~~s 
18. Thiosalicylic acid’* 
19. Tin(H) phosphatea 
20. 1-Nitroso-2-naphtho111**e 
21. l-Thioglycerol*~ 
22. Diethyldithiophosphatea8 

23. 
24. 

25. 

26. 
27. 
28. 
29. 
30. 
31. 

::* 
34: 
35. 
36. 

2-Nitroso-1-naphthol-4-sulphonic acid*@ 
Chromotrope. 2R (disodium 2-phenylazo-l,S-dihydroxynaphtha- 

lene-3,6-disuIphonate40 
Xylenol Orange 
f3,3’-bis-N,N-di(carboxymethyl)-aminomethyl-o- 
cresolsulphonaphthalein]41 
Thioureaes 
2,5-Dimercapto-1,3,4-thiodiazole (Bismuthiol-I)4P 
o-Nitrosoresorcinolmonomethyl etherds 
Tin(I1) bromidee4 
l-Phenylthiosemicarbazide4a 
cr-Furildioxime@ 
2-Nitroso-l-naphtholp5-40~88 
Dibenzyldithio-oxamide60 
Didodecyldithio-oxamides 
Tartrazine6* 
Sodium I-nitroso-2-naphthol-3,6-disulphonate (Nitroso-R salt)“@ 

37. 
38. 

39. 
40. 
41. 

Quinoline-2-aldoximess 
Phenyl-1-pyridyl 
ketoximeba 
N,N’-Bis-(3-dimethylaminopropyl)-dithio-ox~ide~7,5* 
5-Amino-2-benzimidazolethioP~ 
Thiomalic acida 2-7 

O-6 B.L. 
0.02-0.2 
0.04-30 
0.05-0.3 
0.25-l 
0.2-6 
0.2-10 
O-27 B.L. 
0.2-9 
O-2-12 B.L. 
0.33-7.3 B.L. 

0.35-25.4 
04-8 

04-6 
1 .O-2.6 
0.4-3 
0.4-28 
04-2.5 
04-12 
0.5-8 
0.5-2.6 
0.5-2.5 
0.5-5 
0.5-9 B.L. 
0.64 B.L. 
6-40 visual 
0618.7 B.L. 
0.6-12.3 B.L. 

0.8-3.2 

0.8-24 
0.8-8.0 
0.8-2 
l-10 B.L. 
l-30 
l-5 
l-5 
1-4 
l-4 
1.23-9.83 
1.28-4.27 
5-13 B.L. 
1.5-70 B.L. 
1.5-8(340 n&U) 
2-10 410 mp) 
16-5.7 
2-7 
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TAFJLE I.-~PE~TR~PH~TOMETRI~ ME~IODS FOR PALLADIUM (continued) 

765 

No. Reagent 

Range of 
concentration, 

PP” 

42. 
43. 

44. 

2: 
41. 

48. 
49. 
50. 
51. 
52. 
53. 
54. 
55. 
56. 
51. 
58. 
59. 
60. 
61. 
62. 
63. 
64. 
65. 

/I-Furaldioximes7~ss 
N,N’-Ethylene-bis-(4-methoxy-l,2-benzo-quinone-l-oxime-2- 
imine)a0 
Catalytic with molybdenum blue” 
EDTAg ’ 
1-(2-Pyridylazo)-2-naphthoP1-@4 
Sodium l-azophenyl-2-hydraxy-6,8_naphthalene disulphonate;e5 
Sodium l-phenyl-3-methyl-5~hydroxy-4-~-sulphophenyl) 
pyrazoleab 
Tin(D) chloridee*~e* 
2-Mercaptobenzoxazolea6 
Nitrilotn-acetic Acids7 
Bromide ions4 
Dimethylglyoxime and salicylaldoximegS 
2-Mercaptoquinoline’@ 
Bis-(allylthiocarbamyl)-hydrazine (Dalzin)‘B 
Dithio-oxamide (Rubeanic acid)*O 
Nioxime’@ 
4-Methyl-l ,Zcyclohexanedione dioxime70 
Benzildioximeee 
Dimethylglyoxime4* 
Potassium iodide71-7s 
1-Benzoyl-2-methylglyoxal dioxime?’ 
2-Chloropyridine7s 
Thionalider* 
Thioglycollic acid” 
4-(Thiazolylazo)-l-naphthol’8 

24-6 
4-100 

411 
5-200 B.L. 
6-14 
104-14 
12.61-189.22 

8-32 
15-30 
20-220 
37-360 

The purple complex has a sensitivity of 0.006 &cm2 and can be extracted with 
’ isoamyl alcohol. 

PLATINUM 

Tin(I1) chloride remains one of the most useful and generally applicable spectro- 
photometric reagents for platinum. Recently, it has been used for the determination 
of trace amounts of platinum dissolved from platinum anodes during the electrolysis 
of sodium chlorate.Q7 

Platinum was separated from interfering constituents by coprecipitation with 
copper sulphide. One milligram of copper was sufficient for the collection of micro- 
gram quantities of platinum from a 3M hydrochloric acid solution. The mixed 
sulphide precipitate was collected, treated with aqua regiu and converted to chloride. 
The chloride solution was treated with tin(U) chloride reagent and the platinum 
complex extracted with ethyl acetate. Absorbance was measured at 420 rnp. The 
deleterious effect of chromium was eliminated by the ethyl acetate extraction. Gold 
did not interfere. No data were included to indicate interferences from copper, 
nickel or the associated base metal. However, the method was designed for, and 
applied successfully to solutions of sodium chloride, sodium chlorate and sodium 
bichromate. Following reduction of the oxidants by careful addition of concentrated 
hydrochloric acid, the platinum-copper sulphide precipitation was completed. For 
the range of 09-0~02 ppm of platinum an accuracy of 5-10x was obtained. 
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Berman and Goodhue** introduced a variation in the tin(H) method to achieve 
a sensitivity five times greater than that realised by the method proposed by Ayres and 
Meyer.92 This was accomplished primarify by a larger reduction in the amount of 
tin(l1) chloride and the addition of*sulphuric and perchloric acids to stabilise the 
coloured constituent and to effect a hypsochromic shift in the absorption band from 
the tin(I1) reagent. 

In the absence of perchforic acid there is a marked fading caused, at least partially, 
by light. In the presence of 5 ml of concentrated perchloric acid the yellow colour 
develops within a few minutes and remains stable for at least 4 hr. The amounts of 
sulphuric acid are not critical but fuming should be avoided. If this inadvertently 
takes place, addition of several millilitres of hydrochloric acid and boiling to remove 
the volatile acid restores the colour systems. Too little sufphuric acid produces low 
results. The absorbance is measured at 310 rnp and the recommended range is 
04-6 ppm with I-cm cells, and 0*08-1.2 ppm with 5-cm cells. Quartz cells are used 
because 310 rnp is beyond the limit of 320 my, recommended for Corex glass cells. 
However, to avoid the necessity of ultraviolet accessories the authors determined that 
a tungsten lamp source and Corex glass cells could be used with a 3-fold increase in 
slit width. The method is particularly suitable for solutions containing nitric acid 
because the procedure accomplishes its removal. Interferences from associated 
metals have been properly examined by carrying the constituents through the complete 
treatment before measurements. In general, the platinum metals interfere, with 
iridium providing the least effect. Of the associated base metals, chromium, iron and 
copper provide the least interference. It is recommended that here, as with most 
other spectrophotometric methods for platinum, a previous separation of the latter 
be effected. 

The stability of the tin(lI)-pfatinum complex is not critically affected by the pro- 
portions of the reagent although minimum amounts are recommended. For the 
applicable range of platinum. 2 ml of the freshly prepared reagent is the optimum 
amount. 

Tin(l1) chloride in solutions of sulphuric and perchloric acids was used by 
Pilipenko and Sereda 99 for the simultaneous determination of platinum and pal- 
ladium. Samples containing 04-10 lug of the metals/ml were heated with concen- 
trated sulphuric acid. Perchforic acid was added and the absorbance of the tin(I1) 
chloride colour for palladium was measured at 630 rnp. The absorbance at 310 my, 
less that calculated from the palladium concentration, was used to determine platinum. 
There was little or no interference with the palladium determination from osmium, 
rhodium and iridium. Iridium, rhodium and ruthenium interfered with the platinum 
determination. 

Tin(I1) chloride was also used by Mizuike and UjihiralOO to determine traces of 
platinum in chlorate cell liquor. Mercury and the tin(I1) chloride solution were mixed. 
The mercury alloy of platinum was isolated followed by volatilisation of the mercury 
at 350” in a nitrogen stream. The platinum residue was then prepared for the tin(I1) 
spectrophotometric method with the absorbance being measured at 420 rnp. 

Faye and Inman introduced a useful variation in the tin(H) method.rol The 
procedure followed a separation of platinum from palladium by an anion-exchange 
column, then stripping by perchloric acid and sub~quent fuming with sulphuric acid. 
Following treatment in the presence of hydrochloric acid, the platinum was extracted 
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by a solution of tin(I1) chloride and tributyl phosphate-hexane. The organic phase 
was centrifuged and the absorbance was measured in a l-cm Corex cell. 

It should be noted that the efficiency of the tin(I1) method for platinum subsequent 
to stripping from an exchanger, may be vitiated by the presence of organic matter. 
Cobum et ~1.‘~~ have recorded that nitric-sulphuric mixtures failed to destroy the 
organic matter but mixtures of perchloric and nitric acids were effective. 

The tin(I1) method was applied to binary alloys containing uranium and less than 
5 % of platinum. Larger proportions were determined gravimetrically. Wagnerlo and 
ShmulyakovskiilM used the tin(I1) method for platinum in catalysts and a procedure 
for determining platinum in cathode slimes with and without extraction was recorded 
by Struszynski and Chwastowska.lo5 

S-@-Dimethylaminobenzylidene)-rhodanine, previously used for the spectro- 
photometric determination of palladium over the range of 0.4-25 ppm,S0*3f has been 
applied by Piercy and Ryan to the determination of platinum over the range of 
O-5-6 ppm.” While maximum absorbance occurs at 545 rnp, the appreciable absor- 
bance of reagent required the use of 590 rnp, at which wavelength the reagent showed 
100% transmittance. The procedure required reduction to platinum(U) by ascorbic 
acid although the mole ratio of metal to reagent proved to be 1:3. The dark red 
complex is developed at a pH between 2 and 4 and heating at 65-75” for 5 min. An 
extraction is made with propionic acid in which the red colour remains stable for 1 hr. 
There is interference from silver, copper, gold, rhodium and palladium. Interference 
from palladium can be reduced somewhat by the addition of dimethylglyoxime; 25 
ppm of palladium to 2 ppm of platinum can be tolerated. 

2,3-Quinoxalinedithiol (QDT), used by Ayres and Janota2’ for palladium was also 
applied for the spectrophotometric determination of platinum.“@ The method is 
applicable over the range 1.45 ppm. The procedure requires the use of N,N- 
dimethylformamide as a solvent and previous treatment with tin(I1) chloride solution. 
With freshly prepared reagents full colour was developed within 50 min with constant 
absorbance up to 50 hr. Aged reagents decreased the period of stability. The tin 
reagent could be used for about 2 weeks and the QDT reagent in the dimethyl- 
formamide for about 4 days. The method was not sensitive to excess reagent or to 
acid content, but large proportions of tin(I1) chloride resulted in a lack of precision. 
Associated base and platinum metals interfered and a previous separation of platinum 
is required. Although the authors failed to suggest a method of separation, a series 
of hydrolytic separations, both in the presence and in the absence of nitrite, ought 
to he effective. Convincing evidence was provided by the authors to indicate a platinum 
to reagent mole ratio of 1:2, providing a blue dissolved constituent with maximum 
absorbance occurring at 624 and 585 rnp and an intermediate minimum at 599 mp. 
Each of these wavelengths was equally suitable for platinum determinations. 

Potassium iodide was used by Karpova and Gut’kolOB to determine rhodium, 
iridium and platinum in mixed solutions. Beer’s Law was obeyed over the respective 
ranges of 30-3500, 16-160 and 04-64 pg/ml, the respective maximum absorbances 
being 502,488 and 494 mp. 

A potentially useful method for a range of platinum of 10-100 ppm in the presence 
of copper, selenium, and tellurium was described by Ginzburg and Sal’skaya.lO’ 
Absorbance measurements could be made at 370-450 rnp. Beer’s Law was obeyed 
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over the range 5-120 &ml. The procedure required a conversion of the platinum 
salts by perchloric acid to hexabromoplatinic acid. During the fuming process the 
solution may become turbid if the larger amounts of platinum are present but dis- 
solution is accomplished upon the required addition of hydrobromic acid. The method 
has been applied successfully to industrial products containing high proportions of 
copper, selenium and tellurium. The unsubstantiated claim is made that the method 
tolerates approximately equal amounts of platinum, selenium and iron, 4-fold 
proportions of tellurium and copper and 17-fold amounts of nickel. Before this work, 
hexachloroplatinate(IV) had been applied by Kirkland and YoelO* for the range of 
3-l 1 ppm and with measurements made at 262 mp. As in the proposed method, the 
platinum metals interfered. 

TABLE JJ.-SPECTROPHOTOMETRIC METHODS FOR PLATINUM 

No. Reagents 
- 

1. ‘J-jn(JJ) S&S’,-97-‘O”.ll” 111 

2 
3:’ 

5-(~-Dimethylaminobenzylidene)-rhodanine4~ao~s* 
p-Nitrosodimethylaniline’**~**’ 

4. Dibenzyldithio-oxamidebO 

5. 2,3-Quinoxalinedithi0120 
6. Potassium iodide10B~1*8~Z10 
7. N,N’-Bis-(3-dimethylaminopropyl)-dithio-oxamide~‘~~~ 

8. 

9. o-PhenylenediaminelOe 
JO. Thiosemicarbazide*10~1*~~L*6 
11. Anthranilic acidlllqllP 
12. o-Aminophenol-p-sulphonic acid”’ 
13. Diacetoimidoplatinum’*~ 
14. Dithizone11J*1’4 
15. PhenyJthiosemicarbazidel*@ 
16. Alkali fluoroplatinate’“’ 
17. 2-Chloropyridine’j 

Hexachloroplatinate(IV)loB and 
hexabromoplatinate( IV)lo7 

Range of 
concentration, 

ppm 

04-6 
05-2 
3-25 
0.5-6 
0.7-2.4 
1-5 (see Palladium 

Table No. 33 
14-5 
1.8-5 
(see Palladium 

Table No. 39) 
3-l 1 
5-120 B.L. 
10-100 
4-12 
1 O-90 
16-48 
8-24 
250-900 

(See Table 1, No. 62) 

o-Phenylenediamine forms an orange solution with platinum(IV).lO@ The optimum 
range is 4-12 ppm and the optimum wavelength is 450 rnp; the sensitivity is 0.003 
pg/cm@. The complex is formed in 25 min at pH 34 and remains stable for 1 hr. 
Absorbance increases up to pH 3 and decreases beyond pH 4.0. The complex contains 
a mole ratio of platinum to reagent of 1: 2. There is interference from associated base 
and platinum metals. 

Thiosemicarbazide was used by Barkovskii ll” to determine platinum in silver 
alloys without the removal of silver. The alloy was dissolved in nitric and hydro- 
chloric acids and the silver chloride was dissolved by ammonium thiocyanate; then 
ammonia and sodium acetate were added. To an aliquot of the resulting liquid were 
added, in order, ammonium thiocyanate, gelatin, an aqueous solution of the thiosemi- 
carbazide, sodium acetate and the absorbance was measured ‘in a 3-ml cell with a 
green filter. 
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Anthranilic acidl” produces a reddish-violet complex with a mole ratio of plati- 
num(W) to reagent of 1: 1 and a maximum absorption at 500 rnp. The optimum 
concentration range is 16-48 ppm of platinum. The sensitivity is 0,068 pg/cme. 
Beer’s Law is obeyed over the range of 4-64 ppm of platinum. Unfortunately, there 
are insufficient data included in the published report to make clear the effects of acidity, 
salt content, etc. However, the data in the original thesis112 indicate that the optimum 
pH is 5 with a tolerance of fO-5 unit. An increase of 4 ml of reagent solution above 
the recommended 3 ml is also without effect. Larger amounts result in a decrease of 
absorbance. The rate of colour formation is slow but the maximum colour intensity 
can be achieved by heating on a steam bath for 15-20 min; longer periods reduce the 
absorbance. As might be expected, the reagent is far from specific; copper, nickel, 
iron, rhodium and ruthenium interfere. Palladium and iridium can be tolerated up 
to ratios of 1: 1. Nitric acid is removed by conventional methods. 

It was foundl’l that o-aminophenol-p-sulphonic acid also forms a coloured complex 
with platinum(W) which showed a maximum absorption at 420 rnp and a sensitivity 
of 0.025 ,ug/cm 2. The conditions for colour reactions were 1 ml of 1 o/0 reagent, a 
pH range of 5-6 and a reaction period of about 2 hr for maximum colour develop- 
ment. The optimum concentration was 8-24 ppm and Beer’s Law was obeyed over 
the range l-26 ppm. This reagent is a useful alternative to the more established 
reagents. 

Dithizone in benzene has been used for the extraction of platinum(I1) from 
sulphuric acid solutions of iron, nickel and chromium. Interfering elements can be 
removed by washing the extract with hydrochloric acid or by treating the sample 
solution with concentrated dithizone in benzene before the reduction of platinum 
with tin(I1) chloride. Absorbance could be measured at either 490 or 720 rnp.lls 

The acidities required for the benzene-dithizonate extractions were also recorded 
by Kawahata, Mochizuki and Misaki .ll* These were for palladium, <15N and 
<pH 5, for platinum(II), l*O-10*5N, for gold > 7N. The molar absorptivities were 
respectively, 3.8 x 104 at 450 rnp and 3.2 x 104 at 640 rnp; 4.1 x lo” at 490 m,u, 
and 3.8 x 104 at 720 w, 2.6 x 104 at 450 rnp. 

Zussmmenfassung-Es wird eine kritische ubersicht iiber die nach 1958 
veriiffentlichten spektralphotometrischechen Bestimmungsmethoden fiir 
Palladium und Platin gegeben. Zusammen mit den Beschreibungen 
des Verhaltens der Metalle wird eine Tabelle vorgelegt, die vor 1958 
beschriebene Reagentien mit den einschltigigen Literatmzitaten 
registriert. 

R&urn&-On passe en revue, de fwn critique, les m&hodes spectro- 
photom&iques de dosage du palladium et du platine publi&s postb- 
rieurement a 1958. A la description de chaque m&al est joint un 
tableau identifiant les dactifs mention&s avant 1958 avec les tif&ences 
com?spondantes. 
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SHORT COMMUNICATIONS 

Spectrophotometric determination of selenium in technical sulphuric acid 
by ~~e~yl~dia~ 

(Received 9 December 1964. Accepted 2 May 1965) 

1 NTRODUCTION 

TECHNICAL-gmde sulphuric acid frequently contains a small amount of selenium. 3,3’-Diamino- 
benzidine is widely used to determine this selenium, but, when a large amount of sulphate is present, 
the magent tends to form an insoluble sulphate (cJ with benzidine, which is a well known precipitant 
for sulphate). Therefore, the selenium is best separated from the sulphate by coprecipitation on 
hydrated iron(Il1) oxide, then dissolving this preciprtate in hydrochloric acid and masking the iron(II1) 
with EDTA before the colour development .I Alternatively, to prevent the interference of sulphate 
by precipitation a large amount of ammonium chloride can be added;* the time needed for colour 
development is then more than 3 hr. However, because the calibration curve varies with the amount 
of sulphate ion present, a new curve must be prepared for each different sulphate concentration. 

In a previous paper,8 one of the present authors stated that ,o-phenylenediamine was even better 
than 3,3’-diaminobenzidine for the spectrophotometric determination of selenium because the 
sensitivity was about twice as large and sulphate did not interfere. Furthermore, although the pH 
for c&our development is almost the same in the case of both reagents, with 3,3’~i~ino~zidine 
the pH must be adjusted to 6-7 for the extraction (the free diamine tends to be air oxidised at this pH). 
An improved method for the determination of selenium in technical-grade sulphuric acid based on the 
use of o-phenylenediamine is now reported. 

Reqpents 
EXPERIMENTAL 

o-Phenylenediamine hydrochloride. This should be purified as follows, Fifty g of commercial o- 
phenylenediamine hydrochloride are dissolved in 150 ml of water and the solution decolourised with 
active carbon. The solution is filtered and the procedure repeated until the filtrate becomes colourless. 
The colourless filtrate is poured into 150 ml of concentrated hydrochloric acid, when o-phenylene- 
diamine hydrochloride deposits as white crystals. The latter are filtered on a sintered-glass filter and 
dried over sodium hydroxide in a desiccator. The reagent thus obtained is stored in a coloured 
bottle. A 0.2% aqueous solution is freshly prepared before use. 

Stan~rdsele~um solution (1400 ,ug of seieaium~mi~. Prepared by diluting a stock solution which 
contains I.4053 g of selenium dioxide in 1 litre of water. 

85% Formic acid, O-l&f EDTA and 0*4&f urea solutions are used; other reagents are of anal- 
ytical reagent grade. 

Apparatus 

Spectrophotometric measurements were made with a Shimazu Model QR-50 spectrophotometer 
using l-cm cells and pH measurements with a Toa Dempa Model HM-5A glass-electrode pH meter. 

Procedure 

Weigh an amount of technical sulphuric acid, containing about 20 rg of selenium, by means of a 
weight pipette and transfer to a lo&ml beaker containing water. Heat the solution with 2 ml of 
0*4M urea solution for i min above 80”. After cooling, neutralise with concentrated ammonia 
solution. Add 2 ml of 0*1&f EDTA solution and adjust the pH to between 3.5 and 2.5 with formic 
acid. Dilute to approximately 50 ml with water. Add 2 ml of 0.2% ~-phenylenediamine and set 
aside for 2 hr at room temperature. Transfer to a 325-m] separatory funnel, add exactly IO ml of 
toluene and shake vigorously for 30 sec. Centrifuge the toluene layer for a few minutes. 
toluene layer and determine its absorbance at 335 mp against a reagent blank. 

Separate the 
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Calibration curve 

The absorbance is virtually unchanged when 15 fig of selenium are present in O-1.5 g of pure 
sulphuric acid. The calibration curve is prepared according to the above Procedure and is the same 
as Fig. 8 in a previous paper.$ 

Interference studies 

Of many different ions contained in technical sulphuric acid, arsenic, lead, magnesium, ammonium, 
chloride and nitrate do not interfere, but iron(II1) and nitrous acid interfere. Sulphuric acid from the 
chamber process always contains nitrous acid, which reacts with o-phenylenediamine to form a 
yellow product. Nitrous acid can be effectively removed by heating with a urea solution. Iron(II1) 
can be masked by adding EDTA. 

Table I.-DETERMINATION OF SELENIUM IN CHAMBER SULPHURIC ACID 

Sample 
Sample Selenium 
taken, 8 added, /cg Absorbance 

Se found in sample 

Ml&- % 

l Glover 
acid 
No. 1 

*Glover 
acid 
No. 2 

l Glover 
acid 
No. 3 

1st 
chamber 
acid 
No. 1 

1st 0.7052 
chamber 0.7113 
acid 0.7727 
No. 2 0.7568 

1st 0.2929 0 
chamber 0.2956 0 
acid 0.2948 10 
No. 3 0.2940 10 

0.2238 
0.3027 
0.2937 
0.1626 

0.0933 
0.1326 
0.0860 
O-1272 

0.1643 
0.1630 
0.1651 
0.2289 

0.9110 
0.3987 
1.1549 
1.0069 

0.264 57.6 
0.365 58.4 
0.453 57.9 OXtO58 
0.295 57.4 

0.204 
0.294 
0.294 
0.384 

107 
108 
108 0.0108 
107 

0.287 84.6 
0.285 84.9 
0.395 85.9 0.0085 
0.507 85.8 

0.308 16.4 
0.131 16.1 
0.486 16.2 0.0016 
0.426 15.6 

0.215 
0.217 

14.8 
14.9 
14.9 o+lO15 
14.9 

0.341 
0.335 

0.154 
0.157 
0.369 
0.370 

25.8 
25.1 
25.2 0.0025 
25.2 

* Red elemental selenium is precipitated in these acids. Selenous acid dissolved in the supernatant 
clear liquors was determined and thus the data does not show the total selenium. 

Determination of selenium in technical sulphuric acid 

The determination of selenium in sulphuric acid made by the chamber process was carried out by 
the above Procedure. The results were summarised in Table I. Selenium in the samples is calculated 
by deducing the added selenium from the determined selenium. 

Acknowle&ement-The authors are indebted to K&oshima Chemical Co. Ltd. for a donation of 
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Summary_o-Phenylenediamine reacts quantitatively with selenium to 
form piaselenol even when a large amount of sulphate is present. 
Piaselenol is extracted by toluene and the absorbance at 335 m,u 
measured to determine the amount of selenium in technical sulphuric 
acid. Interference from iron(III) and nitrous acid can be conveniently 
eliminated by adding EDTA and urea before colour development. 

ZusammenfPssung_o-Phenylendiamin reagiert mit Selen quantitativ 
zu Piaselenol, such in Gegenwart eines groBen Sulfatilbemchusses. 
Das Piaselenol wird mit Toluol extrahiert und die Extinktion hei 
335 rnp gemessen, urn die Selenmenge in technischer Schwefelaiiure 
zu bestimmen. Die Storung von Eisen(II1) und salpetriger Siiure hi& 
sich bequem beseitigen durch Zusatz von EDTA und Hamstoff vor 
der Farbentwicklung. 

R&nme-L’o-ph&nylene diamine reagit quantitativement avec le 
s&nium pour former un pias&nol, meme en presence dune forte 
quantite de sulfate. On extrait le piaselenol au moyen de toldne et 
mesure son absorption a 335 rnp pour determiner la teneur en st%nium 
de l’acide sulfurique technique. On peut aisement eliminer les inter- 
ferences du fer (III) et de l’acide nitreux par addition d’EDTA et d’ur&r. 
avant le ddveloppement de la coloration. 

REFERENCES 

1 H. Kaneko, &%un, 1960,13,269; Chem. Abs., 1961, 55, 17369. 
p T. Danzuka and K. Ueno, Anulyt. Gem., 1958,30, 1370. 
8 H. Ariyoshi, M. Kiniwa and K. T&i, Talanta, 1960, 5, 112. 

Reversible indicators for titrations with hypochlorite 

(Received 27 March 1965. Accepted 19 May 1965) 

HYPOCHLORITE (sodium or calcium) is one of the most versatile redox titrants available,’ but its 
application has probably been restricted because of the lack of good indicators. An excess of 
hypochlorite is usually added to the test solution and the residual oxidant determined either by in- 
direct iodimetry, or by addition of a slight excess of arsenic(III), which is then titrated with hypo- 
chlorite in the presence of a suitable indicator. The first indicators were irreversible, but later two 
reversible indicators were described : Quinoline Yellow* and Tartrazine.$ Both indicators have the 
disadvantage that the colour change is from yellow to colourless; hence, if the titrant is added care- 
lessly the end-point may be missed because when a few drops of excess titrant have been added the 
solution becomes yellow because of formation of hypobromite. 

TABLE I 

Change in 

Indicator End-point* Colour change 
Wavelength 

Optical 
density 

BTB + blue -+ green-yellow none slight 
decrease 

TB + blue --f yellow increase increase 
MTB + blue -+ yellow increase. increase 
BCP +++ purple + yellow none decrease. 
CR t-t red -+ yellow increase decrease 
x0 ++ red -+ yellow increase decrease 

* BTB is taken as the norm, with one plus sign. Increase in the number of plus signs denotes 
better qualities, i.e., sharpness, contrast, efc., as apparent to the eye. 
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More recently, Cerana’ made the interesting discovery that Bromothymol Blue functions as a 
reversible indicator in the system and it has theadvantage that tbe colour-change is from deep blue 
to greenish-yellow. ThFs finding suggested that other sulphone-pht~leins might be sufficiently stable 
to resist destruction and the following readily available compounds were examined besides Bromo- 
thymol Blue: Phenol Red, Chlor&phenof Blue, Bromophenol Red, Tetrabromophenol Blue, 
Catechol Violet, Cresol Pu le, Bromocresol Green, Pyrogallol Red, Bromopyrogallol Red, Bromo- 
cresol Purple, Cresol Red, % ylenol Orange, Thymol Blue, Methyl Thymol Blue. 

Some were destroyed, some gave only a feeble indicator response, but the claims made for 
Bromothymol Blue* (BTB) were confirmed and five other indicators were found suitable: Bromocresol 
Purple (BCP), Cresol Red (CR), Xylenol Orange (X0), Thymol Blue (TB) and Methyl Thymol Blue 
(MTB); these five indicators were then examined in greater detail. In particular, the indicators were 
examined s~~ophotomet~~ly before and after the end-point when the original colour had been 
restored by the addition of a slight excess of arsenic(II1). The results are. summarised in Table I. 

Notes. TB and MTB turn to a deeper blue just before the end-point: when reversed the colour 
changes to the deeper blue. CR and X0 change from red to purple before the end-point and reverse 
to purple. 

DISCUSSION 

The wavelength of maximal absorption of BTB (620 rnp) does not shift, and there is only a slight 
change in optical density which denotes excellent stability. TB and MTB change to 620 rnp after 
reversal, which suggests conversion of both to BTB. The optical density increases with successive 
reversals; hence, it would seem that the conversion to the more intensely coloured BTB is incomplete 
at the first reversal. 

The wavelength of maximal absorption of BCP (590 mp) does not change, but the change in 
optical density shows that slight destruction takes place with each oxidation. CR and X0 change 
to the wavelength of BCP after one oxidation, again suggesting conversion to BCP. 

The differences indicated by the plus signs in Table I are very slight and may be a matter of 
personal preference and personal c&our response. Ali the indicators are suitable, but there is little 
point in using CR, X0, TB and MTB when they are converted to BCP and BTB. BTB is undoubtedly 
the more stable, as indicated from the spectrophotometric measurements, but this is not apparent 
to the eye even after several reversals. BCP is preferred because of sharpness of end-point and colour 
contrast. 

An excess of bromide was always added dccording to conventional practice; when it was not 
added, the indicators were destroyed. With some of the indicators it was also found advantageous to 
add osmic acid catalyst ; the reaction then proceeded more rapidly. 

Several substances* were determined by titration with hypochlorite using all the indicators in 
turn. Satisfactory results were obtained. A particularly valuable titration is that of iodide as de- 
scribed by Cerana;5 hitherto it has only been possible to apply this titration with potentiometric 
determination of the end-point. 

Other titrants for which there is a shortage of good reversible indicators because of destruction 
are bromate, iodate and chloramine-T. The above indicatorsivere also examined in these systems, 
but it was not possible to make any special r~ommendation, because they were either inferior to 
or offered no advantage over conventional indicators. Our findings are summarised below. 

Potassium bromurr. Only TB, MTB and Catechol Violet (CV) were found suitable. All changed 
from red to yellow. MTB was immediately reversible: TB changed to orange and only to red after 
boiling. CV reverted slowly in the cold, but rapidly when heated. When an excess of bromide is 
added (according to conventional practice) the end-points are very poor; the end-points are only 
satisfactory when bromide is not added, but CV is not then reversible. Solutions of MTB seem to be 
unstable, because the colour changes slowly from orange to red after several days. Only this aged 
solution had eood indicator nronerties with bromate, and also with iodate and chloramine-T. It is 
not changed t’o TB. 

1 . 

Chinramine-T. Onlv CV. MTB and TB were suitable and of these only CV and MTR were i 8 
reversible; the colour changes of all three indicators were from red to yellow. In the absence of 
potassium bromide only MTB is reversible; in its presence CV is slowly reversible in the cold, but 
it reverts rapidly when heated. TB does not reverse under either set of conditions. The titrations were 
done in 2M and 1 M hydrochloric or sulphuric acid. 

Potassium iodafe. Only MTB and TB were suitable and TB was not reversible: MTB is only 
reversible once, then there is some obvious destruction. In our opinion it is doubtful if any indicator 
is likely to supplant the use of chloroform or carbon tetrachloride in this titration. Although the 
container has to be stoppered and shaken between addition of titrant, this is only necessary near 
the end-point. All other indicators undergo some destruction. 

Generalprocedure. Transfer 25 ml of O.lN arsenic(II1) solution to a 250-ml conical flask, add 
5 ml of 10% potassium bromide solution and 25 ml of 1.6x, borax solution. Add 5 drops of BCP 
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or X0 (0.1 ‘A aqueous), or 10 drops of CR (O-05 % in ethanol-water, 50: 50) and 3 drops of osmic acid 
solution (0.2% aqueous). Titrate at moderate speed with O-1N sodium hypochlorite solution until 
the indicator changes colour. When a slight excess of arsenic(II1) is added, all three indicators 
revert to the purple colour. 

Blanks (of the order of 0.03 ml of 0.1 N hypochlorite) are determined for each indicator and the 
necessary corrections are applied. 

Note. When TB (10 drops of 0.05 % in ethanol-water, 50: 50) and MTB (5 drops of O-1 % aqueous) 
were used, the osmic acid was not required; the blue colour of the indicators changes to deep blue. 
TB, MTB and BTB changed colour fleetingly as each drop of oxidant was added. 

Acknowle@ement--I. E. K. thanks the University of Damascus for financial assistance during the 
course of this work. 
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Summary-Several sulphone-phthalein indicators have been examined 
to test their possible application as redox indicators in titrations with 
hypochlorite, bromate, iodate and chloramine-T. It was confirmed 
that Cerana’s indicator, Bromothymol Blue, is an excellent reversible 
indicator for titrations with hypochlorite. Bromocresol Purple is 
possibly slightly better. Cresol Red, Xylenol Orange, Thymol Blue 
and Methyl Thymol Blue are also suitable, but there is little point in 
using them, because the first two are converted to Bromocresol 
Purple and the last two to Bromothymol Blue. In the remaining 
systems the indicators were inferior to or no better than conventional 
indicators. 

Zum-Einige Sulfonphthalein-lndikatoren wurden auf 
ihre Verwendbarkeit als Redoxindikatoren bei Titrationen mit Hypo- 
chlorit, Bromat, Jodat und Chloramin-T geprtift. Es wurde bestiitigt, 
da0 der Indikator von Cerana, Bromthymolblau, ein ausgezeichnet 
reversibler Indikator ftir Hypochlorit-Titrationen ist. Bromkresol- 
purpur ist vielleicht noch etwas besser. Kresolrot, Xylenolorange, 
Thymolblau und Methylthymolblau sind ebenfalls gee&net, aber ihre 
Anwendung bringt keinen Vorteil, da die ersten beiden in Bromkre- 
solpurpur und die let&n beiden in Bromthymolblau umgewandelt 
werden. In den entstandenen Losungen sind sie schlechter oder nicht 
besser als die tlblichen Indikatoren. 

Resum&-Qn a examine plusieurs indicateurs du type sulfone-phtaltine 
en vue de leur application possible en tant qu’indicateurs redox dans 
les dosages au r&yen d’hypochlorite, bromate, iodate et chloramine 
T. I1 a ttd confirm6 aue l’indicateur de Cerana. bleu de bromothvmol. 
est un indicateur r&rsible excellent pour les dosages B l’hypochiorite: 
Le pourpe de bromocresol est peut-8tre ltgtrement meilleur. Le rouge 
de cresol, le xylenol orange, le bleu de thymol et le bleu demethylthymol 
conviennent aussi, mais leur emploi n’offre pas d’intttit particulier, 
car les deux premiers sont convertis en pourpe de bromocresol et les 
deux demiers en bleu de bromothymol. Dans les autres systemes, ces 
indicateurs sont inferieurs ou tout au plus Cgaux indicateurs ordinaires. 
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Formal potential of tris(2,2’-dipyridyl)iron(II) sulphate 

(Received 14 May 1965. Accepted 21 May 1965) 

DIPHENYLAMINE and its derivatives and metal complexes of l,lO-phenanthroline or 2,2’-dipyridyl and 
their derivatives, are the two most important groups of redox indicators used in titrations with 
chromium(VI) and cerium(IV). Derivatives from both groups have been studied extensively over the 
last quarter-century, but some apparently behave anomalously and little effort has been made to 
find acceptable explanations. 

It is well-known that tris(l,lO-phenanthroline)iron(Il) sulphate, commonly called ferrohr (1% V), 
is unsuitable for titrations of iron(H) with chromium(V1) because its potential is too high;’ the 
equivalence potential of the system lies between 1.0 and 0.85 V. However, in the reverse titration 
ferrobr functions satisfactorily because a different and more favourable equivalence potential is 
obtained (l-2-0.85 V).l The behaviour of ferroln in this system has only been fully recognised during 
the last decade, but other apparent anomalies have passed virtually unnoticed.2-u 

(1) iV-Phenylanthranilic acid (NPA) (1.08 V) is recommended as an indicator for use with both 
cerium(IV) sulphate and potassium dichromate, even though its reported potential is higher than 
that of ferrohr. Because this indicator behaves satisfactorily in both systems, either the reported 
potential is incorrect or factors other than potential come into play. It is now known that the former 
is the reason; in recent times the transition potential has been redetermined and is now reported as 
0.89 V,’ which is a figure to be expected for an indicator which functions in both systems. In any 
event, because N-phenylanthranilic acid is diphenylamine-o-carboxylic acid, one would not expect 
the introduction of a carboxyl group to raise the potential from 0.76 to 1.08 V.* 

(2) 5,dDimethylferroIn (0.97 V) has been recommended as an indicator for titrations with 
dichromate because of its favourable potential. r it is known to function well in this system.” It 
would be expected that tris(2,2’-dipyridyl)iron(II) sulphate, which has exactly the same potential 
(and is much cheaper) would behave likewise, yet it has been found to behave exactly like ferroi’nn 

(3) Ferroi’n is unsatisfactory as an indicator in titrations with cerium(IV) in a perchloric acid 
medium, because of the high potential of this titrant; suitable indicators are nitroferroln (1.25 V) 
and tris(2,2’-dipyridyl)ruthenium(I1) chloride (1.25 V). Rao and Raoe examined the triphenylmethane 
dyestuffs, Erioglaucine A, Eriogreen B and Xylene Cyan01 FF, as indicators in this system. They were 
found to be satisfactory and have the advantage of cheapness. However, the reported transition 
potential of all three indicators is 1.01 V. Hence the question arises, why should they function 
satisfactorily when ferro’m with a higher potential does not? 

In the present communication the apparent anomaly of (2) is explained; that of (3) will be dealt 
with in a later communication. 

At the time this examination was undertaken it was considered that the reported potential of 
tris(2,2’-dipyridyl)iron(II) sulphate was correct, because unlike NPA it had been determined under 
apparently the same conditions as those of the l,lO-phenanthrolme derivatives which are known to 
be correct. Infrared and other studies of the complex and of 5,ddimethylferroln, revealed no unusual 
differences in structure or in complexing properties; hence all that remained was a redetermination 
of the redox potential. 

Walden et al.,1° who first recommended ferroln and tris(2,2’-dipyridyl)iron(ll) sulphate as 
indicators, ascribed the same potential to both, i.e., 1.14 V. Hume and Kolthoff” redetermined the 
potential of ferrom and advanced the revised figure of 1.06 V. They showed that the earlier figure was 
caused by an error in the original calculation. Apparently, Hume and Kolthoff did not redetermine 
the potential of tris(2,2’-dipyridyl)iron(II) sulphate but, because Walden et al. had found the same 
values for the two indicators, assumed that only the same error was involved and recommended 
that the same potential be used as for ferroln, i.e., 1.06 V. Shortly afterwards Smith and Richter’” 
repeated the determinations. They agreed exactly with Hume and Kolthoff on the value for ferroln, 
but reported the figure of 0.97 V for tris(2,2’-dipyridyl)iron(II) sulphate. 

We redetermined the formal potentials of 5,6-dimethylferroln and tris(2,2’-dipyridyl)iron(Il) 
sulphate with the results shown in Table I. 

Indicator 

TABLE I 

E”‘(lFHzSO,), 
V 

5,6-Dimethylferroin 0.975, 0.977, 0.980; 
Mean: 0.977 

Tris(2,2’-dipyridyl)iron(Il) 1.024, 1.022, 1.024, 1.023; 
sulphate Mean: 1.023 
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The value for 5,ddimethylferroln is in excellent agreement with that of Smith and Richter, but 
the value for tris(2,2’-dipyridyl)iron(ll) sulphate is significantly higher and explains exactly why this 
indicator is unsuitable for titrations of iron(H) with dichromate; 
the system. 

its formal potential is too high for 

As a rough check on the electrometric determination, the potentials were determined using the 
“potentio-poised” solutions of Smith and Banick13 (Table 11). 

TABLE II 

Indicator Range for E”’ (lFH,S04), 
V 

5,6-Dimethylferroin 
Tris(2,2’-dipyridyl)iron(lI) 

sulphate 

0.95498 

1.02-1% 

Although this method is less accurate than electrometric measurements, it provides a simple and 
independent means of estimating formal potentials. The results obtained are of the same order as 
those obtained electrometrically. 

After completion of this work it was found that in 1963, Schilt’” had redetermined the formal 
potential of tris(2,2’-dipyridyl)iron(lI) sulphate by a different electrometric method; he reports the 
figure as 1.026 V which agrees well with the present measurement. Schilt ascribes the error to allow- 
ance not being made for the dissociation of the complex at acidities of 1 F and higher. Walden et al.iO 
considered that tris(2,2’-dipyridyl)iron(II) sulphate was less stable than ferro’in and it is probably for 
this reason that there are hardly any references in the literature to its use as a redox indicator. Cagle 
and Smith’j examined the indicator properties of tris(2,2’-dipyridyl)iron(ll) sulphate in the titration 
of iron with cerium(lV) and found it satisfactory, provided that it did not stand in contact with 
excess of oxidant for long. These observations have been confirmed independently.* Although the 
indicator is quite satisfactory for normal titrations, its comparative instability is evident and we 
support Schilt’s explanation. 

It should also be noted that the transition potentials of the ferroi’n-type indicators are, in general, 
some 60 mV higher than the formal potentials, because of the pronounced colours of the reduced 
forms in the presence of a considerable excess of the oxidised forms. The potential at the observed 
end-point of a titration in which a ferroi’n-type indicator is used is thus higher by this amount. This 
increased potential should be used when practical applications of these indicators are being considered. 

EXPERIMENTAL 

The procedure used to determine the formal potentials followed standard practice.’ A known 
amount of iron(H) solution and the indicator complex were titrated with cerium(IV) solution at 
particular concentrations of acid. The resulting titration curve showed two inflections: the first for 
the iron(lll)/iron(ll) system, the second for the oxidation-reduction of the indicator complex. The 
presence of the first inflection provided a useful check on the accuracy of the potential measurements. 
Schilt used a modified procedure,i4 m which the weighed complex is added directly to a solution 
containing enough cerium(lV) to oxidise exactly half the Indicator complex followed by immediate 
measurement of the potential. This procedure seems only to be necessary at very high concentrations 
of acid. Under these conditions, fairly rapid dissociation of the oxidised indicator complex occurs 
and correction for the effect of this dissociation on the observed potential must be made. At the lower 
acid concentrations (IF) used in the present investigation, little or no trouble was experienced with 
fluctuating potentials, provided that the titration was carried out without undue delay in the region 
of the second inflection point. 

Acknowledgement-We wish to thank the Department of Scientific and Industrial Research for 
providing a Research Studentship for one of us (J.N.B.). 
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Summary--The formal potential of tris(2,2’-dipyridyl)iron(Il) sulphate 
has been redetermined and is now reported as I.023 V in IF sulphuric 
acid as against the generally accepted value of 0.97 V. This new figure 
accounts for the hitherto inexplicable behaviour of the indicator in 
the titration of iron with dichromate. 
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Zu~~~~-Das Formal potential von Tris-(2,2‘-dipyridyl-)- 
eisen (II)-s&fat wurde neu bestimmt und als 1,023 V in I F Schwefel- 
slure angegeben, gegeniiber dem bisher angenommenen Wert von 
0.97 V. Der neue Wert erkllrt das bisher unverstlndliche Verhalten 
des lndikators bei der Titration von Eisen(I1) mit Dichromat. 

Resume-On a determine a nouveau le potentiel formal du sulfate de 
tris (2,2’-dipyrtdyl) fer (II) et I’on donne maintenant 1,023 V en acide 
sulfurique 1 F, par opposition B la valeur generalement admise de 
0.97 V. Ce nouveau chiffre rend compte du comportement jusqu’ici 
inexplicable de I’indicateur dans le dosage du fer (JI) au moyen de 
bichromate. 
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PRELIMINARY COMMUNICATION 

3,3-Diphenylindane-1,2dione dioxime as a highly sensitive precipitant 
for palladium 

(Received 2 April 1965. Accepted 19 May 1965) 

FOLLOWING work with indane-l,bdione dioxime (IDD) as a precipitant for palladium,’ an attempt 
has been made to increase the sensitivity of the determination. .A reagent has now been prepared 
having essentially the same structure-a vicinal dioxime grouping on a 5-membered carbon ring 
system-as that of IDD but, in addition, having ‘inert groups’ to give a higher molecular weight. 
This compound, 3,3-diphenylindane-1,2-dione dioxime, also forms a 2: 1 chelate with palladium(l1). 

The introduction of four phenyl groups around the central atom greatly reduces the solubility of 
the palladium chelate, not only in polar solvents such as water and ethanol, but also in non-polar 
solvents such as chloroform, carbon tetrachloride and carbon disulphide. In general, the reactions 
of the new precipitant are similar to those reported for the parent compound. The pH range (l-4) 
which can be used for precipitation of palladium is somewhat greater than that used in the case of 
IDD (2-2.5). 

Full results with this new reagent and with other substituted indane-1.2-dione dioximes will be 
reported in due course. 

L. S. BARK 
Department ?f Chemistry and Applied Chemistry 
Royal College of Advanced Technology 
Salford 5, Lanes., En$and 

D. BRAND~N 

Summary-3,3-Diphenylmdane-1,2-dione dloxime has been prepared 
and a preliminary investigation shows it to be more sensitive than 
indane-1,2-dione dioxlme as a precipitant for palladium(I1). 

Zusammenfassung-3,3-Diphenylindan-1,2-diondioxim wurde herges- 
tellt und envies sich in Voruntersuchungen als ein FBllungsreagens fiir 
Palladium(ll), dessen Empfindlichkeit die von Indan-1,2-diondioxim 
iibertrifft. 

RCumC-On a prepare la dloxime de la 3,3-diphenylindane 1 ,Zdlone 
et une recherche preliminaire montre qu’en tant qu’agent de prtcipi- 
tation du palladium(ll) elle est plus sensible que la dioxime de I’indane 
1,2-dione. 
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LETTERS TO THE EDITOR 

Interlingua 

The selection in Professor Wilson’s letter* of 22 November 1964 to his successor as Editor-in-Chief 
of 7”lanra would be as follows in Interlingua: 

. . . un nove utensile analytic es introducite pro le analyse de moleculas fluorescent-le analyse 
de extinction-fluorescentia (le analyse per le extinction de fluorescentia). Iste campo de recerca habera 
ramnificationes extense in le analyse de micre amontas de composites organic. Uso analytic es facite 
de1 effect0 de extinction in le spectrophotofluorometria. Compositos tal coma anthracena, phenan- 
threna, pyrena, benz(a)anthracena, benzo(a)pyrena, perylena, etc.. ha essite trovate a esser non- 
fluorescente in solution in nitromethano, sed hydrocarbures que contine le anulo fluoranthenic es 
fluorescente. 

I am enclosing the latest issue of a little periodical, SPECTROSCOPZA MOLECULAR, which 
has been published monthly in Interlingua since May 1952, and which now goes to 400 subscrlbers 
(individuals, libraries and laboratories) in 32 countries. 

FORRIB? F. CLEVELAND 

Department of Physics 
Zllinois Institute qf Technology 
Chicago, Ill. 60616, U.S.A. 
23 April 1965 

REFERENCE 

1 C. L. Wilson, T&n&, 1964, 12, 193. 

LAST year, Dr. Rieman’ suggested that, as an international journal, Tufanra might consider the 
acceptance and encouragement of articles written in some international language such as Esperanto 
or Interlingua. Subsequently, he submitted to this journal a letter in Interlingua.’ Thereafter, in 
response to a translation challenge in Interlingua from my predecessor as Editor-in-Chief,’ three 
people have accepted the challenge. ‘,v The Editorial Board has considered the matter raised origi- 
nally by Dr. Rieman and some of its deliberations are given below. 

Amongst other things, a brochure which accompanied the copy of Spectroscopia Molecular,~ 
stated “Published in the international language, Interlingua (readable at sight), for easiest reading by 
the greatest number of the world’s spectroscopists.” Two aspects of this statement require immediate 
comment. 

Firstly, there are several other international languages than Interlingua, some of which enjoy even 
wider recognition. Therefore, assuming that Dr. Rieman’s suggestion was acceptable in principle, 
it would be difficult to know which international language should be used. In fact, because of the 
dilution of effort towards the concept of an international language by adherents to the various 
competitors, a paper in any one of them might actually serve to diminish its number of potential 
readers. 

Secondly, it is doubtful if Interlingua or any of its competitors can much longer remain classified 
as truly international. As has already been pointed out ,’ Interlingua is based on Latin roots and 
people knowing no Romance language will be no better off as regards reading a paper published in 
it. A very large proportion of the world’s population has its language roots in quite diffe+nt families 
to lndo-European, of which Romance is but one of the sub-families.’ 

A point the importance of which it is difficult to assess because none of the Editorial Board of 
Talanru is sufficiently au fait in Interlingua, concerns certain differences in the three translations’*6*o 
of the passage suggested by Professor Wilson .’ While there. are obviously several equally reasonable 
possibilities as regards translation of any single sentence., some of what are apparently the same words 
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in the translations have different spellings. The editors of Tafonru are apprehensive of the trouble that 
might arise as a result of their attempted editing of a paper in Interlingua submitted for publication 
in the journal. 

It is strongly felt that the greatest impact to the problem of international publication will not come 
from the isolated efforts of one or two journals. Rather the problem should be, and possibly is being 
tackled by such organisations as UNESCO. It is significant that IUPAC has adopted English as its 
official language, although its journal, Pure und Applied Chemistry, does include material written also 
in French and German. Should IUPAC make a definite recommendation for the use of an intema- 
tional language for scientific publication, then Tulanru would certainly give it sympathetic 
consideration. 

For the present, Tulanra will continue to accept for publication papers written in English, French 
and German. It is emphasised that T&MU has made some concession towards recognition of the 
problems of international publication by including a Russian summary with all its published papers; 
this is in addition to summaries in English, French and German. 

A great many letters have been received on the publication of papers in an international language, 
too many, in fact, to publish in the journal. The Editorial Board thanks those who have expressed 
their interest; it is the Board’s opinion that the point has now been well made. Correspondence on the 
matter should, therefore, be considered as closed. 

EDITOR-IN-CHIEF 
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INTERNATIONAL UNION OF PURE AND 
APPLIED CHEMISTRY 

IUPAC- What it is 

The International Union of Pure and Applied Chemistry (IUPAC) is a voluntary non-profit organisa- 
tion whose chief purposes are: 

(I) To promote permanent co-operation between the chemists of the member countries. 

(2) To study topics of international importance to pure and applied chemistry which need 
regulation, standardisation or codification. 

(3) To co-operate with other international organisations which deal with topics of a chemical 
nature. 

(4) To contribute to the advancement of pure and applied chemistry in all its aspects. 

The governing body of IUPAC is the Council. It is composed of delegates appointed by the national 
agencies which are concerned with fundamental and applied chemistry. These agencies, representing 
the chemical interests in their respective areas (e.g., Comite national de la Chimie, under the aegis of 
the Academic des Sciences, France; British National Committee for Chemistry of the Royal Society, 
Great Britain; Division of Chemistry and Chemical Technology of the National Research Council, 
USA; The Academy of Sciences in Moscow, USSR) are the Adhering Organisations to IUPAC, of 
which there are at present some 38 (see page 787). 

The international importance of chemistry has been recognised for many years. After many 
attempts at collaborative action, IUPAC, as we know it today, was founded in London in November 
19 18, through the joint action of Sir WILLIAM POPE, then President of the Society of Chemical Industry 
(UK), and PAUL KESTNER, President of the Socittt de Chimie industrielle (France). The International 
Union of Pure and Applied Chemistry was formally constituted in June 1920 in Rome. 

IUPAC- What it does 
IUPAC is concerned with both academic and industrial aspects of chemistry, for which intema- 
tional agreement or uniform practice is desirable. Examples are nomenclature, atomic weights, 
symbols and terminology, physicochemical constants, methods of analysis and assay. Conferences of 
IUPAC are held biennially. At these meetings reports by the various Divisions and constituent 
Sections and Commissions are presented, discussed, and, after approval, published. 

Thus, IUPAC, through its Divisions, Sections and Commissions, serves as an international forum 
where outstanding specialists in many fields of chemical interest meet to exchange opinions and 
experiences with the object of reaching agreements that will promote the progress of chemistry 
throughout the world. The adoption of these agreements or recommendations is not mandatory for 
the adhering countries-it is wholly voluntary. Nevertheless, the expertness of judgement that goes 
into approved recommendations and the care taken to consider all points of view strongly favour 
their general acceptance. 

IUPAC also sponsors international congresses and symposia organ&d by its Divisions or 
Commissions in their respective fields of interest. 

The XXIst International Conference and the XVZIIth international Congress were held in Montreal 
in 1961, at the invitation of the Canadian National Research Council. The Congress covered the 
areas of Physical, Applied, Analytical and Organic Chemistry. 

The XXlInd Znternationul Conference and the XIXth International Congress were held in London 
m 1963. The Congress was mainly devoted to Organic Chemistry, but also included sections on 
Inorganic, Analytical and Applied Chemistry. 

In 1965 the XXZZZrcZ Znternational Coyference will be held in Paris at the invitation of the French 
Academic des Sciences and the XXth International Congress will be held in Moscow at the invitation 
of the Academy of Sciences of the USSR. The Congress will be concerned with Physical, Inorganic, 
Analytical and Applied Chemistry. 

In addition IUPAC organ& or sponsors many symposia on special&d topics. Examples include 
those held receatly on Macromolecular Chemistry (Paris), Pesticides (London), Fungi and Yeasts 
(Dublin), Clinical Chemistry (Detroit), Nitro Compounds (Warsaw), Natural Products (Kyoto), 
Organo-Phosphorus Compounds (Heidelberg), Organic Photochemistry (Strasbourg), Reactivity of 
Solids (Munich) and Co-ordination Chemistry (Vienna). 

785 
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IUPAC--How it works 

The structure of IUPAC is shown in Table I. The executive agency of the Council is the Bureau, 
which is composed of the President, the Past-President, the Vice-President, the Secretary General, the 
Treasurer, the Presidents of the six Divisions, and not less than ten members elected by the Council. 
Thus, the total membership of the Bureau is 21 or more. The Executive Committee of the Bureau, 
which acts for the Bureau between meetings, consists of 8 members: President, Past-President, Vice- 
President (President Elect), Secretary General, Treasurer and three members of the Bureau. 

The Executive Committee as elected at the XXlInd Conference consists of: 

Lord TODD, President of the Union, Chemical Laboratory of the University, Lensfield Road, 
Cambridge (UK); 
Prof. W. ALBERT NOYES, Jr., Past-President, University of Texas, Department of Chemistry, 
Austin 12, Texas (USA); 
Prof. W. KLEMM, Vice-President, Anorgani~h~hemi~h~ Institut der Unive~it~t, Hindenbu~- 
platz 55, Mijnster, Westfalen (~rmany); 
Dr. R. MORF, Secretary General, c/o F. Hoffmann-La Roche & Co. Ltd., 4002 Basle (Switzeriand); 
Prof. J. C. BAILAR, JR., Treasurer, Department of Chemistry and Chemical Engineering, University 
of Illinois, Urbana, III. (USA); 
Prof. V. N. KONDRATIEV, Academy of Sciences, Institute of Chemical Physics, Vorobyevskoye, 
Chausde 2b, Moscow V 334 (USSR); 
Dr. A. L. G. REES, Commonwealth Scientific and Industrial Research Organization, Chemical 
Research Laboratories, GPO-Box 433 I, Melbourne (Australia); 
Prof. P. E. VERKADE, Ary Schefferstraat 217, The Hague (Netherlands). 

The day-to-day chemical work of IUPAC is organ&d through six Divisions, of which five are con- 
cerned with the five principal branches of fundamental chemistry, and the sixth with the general field 
of applied chemistry (see Table I). The Divisions are practically autonomous except for financial 
matters. They elect their own officers and, subject to the approval of the Bureau, can form or dissolve 
Commissions. A Division may be subdivided into Sections, each of which may sponsor several Com- 
missions, but at present, only the Division of Applied Chemistry is so organ&d. The titles of these 
Sections disclose that the great breadth of applied chemistry is the reason for this type of organisation. 

The ultimate working units of IUPAC are the Commissions and Su~Commissions. The Commis- 
sions are composed of<he worlds leading experts in their respective fields. Each Commission is 
associated with. and resnonsible to. a Division of IUPAC. Much of the work of the Commissions is 
conducted by corresponhence, but it is obviously necessary, for effective collaboration, for Commis- 
sions to convene at intervals, preferably at least once in two years. To promote such meetings IUPAC 
grants travel and subsistence allowances to the Titular Members of the Commissions. 

A very important activity of IUPAC during the past few years has been concerned with the 
establishment bf Rules of Nomenclature. ” ’ 

. 

The Phvsical Chemistrv Division has nublished a manual of Phvsico-Chemical Symbols and 
Terminology (in English aid French) prepired by the appropriate Commission. ’ 

The Inorganic Chemistry Division has issued “Definite Rules for Nomenclature of inorganic 
Chemistry.” 

The Commission on Atomic Weights in agreement with the International Union of Pure and 
Applied Physics has calculated new tables for relative atomic weights based on the nuclidic mass of 
the pure carbon isotope 12. This table was published in 1961. 

The Organic and the Biological Chemistry Divisions have issued Definite Nomenclature Rules as 
well as Tentative Rules. The Commission on Codification, Ciphering and Punched Card Techniques 
of the Organic Chemistry Division has issued “Rules for TUPAC Notation for Organic Compounds.” 

The Applied Chemistry Division, in addition to numerous reports on methods of analysis applic- 
able to industrial use, has published a valuable treatise on the “Re-use of Water in Industry,” and 
has assisted in the formulation of resolutions concerning the control of the industrial environment. 

All these rules have been published by the official publishers of IUPAC, Messrs. Butterworths Ltd., 
London. The definite rules for the Nomenclature of Inorganic and Organic Chemistry and the 
Manual of Physico-Chemical Symbols and Terminology h&e been rep&ted in the Journal of 
the American Chemical Society. Translations into several languages have been undertaken by 
the appropriate National Adhering Organisations. 

The official journal of IUPAC, Pure and Applied Chemistry, initiated in 1960, has been very well 
received. In addition to the reports of the Commissions, the journal also publishes the main invited 
lectures presented at Congresses and at Symposia. This makes it an important source of scientific 
info~ation that is not readily available elsewhere. 

IUPAC is also very deeply interested in those problems which, although of vital importance to 
chemistry, are outside the mainstream of research and development. Thus a committee has recently 
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been formed to study the teaching of chemistry, for which ttie terms of reference have not been 
defined; the investigations will cover all academic levels and environments. Two other general issues 
which are being studied are collaboration with other international bodies, and liason with chemical 
industry. These latter activities should be beneficial to both IUPAC and the organisation(s) concerned. 

IUPAC--How it isfinanced 

All officers of LUPAC serve without remuneration. Administrative expenses are kept to a minimum. 
IUPAc’s funds are derived from three sources-national contributions, grants-in-aid from UNESCO 
(with which IUPAC is affiliated through the International Council of Scientific Unions) and gifts from 
governmental bodies, industries and individuals. National contributions are in four categories with 
contributions fixed as follows: member countries in Category A, $25,000 to $2,600; member 
countries in Category B, 81600 to $800; member countries in Category C, 8450; and in Category D, 
$100. As the activities of UNESCO have increased, its ability to contribute to each scientific union 
has decreased and, at present, the contributions from UNESCO to the Union of Pure and Applied 
Chemistry cover only a small fraction of the total costs. Added income has fortunately be-en obtained 
through gifts to IUPAC, but many more. gifts must be received if IUPAC, through its Divisions and 
Commissions, is to serve the international chemical community as completely as it ought. 

Argentina 
Australia 
Austria 
Belgium 
Brazil 
Bulgaria 
Canada 
Colombia 

Czechoslovakia 

Denmark 

Finland 
France 
Germany 

Hungary 

India 

Ireland 

Israel 
Italy 

Japan 
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Netherlands 

New Zealand 

Norway 
Poland 
Portugal 

Republic of 
China 

Republic of 
South Africa 

Republic of 
Korea 

National Adhering Organisations 

Asociacion Quimica Argentina, Sanchez de Bustamante 1749, Buenos Aires 
Australian Academy of Science, Gordon Street, Canberra City A.C.T. 
Verein osterreichischer Chemiker, Eschenbachgasse 9, Wien I 
Comitt National de Chimie, Palais des Academies, Bruxelles 
Associa@o Brasileira de Quimica, Caixa Postal 550, Rio de Janeiro 
Bulgarian Academy of Sciences, Street of the 7th November, Sofia 
National Research Council, Division of Chemistry, Ottawa 
Ministerio de Minas y Petroleos, Laboratorio Quimico National Apartado 2577 
Bogota 
Czechoslovak Chemical Society, Ceskoslovensk& spol&nost chemickh, Hradhske 
N&m 12, Prague-Hradfany 
Danske Kemiske Foreningers Foellesrad for internationalt Samarbejde, 83, 
Salvgade, Copenhagen K 
Suomen Kemistien Valtuuskunta, P.O.B. 58, Helsinki 
Cornit& National de la Chimie, 28, rue St-Dominique. Paris-7e 
Deutscher Zentralausschuss fiir Chemie, Carl-Bosch-Haus, Varrentrappstrasse 
40142, Postschliessfach 9075, Frankfurt/Main 
Prof. G. SWAY, Polytechnical University Budapest, Department of Physical 
Chemistry, Budafoki Ut. 8, Budapest XI 
Ministry of Scientific Research and Cultural Affairs Government of India, New 
Delhi 
The Secretary, The Irish National Committee for Chemistry, Royal Irish Academy 
19, Dawson Street, Dublin 2 
The Israel Academy of Sciences and Humanities, P.O.B. 7032, Jerusalem 
Consiglio nazionale delle Ricerche, 
Scienze 7, Rome 

Comitato per la Chimica, Piazzale delle 

Science Council of Japan, Ueno Park, Tokyo 
Section des Sciences de l’lnstitut grand-ducal du Luxembourg, Place Auguste- 
Laurent, Luxembourg 
Dr. W. F. HAAK, Chemical Council of the Netherlands 
c/o Koninklijke Nederlandse Chemische Vereniging, Burnierstraat 1, The Hague 
The Royal Society of New Zealand, Victoria University Buildings, P.O. Box 196, 
Wellington) 
Norsk Kjemisk Selskap, Dr. W. HOLST, Forskningsveien 1, Oslo 3 
Prof. T. URBANSKI, Ecole polytechnique, 75, rue Koszykowa, Varsovie 
Sociedade Portuguesa de Quimica e Fisica, Faculdade de Ciencias 
Rua da Escola Politecnica, Lisboa-2 
Chinese Chemical Society, P.O.B. 609, Taipei/Taiwan 

Council for Scientific and Industrial Research, The Head, Science Cooperation 
Division, P.O. Box 395, Pretoria 

Korean Chemical Society, 199, Dongsung-Dong, Seoul 
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Republic of 
Vietnam Vietnamese Chemical Society, c/o Faculty of Science, Saigon 

Rumania Academic de la Republique populaire roumaine, Calea Victoriei 125, Bucarest 
Spain Consejo Superior de Investigaciones Cienthicas, lnstituto Alonso Barba de Quimica 

Serrano 119, Madrid 6 
Sweden Svenska Nationalkommitten for Kemi, c/o Svenska Kemistsamfundet 

Wenner-Gren Center, Stockholm VA 
Switerzland ComitC suisse de la Chimie, Ecole de Chimie, 22, bd des Philosophes, Genbve 
Turkey Turkije Kimya Cemiyeti Merkeze lstikhil Caddesi, Imam Sodak, 22, Kat. I-Boypglu, 

Istanbul 829 
Union of Soviet 

Socialist 
Republics Academy of Sciences, Leninskii prospect 14, Moscow V-71 

United Arab 
Republic National Research Council, Ministry of Education, Sh. al-Tahrir, Dokki, Cairo 

United British National Committee for Chemistry, The Royal Society, Burlington House, 
Kingdom Piccadilly, London W.l 

United States of Division of Chemistry and Chemical Technology, National Research Council, 
America 2101 Constitution Avenue, Washington 20418 D.C. 

Yugoslavia Union des Socittts chimiques de la RSFY, BoEte postale 494, Belgrade 

Applications have been received,from: 

Cuba Comision National de la Academia de Ciencial de la Republica de Cuba 
Capitolio National. La Habana 

Greece Union des Chimistes Hellenes, rue Kaningos 27, Athtnes 
Mexico Sociedad Quimica de Mexico, Apdo. postal 18875, Cipres 176, Mexico 4 D.F. 
Nigeria Science Association of Nigeria, Zoology Departement. University of I badan, Ibadan, 
Venezuela Sociedad Venezolana de Quimica, Edificio lndustria 2. Piso, Apartado 3895, 

Caracas 
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TALANTA REVIEW* 

A CRITICAL EVALUATION OF COLORIMETRIC METHODS 
FOR DETERMINATION OF THE NOBLE METALS-III-f 

RHODIUM, IRIDIUM, RUTHENIUM, OSMIUM AND GOLD 

F. E. BEAMISH 

Department of Chemistry, University of Toronto, Toronto 5, Canada 

(Recehed 3 December 1964. Accepted 17 May 1965) 

So-S~trophoto~tric methods for rhodium, iridium, 
ruthenium, osmium and gold recorded subsequent to 1958 are crit- 
ically reviewed. Associated with the descriptions of each metal is 
included a table which identifies reagents recorded before 1958 
together with pertinent references. 

RHODIUM 

A 1: I mixture of diphenylcarbazide and diphenylcarbazone reacts with rhodium(II1) 
salts to form a purple complex of unknown structure.l The optimum range of con- 
centration is O-3-1*5 ppm and the optimum wavelength for absorption is 565 my. 
Colour is developed in a perchloric acid medium at pH 3.0, Both the acidity and the 
volume of water are critical. The excess of reagent, amount of buffer and period of 
heating beyond 30 min may be varied within reasonable limits. Preparation of the 
sample involves fuming with perchloric acid, which process removes the chloride and 
nitrate interference, volatilises both osmium and ruthenium and precipitates platinum 
and gold. Iridium, iron, cobalt, nickel, lead and copper interfere. Chromium~I) 
and mercury(I1) may be removed by volatilising chlorides. 

p_Nitrosodimethylaniline was used by Wilson and Jacobs2 to produce a cherry 
red complex with a sensitivity of 04015 pg/cm2. The absorbance maximum was 
510 m,u when measured against a reagent blank; the latter was required because of 
high absorbance by the reagent. Beer’s Law is obeyed over the range 0*15-I.1 ppm 
of rhodium, with an optimum concentration of 0.3-1.1 ppm. The volume of the 
buffer solution, period of heating and volume of the solution heated were critical. 
Colour was developed at 90” with a heating period of no less than 10 min and no 
greater then 20 min. A large molar excess of reagent over rhodium was necessary. 
There was interference from associated base and platinum metals. The data provided 
indicated that sulphate could be tolerated in proportions of 340 ppm to 0.61 ppm of 
rhodium. These results were obtained by the addition of sulphate ion to the rhodium 
solution. One must not conclude that this degree of interference will apply to rhodium 
solution produced by fuming with sulphuric acid, a process frequently used for the 

* For reprints of this Review see Publisher’s Announcement at the end of this issue. 
t Continued from Tulanta, 1965, 12, 743. 
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preparation of aqueous solutions of rhodium. Furthermore, because fuming with 
sulphuric acid is frequentiy used for preparation of solutions of iridium, which metaf 
is a common associate of rhodium, one must also accept with reservations the stated 
degree of interference of iridium. 

Ayres et uLS used tin(II) chloride for the sim~taneous dete~ination of rhodium 
and pIatinum, measurements being made at 475 and 403 rnp, or in order to reduce the 
absorbance of platinum in the presence of rhodium, at 560 and 403 rnp_ Smith4 used 
this method to determine rhodium and iridium in plutonium with no previous separ- 
ation of these three metals. Under the conditions used, plutonium is reduced by 
tin@) chloride to pIutoni~~II1) which has an absorption peak at 665 rnp at which 
wavelength the absorbances of platinum and rhodium are negligible. For the latter 
two metals the absorbance was measured at 399 and 470 rnp, respectively, The 
absorbance of plutonium at these wavelengths is directly related to the absorbance of 
plutonium at 645 mp, so that a correction may be applied by subtracting the absorb- 
ance of plutonium at 470 and 399 rnp_ The method is applicable over the range 
5-14 ppm of the two metals. The tin@) chloride method was applied by Gardner and 
Hues6 to the determination of rhodium in uranium. No determinations were made 
with less than 0.02 mg of rhodium or with more than 200 mg of uranium. A wave- 
length of 520 rnp was used rather than the customary 475 rnp, because with the latter, 
the absorbance from the uranium was significant and because the conditions of time, 
temperature and acid strength, which were not critical for rhodium, proved to be 
critical for uranium. At 520 rnp reliable blanks were obtained for even large amounts 
of uranium, The data obtained for approximately 1% rhodium alloys, agreed welt 
with gravimetric results. 

Tin(H) chloride was also used by Karttunen and Evans8 for the determination of 
rhodium in uranium-base fission alloys. The rhodium was isolated by previous solvent 
extraction and treatment on a cation-exchange resin. The method of isolation of 
rhodium from fission products and the subsequent use of the tin(H) chloride methods 
for rhodium eon~entrations as low as 1 ppm were discussed by CheneIey, Ckmond 
and Perry.7 

Various efforts have been made to increase the sensitivity of the tin(H)-rhodium 
complexes. Markham8 found that in the presence of iodide, tin(H) chloride gives a 
more intense eofour than in the presence of chloride only. The sensitivity of 
this rno~~~tion is 0@09 rug/cm2 at 435 rnp as compared to f&O26 (475 rnp) for 
the red form. The method involves close control of the conditions for colour 
development, 

Berman and Ironside& were able to increase materiaIIy the sensitivity of the tin(H) 
method through the use of tin(H) bromide. The sensitivity of the method is OW35 
pgfcm* of rhodium. The yellow solutions obey Beer% Law over the range 0*8-l-6 ppm 
of rhodium but satisfactory results are obtained over the range 0+4 ppm. As in the 
ease of tin(II} chloride, the composition of the bromide complex is unknown.* The 
absorption peak is 427 rnp and in the presence of chloride ion a second peak at 
407 rnp may appear. To avoid the presence of the fatter the %@I) bromide was 
prepared by dissolving tin(H) oxide in COQcXQtrated hydrobromic acid. The instability 
of the coloured species and the photosensitivity of the colour development was avoided 
by the addition of perchloric acid before the addition of the reagent. 

* See b&w, ref. fl21. 
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The colour remains stable for at least 3 hr. While hydrobromic acid, additional to 
that required by the procedure, produces an increase in absorbance, the time required 
to achieve m~imum absorbance also increases. The author’s data on the effect of 
sulphuric acid is well worth noting. A very appreciable difference was found in the 
degree of interference from added sulphuric acid and a solution of rhodium fumed in 
the presence of sulphuric acid. The tin(I1) bromide method was made applicable to 
fumed solutions by dilution with water, addition of concentrated hydrobromic acid 
and boiling vigorously for 5 min. The method usually requires the separation of 
rhodium from other platinum metals and associated base metals. Iridium produces 
the least interference and a fair estimation of rhodium can be made even when equiv- 
alent quantities of iridium are present. This procedure is perhaps the most generally 
satisfactory of all rhodium methods so far recorded. 

A procedure for the spectrophotometric determination of rhodium by tin(I1) 
iodide was described by Berg and Youmans. lo Apparently these authors were unaware 
of the tin(I1) iodide method previously described by Sandell.“l Both methods involved 
a colour development in a mixed chloride-iodide medium. The method was not 
recommended by Sandell for very small quantities of rhodium because of the necessity 
of critically controlled conditions. Absorbance was measured at 435 rnp. The pro- 
cedure of Berg and Youmans was applicable over the optimum range of 0.43 ppm. 
The sensitivity calculated on the basis of one atomic weight of rhodium in the coloured 
complex is O-0026 ctgfcma measured at 460 rnp. Sandell recorded a sensitivity of 
0*009 &cm2 at 435 m,u. Berg and Youmans developed the brown complex by 
heating in a boiling water bath for a 2-min period which could be increased to 5 min 
without altering the results. The acid strength and the iodide concentration were not 
critical although the acid strength required careful control at l&f. Associated pla- 
tinum and base metals interfered. The authors recorded a fair comparison of the 
three tin halide methods. 

The composition of the red complex of tin(I1) chloride with rhodium was in- 
vestigated by Davies, Wilkinson and Young .la They found that a 1: 3 ratio of rhodium 
to tin chloride is required to form the complex and considered the composition as 
being 

2-Diethylamino-ethanethiol hydrochloride as a reagent for rhodium was proposed 
by Srivastava l3 for the useful optimum range of 0.6-8.3 ppm of rhodium. Beer’s 
Law applied over the range O-3-15.4 ppm; the sensitivity was 0.0064 ,ug/cm” with a 
practical sensitivity of 0.064 ,ug based on an absorbance unit of 0.010, The yellow 
constituent of unstated composition showed maximum absorbance at 330 rnp. 
Maximum colour development required heating for 30 min at 90” after which period 
the absorbance remained constant when heating continued for 2 hr. An excess of 
1: 80 of reagent was necessary for maximum colour development. The volume of 
the solution heated to develop the colour was of some significance; a volume in 
excess of that recommended required a longer heating period, and a smaller volume 
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failed to give reproducible results. The volume of the buffer as well as the pH of the 
solution affected the absorbance. The colour remained stable between pH 1.5 and 
3.5. A sodium acetate-hydrochloric acid buffer of pH 3.0 was recommended; other 
buffer systems affected the nature of the complex. The determination of interferences 
from associated metals and anions was made merely by adding the constituents to 
the rhodium system. There was interference from all of the associated base and noble 
metals except from nickel and gold. The latter was tolerated to a ratio of 4 ppm of 
rhodium to 23 ppm of gold. 

5-Amino-2-benzimidazolethioP4 produces an orange-yellow complex with a mole 
ratio of rhodium to reagent of 1: 2. The sensitivity is O$KM ,ug/cm2. Beer’s Law 
applies over the range O-5-4 ppm and the optimum concentration range is 1-3.5 ppm. 
The maximum absorbance occurs at 370 rnp, with a working wavelength at 390 m,u 
where the reagent absorption is negligible. The colour development is not sensitive 
to acidity and the recommended pH range is 2-5. At higher pH there is a slight 
increase in absorbance. Colour development requires heating on the steam bath for 
20 min, longer periods being without effect on the colour intensity. Excess of reagent 
is also without effect. There is interference from palladium, platinum, iridium and 
iron. Interference from copper can be masked by EDTA. 

The latter reagent is also used to mask the interference from iridium in proportions 
greater than 1: 2. With lesser proportions there is no interference from iridium. 
There seems to be no interference from uranium added as uranyl salts. While palla- 
dium interferes, a procedure is provided for the simultaneous determination of rhodium 
and palladium. The colour of the palladium constituent is developed in the cold and 
that for rhodium is produced after heating. 

The application of p-nitrosodiphenylamine for the determination of rhodium was 
investigated by Stokeley and Jacobs. l5 Compared to the dimethyl derivative,2 the 
diphenylrhodium complex required a less vigorous control of the conditions used for 
colour development. The sensitivity was, however, O$lO54 ,ug/cm2, about one fourth 
of that found for the dimethyl derivative. The two procedures were approximately 
alike with respect to interferences. Absorbance was measured at 520 m,u against a 
reagent blank. The optimum range of concentration was 1.0-3.8 ppm. 

Good progress has been made in providing satisfactory methods of determining 
rhodium and iridium in solutions of the two metals. In addition to the development of 
efficient methods of separating these two metal constituents and of the spectrophoto- 
metric determination of each separated metal, procedures have been recorded for the 
determination of both metals when present together. A simultaneous spectrophoto- 
metric determination of both metal constituents was recorded by Stokeley and 
Jacobs.ls The reagent I-(2-pyridylazo)-2-naphthol forms with rhodium chlorideagreen 
chloroform-soluble complex of unknown composition, Absorbance is measured at 
598 rnp and is independent of pH over the range 4.1-5-6. Above the latter value, 
extraction by chloroform is complete. A heating period of 1 hr in a boiling water 
bath is recommended for maximum colour development and after extraction the colour 
remains stable for at least 24 hr. A 4-fold excess of reagent is required. The sensitivity 
of the reaction is O-0052 ,ug/cm2 and the optimum range of concentration is 1.1-3.8 
ppm of rhodium. 

In the case of iridium the reagent forms a red, chloroform-soluble complex with an 
absorbance maximum at 550 m,u. Because of the slight absorbance of the reagent at 
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this wavelength, the absorbances for both metals are measured against a reagent 
blank. Maximum absorbance for both metals is attained over a pH range of 46-5-6 
and complete extraction is effected over the pH range 4.6-5.9. While a heating time 
of 1 hr was required for rhodium, a longer period is needed for maximum colour 
development in the case of iridium; however, in the latter case the gain in absorbance 
can be neglected for practical purposes. The mole ratio of iridium to reagent is 1: 2; 
the optimum range of application is 36--12.5 ppm; and the sensitivity is 0.018 ,ug/cm2. 
The effect of associated metals was not determined for either rhodium or iridium. 

The conditions necessary for the application of a simultaneous determination were 
satisfied and the necessary molar absorptivities for each metal at the wavelen~s of 
550 and 598 rnp were recorded, together with the derived equations required for the 
calculation of the concentration of each metal. 

The reaction between bivalent rhodium and 4,5-dimethyl-2-mercaptothiazole was 
used by Ryan 17.1* for the separation of rhodium from iridium and for the calorimetric 
determination of rhodium. The amber to red complex of rhodium is formed in 
3-9M hydrochloric acid by the addition of reagent followed by tin(H) chloride. The 
coloured complex, in a separatory funnel, is extracted by chloroform which layer is 
subsequently evaporated and the residue taken up with ethanol. The solution is 
boiled with hydrochloric acid, transferred to a standard flask and the acidity adjusted 
to about 1*2&f. Absorbance is measured with a filter whose maximum transmittance 
is 430-435 rnp. The method was applied over the range O-8 to 6 ,ug of rhodium/ml. 
The coloured complex obeys Beer’s Law over the recommended range but there is a 
lack of stability with a 1-hr exposure to daylight or overnight standing. The method, 
while applicable in the presence of added s~phuric acid, produced variable and un- 
acceptable results when applied to solutions which had been fumed with sulphuric 
acid. Under these conditions, substituting chromium(I1) chloride for tin(H) chloride 
allowed the application of the method. 

The author notes that, although the i~dium-mer~pto~i~ole complex prepared 
from freshly prepared ammonium chloriridate is extracted by chloroform, the latter 
does not extract quantitatively from the same iridium solution which has stood for 
more than 2 weeks. The resistance developed upon aging and the effect of fuming 
with sulphuric, as opposed to the addition of sulphuric acid, emphasises again the 
reservations which must be made concerning reports of degree of interference obtained 
by simply mixing the constituent. 

4,5-Dimethyl-2-mercaptothiazole was applied by Westland and Beamishls to 
determine rhodium before a separation from iridium by selective precipitation with 
antimony powder. 

l-Nitroso-2-naph~ol was used by Watanabe 2o to determine rhodium within the 
range l-20 ppm. The complex is extracted by benzene or acetone and the absorbance 
is measured at 420 mp. 

Thiomalic acid may be used for the spectrophotometric determination of rhodium 
as well as for palladium. Wagner and Yoe2’ developed the yellow rhodium complex 
in solutions of pH l-6 by heating in a boiling water bath for 40 min. The maximum 
absorbance occurs at 340 m,u, and the reagent does not absorb at wavelengths above 
290 rnp. The complex is stable for at least 1 week and Beer’s Law is obeyed over the 
range 1.2-10 ppm, the most sensitive range being 2-J ppm. The composition of the 
complex has not been determined. The claim that the method is relatively free from 
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interference must be interpreted with some reservations. Although acceptable results 
for 4 ppm of rhodium were obtained in the presence of considerably less than 4 ppm 
of platin~(I~, i~dium~, gold, ~~eni~(III) and osmium(VI), these proportions 
cannot be interpreted as non-interference, particularly when rhodium so frequently 
is a minor constituent. An acceptable procedure for the simultaneous determination 
of palladium and rhodium was also proposed by the authors. 

For the range N-8.3 ppm Jacobsaa used ~,~‘-bis”(3-d~e~ylaminopropyl~ 
dithio-oxamide which produced a yellow colour showing a primary absorbance peak 
at 350 m,u and a secondary peak at 420 rnp. The absorbance of the reagent is very 
slight beyond 400 Imp. The sensitivity is O-012 pg/cma and Beer’s Law is obeyed over 
the range 061-9.15 ppm. The reaction is carried out at about 75M hydrochloric acid 
which produces m~mum sensitivity; it is slow and heating to 90” for 1 hr is required. 
There is interference from all the platinum metals and, with some toleration of cobalt 
and nickel, all the associated base metals interfere. Added sulphate and nitrates are 
tolerated. Procedures were provided for the determination of rhodium in the presence 
of iridium or of palladium and platinum. Attempts to determine rhodium in the 
presence of both platinum and iridium were unsu~essful. 

The violet colour formed by the oxidation of rhodium(II1) with hypobromite at 
pH 11 was used by Pantanias for a spectrophotometric determination. Absorbance was 
measured at 530 rnp. Maximum absorbance occurred over a pH range of 1 l-2-1 1.3 
and the alkalinity must be controlled with accuracy if good precision is necessary. 
The optimum range of concentration is 10-60 ppm of rhodium and Beer’s Law is 
obeyed if the absorbance is measured after stabilisation for 05-l hr. The hypobro- 
mite concentration must be greater than 0+2M; the solution remains violet for several 
days when the reagent is lM, but turns blue within a few hours if the reagent is O-1 1w; 
With the latter solution an absorption m~mum is found at 590 rnp which is in 
contrast to the 665 mp, reported for blue solutions by Ayres and Yo~ng.~ However, 
because of the different acidities employed, Pantani attributed the two colours to 
different ionic forms. The hypobromite reagent produces a variety of colours some 
of which result from variations in the hypobromite concentration. Evidence is given 
for rhodium~1) in the violet solution and rhodium~ in the blue solution. The 
author’s data on interference can only be accepted with considerable reservations, 
e.g., because nitrate or chloride produced no interference it is concluded that “the 
spectrophotometric determination can be performed on solutions obtained by treat- 
ment of the samples with aqua regiu”. Data were provided to indicate that rhodium 
could be determined in the presence of platinum. However, because absorption by 
platinum was not negligible at 530 m,u for platinum to rhodium ratios of 10 : 1, 
measurements were made at 540 rnp at which wavelength absorbance by rhodium was 
only slightly less than at 530 mp. There was interference from iridium, palladium, 
osmium and ruthenium. The effect of base metals was not determined. 

For the determination of rhodium in platinum alloys Aleksandro@j oxidised by 
sodium metabismuthate to form a blue-violet colour, said to be a rhodium(V) com- 
pound. It should be noted that the procedure involved a period of fuming with sul- 
phuric acid. The absorption maximum is between 550 and 570 rnk. The method 
is not sensitive and is used for 20-6Oppm of rhodium. The associated base 
metals do not interfere and there is little interference from platinum, palladium and 
iridium. 
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EDTA has been used for the determination of 24160 ,ug of rhodium/ml.88 Maxi- 
mum absorbance occurs at 350 rnp and the recommended range of concentrations is 
3-27-5.70 ppm. A 2 to 3-fold excess of reagent and heating for 3 hr are required. 
Platinum metals interfere. 

TABL.E ~.~PECl’ROPHMYMETRIC REAOENl3 FOR RHODIUM 

No. Reagent 
Range of 

inaction, ppm 

1. Sym-diphenylcarbazone and carbazidel 0*3-l-5 

:: 
p-NitrosodimethylanilimG 0.3-I.1 
Tin(H) chloride;‘-8J’~s’ 4-20 

5-14 
tin(H) bromide;* 04-4 
tin(H) iodides*XO*l* 04-3 

4. 2-Diethylamino-ethanethiol hydrochloride*8 068.3 
5. 5-~o-2-benzimidazolethio11’ l-3.5 
6. p-Nitrosodiphenylaminene’6 1+3,8 
7. l-(2-PyridyIaxo)-2-naphtho11~~s* 1.1-3.8 

(see ~~ladiurn table 
No. 46) 

8. 4,5-Dimethyl-2-mercaptothiazole’”-’P 1-8 
0.8-6 B.L. 

9. l-20 
10. 

1-Nitroso-2-naphthoP 
Thiomalic acid*’ 2-7 

11. 2-10 
12. 

2-Mer~pto~~o~le20 

13. 
~,~-Bis-(3-dimethyl~inopropyl~dithi5ox~ide~* 24-8.3 
Sodium hypochloriteao 35-34 

14. Hypobromite** 
15. Metabismuthateas :z$ 
16. EDTAB 24-160 

IRIDHJM 

Some effort has been made to apply tin(I1) iodide as a spectrophotometric reagent 
for iridium.30 A stable complex is formed with maximum absorbance at 446 m,u. 
Beer’s Law is not obeyed but reproducible results may be obtained over the range 
@8-l 1.7 ppm of iridium. Associated platinum and base metals interfere. It was 
noted that the molar absorptivity of the tin(I1) bromide complex of iridium is about 
three times greater than that of the tin(I1) iodide complex. Working ranges are 
similar and both methods fail to obey Beer’s Law. The high toleration for sulphuric 
acid is cited as an advantage of the iodide method. In the light of the method used 
for determining tolerances this claim has little or no validity. 

An unusual, nevertheless valid claim for usefulness of a spectrophotometric 
method was made by Robinson,31 whose procedure for iridium possessed a distinct 
advantage in its lack of sensitivity which is about 005 ,&cm2. The procedure is 
designed to allow the dete~ination of iridium following its separation from rhodium, 
palladium and platinum by precipitating these metals by copper powder. Iridium, in 
the copper solution, is oxidised to the hexachloriridate(IV) ion by sodium chlorite and 
the absorbance is measured at 430 or 488 m,u. The character of the peaks varied with 
the concentration of sodium chlorite and in order to obtain reproducible results a 
minimum of 45 g/l. is required. The method is used for iridium determinations over 
the range 1-95 mg of iridium/l. of solution with I- or O%cm cells. There is importance 
in the fact that the method introduces no reagents which would interfere with a 

2 
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subsequent gravimetric recovery. For the latter procedure the hydrolytic precipitation 
followed by selective dissolution, reduction, etc., is applied. In the light of recent 
developments more satisfactory procedures are available. 

A variety of mixed acid methods for the determination of iridium has been proposed 
and these are discussed in previous reviews .32ss While the chemistry of these acid 
reactions has not been clarified, various postulations have been advanced. Recently, 
Pshenitsyn et a1.u recorded that the concentrations of the sulphuric and phosphoric 
acids have deciding effects on the nature of the reaction. In the concentrated acid solu- 
tion, irrespective of the identity of the oxidising substance, the resulting solutions have 
an absorption maximum at 570 mp. The reaction products showed that quadrivalent 
iridium was bound in a complex anion with the acid anion and contained identical 
colour groups. In more dilute solutions and in solutions of perchloric acid the re- 
sulting red solutions showed an absorption maximum of 500 m,u and the authors 

TABLE II.-SPECTROPHOTOMETRIC REAGENTS FOR IRIDIUM 

No. Reagent 

1. Leuco Crystal Violeta 
2. Tin(I1) bromidesa+ 
3. Tin(I1) iodidea 
4. p-NitrosodimethylanilinePO 
5. Hexachloriridate(IV)** 

6. o-Dianisidine41 
7. EDTAhB 
8. Cerium(IV) oxidation48 
9. Tetraphenylphosphonium bromidea 

10, Perchloric-phosphoric mixed acids84+~rs+ 
11. X,Ir(OH),86 

Range of 
concentration, ppm 

05-4 
0.5-5 
0+3-l 1.7 
15-10 

l-95 
l- and 0.5-cm cells 

2-20 
5-60 

2.5-25 
24-60 
2-cm cells 

6-100 

believed that the iridium was in the form of a hydrated complex cation free from the 
acid anion. The valence of iridium in both the blue and red solutions was shown to 
be 4. In a later report Pshenitsyn et al. 35 stated that in dilute acid solutions intermediate 
compounds of quadrivalent iridium with perchloric acid or its decomposition products 
are formed, which are destroyed by prolonged heating or by the addition of strong 
acids. 

The spectrophotometric application of strongly alkaline solutions of quadrivalent 
and tervalent iridium were discussed by Desideri and Pantani.36 For strongly heated 
caustic solutions, the absorption was measured at 313 m,u and the coloured constituent 
was attributed to Ir(OH,)2-. At high concentrations of iridium the blue constituent 
was attributed to the polymeric form of the hydroxylated species. 

RUTHENIUM 

The most sensitive method for ruthenium yet recorded is a catalytic method 
developed by Surasiti and Sandell. 46 The recommended range is 0901-0~1 ppm of 

ruthenium. The procedure involves ascertaining quantitative relationships between 
the proportions of ruthenium in a solution and the time required for these proportions 
to catalyse the oxidation of tervalent arsenic by quadrivalent cerium. The time is 
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indicated by the period necessary to reach a predetermined transmission. Temperature 
is a critical factor in determining the rate of reaction and constancy to a few tenths 
of a degree is required. The precision for 1e3 pg of ru~enium is only slightly less than 
that obtained for standard spectrophotometric methods over the microgram ranges. 

Provision is made for the removal of catalytic interferences from iodine and osmium. 
The proposed solvent extraction of osmium is effective within the limits prescribed, 
but it is well to real&e that no recorded method of separating ruthenium can be 
relied upon to remove all constituents capable of catalysing the cerium(IV)-arsenic 
(III) reaction. This fact is of particular concern when one is dealing with a sample 
of unknown or complex composition. 

l,lO-Phenanthroline or its 5-methyl derivative can be used for the fluorimetric 
dete~ination of ~thenium. Veening and Brand@’ applied the method to solutions 
containing 1 &ml of ruthenium, in which case there is no interference from 25 ,ug 
of osmium. Strong oxidising reagents must be absent. Silver, manganese and pal- 
ladium interfere. Palladium forms a precipitate which can be removed by centri- 
fugation; other platinum metals do not interfere. Iron interferes seriously and must 
be removed before the dete~ination. For the 5-methyl derivative the useful range 
of concentrations is O-3-20 pg/ml of ruthenium and the fluorescence can be repro- 
duced to within 1% for a period of 3 days. The activation wavelength recommended is 
450 rnp and the fluorescence intensity is measured at 578 rnp. The method is insen- 
sitive to variations in acidity. Changes of pH from l+--13.0 are without effect. 
Excess reagent may affect the determination. 

Acetylacetone** reacts, at boiling temperatures, with ruthenium(III)-chloro com- 
plexes to form a stable intense pink complex of composition Ru(C,H,O&, with an 
absorption maximum at 505 m,u and a molar extinction coefficient of 1510. Two 
additional wave maxima occur, but with these there is interference from the absorb- 
ance of excess reagent. The sensitivity is 2.5 pg/cms and the optimum range is 
0.4-20 ppm of ruthenium; the maximum concentration is about 30 pg/ml. Thus, the 
sensitivity is less than with the thiourea or the p-nitrosodimethylaniline reactions. 
The method offers some advantages in that, by a chloroform extraction in the cold, 
at pH l+-2, separations from iron, titanium, etc., can be effected. The effects of 
associated platinum metals have not been reported. The pink complex is formed 
most rapidly at pH 5-6, and more basic solutions will introduce difficulties because of 
partial precipitation, particularly if the acetylacetone complex has not been formed 
before neutr~~tion. Dete~inations of ruthenium in amounts of the order of 
10-70 pg can be made directly from the aqueous layer, omitting the chloroform ex- 
tractions. However, there is some sacrifice of accuracy and precision. 

For the range 05-15 ppm of ruthenium, Hara and SandellQB used 1,4_diphenyl- 
thiosemicarbaxide to form a red-violet complex extractable in chloroform with a 
maximum absorbance at 560 rnp. The sensitivity in chloroform is O*OlO ~g~crn~ of 
ruthenium. The optimum acid strength for colour development is 5%6.5N; at low 
acid strength the colour develops slowly; at a high acidity the rapid colour develop- 
ment is vitiated by fading. Heating at 100” for 10-15 min produces maximum colour. 
The method requires a previous distillation of the octavalent oxide which is collected 
in tin(I1) chlo~d~hydrochloric acid solution. The concentration of the tin salt is 
critical and must be closely controlled. There is considerable advantage in the toler- 
ation of a lo-fold quantity of osmium. This method has been used successfully for 
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the determination of ruthenium in meteorites. Although various oxidants for the 
iron(H) oxidation and for the simultaneous distillation of ruthenium tetroxide were 
found ineffective it is not unlikely that both dissolution of the meteorites and distil- 
lation of the oxide could be accomplished with perchloric acid. 

Other derivatives of thiosemicarbazides have been proposed for the determination 
of ruthenium. A qualitative study of the reactions of thiourea derivatives was made 
by Steiger.60 These were summarised by Sandell. l1 Yaffe and VoighP discussed the 
reactions of 4-phenylthiosemicarbazide and diphenylthiosemicarbazide. Six com- 
pounds structurally related to thiourea were examined by Knight et ~1.~~ with a view 
to their spectrophotometric applications; of these S-diphenylthiourea offered su- 
perior advantages. The method of application follows closely those used for thiourea 
and dithio-oxamide and offers no particular advantages. 

2,4-Diphenylthiosemicarbazide was used by Geilmann and NeebU for the range 
8-30 ,ug of ruthenium to form a chloroform extractable complex. Twenty to thirty 
times as much osmium as ruthenium could be tolerated. Iridium did not interfere, 
but palladium, platinum and rhodium gave yellow chloroform-extractable complexes, 
Applying the method to a distillate of ruthenium tetroxide, Hara and Sandel14D found 
that the colour intensity varied with the added reductant of sulphur dioxide or hydroxyl- 
ammonium chloride. There was also an appreciable variation in the blank absorbance 
of the sulphur dioxide-hydrochloric acid distillate. 

I-Naphthylamino-3,5,7-trisulphonic acid was used by Steele and Yoea for the 
range O-5-14 ppm of ruthenium. A red water-soluble complex of R,RuO, is formed 
with a maximum absorbance at 530 mp. The method requires a distillation from a 
nitric acid-potassium permanganate solution and collection of the ruthenium tetroxide 
in a solution of the reagent adjusted to pH 2.5-3.0. The sensitivity is 0.1 pg/cm2 and 
colour development is immediate at room temperature. The acidity and amounts of 
reagent are not critical. The method is subject to a wide range of interferences and 
distillation is, therefore, a necessity. The use of nitric acid removes the osmium which 
also reacts with the reagent to produce a complex suitable for spectrophotometric 
analysis. The 4,6&isomer can be used with equal efficiency. 

Rubeanic acid or dithio-oxamide was used by various authors for the determination 
of ruthenium in the range 0.60-5.9 ppm. These applications have been discussed by 
the author.32 More recently, this reagent55 has been used to determine ruthenium in 
the presence of large proportions of uranium, e.g., in a ratio of 1: 500. 

Thiocyanate was used by Belew, Wilson and Corbi@ for the determination of 
ruthenium subsequent to extraction of the octavalent oxide by carbon tetrachloride. 
The method is applicable in the presence of nitric acid and can be used for the deter- 
mination of ruthenium in steel and iron alloys. Absorbance is measured at 590 rnp, 
and the blue complex [Ru(CNS)lf2 obeys Beer’s Law over the range l-15 ppm of 
ruthenium. The complex forms immediately and the colour develops to maximum 
intensity in about 30 min and is stable for at least 24 hr. The sensitivity is 0.007 
pg/cm2. Excess thiocyanate has no effect on the absorbance and maximum absorbance 
is obtained in approximately 0*3M thiocyanate. Because the ruthenium(VII1) oxide 
is extracted by carbon tetrachloride there is no interference from associated base and 
platinum metals including osmium. The usual resistance to extraction of ruthenium 
(VIII) oxide into the aqueous phase is overcome by salting with a solution of aluminium 
nitrate in nitric acid. Concentrations of nitric acid in excess of 4M interfere with the 
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formation of the coloured complex. The oxidation of the ruthenium to the tetroxide 
is a critical step in the extraction and is accomplished with argentic oxide, only a 
small excess of which should be added. 

Oka and Katos7 used ammonium thiocyanate for ruthenium and measured the 
absorbance at 585 mp. A molar absorptivity of 5900 was recorded as compared to 
4000 found by Belew et ~1.~~ 

A violet-blue complex with tervalent ruthenium is formed when ruthenium salts 
of varying oxidation states are treated with excess thiocyanate ion. Maximum 
absorbance is developed in acidities up to 1N on heating for 15 min at 70”. The 
sensitivity is about 0.02 ,ug/cm 2. The concentration range used was l-15 pg of ru- 
thenium/ml. Only osmium of the remaining platinum metals interferes. 

Shlenskaya and Piskunov 5s discussed the conditions required for the application of 
the thiocyanate ion to ruthenium determinations applied to 24 yg of ruthenium/ml; 
an excess of thiocyanate to ruthenium was required. Colour was developed in a 4M 
sodium chloride medium and heating for 5 min on a water bath. 

For the determination of ruthenium in the presence of uranium, Manning and 
Menishs used 2-nitroso-1-naphthol. Simple salts such as ruthenium(II1) chloride 
could be determined in the presence of uranium without a previous separation. In 
the case of ruthenium-nitroso complexes a separation is necessary and Menis and 
Powellso describe the procedure, which involves a fusion with bismuthate and vola- 
tilisation of the octavalent oxide into a solution of hydrochloric acid saturated with 
sulphur dioxide. Absorbance of the naphthol-ruthenium complex, of unknown 
composition, was measured at 600 rnp. Beer’s Law applied over the range I-10 pg of 
ruthenium/ml. The colour was found stable for about 1 hr. The molar absorptivity 
was about 6500 at 600 mp. The optimum hydrochloric acid strength was 1M; 
however, 3M solutions were used as the least critical concentration. Excess reagent 
was required. The presence of 50 mg of uranium or less had little or no effect on the 
determination of 400 pg of ruthenium in 50 ml of solution. For greater proportions 
of uranium it was essential to use standards having approximately the samepropor- 
tions as the samples to be analysed. 

A study of the reactions of ruthenium(II1) salts with nitrosonaphthols in weakly 
acidic media was made by KoneEny. 81 Mixtures of complexes were usually obtained; 
in citrate buffered media the complexes had ratios of 1: 1 and 1: 3 of metal to reagent. 
Both were used for the detection of ruthenium(II1) salts. 

Further work has been reported on the application of thiourea. Pilipenko and 
Seredas2 found that the maximum colour intensity of the complex is in 6M hydro- 
chloric acid and that the reaction is as follows: 

Ru[SC(NH,)$+ + 2SC(NH,), + Ru[SC(NH&,],. 

Thiourea has been used by Bergstresser 63 for the determination of ruthenium in 
plutonium. The method of separation is similar to that described by De Ford.B4 

For the range 2-36 ppm, MesariC and Branica 65 distilled ruthenium tetroxide into 
IN oxalic acid. The stable yellow colour was formed within 10 min at 80”. Of the 
two absorption bands, 375 and 475 rnp, the former was preferred. The method 
appears to lack the normal accuracy attained by good spectrophotometric methods. 

For the range 4-16 ppm, anthranilic acid can be used subsequent to the distillation 
of the octavalent oxide into a solution of hydrogen peroxide and hydrobromic acid. 
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Majumdar and Sen Guptass recorded the procedure, which involves measurements at 
620 rnp of the green complex formed by sodium anthranilate in a pH range of 52-6. 
The sensitivity is 0.024 ,ug/cm2 and the solution obeys Beer’s Law over the range 
l-20ppm. Development of colour is not sensitive to excess reagent and reaches a 
stable maximum in about 20 min when heated on the steam bath. Platinum metals 
interfere when present in the proportions usually encountered in natural deposits. 

Stoners7 used the greenish-yellow colour of potassium perruthenate for concen- 
tration ranges of O-1-12 mg in a final volume of 100 ml. The octavalent oxide is 
distilled from a mixture of perchloric acid, phosphoric acid, sodium bismuthate and a 
trace of chloride into a solution of potassium hydroxide. Measurements are made 
at 380 rnp. The proposed procedure has been applied successfully to uranium alloys 
containing neodymium, zirconium and molybdenum. Larsen and Ross6s found that 
distillation into 13M sodium hydroxide containing no hypochlorite gave solutions in 
which 100 ‘A of the ruthenium was in the sexivalent state; while distillations into 1M 
sodium hydroxide and 0*05M sodium hypochlorite gave solutions in which more than 
99% of the ruthenium was in the septivalent state. Between these concentrations 
unstable mixtures of both states were obtained. 

The importance of the composition of the collecting liquid is emphasised by the 
fact that ruthenium metal can be dissolved and the octavalent oxide volatilised by 
heating in a caustic solution to which chlorine is addedFB Larsen and Rossa* used a 
slurry of sodium bismuthate in 6N sulphuric acid but fumed strongly with the acid 
before oxidation. These authors considered bromate and permanganate inferior as 
oxidants to bismuthate, periodate and cerium(IV) salts. 

An adaptation of the ruthenate method was used by Anderson and Del Grosso.70 
The procedure involved a carbon tetrachloride extraction of the oxide from a mixture 
in a Carius tube. The extract was added to a beaker containing 2M potassium hydrox- 
ide and the mixture warmed at 70”-75” until the organic layer was clear. The aqueous 
layer was then separated, heated and made up to a specific volume with 2M potassium 
hydroxide. Contrary to previous reports, the authors found only an initial instability 
which was attributed to new glassware. When the latter was treated with ruthenate- 
potassium hydroxide solution the stability increases from 05 hr to several days. 

Perruthenate ion was used for the spectrophotometric determination of ruthenium 
by Il’inskaya and Solntsev. ‘l Maximum absorbance occurred at 380 mp. Procedures 
were provided for O-1-12 mg of ruthenium. In contrast to perruthenate ions the ru- 
thenate ion was unstable. 

A modification of the ruthenate and perruthenate methods for the determination 
of ruthenium was used by Woodhead and Fletcher .7a These authors compared the 
conflicting values reported for the molar absorptivities of ruthenate and perruthenate 
at 460,385 and 317 m,u. The redetermined coefficients were, respectively, for ruthenate 
1710,831 and 301; for perruthenate: 278, 2173 and 2302. The authors proposed to 
determine ruthenium by oxidation with ammonium peroxydisulphate in a 2M 
potassium hydroxide solution. The absorbing species were accepted as ruthenate and 
perruthenate. From standards prepared by various methods the authors found an 
isosbestic point at 415 m,u with a molar absorptivity of 1047. There was a second 
isosbestic point at 273 rnp for which the molar absorptivity was 1005. The constancy 
of absorbance at the isosbestic points, 273 and 455 m,u, was taken as evidence that 
ruthenate and perruthenate were the only absorbing species. The value 1047 at 415 rnp 
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remained constant in concentrations of alkali from O-2 to 2M and over the concen- 
tration range 0*01-0*20 mg of ruthenium/ml of solution. 

For concentrations of approximately 1 ppm Guebely73 measured the absorbance 
at 410 rnp of solutions of iodine produced by the reaction of ruthenium(W) with 
potassium iodide. The 4N sulphuric acid solution of ruthenium was treated with 
chlorine, the latter was removed by heat and potassium iodide was added. The ab- 
sorbance of the liberated iodine was compared to a blank containing ruthenium(II1) 
and potassium iodide. 

TABLE III.SPECTROPHOT~METIUC REAGENTS FOR RLITHENIUM 

No. Reagent 
Range of 

concentration, burn 

1. 

2. 
3. 
4. 
5. 
6. 

7. 
a. 
9. 

10. 

Catalytic46 
Asa+ + Ce4+ + As!+ + Ce*+ 

1 10-Phenanthroline47~7s 
plNitrosodimethylaniline76 
5-Methylphenanthroline”~” 
Acetylacetone4B 
1,4-Diphenylthiosemicarbazide;49 

other semicarbazide derivatives;11@-5* 
2,4-diphenylthiosemicarbazide5s~~~ 

I-Naphthylamino-3,5,7-trisulphonic acid5’ 
Dithio_ox~ide”2.~6,‘?-8’ 
N,W-Bis-(3-dimethylaminopropyl)-dithio-oxamidea’ 
Catalvtica8 

11. 
12. 

::: 
15. 
16. 
17. 
18. 

KIbs + KI 
Thiocyanates+68 
2-Nitroso-l-naphtho16g-E1 
Thiourea”2-~~,88-8” 

Oxalic acido6 
Anthranilic acidoe 
5-Hydroxyquinoline-8-carboxylic acids6 
S-Diuhenvlthioureas* 
KpR;0,Ec7a 

KRUO, 

19. Potassium iodide73 
20. Dithiophthalimide74 

0+lO1-0~1 

0.1-1.5 
0.31-3.1 

0.3-2 
04-20 
0.5-15 

8-30 
0.5-14 
06-5.0 

0.27-9.52 
0.7-6 

1-15 B.L. 
l-10 B.L. 
2-15 
2-36 
4-16 

2.1-21 
6-18 

10-40 
2OO-400 
0.1-12 mg/lOO ml 
(about 1 ppm) 

Dithiophthahmide has been used for the determination of ruthenium as the hexa- 
chlororuthenate. The yellow complex is extracted by chloroform to produce a blue 
solution whose maximum absorbance is 660 mp.74 

OSMIUM 

New procedures for the trace determination of osmium by applying its catalytic 
effect on spectic redox reactions have been proposed. For the concentration range 
I-60 ,ug/5 ml of solution Bognar and Seposss applied the catalytic effect of octavalent 
osmium tetroxide on the luminescence reaction of hydrogen peroxide on lucigenin. 
The time required to complete the fading reaction for osmium tetroxide concentrations 
varying from O-60 pg/5 ml altered from 260 to @5 min. Solutions of known and 
unknown osmium content containing hydrogen peroxide and lucigenin were treated 
simultaneously with sodium hydroxide solution to initiate t,he reaction. No data were 
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provided to indicate the degree of interference from associated noble metals. Inter- 
ference from copper and nickel could be masked by EDTA. Silver, chromium, 
cobalt and iron interfered. 

A variety of catalytic methods for determining osmium was recorded by Bognar 
and Sarosi.sB Hydroquinone, orcinol and 1,3-naphthalenediol can be oxidised by 
hydrogen peroxide with octavalent osmium oxide as the catalyst. The respective 
optimum pH is 10.5, 10.3 and 12.4. The sensitivity of the reactions is O$lOl pg of 
osmium tetroxide/5 ml of solution. 

Other determinations of osmium based on catalytic properties were proposed by 
Bognbr et al.9o Potassium chlorate oxidises apomorphine at pH l-7 in the presence of 
osmium tetroxide. With a photometer it is possible to detect O-001 pg. Similarly, 
osmium tetroxide will catalyse the reaction between chlorate andp-phenylenediamine 
at pH 2.3; ONlS;ug of the tetroxide can be detected. 

For the range 0.1-8 ppm of osmium, I-naphthylamine4,6,8-trisulphonic acid was 
used by Steele and Yoesl to produce a water-soluble purple complex which changes to 
violet at pH 1, light blue at pH 6 and pale green at pH 8. Maximum absorbance at 
555 rnp is attained at a pH between 1.0 and 1.5. The sensitivity of the reaction is 
OXrO68 ,ug/cm2. At room temperature, the colour is stable for weeks, excess reagent 
is without measurable effect, but there is some decomposition and a resultant absorb- 
ance change after standing for 1 month. Maximum colour development requires 
about 1 hr at 35”. Because the associated platinum and base metals interfere, a 
separation is required and osmium tetroxide is distilled from a nitric acid medium and 
collected in a solution of potassium hydroxide. 

Sodium p-aminosalicylate forms a complex with osmium which obeys Beer’s Law 
over the range 0.25-415 ppm. 92 The optimum pH is 7-8 ; constant absorbance is 
reached in 15 min and measured at 496 rnp. 

For the range 0~3-1 ppm Goldsteine3 used 1,5-diphenylcarbohydrazide to produce 
with octavalent osmium in aqueous media a blue-violet compound, with a maximum 
absorbance at 560 rnp. The complex could be extracted with chloroform, the extract 
of which showed an enhanced colour intensity. A second method involves the 
previous extraction by chloroform of the octavalent oxide, followed by the addition 
of the reagent. 94 The aqueous method involves the addition of the solution of osmium 
tetroxide to a solution of perchloric acid, glacial acetic acid and reagent, heating to 
65” for 5 min, cooling to room temperature and extracting with chloroform. De- 
velopment of colour is dependent upon temperature, time of standing in the aqueous 
phase, period between extraction of the complex into chloroform and subsequent 
absorbance measurement, concentrations of perchloric acid, colour reagent and its 
solvent, and order of addition of reagents. There is interference from associated pla- 
tinum metals and base metals. Conceivably, much of the interference could be avoided 
by the isolation of osmium. However, the available data do not provide information 
concerning the efficiency of the oxidation and subsequent extraction procedures for 
the removal of base-metal interference. There is little to recommend the above two 
methods in their present form except the high sensitivity of 0*00127 pg/cm2 for the 
aqueous method. gs As one would expect, the latter involves a greater degree of inter- 
ference. 

Among the proposed new spectrophotometric reagents for osmium, p-(mor- 
pholino)-N-(4’-hydroxy-3’-methoxy)-benzyidine-aniline (Anil) was proposed by Ayres 
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and McDonald.95 Because the reagent is not available the authors provided a recipe 
for its preparation. The wide range of interferences makes necessary a previous 
isolation of osmium which is accomplished by an oxidation by nitric acid, receiving 
the octavalent oxide in hydrochloric acid. The range of application is at the relatively 
low level of 1-4 ppm with a l-cm light path. Molar absorptivity of the blue constituent 
is 3.49 x 104. Two complexes have been identified, one, a red species, occurring with 
an excess of osmium over Anil and the other, a blue constituent, with the reverse 
proportions. The former is converted to the latter on standing in solution. With the 
red species the mole ratio of osmium to Anil is 1: 1 and with the blue species 1: 2. 
Maximum absorbance of the red dissolved constituent occurs at 466 m,u and of the 
blue constituent at 650 mp. The acidity of the solution is a critical factor and a 
buffer of pH 3.5 is used to achieve an acidity in the pH range 4.3-4.7. Absorbance 
at 615 rnp is measured after standing for 1 hr at room temperature against a blank 
containing all reagents. The colour remains stable for at least 6 hr and is relatively 
insensitive to excess reagent. A minimum of 27 moles of Anil to 1 atomic weight of 
osmium is required. The formation of a blue precipitate is prevented by the addition 
of ethanol in which media the colour develops more rapidly and remains more 
stable. 

This method has a useful and sensitive range of application, but in common with 
most spectrophotometric methods for osmium it is sensitive to the impurities assoc- 
iated with the volatility of the octavalent oxides. One cannot assume that the reported 
tolerance for sulphate and nitrate ions will apply to solutions prepared from solids 
by the usual processes for dissolution. The required pH range is adversely narrow 
and occurs at an acidity which will encourage precipitation of a hydrated oxide of 
osmium. Thus, one must expect the necessity of a rather rigid adherance to the 
prescribed conditions of colour development, such as order of additions, etc. 

Three triazine derivatives with an --SH group attached to the ring produce colours 
of low stability.% 3,5-Dihydroxy-6-mercapto-1,2,4_triazine, 3-mercapto-5-hydroxy-6- 
methyl-1,2+triazine and 3-mercapto-5-hydroxy-6,6-dimethyl-1,6-dihydroxy-l,2,4_tri- 
azine are used for the respective ranges of 1.2-24-6; 1.0-24.9; and lG8.3 pg of 
osmium/ml. In general, the procedures involve addition of sulphuric acid, reagent 
solution and dilution to 10 ml with ethanol. Presumably, the above three reagents 
can be applied directly to a distillate of octavalent osmium oxide in sodium hydroxide. 
This should possibility receive further attention. 

Either menthionine or acetylmenthionine may be used as osmium reagents applied 
to solutions of the octavalent oxide. The optimum pH is 3.84.1. Colour appears in 
10 min and remains stable for 24 hr. The menthionine colour complex obeys Beer’s 
Law over the range 1-16 ppm, and the acetyl complex over the range 3.5-35 ppm.92 

For concentrations of osmium in the ranges of about 1 to 40 ,ug/ml a number of 
new organic reagents have been proposed. BB The two thiourea derivatives, a-thio- 
semicarbazidobutyric acid and the butyronitrile derivative, as 0.1% solutions in 1% 
sodium hydroxide, can be used for the respective ranges of 1.2-9.8 and 2.141~4 ppm 
of osmium. 

Anthranilic acide7 has been used for the range 2-6 ppm of osmium. The sensi- 
tivity is 0*008 pg/cme. In the quad+ sexa- and octavalent states and at a pH between 
5.5 and 6.5 the reagent forms a stable dark violet 1: 1 mole complex with a maximum 
absorbance at 460 m,u. With quadrivalent osmium the colour develops on heating in 
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less than 10 min, but with sexavalent and octavalent osmium a sufficiently stable 
colour is attained in the cold after 1 hr. Difhculties can be experienced on the addition 
of the buffer if excesses of osmium are present with a deficiency of reagent. This 
problem is associated with methods in which colour development requires near 
neutral solutions. Associated platinum and base metals interfere, but EDTA serves 
to mask some of the interference. 

For the range 2-8 ,ug/ml the following reagents are available: sulphanilic acid,s7 
m-aminobenzoic acid,ss o-aminophenol-p-&phonic acid and 1-amino-8-naphthol3, 
6-disulphonic acid.ss 

Procedures for each of these reagents have been recorded by Majumdar and Sen 
Gupta. Sulphanilic acids7 forms a stable dark violet complex with sexa and octavalent 
osmium, the composition of which is 1 mole of osmium to 2 of reagent. The optimum 
pH range is 1.8-35 and maximum absorbance occurs at 490 mp. The optimum 
concentration range for osmium(VII1) is 2-8 ppm and for osmium(VI), 4-16 ppm. 
The sensitivity of the former is 0.01 ,ug/cm2 and 0.02 ,ug/cm” for the latter. The colour 
is not sensitive to excess of reagent. It develops in weak sulphuric acid or alkaline 
solutions, and reaches a maximum intensity on standing 2 hr at room temperatures. 
There is interference from associated metals and a nitric acid distillation is usually 
required. The reported procedure did not incorporate this distillation but was adapted 
to solutions prepared by dissolving “osmic acid” in dilute alkali and for osmium(V1) 
the caustic solution was reduced by ethanol. 

m-Aminobenzoic acid,ss like the ortho derivative (anthranilic acid), reacts with 
osmium(VII1) and osmium(V1) at pH 4.5-6-O to form a purple complex with maximum 
absorption at 500 m,u. With osmium(VII1) the optimum range is 3-8 ppm, the 
sensitivity is 0.012 ,ug/cm2 and the molar osmium-reagent ratio is 1: 5. With osmium 
(VI) the optimum range is 2-8 ppm, the sensitivity is O-018 ,ug/cm2 and the osmium- 
reagent ratio is 1: 3. With osmium(N) the colour development is relatively slow 
requiring heating for 10 min on the steam bath; longer periods result in the appearance 
of insoluble hydrated osmium oxides. In general, there is interference from the assoc- 
iated platinum and base metals with some toleration for palladium, rhodium and 
iridium. The method was not applied to caustic distillates. 

o-Aminophenol-p-&phonic acidss reacts with osmium(V1) and osmium(VII1) 
at pH 2.5-4 to give an intense dark brown colour with an absorbance maximum at 
440 mp. Maximum colour is developed in 30 min at room temperatures. The opti- 
mum range is 2-8 ppm and the sensitivity is 0.01 pg/cm2. Associated platinum and 
base metals interfere. 1-Amino-8-naphthol-3,6-disulphonic acidss may be used in 
much the same way as o-aminophenol-p-sulphonic acid. The colour is developed in 
the pH range 4.5-6 and requires a period of 2 hr at room temperature. The sensitivity 
is 0.01 ,ug/cm2 and maximum absorption occurs at 480 mp. 

Diantipyrylpropylmethane was used by Busev and AkimovlOO for the spectrophoto- 
metric determination of osmium in the presence of ruthenium. The applicable range 
for osmium was 2-23 ,ug of osmium/ml and 2-20 pg of osmium could be determined 
in the presence of 40 mg of ruthenium. Absorbance was measured at 346 and 378 m,u 
against a blank prepared according to the full procedure. Iridium and rhodium did 
not interfere but platinum and palladium must be absent. The method required 
osmium in the form of OSC~,~- ions. In the case of osmium tetroxide, distilled by 
chromic acid into 6M hydrochloric acid, the required form could be obtained by 
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treating the distillate with hydrazine hydrochloride or sulphate. The osmium solution 
in hydrochloric acid in a separatory funnel was extracted by shaking with a 0.1% 
solution of diantipy~lpropylmethane in dichloreth~e. The extract was flltered 
directly into the cell. Quadrivalent ruthenium also formed an extractable complex 
with the reagent whose maximum absorbance occurred at 400 and 490 m,u, but the 
completeness of extraction depended upon the acidity and an excess of reagent of 
about 150-fold. Tervalent ruthenium formed a complex which was extractable to a 
much smaller extent although the degree of extraction increased with acidity, with 
its concentration and with excess of reagent. These factors combined to allow a 
separatory procedure based on the relatively high degree of extraction of osmium 
with a moderate excess of reagent in the presence of a hydrazine salt to ensure reduction 
of ruthenium to the tervalent state. This method will iind app~~tion to distillates 
from solutions of the platinum metals treated with perchloric acid to isolate 
simultaneously the octavalent oxides of osmium and ruthenium. The addition of a 
hydrazine salt to the receiving liquid would ensure a complete retention of the 
oxides. 

A potentia~y useful spectrophotometric method for the determination of osmium 
and ruthenium without a previous separation was described by Pilipenko and Sereda.lar 
The reagent, seleno-urea, forms a complex with ruthenium whose ratio of constituents 
is 1 atomic weight of metal to 3 formula weights of reagent. Maximum light absorb- 
ance occurs at 760 rnp. The complex formed with osmium shows a maximum light 
absorbance at 600 rnp. Absorbance of ruthenium at 600 rnp is very weak and there is 
no significant absorbance at 760 rnp in the case of osmium. Thus, the method is 
based on measuring the absorbance of the ruthenium complex at 760 rnp at the 
favourable acid strength of 6N. Subsequently, in 1N acid, favourable for osmium, 
the total absorbance of the complexes of both osmium and ~theni~ is rneas~~ at 
600 rnp; knowing the ruthenium content from the standard curves, the absorbance 
corresponding to ruthenium at 600 m,u is subtracted from the total absorbance to 
find the osmium content. Therefore, the method involves the preparation of three 
standard curves. Urea is added to the metal solution in hydrochloric acid before the 
addition of the seleno-urea. The mixed colour constituents are stabIe for 45 min. 
A complete determination can be made in 4.5-60 min and the method permits deter- 
minations of 2-60 pg of ruthenium/ml and 2-60 ,ug of osmium/ml. The data obtained 
by the authors indicate an error of -4 % for about 170 pg of ruthenium in the absence 
of osmium; no values are recorded for osmium alone; ~fo~unately, the authors 
provided no data concerning the identity of the osmium salt used for standards and 
only indirectly the composition of the ruthenium salt. In the light of the vagaries of 
the thiourea-osmium reaction one cannot conclude that the seleno-urea reaction can 
be applied over the range of identities of the usual dissolved osmium constituents 
encountered in anal~c~ work. It must also be noted that one can only accept the 
stated range of application with reservations, e.g., the determination of osmium at 
the low range of 2-60 parts of ruthenium, obtained as it is by difference from a total 
absorbance, may be of little value. 

In any case this method ought to be examined with a view to its practical appli- 
cations to receiving solutions containing both osmium and ruthenium. 

The composition and stability of the complexes of osmium and seleno-urea were 
studied by Pilipenko and Sereda *lo2 Seleno-urea first reduces osmium to the tervalent 
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state, then forms an intensely coloured blue-green complex. The complex has an 
osmium-seleno-urea ratio of 1: 8. The colour appears when the eighth molecule of 
the seleno-urea has been added. The intermediate product of the osmium reduction 
is also intensely coloured and absorbs in the ultraviolet and visible regions. 

The reaction of thiourea-osmium was also examined and as in the case of the 
seleno-urea complex the colour was associated with the last (or sixth) molecule of 
reagent. 

TABLE IV.-SPEC~ROPHOTOMETRIC REAGENTS FOR OSMIUM 

No. Reagent 
Kange of 

concentration, ppm 

1. CatalyticlUB 
CatalyticBe 

hydroquinone + HIOI 
orcinol + HpOp 
1,3-naphthalenediol + HsOa 
3,3’-dimethylnaphthidine + KCIOl 

Catalytic1oe 
Ce(SO& + As,O, 
KCIOI, + KI 
Phen. Diam. + HPOI 
KMnO, + Asp08 

Catalytics8 
lucigenin + HoOpa* 
KCIOI, + apomorphineeo 

KCIOI, + p-phenylenediamineOO 

2. I-Naphthylamine-4,6,8-trisulphonic acidgl 
3. Sodium p-aminosalicylatega 
4. Tetraphenylphosphonium chloride”” 

5. 1,5-Diphenylcarbohydrazides*~e’ 

6. 

7. 

8. 
9. 

10. 

11. 
12. 

p-(Morpholino)-N-(4’-hydroxy-3’-methoxy)-benzylidene-aniline 
(Anil)@’ 

3,5-Dihydroxy-6-mercapto-l,2,4-triazine;08 
3-mercapto-5-hydroxy-6-methyl-1,2,4-triazine;0~ 
3-mercapto-5-hydroxy-6,6-dimethyl-1,6-dihydroxy-l,2,4-tri- 
azineoB 

I-Naphthylamine-3,5,7-trisulphonic acid”’ 
Menthionine;@* 

acetylmenthionine@* 
cr-Thiosemicarbazidobutyric acid 

and butyronitrile derivativeg6 
Anthranilic acidg’ 
Sulphanilic acid@’ 

13. m-Aminobenzoic acidv8 

14. 
15. 
16. 
17. 
18. 

;;: 
21. 
22. 

o-Aminophenol-p-sulphonic acid8’ 
1-Amino-8-naphthol-3-6-disulphonic acidgo 
Diantipyrylprop~lmethane’” 
Seleno-urealolJo 
Quinisatin oxime (2,4-dihydroxy-3-nitrosoquinoline)108 
~io~eallGll6 

Dithio-oxamide (rubeanic acid)‘O’ 
Disodium 1,2-dihydroxybenzene-3,5-disulphonate (Tiron)*06 
Ultraviolet with OsOlloa~lo’ 

@01-0*2 
Sensitivity 
= oGo1&/5 ml 

@01-0~06 
002-0*2 
oGl-o~2 
0.084.38 

0-2-12 
Sensitivity 
= OGOl &ml 
Sensitivity 
= 0.005 @ml 

0.1-8 
O-254.15 
0.3-l .5 
(2cm path) 
0.3-l 
1.2-4 
l-4 

1.2-24.6 
1.0-24.9 
1 G-8.3 

1.5-5.5 
1-16 B.L. 
3.5-30 B.L. 
1.2-9.8 
2.1-41.4 
2-6 
2-8 Os(VII1) 
4-16 Os(vI) 
3-8 Os(VIIi) 
2-8 Os(VI) 
2-8 
2-8 
2-23 
2-60 
3-10 
5-50 
6-15 
8-24 
16-132 
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2,4-Dihydroxy-3-nitrosoquinoline (quinisatin oxime) reacts with osmium(VII1) 
solutions to form a stable complex with a 1: 2 mole ratio of metal to reagent.lss The 
oxime was dissolved in a solution made up to contain 30 % of N,N-dimethylformamide 
and 70% methanol by volume. The latter solvent was required to attain full colour 
development. Maximum colour was attained with at least four times the molar 
concentration of reagent to osmium. The reaction requires a solution of pH 5 and 
heating to near boiling for 1.5 hr. Absorbance was measured at 515 rnp against a 
reagent blank. The optimum range of application is 3-10 ppm of osmium. Assoc- 
iated base and platinum metals-interfere in proportions greater than the upper opti- 
mum range of osmium concentrations. It is unfortunate that the method was not 
applied to caustic receiving solutions of octavalent oxide distillates. 

Dithio-oxamide (rubeanic acid) was applied by Wawrzyczek and Majkowskalw 
to determine osmium in the range 6-15 ppm of osmium, as the octavalent oxide. The 
optimum pH was 6-7 and full colour development was achieved after standing for 
1 hr. Measurements were made with a red filter No. 6 and a Pulfrich calorimeter. 
Again, one may hope that this method will be applied to a receiving solution of the 
octavalent oxide. 

For the range 8-24 ppm of osmium, Majumdar and Savariarlos used Tiron, the 
disodium salt of 1,2-hydroxybenzene-3,5-disulphonate. The reagent produces a 
reddish-violet coloured constituent with a 1: 1 mole ratio of osmium to reagent and 
with a sensitivity of O-033 lug/cm 2. Full colour, stable for several hours, is achieved 
with heating for 15 min at pH 4.9-5.5. Maximum absorbance occurs at 470 mp. 
There is interference from associated platinum and base metals. 

Goldstein ef al.los recorded an ultraviolet spectrophotometric method for the 
determination of milligram quantities of osmium in solutions of uranyl sulphate 
containing copper, nickel, iron and chromium as minor constituents. The osmium 
is first converted to the octavalent form and extracted by chloroform as described by 
SandelP and Sauerbrunn and Sandell .lo7 The chloroform extracts showed absorption 
bands centered at 282, 289, 297, 304 and 312 m,u. The respective optimum ranges of 
concentration in mg of osmium/25 ml of solution were 04-l ‘8, 04-l-9, 0.5-2.0, 
O-5-2.4 and O-7-3.3. There is no interference from the uranyl ion nor from the minor 
constituents normally present. As would be expected, ruthenium is the only inter- 
fering element of the platinum metals. Chloride interferes through its resistance to 
the oxidation and extraction of the chloride-osmium complexes. 

GOLD 

In a previous review the author recorded the spectrophotometric methods for gold 
published up to August 1960. The following report deals with methods recorded in 
chemical abstracts up to June 1964. 

The high sensitivity of tolidine, whose range of application is O+l4-0*4 ppm of 
gold, has encouraged the development of derivatives for which an improved sensi- 
tivity is claimed. N,N’-Tetramethyl-o-tolidine (Tetron) was used by Daiev and 
JordanoPl’ with a claim for a sensitivity of 0.004 ,ug/cm2. Variations of the method 
were applied to determine gold in solutions containing copper and iron; lead and 
solutions of anode copper. For the anode copper, gold was removed by the anion 
exchanger Dowex 11, 3 IO-mesh in the chloride form. With other solutions the gold 
was coprecipitated with tellurium subsequent to the addition of potassium tellurite 
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and tin(II) chloride. Following the ignition of the mixed precipitate and its dissolu- 
tion, gold was selectively extracted with ether. The organic layer was evaporated, the 
residue dissolved by aqua regia, the solution evaporated and Tetron then added with 
subsequent dilution to 10, 20 or 50 ml, depending upon the gold concentrations. 
Presumably, the range of application for the various methods was 0.1-08 ppm. The 
orange-yellow colour develops to a maximum in about 4 min and the absorbance, 
measured with a blue filter, remains stable for 20-25 min. It would seem that the new 
reagent provides no real advantage over the well-tried tolidine. 

Useful progress has been made in the methods of separating microgram and 
submicrogram amounts of gold from a variety of specified materials. In one instance 
Mizuikells isolated 0.1-6 ,+J of gold from 1 g or less of copper alloy by dissolution in 
nitric acid, followed by hydrochloric acid, then adding excess ammonia solution. 
Purified mercury was added and intimate mixing was ensured by a magnetic stirrer. 
The solution was then decanted and the washed mercury dried by filter paper and 
transferred to a silica boat from which it was volatilised in the presence of nitrogen. 
The gold residue was dissolved by one of two methods depending upon whether the 
gold present was more or less than 05 pg, and similarly two mod~cations of the 
p-dimethylaminoben#idenerhodanine methodlrB were applied, depending also upon 
the quantity of gold present. Absorbance was measured in a 1- or 2-cm cell at 562 rnp 
against water. Presumably Beer’s Law is followed to at least O-6 ppm of gold. There 
was no interference from 100 ppm each of copper, iron, mercury and 5 ppm of pla- 
tinum and 2 ppm of silver. Palladium interferes. 

The rate and efficiency of the gold collection by mercury was determined by the 
use of gold- 188 as a tracer : 5 ,ug of gold in 50 ml of solution required 1 hr ; 0.24 ,ug 
of gold in 500 ml of solution required 4 hr. Significantly, when copper was absent 
the recovery was greatly >tarded and the results were low. The accuracy obtained 
was 5 % over the range of l-100 ppm and 10% at about 05 ppm. 

p_Dimethylaminobenzylidenerhodanine was used by ThilliezrzO for the deter- 
mination of gold in minerals poor in gold. Subsequent to dissolution by acids the 
gold was extracted with dithizone in chloroform. The latter was volatilised and 
finally gold was determined col~metrically. 

The tin(I1) chloride-tellurium reaction was used by Hirano and Ujihirar21 to 
determine traces of gold in copper. The metal was converted to a solution in hydro- 
chloric acid and gold was collected by the usual carrier precipitation with tellurium. 
The mixture was dissolved, nitric acid removed and the hydrochloric acid solution 
treated with sodium chloride and fluoride Andy-dimethylaminobenzylidener~odanine. 
Absorbance was measured at 562 rnp and Beer’s Law is obeyed over the range C&6 ,ug 
of gold/ml. Less than 1 ppm of gold in copper could be determined in l-2 hr with 
-&5 to 10% error. 

A bromaurate method for the determination of gold was reported by McBryde 
and Yoe.27 The method was not affected adversely by salt content or by trace quan- 
tities of many ions, including all of the platinum metals except osmium. Absorbance 
was measured at 380 rnp and the applicable range is O-40 ppm. The procedure 
involved the preparation of bromaurate which was first extracted by isopropyl ether, 
then returned to an aqueous phase. Applied by various operators in different labora- 
tories the method failed to provide consistent results. Chow and Beamish found 
that the extraction both by isopropyl ether and by water reduced the colour intensity, 
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which could not be restored by the usual treatment. The fact that only 50% of the 
gold was extracted by the ether from the acid solution while the subsequent extraction 
from the ether by water was complete suggested the failure to retain completely the 
extractable aurobromate species. Similar experiments with ethyl acetate as an ex- 
tractant indicated that while the acetate contained the total weight of gold, the inten- 
sity measurements indicated approximately 50 % of the gold as the required coloured 
species. 

Based on the fact that the ethyl acetate contained the gold quantitatively, Chow 
and BeamishlSa developed a modified procedure which involved an evaporation of 
the acetate layer, treatment with aqua regia, conversion to bromide and measurement 
of the absorbance at 350 mp. In the absence of platinum metals an extraction is not 
required and this direct bromaurate procedure is the simplest calorimetric method 
available for the determination of gold. It is applicable to amounts of 15 ,ug or more; 
it is insensitive to variations in technique, to salt, hydrochloric and hydrobromic acids, 
and to many trace ions. When extractions and good accuracy are required the modified 
method is not recommended for amounts of gold less than 25 ,ug. 

The work by Chow and Beamishlza indicated that at least a portion of the error, 
associated with the extraction procedure, arose from impurities in the isopropyl 
ether. All effort to identify the interfering constituent or to improve the purity of the 
ether failed. The method is of sufficient importance to justify further efforts to provide 
an alternative extractant or a method of purifying the ether. 

A similar extraction method was proposed by Ziegler and Matschel= which 
avoided the interference of copper and iron associated with the ether extraction of 
the bromaurate. The proposed method accomplished the formation of a stable, 
polyethylene bromaurate(II1) complex, soluble in methylene chloride. The solution 
is buffered to a pH of 0.9-1.4 with a solution of disodium hydrogen phosphate in 
phosphoric acid and following extraction, the absorbance is measured at 394 m,z. The 
polyethylene reagent should be colourless and free from aldehyde or phenol. The 
method tolerates large proportions of copper, iron, nickel, cobalt and lead and propor- 
tions of platinum of the order of about 6: 1 of gold. Palladium produces a similar 
bromide which is simultaneously extracted. 

Ammonium thiocyanate, pyridine and chloramine-T react with gold to produce a 
colour with minimum transmittance at 430 m,u. The method is applicable over the 
range 0.5-5 ppm of gold.l= 

The tranquilising reagent chloropromazine was used by Lee’% for the determination 
of 15-200 pug of gold in a 25-ml volume. Beer’s Law is obeyed over the range 0.5-8.0 
pg of gold/ml. It would seem that the working range could be appreciably lowered if 
that was necessary. The absorbance is measured at 530 mp. The fact that the gold 
can be dissolved in aqua regiu without the subsequent removal of nitric acid is of 
some advantage. The nitric acid concentration should not exceed 15 ‘A. The procedure 
requires the addition of phosphoric acid and excess of reagent. The optimum volume 
concentration of the former is 20% and of the latter, 5 mg of the chloropromazine 
hydrochloride/ml. As one would expect in the case of a reagent which is dependent 
upon the oxidation potential of gold(III), there is a wide variety of interferences. 
Both platinum and palladium form interfering complexes. The proposed method has 
little to recommend it. 

The Rhodamine-B method for gold developed by MacNulty and Woollard1z6 was 
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re-examined by 0nish.P and applied to the wet determination of gold in ores. The 
sample should contain I-10 pg of gold in 80 ml, and should be about 3M in hydro- 
~hloric acid. Unishi was able to use benzene as an extractant by ~en~fugation of the 
benzene layer at 2000 rpm for 5 min. The hydrochloric acid concentration was kept 
at 0*75M and the ammonium chloride concentration at 1+4M. Contrary to the findings 
of MacNuIty and Woollard, platinum introduced no interference. 

Polye~ylenegly~l was applied by Ziegler to produce a sp~~ophotome~~ 
procedure. ES The gold solution was treated with nitric acid, sodium saccharinate, a 
phosphate buffer in the presence of large amounts of iron, then with polyethylene- 
glycol. The soluble complex of polyethyleneglycol-gold(II1) saccharinate was ex- 
tracted with methylene chloride, the organic phase filtered and finally the absorbance 
measured at 315 mp. The method is usefQlly free of interference from lead, copper, 
cobalt, nickel, iron and palladium. 

For the range 25-30 rug of gold/ml Zieglerrzs used polyethyleneglycol and ex- 
tracted with methylene chloride from strong solutions of hydrochloric acid. Absorb- 
ance was measured at 320 rnp against a reagent blank. Beer’s Law is followed for 
25-300 pg of gold/l0 ml of solution. The method is reasonably free of interference 
from iron, nickel, manganese, palladium, platinum and rhodium. 

Anthranilic acid reacts with gold in an acidic medium and can be applied for the 
spectrophotometric determination of gold over the range of about 7-82 ppm. Absorb- 
ance is measured at 533 mp.130 

Tetraphenylarsoni~ chloride forms a precipitate with the chloride complex of 
gold, whose compasition is probably the ion pair [(C,HEF;),As+AuCl-].131 The pre- 
cipitate can be extracted by chloroform and the absorbance measured at 323 rn,~ 
against a chloroform extraction of the reagents as the reference solution. There is the 
advantage that the extraction may be accomplished without the complete removal of 
nitric acid. The method is applicable over a gold concentration range of 7-30 ppm. 
The chloroform extractant must be freed from any ethanol to encourage colour 
stability; pretreatment of the chloroform by alkaline permanganate provides sta- 
bility over 24 hr or more. The hydrochloric acid concentration before extraction 
should range from 0.3 to O%%f. 

In determining the interfering constituents the authars showed caution in adding 
foreign metal constituents in the oxidised form expected from the usual dissolution 
process for gold. Further improvement would be achieved by preparing the contami- 
nated solution by an evaporation, and submitting the residue to the usual qz.za reg&, 
e&., treatments. There was little interference from copper, nickel, tellurium rhodium 
and ruthenium; however, there was interference from silver, osmium, platinum, 
palladium and iridium. The serious interference from iron was avoided by the addi- 
tion of ammonium fluoride, the amount required being predetermined by the addition, 
to a measured aliquot of the gold solution, of thiocyanate foflowed by a solution of the 
fluoride measured to the disappearance of the red iron complex. This method pro- 
vides a simple technique and of some importance is the fact that traces of nitrate do 
not interfere. The optimum range of gold concentrations and the tolerance for 
amounts of silver ion residual from a silver chloride pr~ipitatio~ suggest useful 
applications to the determination of gold in silver assay beads. 

Woods reagent (2-hydroxymethyl-6-(2”-hydroxymethyl-5’-hydroxy-4’-pyrone-6’)- 
pyranyl[3,2-b]-pyran-4,8-dionej was used by Wilson and Lester132 to produce a wine 
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coloured complex soluble in an acetic acid medium and with an optimum absorbance 
at 535 rnp. 8ased on calculations from somewhat confusing data the working range 
of the method seems to be approximately 8-40 ppm with a sensitjvity of O-066 pgfnl. 
The addition of acetic acid had a marked effect on the sensitivity and the stability of 
the coloured constituent, its presence preventing the formation of a gold colloid. 
The platinum metals interfered. 

For amounts of gold over the range 0.90-I 3.40 pg of gold/ml Popa et af.laa added 
2-ami~~4,~~nitrophenoI (picramic acid) to a hydrochloric acid solution of gold to 
produce a yellow colour with absorbance measured at 482 m,u or with an S42 filter. 
Platinum was tolerated up to a ratio of 1: 22 and copper at a ratio of 1: 105. The 
method has little to recommend it. 

A potent&&y useful solvent-extra~ion method for separating gold from some 
commonly associated base and noble metals was described by Senise and Pitombo.134 
Separations of gold, iron, silver, platinum, copper and palladium from solutions of 
alloys could be a.ccomplished, 

The alloy was dissolved by aqua regia and nitric acid removed by the usual evapor- 
ations with hydrochloric acid with a final dilution to a pH of U-I. If silver was present 
suEdent hydro&loric acid was added to effect dissolution. Solutions of triphenyi- 
isopropyl chloride and sodium thiocyanate were added followed by benzene or toluene. 
Gold forms an orange colour in the organic layer which was removed; extractions 
were continued to remove the gold qua~tit~t~ve~y. This t~hn~que was continued 
with the removal of iron by extraction with tri-n-butyf phosphate to form a red layer, 
then silver with extraction by 2-methylcyclohexanol to form a colourless layer, then 
platinum whose dissolution required a previous heating to 65-70” followed by ex- 
traction to form a yellow Layer with tri-n-butyl phosphate. Following the removai of 
platinum, the copper complex was formed and extracted with methyl isobutyi ketone 
to form a wine red colour. Fmally, the pahadium phosphonium-eyanate complex 
was removed with cyclohexanone to form a yellow solution, Undoubtedly, a variety 
of sequential separations could be devised in the case of a more limited number of 
metals. fn any case, one may hope that further separations of this type may be 
investigated quantitatively. The integration of suitable sp~trophotometr~~ methods 
applied to the extraction solvents would provide useful procedures for the analysis of 
such alloys as silver-noble metal assay alloys. 

135 Methyl Violet was used by Tsai, Li and Ta for the calorimetric determination 
of gold in raw materids and copper metallurgical products. The sample was treated 
with acids to effect the dissolution of gold. The filtered solution, converted to bra- 
mates, was treated with ether to extract the gold. The evaporated extract was treated 
with sulphuric and hydrochloric acids and sodium nitrite, Finally, an extraction of 
the Methyl Violet-gold solution was made with tofuene. Measurements were made 
at 520 mp, with adherence to Beer’s Law for t5 pg of gold/ml. 

An extraction photometric determination of gold in ores was described by Blyum 
and Vl’yanova. 136 The ore was treated by the usual aqua regiu extraction. To the 
filtered solution were added tellurium, filter paper pulp and hydra&e, the mixture 
was boiled and tin(W) chloride added to form a colloidal mass. The latter was 
dissolved in agog regia and the evaporated residue treated with acids, iron(Il1) chloride 
and hydrogen peroxide. To the solution in a separatory funnel were added Crystal 
Violet and toluene. Gold was determined in the coloured layer. 

3 
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TABLE V.-SPEC~ROPHO~OME~IUC REAGENTS FOR GOLD 

No. Reagent 
Range of 

concentration, ppm 

1. 

2. 

3. 

4. 

Z: 
7. 
8. 

9. 
10. 
11. 
12. 
13. 
14. 

::* 
17: 
18. 

19. 
20. 

;;: 
23. 

24. 
25. 

26. 
27. 
28. 
29. 
30. 

o-Tohdine or 3,3’-din1ethylbenzidine;~~o-~~~ OXl4-0~4 
N,N’-tetramethyl-o-tolidine (Tetron)117~1~aJ43 0.1-0.8 

p-Dim~thylaminobenzylidenerhodanine11~113-1*o~144-14~ 0.3-0:7 
0.03-0.3 (extracted 
with-isoamyl 
acetate) 

Tin(ff) ch]oridell.“‘,l60-16( 04-4 
O-6 B.L. 

Bromaurate;27~1aZ~155 0.5-4 
polyethylene bromaurate123 O-40 

Ammonium thiocyanatel*’ 0.5-5 
Chloropromazine121 0.5-8.0 B.L. 
Rho~mine-B’2~,~~‘,‘~~ O-30 
a-Naphthylamine hydrochloride1a3Je4 Limit of detection 

Leuco compound of Malachite Green1e6 
l.Oclg 

Brilliant Green16B 
About 0.3 pg 

Dithizone167-1B1 2-5 
Oxonium salt of po1yethyleneglyco11e3J*~ 2.5-3.0 B.L. 
Phenyl a-pyridyl ketoximeXBa 4-10 
o-Dianisidine1e7 5-300 

5-30 
o-Aminobenzene arsenic acidlo 
Anthranilic acidIs 

7pg 
6.84-82.12 

Tetraphenylarsonium chloride131 7-30 
2-Hydroxymethyl-6-(2’-hydroxymethyl-5’-hydroxy-4’-pyrone-6’)- 8-40 

pyranyl-(3,2-b)-pyran-4,8-dione (Woods Reagent)13* 
2-Amino-4,6dinitrophenol (picramic acid)ls3 
Triphenylisopropylphosphonium chloride and sodium thiocyanate13a 
Crystal Violet13e 
Methyl Violet136 
Thio-Michler’s Ketone [4,4’-bis-(dimethylamino)-thiobenzo- 

phenone]137 
Kojic acid (5-hydroxy-2-hydromethyl-1,4-pyrone)138 
PhenoPeg 

pyrocatechol 
resorcinol 
hydroquinone 
pyrogallol 
phloroglucinol 
1-naphthol 
2-naphthol 
thymol 

Amino acid”O 
Benzidine173J74 
Formaldehyde171~176 
Hydrogen peroxide”& 
Mercury(H) chloridenJ7’ 

Thio-Michler’s Ketone [4,4’-bis-(dimethylamino)-thiobenzophenone was used by 
Cheng and Lott 13’ to determine gold at pH 3. The reagent in isoamyl alcohol was 
shaken with the gold solution for 1 min and the absorbance of the filtered extract 
measured at 545 mp. The sensitivity is O-0013 pg/cm2. 

Kojic acid (5-hydroxy-2-hydroxymethyl-1,4_pyrone) has been used by Murata 
and Ujihara 13s to produce with gold in a neutral or slightly acidic solution an intense 



Calorimetric methods for the noble metals 813 

blue-green fluorescence in ultraviolet radiation. Optimum intensity is obtained at 
pH 97-6-8 in the presence of dissolved sodium chloride. The fluorescence is developed 
over 30 min in a dark box and the intensity is measured at 470 rnp VS. a solution of 
sodium fluorescein. The gold determination tolerates the presence of tellurium 
which allows the use of the latter as a coprecipitant. This method may find application 
in the determination of gold in ores, etc. 

Z~-~s wird eine kritische Ubersicht iiber die nach 1958 
veriiffentlichten spektralphotometrischen Bestimmungsmetboden fur 
Rhodium, Iridium, Ruthenium, Osmium und Gold gegeben. Zus- 
ammen mit den Beschreibungen des Verhaltens der Metalle wird eine 
Tabelle vorgelegt, die vor 1958 beschriebene Reagentien mit den 
einschliigigen Literaturzitaten registriert. 

R&sum&--On passe en revue, de f-n critique, les methodes spectro- 
photometriques de dosage du rhodium, de I’iridium, du ruthenium, de 
I’osmium et de l’or publiees post&ieurement a 1958. A la description 
de chaque metal est joint un tableau identifiant les reactifs mention& 
avant 1958 avec les r6f&ences correspondantes. 
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Summary-The theory of complexometric titrations, which employ 
extractive end-point detection, is presented. If dithizone is used as an 
indicator in the complexometric titrations of zinc, lead and cadmium, 
high sensitivities can be attained because of the intense colour and low 
metal-ion concentrations at the colour transition points. It should 
be. possible to titrate metals in very dilute soWions where many other 
indicators are not sensitive enough, particularly in the pH range 
around the neutral point. 

THE theory of complexometric titrations, in which end-points are detected by ex- 
traction, has not been fully expounded, although such titrations have been widely used. 

Bovalini and Casinil determined lead and cadmium by back-titration of excess 
EDTA with zinc, at pH 53, after adding dithizone in carbon tetrachloride to the 
system. The end-point was indicated by a colour change in the organic phase. When 
Minami and Sates attempted to determine micro amounts of lead by direct titration 
with EDTA in the presence of dithizone and chloroform, they found that the end-point 
did not coincide with the equivalence point. This is perhaps a result of slow attain- 
ment of equilibrium. 

Cameron and Gibson3*4 determined cobalt, copper, nickel, iron, chromium and 
vanadium by back-titration of excess EDTA with a standard cobalt solution; the 
end-point was taken to coincide with the appearance of a blue colour, in the organic 
layer, from the complex formed by triphenylmethylarsonium, cobalt and thiocyanate 
ions, [Ph,MeAs],[Co(SCN),]. The extraction of the iron(III)-thiocyanate complex 
into organic solvents has also been employed for end-point detection in complexo- 
metric titrations.2*s 

Extraction indicators are employed either as acid-base or as metal indicators. 
The theory of these two cases will now be discussed, taking dithizone (HDz) as an 
example. 

Acid-base indicators 

Dithizone functions as an acid-base indicator in aqueous solution, but because 
the compound is sparingly soluble in water, a water-alcohol mixture is usually em- 
ployed. The pH at the mid-point of the colour transition, pHtrans, is equal to the log,, 
of the stability constant of the proton complex of dithizone, KHDa, and is 4.5. 

When an organic solvent immiscible with water, e.g., chloroform or carbon 
tetrachloride, is added to the system, the dithizone will be extracted into the organic 
phase, which will then assume a dark green colour. The colour transition now occurs 
at a higher pH. The mid-point of the colour transition interval may be taken to be 
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attained when half of the amount of indicator is in the organic phase and the other 
half is present as the yeilow anion in the aqueous phase. If one assumes the following 
equilibria to prevail in the system (charges omitted): 

H + Dz + HDz 
IHW KHDz = p 

FUW 
(1) 

HDz + HDz (or& 
[HW DHDz = --.--L% 
WD-4 

f2) 

the pH at the mid-point of the colour transition interval is given by 

v 
pIi,,, = log KRDz + log Dunz f log F 

w 
3) 

where Vorg and Vag denote the volumes of the organic and aqueous phases, respectively, 

and Dnoz is the distribution coefficient of the proton complex of dithizone (log 
D HD?. = 4-O for carbon tetrachloride and 5-7 for chloroform). 

If vorg = Vaa, the last term in the equation will be zero and the mid-points of the 
colour transitions when carbon tetrachloride and chloroform are the organic solvents 
will be attained when the pH of the aqueous phases are 8.5 and 10.2, respectively. 

The phase-transfer equilibria are reached very slowly, so that extraction indicators 
offer very little advantage compared with other acid-base indicators which function 
satisfactorily in homogeneous systems. Extraction indicators are, however, of greater 
value as metal indicators in complexometric titrations. 

Metal indicators 

The advantages of extraction indicators as metal indicators in complexometric 
titrations are two-fold. 

Firstly, the indicators have high absorptivities and hence very low concentrations 
of the indicators are sufficient to impart a colour to the organic phase. The sensitivity 
can be further increased by altering the ratio, V ,,rg: Vas, of the volumes of the organic 
and aqueous phases. 

Secondly, the pH of the aqueous phase is higher when the colour transition occurs 
and hence the conditional constant of the complex formed by a metal and a com- 
plexing agent will have a higher value. This means that very dilute sotutions of 
metals can be titrated. Moreover, metal extraction indicators can often be used in 
the pH range around the neutral point, where there is a need for more metal indicators. 

Consider the titration of zinc with EDTA (H,Y) when dithizone is the indicator 
and carbon tetrachloride is the organic phase. The following equilibria are involved : 

Zn+Y$ZnY log KznY = 16.5 (4) 

Zn + 2HDz(org) + ZnDz,(org) + 2H log Eznnz, = 2.3 (5) 

When half of the indicator present in the organic phase has reacted with zinc, 
i.e., at the mid-point of the colour transition interval, 

[ZnDz,lora = +[HDzlor, (6) 
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The equilibrium at this point is defined by the equation 

(7) 

If one denotes by Cum the concentration of unbound indicator, all of which is 
assumed to be in the organic phase, the value of the a-coefficient7 of dithizone which 
represents the extent to which dithizone has been transfo~ed into other forms and 
transferred to another phase, is given by’s8 

c HDZ 
IHDzlore + p WD4 + [Dzl) 

orl4 

amm = [HD&a = [HWorg 
(8) 

The term [HDz], which is 104[HDz] erg, can be neglected, and it follows that 

The hydrogen ion concentration, pHtraU, when the indicator is equally distributed 
between the two phases is 10-s’s. When the ratio Vaq:Vorg is 10: 1 

Values of pZn and pzn,,,,,, at the mid-point of the colour change [from equation 
(7)] and at the equivalence point are given for various pki in Table I. The indictor 
concentration Cum has been assumed to be NPM and the total zinc concentrations 
lo4 and 1(k5M. 

The value of pZn at the equivalence point is given by 

[Zn’],, = [Y’],, = J- F 
ZD'Y' 

(11) 

where KznPY, is the value of the conditional constant’ of the Zn-EDTA complex at 
the pH in question 

Values of pZn at the mid-points of the colour transition, when the solvent is a 
water-alcohol mixture and no organic phase is present, are also included in Table I.% 
These values have been computed on the assumption that the dithizone concentration 
is 1O-g”M and log Kznoz, = 10.8. 

Values of pZn referring to a two-phase solvent system composed of chloroform 
and water have been calculated on the assumption that log EznnSl = 0~7 and they are 
also given in Table 1. 

The values of pZntrans and pZn,, are plotted against pH in Fig. 1. 
It will be seen that pZntrans may be very high in value when the experimental 

conditions are appropriately chosen. This means that the curves plotting pZntrana 
and pZn,, will intersect at very low total concentrations of the metal. It should be 
theoretically possible, therefore, to titrate very dilute zinc ion solutions. 
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TABLE I.-VALUES OF pZntrana AND pZn 80 UNDER VARIOUS CONDITIONS 

PH 

3.0 
4.0 
5.0 
6.0 
7.0 
8.0 
9.0 

pZnhn, 

CCl,/water 

;:; 

;:z 

11.5 
13.0 

CHClJwater 

;:o” 

8”:; 

10.0 
12.0 
13.8 

C,H,OH-water 

4.4 2.6 

5.8 5.5 

5.8 
5.8 

PZQq 

[Znv = 10-aM [ZnY] = 10-&M 

4.5 5.5 
5.5 6.5 
6.5 7.5 
7.4 8.4 
8.1 9.1 
8.6 9.6 
9.1 10.1 

Curves computed analogously for titrations of lead and cadmium are plotted in 
Figs. 2 and 3. The following values of the necessary constants were employed:’ 

log KPbY = 18-O log Kc,, = 16.5 

log EPbDe, = O-7 (CC13 log EcdDzl = 1.8 (CC&) 

= O-0 (CHCl,) = 0.7 (CHCls) 

Comparison with Eriochrome Black T 

The advantage offered by dithizone for the titration of zinc in a pH range where 
other metallochromic indicators often are not sufficiently sensitive will be shown by 
an example. 

FIG. 1 .-pZnt,, and pZn,, as functions of pH 
(CHDz = 10-6M; Vag:V~ro = 1O:l). 
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One may ask what accuracy is attainable with 
(a) Eriochrome Black T (HI), 
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and (b) dithizone in carbon tetra~hloride~C~~~ = 2 x IO-s&f; Vaq:Vorg = 10: 1) 
when a solution containing about 10msM in zinc is buffered to pH 8 by a secondary 
complexing agent with log azn = 4 (e.g., aqueous ammonia or citrate) and titrated 
with EDTA. 

12 

10 

8 
9 

CL 
(1 

6 

2 

0 
2 4 6 8 10 

PH 

2 2 6 8 10 
PH 

FIG. 2.--pPbtrs,, and pPb,, as functions of pH 
(CHDz = 18-‘&f; vq:vam = l&I). 

FIG. 3.-pCdt, and pCd,, as functions of pH 
(CHDx = I@‘M, vsq:vaijr = I&l). 

The conditional constants are:’ log KznPYS = 10.2, and log KznSr, = 5.3. pZn,,’ 
= 7.6. Consequently, 

(a) pZn&_ = 5.3, ApZn’ = -2.3, error’ ca. -50%. 
(b) pZn,,, = 12.3, pZn&, = 8.3, ApZn’ = O-7, error ea. I.2 %. 

The advantages of an extraction indicator are thus obvious. 
Dithizone is also an excellent indicator at pH 6 (log azn = 0; log Kz,, = 11.7; 

PZ%p = 8.35; pZn,,, = 8.9 in Ccl,; ApZn = O-55; error ca. O-15 %). Eriochrome 
Black T cannot be used at this pH. 

EXPERIMENTAL 

The above theoretical deductions were checked by titrating EDTA solutions with metal salt 
solutions. This procedure was chosen because the reactions attained equilibrium very slowly when 
EDTA solutions were added to metal salt solutions. 

The visual titrations were performed in daylight. In the photometric titrations a Beckman B 
spectrophotometer was used. 
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All solutions were prepared from reagent-grade chemicals and were standard&d by titration 
with EDTA using Eriochrome Black T as indicator. The solvents were redistilled and the water was 
passed through a cohmm of a cation-exchanger in the hydrogen form to remove all copper. 

Results from some titrations are presented in Table IL 

TABLE IL-TITRATIONS OF METAL IONS USING OITk41~0h~ AS AN EXTRACTION INDICATOR 

End-point 
Metal detection 

Zn Visual ccl, 
Visual CCl, 
Visual ccl, 
Visual CCI, 
Photometric CHCl, 
Photometric CHCla 
Photometric CHCI, 

Cd Photometric CHCI, 
Pb Photometric CHCl, 

Organic 
phase 

vorg : vaq, 
ml: ml PH 

10:50 60 
10:50 6.2 
lo:50 6.9 
lo:50 6.0 
50: 10 6.7 
5O:lO 7-o 
50: 10 6.7 
50: 10 6-5 
5O:lO 7.0 

EDTA taken, 
mmole 

1.92 x IO-’ 
960 x 10-a 
4.80 x 10-e 
5.12 x 10-s 
4.80 x 10-4 
1.92 x lO-4 
O-96 x IO-” 
960 x 10-1 
9.60 x lo-% 

EDTA found, 
mmole 

1.92 x 10-r 
9.64 x lo-* 
4.84 x 10-z 
5.13 X 10--s 
4.82 x lo-* 
1.87 x lo-* 

-0.98 x 1O-i 
9.60 x lo-$ 
9.61 x IO-* 

Error, 
% 

0.0 
$0.4 
TO.8 
-to*2 
10.4 
-2-6 
-2.1 

0.0 
AO*l 

A~kaow~edgements-the author is indebted to Ph. M. R. Korte for translating the Swedish text. 
Financial support from Statens Teknologiska Komission, Finland, is gratefuily acknowledged. 

Zusammenfassung-Die Theorie komplexometrischer Titrationen mit 
extraktiver Endpunktsanzeige wird vorgelegt. Mit Dithizon als 
Indikator lassen sich bei komplexometrischen Titrationen von Zink, 
Blei und Cadmium wegen der intensiven Farbe und der geringen 
Metallionenkonzentration bei den Farb~~hlagspunkten hohe 
Empfindlichkeiten erzielen. Man sollte Metalle in sehr verdiinnten 
Losungen titrieren kiinnen, wo viele andere Indikatoren nicht empfind- 
lich genug sind, besonders in pH-Bereich urn den Neutralpunkt herum. 

R&urn&-On presente la th6orie des dosages complexometriques qui 
utilisent la technique de detection par extraction du point de &age. 
En employant la dithizone comme indicateur pour les dosages com- 
plexometriques du zinc, du plomb et du cadmium, on peut atteindre 
des sensibilites elevees par suite de l’intense coloration et des faibles 
concentrations en ion metallique au point de virage de la coloration. 
11 devrait ttre possible de doser des mttaux en solutions tres dilubs, 
la 00 de nombreux autres indicateurs ne sont pas suffis~ment 
sensibles, en particulier dans Ie domaine de pH avoisinant la neutralite. 
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Summary-Submicrogram amounts of thirteen metals have been 
separated from 50 g of uranyl nitrate by adsorption chromatography 
on cellulose column. The adsorbed metals have been eluted bv 
solutions of potassium thiocyanate and hydrochloric acid in organ& 
solvents. The quantitative recovery of metals has been verified by using 
radioisotopes and gamma-ray spectrometry. 

MANY methods have been used to separate trace impurities from uranium. These 
methods (ion-exchange chromatography, solvent extraction, etc.) have been designed 
to separate one element or a group of similar elements. 

From studies concerned with the separation of rare earths from uranium and their 
adsorption on cellulose, l--3 it has been inferred that other cations could also be ad- 
sorbed by the acid groups of cellulose, if the cellulose is in a suitable solvent or has 
been treated iith special reagents .4 In fact, cadmium, at a concentration of 5 ppb, 
as well as ytterbium and scandium at a concentration of 0.5 ppb, and dysprosium, 
erbium, europium and yttrium at a concentration of 2 ppb, have all been determined 
in uranium by passing a solution of uranyl nitrate in ethyl ether through cellulose 
and carrying out emission spectrography on the ashed cellulose column.5 

The present study demonstrates that effective separations of trace impurities from 
reactor-grade uranium can be realised by adsorption chromatography with organic 
solvents. Moreover, suitable choice of reagents and solvents enables these impurities 
to be quantitatively separated from each other by the chromatographic elution of very 
small amounts of these adsorbed metals from the cellulose. Radioisotopes have been 
used to follow the separations, even during the course of the adsorption or elution. 

Reagents and apparatus 
EXPERIMENTAL 

Reagent-grade chemicals and solvents were used for the preparation of all solutions. 
Efuting solutions. (a) Fifty g of uranyl nitrate and 5 ml of concentrated nitric acid dissolved in 

95 ml of ethyl ether. 
(b) Five ml of concentrated nitric acid dissolved in 95 ml of ethyl ether. 
(c) Forty mg of potassium thiocyanate dissolved in 40 ml of methanol plus 60 ml of ethyl ether. 
(d) Forty mg of potassium thiocyanate dissolved in 100 ml of acetone. 
(e) Thirty ml of concentrated hydrochloric acid dissolved in 70 ml of acetone. 
(f) Ten ml of concentrated hydrochloric acid in 90 ml of acetone. 

* Research sponsored by the U.S. Atomic Energy Commission under contract with Union 
Carbide Corporation. 

t Present address: Universite de Sherbrooke, Facultt des Sciences, Sherbrooke (Prov. Qu&ec) 
Canada. 
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Column. Whatman cellulose powder Chromedia CF II, aahless, standard grade n.1. 
Radioisotopes. The high specific activity radioisotopes were obtained from the Oak Ridge National 

Laboratory Isotopes Division. 
Ra~~~tivity measure~~s. The presence or absence of ~dio~tivity in the eluted fractions and 

in the cellulose calm was measured by a 2OO-channel gamma-ray spectrometer, electronically 
coupled to a NaI(Tl) activated crystal. 

Trace elements preparation. In, Zn, Co, Cu, Cr, Mn, Ba, Fe, Ag, Cd, Sr, Sb and Cs were used 
because they are representative of the trace element contaminants found in uranium and have 
appreciable neutron activation cross-sections. A weighed amount of the element was dissolved 
in nitric acid or converted to the nitrate and diluted to a known volume after the radioisotope 
was added. An aliquot was taken to simulate the normal levels of the impurity found in uranium. 

Preparation of cellulose column. A 50 ml burette (l-cm diameter) was filled with 95% ether-5 % 
HNOs solvent and cellulose added slowly, to form an air-free column. The cellulose pad was pressed 
down to a height of 25 cm by compressed air. 
ether-nitric acid solvent. 

The prepared cellulose column was kept wet with 
A new column was prepared for each separation immediately before use. 

Preparation of uranium so&ion and ~hromatographi~ procedure 

About 50 g of fl.ne crystalline and dried uranyl nitrate were dissolved in 95 ml of ethyl ether and 
transfermd to a beaker containing the radiotracer dissolved in 5 ml of concentrated nitric acid. This 
solution, (a), was introduced into the burette, and the flow rate of 7 ml min was attained by keeping 
the calm under air pressure. Uranium passed through the column as the nitrate complex. 

TABLE L-METALS SEPARATED FROM URAmM BY CHROMATOGRAPHY 

Radio- 
isotope 

l”mIn 
%5n 
**co 
e%zu 
“Cr 
6bMn 
**sBa 
&OFe 
=‘Ag 
“SmCd 
BsSr 
=‘Sb 
=‘CS 

Element Metal in Band 
p=% pg uranium, ppb colour Eluant* Adsorption, % Elution, % 

O-075 2.5 Red C 100 100 
0,378 12.6 Pink c 100 100 
0.050 

I:.: 
Fink C 100 100 

0.400 Red c 100 100 
0.032 I*1 Red C 100 100 
0.080 2.7 Yellow C 100 100 
0.028 0.9 Colourless C 100 50 
0.012 
2900 9:s: 

Red C Loo 100 
Red c 100 100 

4.000 133 Colourless d 100 100 
0.100 3.3 Colourless d 100 100 
0.034 1-l Red e 100 100 

Carrier - Colourless e 100 100 
free 

* Letters refer to solutions given under Reagents and Apparatus. 

The column was washed with 100 ml of ether-nitric acid solution, (b), introduced in small frac- 
tions to elute the remaining uranium. A few drops of methanol were added to the last 10 ml of ether- 
nitric acid, to avoid precipitation of potassium thiocyanate from the following eluting solution. 

The first eluting solution, (c), was 40 mg of potassium thiocyanate in 100 ml of 60% ether40% 
methanol. Immediately after the potassium thiocyanate eluent was added, coloured complexes of 
several metal ions were formed (Table I). 

These coloured bands and the associated radioactivity were rapidly eluted from the column. 
Each fraction, a column volume, of 25 ml was collected separately, for radioactivity. measurement, 
for each eluent. 

The amount of radioactive isotope added varied from 1.10 x lo6 to l-10 x 10’ dpm; the total 
element concentration associated with each nuclide added is given in the second column of Table I. 

The second eluting solution, (d), 40 mg potassium thiocyanate in 100 ml of acetone, was passed 
through the column, removing cadmium and strontium. The third eluting solution, (e), 30 ml of 
concentrated hydrochloric acid in 70 ml of acetone, removed antimony and caesium from the cellulose 
column. 

The above procedure was applied first to the separation of each element in~vidu~ly from uranium. 
Later, different mixtures of radio-elements were se arated from uranium. To determine the extent 

18; of recovery, the radioactivity of each fraction of e uent was compared with a radioactive standard 
containing the same amount of radio-element used in the separation. 
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FIGS. l-l 2.--Separation and elution of individual metal ions from uranium : 
1. In, 2. Zn, 3. Co, 4. cu. 5. Cr. 6. Mn, 
7. Fe, 8. Ag, 9. Cd, 10. Sr, 11. Sb, 12. Cs. 
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The complete separation of the trace elements from uranium takes 2 hr, including the prepara- 
tion of solutions and column. Fresh solutions (a) and (b) are made each time to prevent the formation 
of peroxides, which are hazardous and have been known to explode. 

The uranium can be- recovered from the ether-HNO, mixture. Place the mixture in an evaporating 
dish, add 100 ml of water and then blow air over the dish to remove the ether. 
solution gently until crystallisation occurs. This operation takes 1 hr. 

Heat the aqueous 

RESULTS AND DISCUSSION 

When the solution of uranyl nitrate in ether was passed through the column, 
uranium was not retained at all, and it moved at the same speed as the solution. Only 

I- 
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U 
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T 

d 
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FIGS. 13 and 14.-Separation and elution of mixtures of metal 
ions from uranium. 

25 ml of solution (b) would have been necessary to wash the column, but 100 ml 
were used to ensure a complete separation of uranium from the trace metal ions. No 

radioactivity was detected in these ether fractions. 
Traces of metals were retained by the acid groups of cellulose on the column at 

different levels, as shown by the coloured bands appearing after the introduction of 

solvent (c). 
Uranium was removed from the thirteen elements studied and the effluent solution 
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containing uranium could be concentrated. Very pure uranyl nitrate could be crys- 
tallised from the concentrate. The trace elements collected on the column were eluted 
with organic solvents containing complexing agents. 

The elution of the thiocyanate complexes of several metals in ether-methanol are 
represented in Figs. l-8. The elution curves for thiocyanate complexes of cadmium 
and strontium in acetone are in Figs. 9 and 10. Antimony and caesium did not form 
thiocyanate complexes under these conditions, but they were removed by acetone- 
hydrochloric acid (Figs. 11 and 12), because the eluent attacked the cellulose to such 
an extent that a more dilute eluent, (f), was prepared (Fig. 14). Figs. 13 and 14 show 
typical elution curves for two uranium solutions containing trace elements. From 
these, it can be seen that uranium may be completely separated from these elements 
and also that a partial separation of these trace elements can be made. (The examina- 
tion of the y-ray spectra of manganese and iron in the eluent indicates that these two 
elements are completely separated.) These elements are completely eluted, except 
barium and antimony, which partially remain on the cellulose column. 

Earlier workers have used at least 40 g*-” or 20 g” of cellulose for one column. 
For the present work, the amount of cellulose powder has been reduced to a few grams 
only. 

It has been demonstrated that trace amounts of thirteen different elements can be 
quantitatively separated from uranium by adsorption and elution from a cellulose 
column treated with 95 ‘A ether-5 *A nitric acid. The efficiency of the separations was 
tested by a radioactive-tracer technique. 

For analytical applications, the method could be used to separate trace quantities 
of elements present in uranium with the final elemental determination being made by 
physico-chemical measurements or neutron-activation analysis. 

Future studies might well include evaluation of other complexing agents in different 
solvents for additional trace element determinations. 

AcknowZedgmenr.+-R. A. A. Muzzarelli expresses his appreciation to the Consiglio Nazionale delle 
Ricerche, Rome, Italy, which supported his studies at the Oak Ridge National Laboratory. 

~~~g~ubmikrogra~engen von dreizehn Metallen 
wurden aus 50 g Uranylnitrat durch Adsorption~hromatogmphie an 
einer Celluloseslule abgetrennt. Die adsorbierten Metalle wurden 
eluiert durch Lijsungen von Kaliumrhodanid und Salzsaure in organ- 
ischen Losungsmitteln. Da13 die Metalle quantitativ wiedergefunden 
werden, liea sich mit Hilfe von Radioisotopen und Gammastrahl- 
spektrometrie nachweisen. 

R&am&--On a s&pare des quantites inferieures au microgramme de 
treize mdtaux a partir de 50 g de nitrate d’uranyle, par chromatog- 
raphie d’adsorption sur une colonne de cellulose. On a Clue les 
metaux adsorbes par des solutions de sulfocyanure de potassium et 
d’acide c~orhydrique en solvants organiques. On a contrhle la 
r&up&ation quantitative des metaux au moyen de radioisotopes et 
de la spectromdtrie aux rayons gamma. 
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!%mmary--A highly selective, rapid, one-step radiochemical separation 
procedure for gold haa been developed. It is based OR the solvent 
extraction of gold diethyl~t~~b~te from a O*Ol-10X sutphuric 
or hydrochloric acid medium using a substoichiometric amount of 
copper diethyldithiocarbamate in chloroform. The separation has 
been applied to the determination of traces of gold by neutron-aotiva- 
tion analysis in high-purity lead, the rook W-l, gold-doped semi- 
conductor-grade silmon and a biological material (kale). Amounts 
of goId down to 2 x KV” g have been ~te~i~. 

NEUTRON-ACTIVATION analysis is well suited to the determination of traces of gold in 
various materials, especially for the high sensitivity which can be reached by this 
method. Gold is a mono-isotopic element and by its activation with thermal neutrons 
the following nuclear reaction occurs :l 

rQTAu(n, #@‘Au 

(t, = 2.7 days ; u = 96 barns; @- = 0.96 MeV; y = 0.41 MeV). From the above 
data it follows that under suitable conditions (irradiation in a flux of 10la neutrons. 
cm-s.sec-1 to saturation activity, followed by ~dioche~~l separation) it is theoret- 
ically possible to determine down to lo-” g of gold. The following possible nuclear 
interference reactions 

lBsHg(n, p)lQsAu 

lg8Pt(n, r)l=Pt --+ lWAu 

must be considered in the case of a mercury or platinum matrix. Also, the reactions* 

le8Au(n, y)lQQAu 

(ta = 3.1 days; CI = 26,000 barns; b- = 0.30, O-25, @46 MeV; y = 0.16, @21, 
0.05 MeV) must be taken into account, especially in the case of prolonged irradiation, 

Neutron-activation analysis has been used for the determination of traces of gold 
in such industrially important materials as semiconductors,* high-purity metals,s** 
lithium compounds,6*26 petrochemicals,6 as well as in sea water,’ meteorites,svs rocks,10 
minerals,S,ll*ls biological materials, 14-16 etc. These methods necessitate the use of 
radiochemicat separation procedures by means of which the radio-gold is separated 
in a radiochemically pure form suitable for chemical yield determination. The mono- 
graph by Emery and Leddicotte” contains several separation procedures for gold 
which well illustrate the complicated and time-consuming nature of these standard 
methods. 

* On leave from Department of Nuclear Chemistry, Faculty of Technical and Nuclear Physics, 
Prague 1, Bkhovd, Czechoslovakia. 
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The purpose of the present paper was to develop a substoichiometric separation 
procedure for gold, which, from its generally higher selectivity and the avoidance of 
determining the chemical yield,ls would permit a considerable simplification over the 
radiochemical procedures commonly used. During recent years such substoichiometric 
procedures have been successfully applied to the determination of various trace 
metals by neutron-activation analysis. From the theory of substoichiometry,lE it 
follows that a reproducible substoichiometric separation can be developed only when 
the metal under consideration forms a very stable, readily extractable chelate with the 
reagent employed. Moreover, the chelating agent itself must not be easily decomposed 
by light, oxidising agents, etc. 

The selectivity of the separation of gold is affected by the extractability of the 
chelate formed. Dithizone seems to be particularly suitable for the substoichiometric 
determination of gold because the extractability of metal dithizonates decreases in the 
following order :19 Pd(II), Au(III), Hg(II), Ag(I), Cu(II), Bi(III), Pt(II), In(III), Zn(II), 
Cd(II), Co(H), Pb(II), Ni(II), Sn(I1) and Tl(1) and dithizone solutions in organic 
solvents are sufficiently stable against decomposition. However, our attempts to use 
this reagent for the substoichiometric separation of gold were unsuccessful. The 
main reason is that two types of dithizonate, AuHDz and Au,Dz (where H,Dz 
represents dithizone itself), are formed, the ratio of which depends on pH, excess of 
dithizone used and chloride ion concentration .20 For this reason a reproducible 
substoichiometric separation of gold by dithizone can only be achieved by a strict 
control of the conditions. It is preferable to maintain the chloride ion concentration 
at the lowest possible level, which, from a practical point of view, is not very con- 
venient. 

Attention was, therefore, turned to other chelating agents containing the reactive 
-SH group, such as dialkyldithiophosphates and dithiocarbamates. The relative 
order21 of extraction of metal chelates with di-n-butyl phosphorodithioic acid [Pd(II), 
Au(III), Cu(I), Hg(II), A&I), Cu(II), Sb(lII), Bi, Pb, Cd, Ni and Zn] does not differ 
very much from that of the dithizonates. A similar conclusion is reached in the case 
of the metal diethyldithiocarbamates on the basis of the systematic study of Bode and 
Neumann22-with one significant exception-the extraction of gold diethyldithio- 
carbamate. Using diethyldithiocarbamate as a chelating agent and carbon tetra- 
chloride as the organic solvent, gold was found 22 to be extracted only partially (ca. 
30%) above pH 1, while Pd, Pt, Cu, Hg, Ag, etc., are extracted even from 1OW 
sulphuric acid. This observation unexpectedly places gold amongst the least extrac- 
table metals with this particular chelating agent. From our experiments it follows 
that this is because of the low solubility of gold diethyldithiocarbamate in carbon 
tetra~hloride; with chloroform as sotvent, however, this chelate can be extracted 
quantitatively even from very strong mineral acid solutions. It is impossible to use 
sodium diethyldithiocarbamate or diethylammonium diethyldithiocarbamate for the 
substoichiometric separation because both reagents are rapidly decomposed. Of 
various metallic salts of the parent reagent which offer a greater stability, copper 
diethyldithiocarbamate has been found extremely suitable in the present case. Its 
solution (4.83 x IO-4M in chloroform) can be kept without significant change in 
strength for at least 2 months. Moreover, in acid solutions, gold replaces the copper in 
the chelate very quickly and the colour of the organic extract changes from dark 
brown to golden yellow. For these reasons an extractive titration can be used for 
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checking the concentration of gold or of the extractant. It can also be expected that 
the procedure will be highly selective, because the extraction of copper diethyldithio- 
carbamate (which is evidently a weaker complex than that of gold) is well known to be 
one of the most selective methods for the determination of copper. 

Apparatus 
EXPERIMENTAL 

Scintillation counter. The detector used was a 1.75 in. diameter x 2 in. NaI(T1) well-type crystal: 
well volume 5 ml. This was associated with a single channel gamma-ray spectrometer. Ihall experi- 
ments a setting of discriminator voltage corresponding to 0.07 MeV was used. This ensured only 
low selectivity, but higher sensitivity of counting the ra8Au activity. 

All reagents were prepared from analytical reagent grade chemicals. 
Gold carrier solution (2.06 mg/ml; 1.05 x 10-eA4). Prepared from a weighed amount of metallic 

gold (metal leaves ea. 0.0001 mm, General Chemical Co., Division of Fisons Scientific Apparatus Ltd., 
Loughborough, England) by dissolution in aqua regia. The resulting solution was evaporated almost 
to dryness, then diluted to a standard volume with 1N hydrochloric acid. 

Copper diethyldithiocarbamate solution (4.83 x 10-4M). Prepared by mixing 250ml of an 
aqueous solution of sodium diethyldithiocarbamate (0.2253 g; B.D.H. Ltd., Poole, England) with 
25 ml of copper sulphate solution (2.5 g of pentahydrate), the precipitate thus formed being extracted 
by two 250-ml portions of chloroform and the combined extracts diluted to 1000 ml with the same 
solvent. The concentration of the resulting solution was checked by absorbance measurement at 
436 my. Assuming that the molar extraction coefficient is the same in chloroform as in carbon 
tetrachloride (1.3 x lOp),19 the concentration of the prepared solution was 4.83 x 10-4M, which was 
in good agreement with the amount of sodium diethyldithiocarbamate weighed originally. By 
extractive titration in a medium of 1N hydrochloric acid (the end-point being a change in colour from 
golden yellow to dark brown), 1.00 ml of gold was equivalent to 10 ml of copper diethyldithiocar- 
bamate, which indicates that a 1: 1 chelate of gold with diethyldithiocarbamate is formed. 

Radiotracer solutions. Used for direct interference studies and prepared by irradiation of the 
corresponding elements (or their chlorides or sulphates) in a flux of 6 x 10” neutrons.cm-*.secr 
for 6 hr (Universities of Manchester and Liverpool Research Reactor). 

The test samples were weighed (see Table IV), sealed in quartz ampoules (rocks) or wrapped in 
spectrographically-tested analytical reagent grade aluminium foil (lead, kale and silicon) and 
irradiated in a reactor simultaneously with an appropriate amount of gold standard. The time of 
irradiation (24 hr to 5 days), reactor flux (6 x 10” to 6 x 1018 neutrons.cm-e. se+) and time of 
cooling (usually ca. 1 day) were chosen according to the content of gold expected. For irradiation 
the Harwell reactors BEPO and DID0 and the Universities of Manchester and Liverpool Research 
Reactor were used. 

Development of Method 

All preliminary experiments were carried out using 1.05 x lo-* M gold carrier solution and 
4.83 x lo-* M copper diethyldithiocarbamate solution in chloroform. With the exception of the 
direct interference studies, the solution of gold carrier was labelied with issAu which contained a 
negligible amount of isotopic carrier. 

Reproducibility 

The optimum acidity for the substoichiometric separation of gold was first investigated. To a 
series of 100~ml separatory funnels, containing 25 ml of different concentrations of sulphuric or 
hvdrochloric acids or of water alone, 0.5 ml of labelled gold carrier solution was added: the OH of the 
resulting solutions was adjusted by.adding dilute aqu&us ammonia and/or small amounts’ of O.lM 
acetate or borate buffer solutions to reach different values in the pH range O-8.5. After adding 3.0 ml 
of copper diethyldithiocarbamate solution, the extraction was carried out for 3 min. The activities 
of equal volumes (2.0 ml) of the chloroform layer were measured in the scintillation counter and 
plotted against the acidity of the extracted solution. From the curve obtained (Fig. 1) it can be seen 
that a reproducible substoichiometric separation can be achieved over a very wide range of acidity 
(O.Ol-10N hydrochloric or sulphuric acid). 
hydrochloric acid was chosen. 

For all further experiments a medium of 1.5 & 1N 
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8 6 4 2 0.1 Acidity, N 

FIO. l.-Influence of acidity on the substoichiometric extraction of gold with copper 
diethyldithiocarbamate in chloroform (60 % stoichiometry) : 

O-hydrochloric acid, 
O-sulphuric acid. 

I 
50 loo 

Timc,rcc 

FIG. 2.-Time necessary for reaching extraction e uilibrium in the substoichiometric 
8 extraction of gold with copper diethyldithiocar amate in chloroform (1.5 .+ 1N 

hydrochloric acid; 80% substoichiometry). 

The time necessary for reaching extraction equilibrium, which also ensures the reproducibility 
of the substoichiometric se 

P. 
aration, was ascertained by extraction of gold for different times from 

25 ml of 1.5 f 1N hydroch ortc acid, containing 05 ml of labelled gold carrier solution, using 4.0 ml 
of copper diethyldithiocarbamate solution as the extractant. From Fig. 2, where the activities of the 
obtained extracts are plotted us. time of shaking, it can be seen that extraction equilibrium is reached 
within 20 sec. and that the extract is unaffected by prolonged shaking. 
extraction time of about 1 min was chosen. 

For all further experiments an 

Finally, the reproducibility of the substoichiometric separation was tested in the following way, 
A series of solutions of 1.5 + 1 N hydrochloric acid, containing precisely known, increasing amounts 
of labelled gold carrier solution, were simultaneously extracted with 4.0 ml of copper diethyldithio- 
carbamate solution for about 1 min. The activity of the extracts was measured as before and plotted 
against the amount of gold originally present in the aqueous phase. From the graph obtained 
(Fig. 3) it can be- seen that after reaching the equivalence point very good reproducibility of the 
substoichiometric separation was achieved. 

Selectivity 

The selectivity of the substoichiometric separation was studied using direct and indirect methods. 
In both cases only the influence of those metals the extractability of which is higher or similaP+* 
to that of copper diethyldithiocarbamate were tested. The investigation of metals which do not form 
extractable diethyldithiocarbamates (Na, K, Ca, Sr, rare earths, etc.) or form chelates of very low 
extractability (Zn, Ga, Tl, Mn, Fe, etc.) is unnecessary. 
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Labelled gold carrier solution, ml 

FIG. 3.-Reproducibility of the substoichiometric extraction of gold with 
diethyldithiocarbamate in chloroform (E denotes the equivalance point). 

copper 

TAEZLE I.-hTERFERBNCB WITH THE JXlRAClXON* OF GOLD BY COPPER 

DIETIiYLDlTFIlOCARBAMATB IN CIiLOROFORh4 CAUSED BY THE ADDITION 

OF INAClWB ELEhfENTS OR OTHER SPECIES. 

Element of other 
species added 

P~tinum(Iv)tmg) 
z$?$lTgJ 
Indium(III) (2 mg) 
Antimony(III) (2 mg) 
Antimony(V) (1 mg) 
Arsenic(III) (2 m 
Arsenic(V) (1 m s 
Molybdenum(W) (4 mg) 
Palladium@) (1 mg) 
Palladium(H) (2 mg) 
Lead(H) (3 g in 1N I-IN03 
0.1 ml of 5 vol. HsOI 
1.0 ml of 5 vol. H,OI 
1.5N I-INOa (no HCl present) 
lmlof4O%HF 
0.5 ml of 70% HCIO, 
1 ml of 7O’X HClO, 

Activity of extract,t 
counfs/lo set 

23118 
23184 

300 

zz 
22475 
24904 
24108 

g: 
19720 
12390 
23830 
23178 
23315 
22835 
22950 
22410 
22740 

* All extractions made from 1.5 f 1NHCI unless otherwise 
stated. 

t All activities corrected for background and decay. 
2 No HpOI present 

The indirect interference studies were based on the detection of any depression of the gold activity 
extracted as diethyldithiocarbamate, caused by the presence of various other metal ions in the original 
aqueous solution. In these experiments labelled gold carrier solution was mixed with the corre- 
sponding (by weight) amounts of foreign metal ions or other species (Table I) in 1.5 f 1N hydro- 
chloric acid with the addition of 1 ml of 5 vol. hydrogen peroxide solution. From the activities of 
the extracts obtained it can be seen that the method proposed is very selective: only palladium and 
tin(H) interfere. The interference of the latter is caused by reduction of the gold to the metallic 
state, which can easily be avoided by adding hydrogen peroxide. Comparatively large amounts of 
nitric acid, hydrofluoric acid, perchloric acid or hydrogen peroxide do not destroy the extractant 
and so can be tolerated. This is important because these species may of necessity be present in the 
aqueous phase obtained when dissolving test matrices. 

The direct interference studies were based on using microgram or submicrogram amounts of 
radioisotopes of the foreign ions. These radiotracers were mixed with a non-active isotopic gold 
carrier solution and substoichiometric extractions carried out. The selectivity of separation, carried 
out from 1.5 + IN hydrochloric acid in the presence of 5 vol. hydrogen peroxide solution, is very 
high (Table II) and the results obtained in this way are in good agreement with indh-ect interference 
studies. 
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TABLE II.-INTERFERENCE WITH THE EXTRACTION OF GOLD BY COPPER 
WETHYLDITHIOCARBAMAT IN CHLOROFORM CAUSED BY THE 

ADDITION OF RADlOACnVE TRACERS* 

Radioisotope 
added 

Total activity 
added, 
counrs/lO set 41,394 159,465 228,330 312,576 1,170,162 1,441,261 226,314 225,700t 

Activity of 
substoichio- 
metric 
extract, 
counts/l0 set 14 29 313 32 272,720 292 127 19,027: 

Radioisotope 
extracted, % 0.03 0.02 0.14 0.01 23.3 0.02 0.06 8.4 

* 2 mg of gold carrier present; interfering elements present in microgram amounts. 
t One-twentieth of stated activity actually measured. Solution evaporated to dryness on 

standard aluminium planchet and counted on end-window Geiger-Miiller counter. 
: One-sixth of stated activity actually measured (see t). 

Although platinum(IV) was not found to depress the extracted gold activity in the indirect 
interference studies (Table I), interference was obtained using labelled platinum(IV). This means 
that this metal must be extracted by another mechanism than that for gold; this conclusion was 
confirmed by an experiment in which, instead of using copper diethyldithiocarbamate in chloroform 
as the extractant, pure solvent (chloroform) was used alone. The same amount of radioactive 
platinum (cu. 23 %) was still extracted. It will be shown later that, for nuclear reasons, the inter- 
ference of platinum (and palladium) need only be considered if this metal is present in great excess 
compared to gold. 

Dissolution procedures 

To determine the losses of gold which can occur during dissolution of test samples,*3 the 
dissolution procedures detailed below were investigated using a non-irradiated matrix and a known 
amount of active gold (Table III). 

Before their dissolution, any surface contamination was removed from the irradiated lead samples 
by careful leaching with dilute nitric acid and from the silicon samples with hydrofluoric and nitric 
acids. 

Silicon and rocks. To the test matrix, placed in a 50-ml Teflon beaker, 1.00 ml of gold carrier 
solution was added and the matrix dissolved in a mixture of concentrated hydrofluoric (10 ml), 
hydrochloric (2 ml) and nitric (10 ml) acids. After the silicon had been fumed off, two evaporations 
were carried out with 5-ml portions of hydrochloric acid to a volume of about l-2 ml in order to 
remove oxides of nitrogen. 

Lead. To the test matrix, placed in a 500-ml conical flask, 1.00 ml of gold carrier solution was 
added and the matrix dissolved in a mixture of glacial acetic acid (5 ml) and 100 vol. hydrogen 
peroxide (cu. 15 ml, added in 0.5-ml portions with gentle warming between the additions). The 
resulting solution was evaporated almost to dryness and the evaporation repeated with 15 ml of 
50% v/v hydrochloric acid plus 2 drops of concentrated nitric acid, then with 15 ml of 50% v/v 
hydrochloric acid alone. The residue was dissolved in the minimum volume of hot concentrated 
hydrochloric acid (3 g of lead requires cu. 150 ml of acid) to obtain a perfectly clear solution. This 
solution was diluted to twice its volume with water and allowed to stand in an ice-bath, whereupon 

TABLE III.-INVES~GA~ON OF DISSOLU~ON PROCEDURES 

Weight, 
Matrix g 

Activity of 
Au added, 

counts/l0 set 

Activity of 
Au recovered, 
counts/ 10 set 

Recovery, 
% 

Silicon 1 64373 60876 94 
Lead 3 16287 15696 96* 
Kale 1 30154 19232 64 

* After extraction with diethyl ether. 
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lead chloride precipitated. The supematant liquid was decanted into a 500-ml separatory funnel, 
the lead chloride being washed with two lO-ml portions of 25 % v/v hydrochloric acid and the washings 
also added to the separatory funnel. The gold was then extracted, as the chloride, by two SO-ml 
portions of diethyl ether. Finally, the combined ether extracts were evaporated to dryness and the 
residue dissolved in 20-30 ml of 1.5 5 1N hydrochloric acid. 

Biological material (kale) .14 To the test matrix, placed in a 250-ml beaker, 14lO ml of gold carrier 
solution was added, followed by 2 ml of 100 vol. hydrogen peroxide. The beaker was covered 
with a clock glass and 5 ml of concentrated sulphuric acid carefully added via the beaker lip, then the 
beaker contents swirled gently until effervescence ceased. Next 5 ml of concentrated nitric acid 
were added, the beaker again swirled gently, and finally 2 ml of 70% perchloric acid added. The 
covered beaker was heated until white fumes appeared, then allowed to cool appreciably before 
adding 20 ml of aquu regia. Heating was resumed and evaporation continued to the appearance of 
white fumes of sulpl~uric acid. The resulting clear solution, after cooling, was diluted to about 30 ml 
with 1.5 f 1N hydrochloric acid. 

Extraction procedures 
The dissolved samples were diluted to 20-50 ml with water or acid so as to obtain a medium of 

1.5 + IN hydrochloric acid, then transferred to lOO-ml separatory funnels. After adding O-5 ml 
of 5 vol. hydrogen peroxide, extraction was carried out with 7.0 ml of copper diethyldithiocarbamate 
solution for about 1 min. In the case of the biological material (kale), where only 64% recovery of 
gold was obtained after dissolution (Table III), a volume of 5.0 ml of extractant was used so as to be 
below the stoichiometric requirement. To the appropriate amount of irradiated gold standard 
(y,), 160 ml of gold carrier solution was added and the gold extracted in exactly the same way as 
described above for the test solutions. In the case of the samples of rock W-l (or other very impure 
test materials) the organic extract obtained must be washed with 1 N hydrochloric acid and filtered to 
remove the last traces of aqueous phase. The activities of exactly the same volumes of separated 
organic extracts from the test (a) and standard (as) samples were measured using the scintillation 
counter; the amount of gold present in the test sample (u> was then calculated from the equation 

RESULTS 

The results obtained for the various test materials are summarised in Table IV. 
The reproducibility in the case of the silicon, lead and kale is good. The results for 
the analysis of the rock W-l differ rather more, but the difference cannot be explained 
by the presence of radionuclides other than that of gold in the extracts; the decay 
measurements of these extracts confirmed their radiochemical purity (Fig. 4). In any 
case, de mean value of the present experiments is in good agreement with the results of 
other workers on the rock W-l. 

The gold concentration of the gold-doped semiconductor-grade silicon, calculated 
on the basis of the equilibrium segregation coefficient for gold in silicon, is cu. 4 x 
10” ppm. If this estimate were to be corrected for the Burton-Slichter fayer,% because 
of the rather high crystal pulling speed employed in the preparation of this particular 
crystal of silicon, then a figure around that found by neutron-activation analysis 
would be obtained. There is little doubt that the latter figure is the more precise. 

As expected, the gold content of the biological material (kale) is very low; the 
results are in excellent agreement with those of Morris and Gupte,12 also obtained by 
neutron-activation analysis. 
obtained by Haste,% . 

From the close agreement of our results with the figure 
It seems that the dissolution procedure for the high-purity lead 

developed by us is fully satisfactory and isotopic exchange between carrier and radio- 
gold formed by neutron activation has been completed. 

DISCUSSION 

The selectivity of the substoichiometric separation of gold using copper &ethyl 

dithiocarbamate is very high. This fact, to be expected from theoretical considerations 
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(see p. 830), has been confhmed not only by the preliminary studies (Tables I and II) 
but also by checking the radiochemical purity of the organic extracts obtained from 
the various test samples (Fig. 4). Fu~e~ore, the ~~pu~ty lead is known to 
contain Ag, As, Cu, Hg, Sb and Tl in trace amounts (determined by neutron-activation 
analysis)% and the rock W-l to contain Ag, As, B, Ba, Be, Bi, Cd, Ce, Co, Cr, Cs, Cu, 
F, Ga, Ge, In, La, Li, MO, Nb, Nd, Ni, Pb, Pd (O-02 ppm), Rb, Re, Sb, SC, Sm, Sn, 

Fro. 4.-Typical decay curves of the chloroform extracts of gold di~yl~~~~~ 
obtained from various irradiated materials (samples 1 and 2 refer to the right-hand 
vertical scale; samples 3-5 refer to the left-hand vertical scale; all extracts were 

measured for a period suflicient to obtain a total of at least 5,000 counts): 
l-biological material (kale), 
2-high.pmity lead, 
3-geld-doped semiconductor-grade silicon, 
&gold standard, 
5-rock W-l. 

It would appear from curve 1 that there is a long-lived component associated with the 
scparated 1@8Au activity. The nature of this component is (at this time) unknown, but 
we believe it will make very little difference to the results calculated for gold in kale. 

St, Ta, Th, Tl, U, V, W, Y, Yb, Zn and Zr at trace levels (09X to 300 ppm) and large 
amounts of Fe, Mg, Ca, Na, K, Ti, P and Mn, the main constituents being SiG, and 
Al,O~,‘ds 

As was mentioned above, platinum and palladium are extracted simultaneously 
with gold, but these elements are activated by thermal neutrons to a much lesser 
extent than is gold7 and the half-lives of their radioisoto~s formed by (n, r) reactions 
are shorter than that of le8Au (Table V). Moreover, by setting the discriminator level 
of the scintillation counter to the value corresponding to 0.25 MeV, allowing the 
activity to decay sufficiently for the losPt to have disappeared, and still counting all the 
radiation above this level, the sensitivity of determination of gold is only slightly 
reduced and interference from platinum is almost completely avoided. (There will be 
a very small contribution from the O-28 MeV y-ray of 20 hr l@‘Pt.) This precaution is 
only necessary in the case of a platinum matrix. Also, a method proposed by Morris 
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and Kilhcks’ or its combination with the present method can be recommended with 
this matrix. 

TABLE Vsg 

Stable 
isotope 

Product 
of (n. ;I) 
reaction Half-life 

Principal y-energies, 
MeV 

mspt 1ormpr 80 min 0.337 
‘aoPt l*‘Pt 20 hr 0.077 (19 %) 

0.19 (2.5 %J 
0.28 (0.6 %) 

‘OS* =sPt 30 min 0,074 
0.197 
0.318 
0.540 

losPd looPd 13.5 hr - 
=oPd lllmPd 5-5 hr 0.17 
=oPd =Pd 22 min - 

Recently, a very simple substoichiometric radiochemical procedure for deter- 
mination of gold by neutron-activation analysis has been published by Alimarin and 
Perezhogin30 This method, based on the extraction of gold chloride using tetra- 
phenylarsonium chloride in chloroform solution, is especially interesting because it 
is the first substoichiometric separation to employ an extractable ion-association 
compound. Disadvantages of Alimarin and Perezhogin’s method compared to that 
proposed in the present paper are that the separation is more affected by the presence 
of chloride ions (more than O-5N hydrochloric acid cannot be used) and the volume of 
aqueous solution from which the extractions are made is relatively small (10 ml). 
Various high-purity metals (copper, zinc, lead, bismuth) were analysed by Alimarin 
and Perezhogin, but no interference studies were carried out. 

CONCLUSION 

Metallic salts of diethyldithiocarbamic acid in chloroform solution are very suit- 
able for substoichiometric separations. Using these reagents it has been possible to 
develop substoichiometric methods for arsenir9 and now gold ; these separations are 
far simpler than previously published radiochemical procedures for the two elements. 
Unfo~unately, quantitative extraction data (extraction constants) of metal diethyl- 
dithiocarbamates are still not available and for this reason it is not possible to calculate 
the theoretical optimum conditions for the separation and selectivity of the method 
now proposed for gold and to compare them with those conditions found experi- 
mentally. For the same reason, conditions for the substoichiometric determination of 
platinum, silver, mercury, thallium and tin by neutron-activation analysis cannot be 
predicted, although the extraction of these metals in the form of their diethyldithio- 
carbamates seems to be suitable for this purpose. 

Our future work will be directed towards applying the solvent extraction of gold, 
using a substoichiometric amount of a metallic sait of diethyldithiocarbamate in an 
organic solvent, to the dete~ination of trace amounts of gold by isotope dilution. 
This type of separation would also seem to have potentialities as a basis for the radio- 
metric titration or spectrophotometric determination of gold. 

,&knowfe&tnet&-The authors wish to thank the Universities of Manchester and Liverpool Research 
Reactor, Risley, Lanes., England, for the provision of irradiation facilities. Thanks are also due to 
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and a research assistantship (D.A.B.) which enabled the work reported to be carried out. 

Zusanunenfassung-Eine hochselektive, schnelle, einstufige radioche- 
mische Abtrennmethode fur Gold wurde entwickelt. Sie beruht auf 
fliissig-fliissig-Extraktion von Gold-dilthyldithiocarbamat aus 0,Ol bis 
10 N Schwefel- oder Salzslure mit einer unterstijchiometrischen Menge 
Kupfer-diathyldithiocarbamat in Chloroform. Die Abtrennung wurde 
auf die Bestimmung von Goldspuren durch Neutronenaktivierungs- 
analyse in hochreinem Blei, im Gestein W-l, in Gold-dotiertem 
Halbleitersilicium und in einer Probe von biologischem Material 
(Griinkohl) angewandt. Goldmengen bis herunter zu 2 . lO-1o g 
wurden bestimmt. 

R&nn&-On a Clabort une technique de separation radiochimique de 
l’or en un seul stade, hautement selective et rapide. Elle est bade sur 
l’extraction par solvant du diethyldithiocarbamate d’or a partir dun 
milieu O,Ol-10N en acide sulfurique ou chlorhydrique, en utilisant une 
quantite substoechiometrique de diethyldithiocarbamate de cuivre en 
chloroforme. On a applique la separation au dosage de traces d’or 
par analyse par activation de neutrons dans le plomb hautement pur, 
la roche W-l, le silicium qualite semi-conducteur dope b l’or, et un 
produit biologique (thou vert). On a dose des quantitts d’or ne 
depassant pas 2 x lo-r0 g. 
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DETERMINATION OF NITROGEN IN URANIUM- 
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Summary-_Both mass spectrometric and chemical procedure8 have 
been used to determine the nitrogen in uranium-pluto~um dioxides. 
An improved chemical procedure, involving dissolution of the oxide in 
sulphuriophosphoric acid mixture, distillation of the ammonia in the 
presence of Devarda’s alloy and spectrophotometric determination 
of the distilled ammonia, has been developed in this work. 

INTRODUCTION 

NUCLEAR fuels, based on mixtures or solid solutions of the dioxides of uranium and 
plutonium, are being proposed for use in fast reactors .l Very high fuel temperatures 
are encountered in these reactors and traces of nitrides, present in the fuels, may 
decompose to yield gaseous nitrogen. Such nitrogen may be deleterious, leading to 
fuel can pressurisation or nitriding of the canning material with the subsequent 
deterioration of its mechanical properties. s It is essential, therefore, that close control 
should be kept over the nitrogen content of fuel material. 

Two approaches to the measurement of nitrogen in uranium-plutonium dioxides 
have been made. The first involves heating the oxide to high temperatures and then 
measuring the amount of nitrogen released; the second involves the determination of 
nitrogen by chemical procedures. 

PRELIMINARY EXPERIMENTS 
Samples of oxide materials (about 1 g) were heated in a mullite tube using a wire-wound furnace. 

The tube was connected to the inlet of an A.E.I. MS3 mass spectrometer and the evolution of gas 
was followed by mass spectrometry. During the determination, the temperature of the sam le 
was raised to about 1350” over a period of about 3 hr. The gases detected and measured inclu B ed 
hydrogen, carbon dioxide, carbon monoxide and argon as well a8 the nitrogen. 

The chemical determination of nitrogen was based on the classical Kjeldahl procedure. The 
samples of oxide were first dissolved in acid, any nitrogen present being comerted to ammonia in 
the process. The ammonia was separated by distillation from an alkaline solution of the dissolved 
oxide. The ammonia in the distillate was determined by spectrophotometry using the phenol- 
hypochlorite reagent procedure.* 

RESULTS AND DISCUSSION 

Mass specrrmetry work 

Several different samples of uranium-plutonium dioxides were outgassed, as 
described above. The principal gases released were nitrogen and hydrogen (Fig. 1). 
The nitrogen released would consist of gaseous nitrogen absorbed or trapped in the 
oxide material plus the nitrogen released by decomposition of nitrides, The evolution 
of nitrogen appeared to start at about 9OtL1,OOO” and be complete by about 1,300- 
1,400”. Chemical analyses showed that the residual nitrogen content of the oxide 

841 
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material was very low, indicating that over 90% of the nitrogen in the fuel was released 
by this heat treatment. Further heat treatment of the sample failed to release any 
more nitrogen, thus agreeing with the chemical values. 

The complete release of nitrogen is, at first sight, unexpected because the mono- 
nitride of uranium is relatively stable in vacuum at these temperatures and higher 
nitrides release nitrogen to form the mononitride. Experiments have shown, how- 
ever, that when samples of uranium-plutonium dioxide containing nitrogen are heated 

-r 

/ 
d’ 

20 00 

Temperature, OC 

FIG. 1 .-Gases evolved from mixed plutonium/uranium dioxides: 
A-nitrogen; B-hydrogen; C-carbon monoxide; D-hydrocarbons. 

at 1400” for 3 hr at pressures of less than 5 x 1O-3 torr, the oxygen-to-metal ratio 
falls from 2.00 to about 1.96 whilst the nitrogen falls from about 700 ppm to less than 
20 ppm. Thus, it appears that oxidation of the nitride is occurring and that this is 
accomplished at the expense of the oxygen of the dioxide which is thus reduced to a 
hypostoichiometric compound. 

A comparison was made between the results obtained for nitrogen by vacuum 
treatment and nitrogen by the chemical procedure (Table I). 

TABLE I.---NITROGEN CONTENT OF FUEL 

Sample 

A 
: 

ED 

Nitrogen, ppm (w/w) 

Vacuum extraction Chemical method 

380 320 
14 10 20 20 

360 350 280 290 
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The agreement between the mass spectrometric results and the chemical values is 
reasonably good. It is noticeable that the mass spectrometric figures are invariably 
higher; thispossiblyrepresents nitrogen which is present in the fuel material as gaseous 
nitrogen and which would not be measured by the chemical procedure. Because the 
difference between the mass spectrometric and the chemical results are not thought 
significant, in terms of the risk of fuel cladding damage, it was considered that, for 
routine measurements, use should be made of the chemical procedure and the mass 
spectrometric procedure was not developed further. 

Chemical determination 

Initial work on the chemical determination of nitrogen in uranium-plutonium 
dioxides involved dissolving the sample in hydrochloric acid in the presence of copper 
selenate and hydrofluosilicic acid, as recommended by Lathouse et al. for uranium 
dioxide.& After dissolution, the ammonia was separated by distillation, from an alka- 
line solution of the dissolved sample, and determined in the distillate by the phenol- 
hypochlorite method. 3 It was found that the dissolution stage was lengthy, and low 
recoveries (~80 %) were obtained with synthetic samples of uranium-plutonium 
dioxide containing the higher nitrides of uranium. 

TABLEIL-EFFECTS OF COPPER SELENATE ON RECOVERY OF NITROGEN 

FROM SULPHURlCjPHOSPHORIC ACID MIXTURE 

Recovery of nitrogen,? % 
Duration of 

heating,* mfn Copper selenate 
(200 m@ present 

No copper 
selenate present 

_ 
1 99 loo 

10 88 100 
20 50 99 
30 5 100 

* The temperature was such that white acid fumes were just being 
evolved. 

t The recoveries obtained by adding 250 rug of nitrogen, as 
~monium chloride, to each experiment. 

The absolute values of the nitrogen levels in the standards were determined (a) by 
calculation from the thermogravimetric weighings made during the preparation of the 
nitrides and (b) from measurements on the nitrides by the Dumas procedure. 

It was considered that the low recovery may have been the result of incomplete 
conversion of nitrogen to ammonia during the dissolution stage. The addition of 
Devarda’s alloy to the alkaline solution of sample just before the ammonia distillation 
was incorporated into the procedure and increased the recovery of nitrogen to between 
70 and 90 %. Attempts to speed the dissolution rates of the oxides by adding various 
substances such as peroxides, etc., were only marginally successful. 

An alternative acidic solvent, consisting of equal quantities of concentrated 
phosphoric acid and 9M sulphuric acid, dissolved the samples much more rapidly; 
the time required was 5-45 min compared with up to 4 hr for the Lathouse 
procedure. A limited number of checks showed that while the addition of copper 
selenate to the hydrochloric acid improved the recovery of nitrogen, it effected littIe 
or no improvement on the recovery from phosphoric-sulphuric acid mixtures. Pro- 
longed heating of the phosphoric-sulphuric mixtures at high temperatures with copper 

5 
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selenate present was found to be detrimental (Table II) and this loss of nitrogen due 

to selenium, noted by other workers,e*r may have contributed to the low recoveries 

experienced with the hydrochloric acid dissolution procedure. Under optimum con- 
ditions, with no copper selenate present, the recoveries were always greater than 95 % 
of the theoretical value for samples containing the mono, sesqui and dinitrides of 
uranium. 

Experiments showed that the addition of Devarda’s alloy before the distillation 
stage was still essential if the maximum recovery of nitrogen was to be effected. 

An improved chemical procedure was developed for the measurement of the 
nitrogen in solid solutions of uranium-plutonium dioxides; this is given below, 

Reagents 
EXPERIMENTAL 

Sulphuric-phosphoric acid. Add 500 ml of concentrated (sg. 1.75) phosphoric acid (analytical 
reagent grade) to 250 ml of ammonia-free water. 
1.84) sulphuric acid (analytical reagent grade). 

To this mixture add 250 ml of concentrated (spgr. 

Sodium hydroxide. 25 % w/w aqueous solution (analytical reagent grade). 
Sodium hypochlorite solution. 1% available chlorine. 
Devarda’s alIoy. Finely powdered. 
Sodium phenate solution. To 220 ml of an aqueous phenol solution (60 g of phenol/l.) add 25 % 

sodium hydroxide solution until a pH between 11.9 and 12.1 is attained. Add 5 ml of acetone and 
dilute the solution to 250 ml with water. Store in a dark bottle. Prepare fresh reagent daily. 

Hydrochloric acid. Approximately OGO4M aqueous solution. 

Procedure for determination of nitrogen in uranium-plutonium dioxides 

Weigh out accurately about 1 g of the oxide sample into a 150-m] flask. Add 10 ml of sulphuric- 
phosphoric acid mixture. Heat the flask until the sample has dissolved (5 to 45 min). Transfer 
the sample to a lo-ml volumetric flask, dilute to 10 ml with water and mix. 

Add 50 ml of sodium hydroxide solution to the distillation flask of a Kjeldahl nitrogen distillation 
apparatus, add 0.1-0.2 g of Devarda’s alloy into the tap funnel and wash it into the flask with 4@- 
50 ml of the water. 
procedure as below. 

Distil until 40 ml of distillate has been collected and apply the colour development 
If more than negligible amounts of ammonia are found, add 50-m] aliquot(s) of 

water and repeat distillation(s) until there are negligible amounts of ammonia in the distillate. Add 
an aliquot (>5 ml) of the sample solution, which should contain approximately 200 pg of nitrogen, 
to the tap funnel (Note 1). Run it into the distillation flask, washing it in with 10-15 ml of water, 
taking care to ensure that any liberated ammonia does not escape from the apparatus. Add 0.34.5 g 
of Devarda’s alloy to the distillation flask, via the tap funnel, and wash it in with 3@-40 ml of water, 
again taking care that ammonia does not escape. Distil the contents of the flask into a receiver 
containing 5 ml of 0404M hydrochloric until about 50 ml of distillate have been collected. Add 50 ml 
of water to the distillation flask and continue the distillation until the volume of the distillate is 
about 95 ml. Dilute the distillate to 100 ml and mix thoroughly. 

Pipette a 10.0~ml ali 
9 3.0 ml of sodium hypoch 

uot into a 25-ml flask. Add 10.0 ml of sodium phenate; mix and then add 
orite solution, dilute to 25 ml with water and mix again. Wait for between 20 

and 40 min to allow the blue colour to develop fully. Measure the absorbance of the resultant 
solution using a Spekker absorptiometer equipped with Kodak No. 7 filters and 2-cm cells (Note 2). 

Determine the reagent “blank” by carrymg out the whole procedure with the sam le omitted. 
This is typically 1 yg of nitrogen in 10 ml of distillate, i.e., equivalent to 20 ,ug of nitrogen P g of sample. 

Calibrate the Spekker absorptiometer by applying the colour development procedure directly 
to a standard ammonium chloride solution. 

Note 1. The sample should not exceed 5 ml to ensure that when the sodium hydroxide is added 
for the ammonia distillation it does, in fact, represent a substantial excess of alkali. 

Note 2. For the amounts taken, a 2-cm cell is better than l-cm or 4-cm cells. Unit absorbance 
corresponds to about 33 ,ug of nitrogen. 

Sensitivity and precision 

Both the coefficient of variation and the bias of the results by the chemical method 
are less than 10% when the recommended amount of nitrogen is taken. The limit of 
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detection is about 20 pg of nitrogen gram of sample. This is adequate for the 
intended application but it is thought that both the sensitivity and precision could be 
improved if necessary. 

Zusammenfassung-Massenspektrometrische und chemische Verfahren 
wurden zur Stickstoffbestimmung in Dioxyden von Uran und Pluton- 
ium verwendet. Eine verbesserte chemische Arbeitsvorschrift mit 
L&en des Oxyds in Schwefelsiture-Phosphorslure, Destillation des 
Ammoniaks in Gegenwart von Devardascher Legierung und spektral- 
photometrische Bestimmung des abdestillierten Ammoniaks, wurde in 
dieser Arbeit entwickelt. 

R&sum&On a utilise la spectrometrie de masse et des mtthodes 
chimiques pour doser l’asote dans des bioxydes d’uranium-plutonium. 
On a developpe, au tours de ce travail, une mdthode chimique ameliot& 
comprenant la dissolution de l’oxyde dans un melange acide sulfurique- 
acide phosphorique, la distillation de l’ammoniac en presence d’alliage 
de Devarda et le dosage spectrophotometrique de l’ammoniac distill& 
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R&um~La formation de laurylsulfates de base8 organiques azotkes 
extractibles par un solvent organique non miscible au milieu aqueux 
reactionnel a permis de fonder un pro&de de dosage applicable a un 
grand nombre d’amines et d’ammoniums quatemaires. L’etude 
systtmatique met en tvidence l’influence de divers facteurs qui limitent 
le domaine d’application de la mtthode: poids molkculaire de la base 
qui doit &r-e au moins egal A 200 et presence dans la molecule d’autres 
groupements fonctionnels; parmi ceux-ci, la presence dune deuxieme 
fonction basique ou bien de fonctions a caractere hydrophile et 
notamment hydroxylkes ne permet pas d’appliquer le pro&%. L’en- 
semble de8 rksultats obtenus permet de delimiter le domaine d’applica- 
tion de la methode et de prevoir les possibilites d’extension A d’autres 
composes. 

DE nombreuses bases organiques et certains colorants basiques forment avec I’anion 
laurylsulfate des sels extractibles par un solvant organique non miscible au milieu 
aqueux rtactionnel. Cette proprittt a et6 mise a profit pour la determination semi- 
microvolumetrique des bases organiques par de nombreux auteurs, au particulier 
Aoki et Iwayama, l Barr, Oliver et Stubbings ,2 Carkhuff et Boyd,3 Epton4 Harper, 
Elliker et Moseley,s Igawa et Kimura,6 Yoda et Coil.’ La mise au point d’un procede 
et son application systematique a divers types de bases organiques, isolees ou presentes 
dans des melanges pharmaceutiques ont CtC rapporttes par Pellerin, Gautier et 
Demay.8-lo Demay” a de plus Ctudit le mecanisme de la reaction et precise la nature 
saline des laurylsulfates de bases organiques ou de colorants form&. 

Le principe des mtthodes reside dans la formation du laurylsulfate de base 
organique. 

[Base organique]+ + [Laurylsulfatel- - Laurylsulfate de base organique. 
Solvant H,O CHCl, 

Lorsque les deux antagonistes ont reagi en proportion stoechiomttrique, la 
formation d’un se1 entre le colorant et un leger excts d’anion laurylsulfate se traduit 
par un changement de teinte dans la phase chloroformique. 11 s’etablit, au tours du 
titrage, une competition entre la base et le colorant pour l’anion laurylsulfate. Lorsque 
la formation du laurylsulfate de base precede celle du colorant, le virage de celui-ci 
coincide avec l’atteinte du point d’equivalence. La methode est alors directement 
applicable. L’etude systematique d’environ 150 bases organiques a montre qu’il n’en 
va pas toujours ainsi. On observe en effet avec certaines bases organiques un virage 
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premature de l’indicateur ne correspondant pas a la formation stoechiometrique du 
sel; parfois m&me, l’anion laurylsulfurique se combine directement avec le colorant, 
provoquant ainsi le virage des la premiere aEusion de solution anionique titrante et 
rendant ainsi la methode inapplicable. 

Le present m&moire a pout objet de prtciser les causes des echecs enregistrks. 
Parmi les nombreux facteurs susceptibles d’intervenir il ttait legitime d’attribuer une 
part de responsabilite & la basicitt! propre des composes essay&s et a leur poids mole- 
culaire; l’aptitude a la formation de se1 extractible est en effet d’autant plus prononcee 
que le poids moleculaire de la base salifiante est plus 61evC;s*r1 de m&me Johnson et 
Kir@ ont Clargi le domaine d’application du pro&de en operant en milieu tamponne 
et en choisissant un anion salifiant plus lourd. L’experience a toutefois montre que 
ces facteurs ne sont pas les seuls a intervenir. La nature des groupements fonctionnels 
presents en plus de la fonction basique dans la molecule est le plus souvent a l’origine 
des echecs de la methode; en particulier, les groupements fonctionnels hydrophiles 
ou la presence de deux ou plusieurs fonctions basiques diminuent ou empkhent a 
des degres divers le passage du se1 dans la phase chloroformique. Le laurylsulfate de 
colorant est extrait le premier par le solvant organique ce qui provoque le virage; la 
formation du laurylsulfate de base organique n’est pas pour autant exclue; Demayrr 
a en effet isole quelques-uns d’entre eux par d’autres voies. Les resultats obtenus 
mettent en lumitre la nature et l’influenceplus ou moinsfortedesfonctions inhibitrices; 
ils permettent de plus d’edicter quelques rbgles experiment&es simples et de prkvoir 
les possibilitts d’application de la methode en fonction des bases organiques a doser. 

PARTIE EXPERIMENTALE 

Solution agueuse 0,OlM de 1auryIsui~aie de sodium. 
sulfate de sodium pur pour analyses pour un like. 

Cette solution renferme 2,883 g de lauryl- 
Si l’on ne dispose pas dun 6chantillon de purete 

garantie, l’ttalonnage de la solution peut etre effectue au moyen dune base organique de purete 
garantie (par exemple, chlorure de benzethonium, papaverine). 

Solution acido-alcoolique de jaune de mPthyIe (p-dim&hylaminoazobenzPne). 
methyle a 0,Ol pour cent dans l’ethanol B 95” . . . 10 ml 

Solution de jaune de 

? Solution d’acide sulfurique au dixi&me (v/v) . . .40 ml 
Bases orgatr+es d~~ualit~purepour anaIyses ou de qualifd cow-ante. Dans tous les cas, la teneur en 

base organique des echantillons utilises a et6 control&e par une m&bode de reference (protometrie 
dans l’acide acetique anhydre notamment). 
N.B. La denomination commune intemationale prkonisee par l’0.M.S. a et6 adopt&s pour les 
bases organiques dint&& pharmaceutique. 

Mode operatoire 

Dans une fiole conique de 150 ml, introduire une prise d’essai p mg exactement pede correspon- 
dant a 0.1 meouiv. Dissoudre dans 20 ml d’eau distill&e ou de chloroforme selon la solubilite. 
Ajouter 20 ml de solvant (eau ou CHCl3 non utilise pour la dissolution et 5 ml de solution de 
colorant. Agiter jusqu’a ce que la ph&se aqueuse devienne incolore et la phase chloroformique jaune. 
Titrer au moyen de la solution de laurylsulfate de sodium en agitant vjgou~u~ment apr&s chaque 
affusion jusqu’a obtention de la teinte rose orangke de virage. 

RESULTATS 

Lorsque le virage de l’indicateur cdncide avec la formation du laurlysulfate de 
base organique en proportion stoechiom~trique, les resultats sont not& par + dans 
les differents tableaux; les divers composes sont titrables dans les conditions de la 
methode. Dans le cas d’un virage premature de l’indicateur avant atteinte du point 
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d’kquivalence, le rtsultat est exprimk en pourcentage de formation du se1 

( 

mequiv de laurylsulfate 

mequiv de base 
x loo. 

. 1 

Le plus souvent le virage est &ire et les valeurs portees dans les tableaux correspondent 
A l’Bvolution de la teinte du milieu entre les deux limites. Parfois, pour un pourcentage 
de salification, infkrieur A la thborie, le virage est net et reproductible; dans ce cas, le 
pro&d6 est applicable au dosage A la condition toutefois d’effectuer paralltlement un 
ttalonnage de la solution par rapport B un tchantillon de rtfkrence. Enfin, lorsque 
le virage de l’indicateur se produit dts la premike affusion de solution titrante les 
rksultats ont 6tC not& par 0 dans les tableaux. La comparaison des valeurs obtenues 
pour des composts voisins permet de mettre en Cvidence l’influence des divers facteurs 
qui conditionnent l’aptitude des bases organiques A former dans les conditions 
expkrimentales de la m6thode des laurylsulfates extractibles. 

Ammoniums quaternaires 

De nombreux cations organiques A fonction ammonium quaternaire forment avec 
l’anion laurylsulfate des sels quantitativement extractibles; le virage de l’indicateur 
est trts net et correspond A la formation du se1 attendu. Toutefois, le domaine 
d’application de la mkthode A ces composCs est limit6 par deux conditions: 
-Poids molkulaire suffisamment ClevC. 
-Une seule fonction ammonium quaternaire dans la mokule A l’exclusion de toute 
autre fonction basique. 

Poids moleculaire 

Dans le cas des ammoniums quaternaires aliphatiques (tableau I) la mkthode est 
applicable lorsquel’azote quaternaire est li6 : 
--Soit A 4 radicaux alcoyles identiques d’au moins 4 atomes de carbone. 

TABLEAU I.-AMMONIUMS QUATERNAIRES ALIPHATIQUES 

Rtsultat 

RIRIRIR 

RJWG 
RI 

RIRIR, 
R4 

RI, RI 
R* 
R, 

RIRIRI) 
RI 

., --CH, 
---G& 
-GH, 
--Cd% 
--CH, 
-CH,-CH,-COOCH, 

-CH* 
---G,Yss 

TCtram&hylammonium 
TCtrat%hylammonium 
Tttrapropylammonium 
Tttrabutylammonium 

0 pour Cent 
0 pour cent 

lo-25 pour cent 
+ 

0 pour cent 

I Cdtrimium i 

Dodtcyldimkthyl carbetoxymkthyl -t 
ammonium 

TrimCthylsttaryl i 
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-Soit a 3 radicaux alcoyles identiques ou non, avec un ou plusieurs atomes de carbone 
et une longue chaine. 

C’est ainsi que les cations tetramethyl et tetratthylammonium ne consomment pas 
d’agent anionique, tandis que l’ion tetrapropyl en consomme une certaine quantitt. 
Les ions tetrabutyl et laurylsulfate se combinent a environ 97 pour cent mais le virage 
de l’indicateur est Btire. L’atome d’azote de l’ac6tylcholine qui Porte trois groupe- 
ments methyle et une chaine en C, ne consomme pas d’agent anionique, alors que des 
molecules dont l’atome d’azote quaternaire est lie a 3 methyle et une longue chaine 
sont aistment do&es. 

L’examen des rtsultats obtenus avec les cations ammoniums quaternaires carbocyc- 
liques et he’tkrocycliques met aussi en evidence l’influence du poids moleculaire 
(tableau II). 

TABLEAUII.-AMMONIUMSQUATERNAIRESCARBOCYCLIQUESETHETEROCYCLIQUES 

Trim&hylph&nylammonium 
Thiazinamium 

Oxyph6nonium 

Laurylpyridinium 
C&y1 pyridinium 
C&h&xonium 

Propanthkline 

Benzalkonium 
Benzodod&nium 

(trimCthylammonio-2 propyl)lO 
0 pour cent 

70 ii 90 pour cent 
phknothiazine 

(cyclohexyl-2 hydroxy-2 phCnyl-2 ac&oxy)-2 
dthyl diCthyl m&hylammonium 75 & 90 pour cent 

Dod&yl-1 pyridinium + 
Hexadkyl-1 pyridinium + 
(Hydroxy-2 cyclohexyl) hexadt!cyldim6thyl- 

ammonium + 
Xanthbne carboxylate-9 de (diisopropyl 

m&thy1 ammonia)-2 Cthyle + 
Alcoylbenzyldim&hylammonium + 
Benzyldim&hyl dodbylammonium + 

Ainsi le trimethyl phenylammonium ne consomme pas de reactif titrant; la 
fixation sur l’atome d’azote quaternaire de chaines plus longues ou de noyaux 
alourdissant suffisamment la molecule, se traduit par une augmentation de la con- 
sommation de rtactif titrant necessaire a l’obtention du virage. Par exemple, le 
thiazinamium et l’oxyphenonium consomment de 70 a 90 pour cent d’agent anionique 
et la propantheline forme un se1 quantitativement extractible. 

Les ammoniums quaternaires a longue chaine tels que le benzalkonium, le benzodo- 
decinium, le cethexonium, les lauryl et cetylpyridinium etc. . . sont aisement titrables. 

Compost5 a deux ou plusieurs fonctions basiques 

La presence dans la molecule d’une deuxieme fonction ammonium quaternaire ou 
d’une fonction amine constitue dans tous les cas un facteur d’tchec de la methode. 
C’est ainsi que les cations penta et hexamethonium ne consomment pas de reactif 
titrant. 

(CHs)&-(CH,),&CHJs 
Pentamtthonium: n = 5 

Hexamethonium: n = 6 
D’aprts les resultats, il s’adre done que le champ d’application de la mtthode 

s’ttend a tous les composts a fonction ammonium quaternaire-en particulier & tous 
les detergents cationiques-a la condition qu’ils ne renferment qu’une seule fonction 
ammonium quaternaire a l’exclusion de toute autre fonction basique et que le poids 
moleculaire soit suffisant. 
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Amines 

En rtgle generale, les amines primaires et secondaires aliphatiques ou aromatiques 
ne peuvent Qtre dosees au moyen du laurylsulfate dans les conditions experimentales 
de la mtthode; la consommation de rtactif titrant est pratiquement nulle; il se 
produit tout au plus un virage trts &ire de l’indicateur, qui ne permet pas de saisir le 
point d’equivalence et ne correspond pas a la salification de la base. 

Consommation 
de r6actif titrant 

Amphttamine 
M6phktCdrine 
BenzocaIne 

0.5 pour cent 
50 a 70 pour cent 
0 pour cent 

Seules sont susceptibles d’Ctre do&es les amines tertiaires a condition toutefois de 
repondre a certaines conditions que l’etude systematique de ces composts a permis de 
prtciser: influence du poids moleculaire et des groupements fonctionnels presents 
dans la molecule. Le procede a Ctt a environ 120 composes le plus souvent dint&&t 
pharmaceutique appartenant a diverses series. 

Inzuence du poids moleculaire 

Nous n’insisterons pas sur le fait experimental; aucune base organique de poids 
moleculaire inferieur a 200 ne peut Ctre doses mCme en l’absence d’autres groupements 
fonctionnels, tant en s&e aliphatique qu’aromatique ou heterocyclique. Ainsi, la 
pyridine (P.M. = 79.1) ne consomme pas de reactif titrant, la triethylamine (P.M. = 
101,2) en consomme 1 a 4 pour cent et la dimethylaniline (P.M. = 121,2) 10 a 20 
pour cent de la quantite thtorique. 

Dans le cas de la tributylamine (P.M. = 18535) le virage de l’indicateur est 
reproductible mais ne correspond pas a la salification molecule a molecule. 

Influence des groupements fonctionnels 

L’aptitude a la formation de se1 quantitativement extractible en phase organique 
entre l’anion laurylsulfurique et les amines tertiaires est souvent modifiee par certains 
groupements fonctionnels. La presence de ces fonctions perturbatrices dans des 
molecules de structure identique ou voisine, se traduit experimentalement par une 
reduction ou une annulation de la consommation de reactif titrant. 

Fonctions amines. Deux cas peuvent Ctre consider& selon que la deuxieme fonction 
azotee, s’ajoutant a la fonction amine tertiaire, est ou non basique. La presence d’un 
atome d’azote non basique n’affecte pas la stoechiometrie de la reaction. Tel est le cas 
de l’azote du noyau phenothiazine; tous les derives de la phenothiazine renfermant 
une seule fonction amine tertiaire sont titrables et le point d’tquivalence correspond 
a la reaction molecule a molecule de l’anion laurylsulfate avec la base considtrte 
(tableau III). 

11 en va de mi?me dun compose tel que la reserpine dont l’atome d’azote du noyau 
indolique presente un caracttre acide. 

En revanche, la presence dune deuxitme fonction amine tertiaire perturbe la 
formation du se1 extractible. Aucune exception a cette regle n’a et6 observte m&me 
lorsque les deux fonctions basiques sont sensiblement de mCme force. 
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Ainsi, dans le eas des derives de la ph~nothiazine, l’aminopromazin~ et la prochlor- 
perazine consomment seulement environ 20 pour cent de reactif titrant, alors qu’avec 
les autres derives, le virage de l’indicateur correspond a la formation du sel. D’autres 
exemples illustrent l’influence perturbatrice d’une deuxitme fonction amine tertiaire; 
quel que soit Moignement des deux fonctions basiques, quelle que soit la nature des 
fonctions amines tertiaires, aliphatiques, aromatiques ou heterocycliques, la con- 
sommation de rtactif titrant est nulle ou inferieure a la theorie (tableau IV). Lorsque 

TABLEAU III.-DERNES DE LA PHENOTHUZINE 

RB Rbsultat 

Prombthazine 

Fromazine 
~i~th~ine 
Isothiazine 

Chlorpromazine 
Ackpromazine 

Levomepromazine 

Propiomazine 

Alimemazine 

Aminopromazine 

Prochlorpkazine 

-CHn--CH-N--(CH& 
I 

-Ck&&CHp-N(CH,), 
-CHa---CH~--N(CBH,), 
-CHa--CH-N(CPHI)I 

I 

-C&&&N(CH& CI 
-CHn-CH,-CHp-N(CH& -c-a& 

il 
0 

-CHa-CH-CHp-N(CHI)n -0-CHI 
I 

-CH*-ZLqCH,,. -C---C~H, 
I Ii 

-c&-::bI,--N(CH,)n 
0 

I 

-Cki+?--CHr_-N(CH,). 

-CHI-CHI---CH*-N N-CHS Cl 

+ 

-t- 
_ _ i 
-t- 

-t 
-t 

+ 

+ 

+ 

20 pour cent 

20 pour cent 

la deuxitme fonction basique est une amine primaire ou secondaire, le pro&de tombe 
en defaut par exemple procame, butacame, tttrahydrazoline. A plus forte raison, on 
aboutit a des resultats identiques avec les polyamines telles que chloroquine, mepyra- 
mine, thiamine, strychnine ou la quinine. Demay a neanmoinsll isolt le laurylsulfate 
neutre de quinine, form6 dune molecule de quinine et de deux molecules d’acide 
laurylsulfurique. 

En regle g&r&ale, parmi les autres fonctions azotbes, la fonction amide ne modifie 
pas la reaction (benzoquinamide); il en va de mdme de la fonction nitrile (diphen- 
oxylate). 
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TABLEAU IV.-~OMPOSESPOLYAMINES 
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Dimethylamino-2 di~thylamino dthoxy cyclohexane 
N phenyl N benzyl dim~thyla~nopropanol 
N benzyl N’N’ dimethyl N phenyl ethylene diamine 
Amino-4 benzoate de diethylaminotthyle 
Amino-4 benzoate de dibutylaminopropyle 
(Tttrahydro l-2-3-4 naphtyl-l)-2 imidazoline-2 
Chloro-7 (di~thylamino-4 methyl 1 butylamino), 

quinoleine 
Np methoxy benzyi N’, N’dimethyl N-(pyridyl-2) 

Bthylbnediamine 

1 cent pour 
2 a 5 cent pour 
20 & 25 cent pour 

Procame 0 pour cent 
Butacaine 
Tetrahydrozoline 

5illOpourcent 
4 B 6 cent 

Chloroquine 
pour 

5 & 10 pour cent 

Mepyramine 5BlOpourcent 

Thiamine 
Quinine 

0 pour cent 
10 B 20 cent 

Strychnine 
pour 

40 B 50 pour cent 

Groupement fonctionnei hydroxyie’. Le caractere hydrophile des fonctions phenol 
et alcool perturbe, a des degres divers, l’extraction par la phase organique des lauryl- 
sulfates de bases organiques renfermant ces groupements fonctionnels. Avec les 
phenols notamment la consommation de rkactif titrant est le plus souvent nulle, 

Consommation de 
reactif titrant 

Hydroxy-8 quinoltine 
Hordenine 
Boldine 
Pyridoxine 

0 pour cent 
0,05 & 0,l pour cent 

10 ii 20 pour cent 
0 pour Cent 

La fonction alcool est Cgalement g&ante mais a un degre moindre que la fonction 
phenol; en effet, il subsiste toujours, pour des composes de poids mol~culaire 
suffisant ne renfermant pas d’autres fonctions g&antes que 1’OH alcoolique, une 
consommation plus ou moins importante de reactif titrant. 

Dans le cas de la pyridoxine, la consommation nulle de reactif titrant est due 
essentiellement a la presence des trois fonctions hydroxylees: alcools et phenol. 

Le cas des alcaloIdes du groupe de la morphine est particuli~rement demonstratif 
de l’influence des fonctions phenol et alcool (tableau V). La morphine, la nalorphine 
et la dihydrone, dont les fonctions hydroxylees sont libres ne consomment pas ou peu 
de reactif titrant. Avec le remplacement de 1’OH phenolique de la morphine par un 
methoxy dans la codeine ou un ethoxy dans la cod~thy~ine, la consommation de 
reactif titrant est de l’ordre de 10 a 30 pour cent. La theba’ine (dim~thoxymo~hine) 
qui ne renferme pas de fonction hydroxylde libre, forme un laurylsulfate quantitative- 
ment extractible et le virage de l’indicateur correspond a la formation du sel. 

Dans la meme serie, la codeinone et l’hydrocodone consomment respectivement 
25 a 40 pour cent et 40 Zt 55 pour cent de laurylsulfate en raison de leur Cnolisation en 
solution. En effet, si l’on forme le bromac&al de cod&none rendant ainsi l’enolisation 
impossible, on constate que la consommation de rtactif correspond a la formation 
du sel. 

Parmi les alcaloIdes a noyau isoquinoleique (tableau VI), la narcotine est titrable; 
en revanche, un de ses prod&s de degradation, la cotarnine, consomme seulement 
10 & 15 pour cent de reactif titrant ; ce compost est en effet en solution sous differentes 
formes: hydrate d’amine, alcool et alddhyde. 
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TABLEAU V.-ALCALOIDES LW GROUPE DE LA MORPHINE 

Rx RP R3 

Morphine 
Nalorphine 
Codeine 
Ethyimorphine 
Theba’me 

Diamorphine 
Cod&none 
Bromacktal de 

Dihydrone 
(oxy~done) 

Hydrocodone 

-OH 
-OH 
-OCH, 
-OC& 
-OCH1l 

CH&OO- 
-OCHII 
-0CHs 

-0CHs 

-OH 
-OH 
-OH 
-OH 
-0CHs 

CH&OO- 
==0 
(OCH& 

==0 

-CHa 
-CHx--CH=CHp, 
--CHZ? 
--CHI 
-CHs doubles liaisons 

en 6-7,8-14 
-CHII 
-CHB 
-CHI, sature en 7-8 

Br en 8 
-CHs saturk en 7-8 

-OCH, ==o --CH, sature en 7-8 

TABLEAU VI.-BASES ORGANIQUES DIVERSES 

0 pour cent 
0 pour cent 

8BlSpourcent 
20 a 30 pour cent 

-I- 

25:40 
_!_ 

8815pour cent 

40 B 55 pour cent 

Noscapme 
Narwtine 
Cotamine 
Atropine 
Tropanol 
Ephedrine 
Captodiamine (covatine) dimethylamino ZCthylsulfure de p 

butyithi~ph~nyl~thyle 
Benactyzine Benzilate de diethylamino-2 Cthyle 
Procyclidine Cyclohexyl-1 phtinyl-1 (pyrrolidinyl-l)-3 

propanol-1 

+ 

10 a 15 gour cent 
25 a 40 pour cent 
0,5 a 1 pour cent 

0,5 pour cent 

f 
i 

+ 

Dans le groupe des alcaloJdes des dkivts ou voisins du tropanol, I’atropine renfer- 

mant la fonction alcool primaire Iibre de l’acide tropique consomme 25 a 40 pour cent 
de reactif titrant ; le tropanol dont la fonction alcool secondaire est libre en consomme 
seulement 05 a 1 pour cent. 

La comparaison des formules de l’ephedrine et de la mephetedrine de structure 
sensiblement identique et de poids mohkulaires voisins met en evidence l’influence 
perturbatrice de la fonction alcool secondaire de l’ephedrine (0,5 pour cent de lauryl- 
sulfate employ6 au lieu de 50 a 70 dans le cas de la mephtttdrine). 

Enfin, d’apres les proportions de laurylsulfate employ6 pour obtenir le virage, il 
semble que l’action perturbatrice de la fonction alcool tertiaire est plus faible que celle 
des fonctions alcools secondaire ou primaire; c’est ainsi que la bknactyzine et la 
procyclidine sont dosables avec toutefois pour la premiere un leger ttirement du virage 
au point d’equivalence. Ceci constitue toutefois une exception et il nous semble 
raisonnable d’admettre que l’hydroxyle alcoolique est le plus souvent inhibiteur alors 
que l’hydroxyle phenolique l’est syst~matiquement. 
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Groupements fonctionnels mdhoxy et e’thoxy. Ces groupements fonctionnels 
n’exercent pas d’influence perturbatrice. Ce fait a deja Ctt mis en evidence preckde- 
ment avec les bases organiques du groupe de la morphine ou de la narcotine. L’kchec 
de la methode dans le cas de la boldine est A rapporter aux fonctions phenols. 

Groupement fonctionnel carbony&. La fonction c&one ne parait pas g&ante dans 
la mesure ou il ne se produit pas d’tnolisation (cas de la codeinone cite prCc&demment). 

Le paradimCthylaminobenzaldChyde ne consomme pas de reactif titrant alors que 
la dimethylaniline qui ne differe du precedent que par l’absence du groupement-CHO 
consomme 10 a 20 pour cent de laurylsulfate; il semble done que la fonction aldehyde 
inhibe le passage du se1 en phase organique. 

Fonction ester. En regle generale, la fonction ester n’est pas g&ante. Un grand 
nombre d’amines tertiaires renfermant ce groupement fonctionnel dans leur molecule 
sont dosables et le virage de l’indicateur correspond a la formation du laurylsulfate 
de base organique en proportion stoechiometrique; quelques resultats empruntes a 
diverses series chimiques sont indiquts dans le tableau VII. 

TABLEAU VII.-BASESORGANIQUESA FONCTIONESTER 

Pethidine 
Amyleine 
Parkthoxycame 

Caramiphene 
Adiphenine 
Dicycloverine 

Diphenoxylate 

Cocaine 
Eknzquinamide 

(nom depose) 

Methyl-l phtnyl-4 pipkridinecarboxylate-4 d’tthyle + 
Benzoate de (dim&hylaminomtthyl)-1 methyl-l propyle + 
Ethoxy-4 benzoate de ditthylamino-2 dthyle + 
Propylphenylacktate de ditthyleaminotthyle + 
(diethylamino-2 ethyl) phenyl-1 cyclopentanecarboxylate 1 + 
diphenylacktate de diethylamino-2 dthyle + 
cyclohexyl-1 cyclohexane carboxylate-1 de ditthylamino-2 

tthyle + 
(cyano-3 diphtnyl-3,3 propyl)-1 phenyl-4 pipkridine- 

carboxylate d’tthyle 

acetoxy-2N,N diethylcarbamyl-3 dimethoxy-9,lO hexa- 
25 a 40 pour cent 

-t 
hydro 1,2,3,4,6,7_ose bH-benzo(a) quinolisine + 

L’echec enregistrt dans le cas de la cocalne ne parait pas attribuable A la presence 
de deux fonctions esters. En effet, la diacetylmorphine qui renferme aussi ces deux 
fonctions se combine avec la laurylsulfate dans la proportion de 88 pour cent du 
resultat attendu avec un virage trts net de l’indicateur. 

En resume, les principaux facteurs qui limitent le champ d’application du procede 
semimicrovolumetrique de dosage des bases organiques au moyen du laurylsulfate de 
sodium sont le poids moltculaire et parmi les groupements fonctionnels: la presence 
d’une deuxieme fonction basique ou d’un groupement fonctionnel a caractere hydro- 
phile. Quelle que soit la base organique, le poids moleculaire doit Qtre au moins Cqal 
a 200. 

Dans le cas des ammoniums quaternaires, la presence d’une deuxieme fonction 
azotee rend la methode inapplicable; les groupements fonctionnels a caracttre 
hydrophile ne paraissent pas avoir d’incidence si une longue chaine est presente dans 
la molecule. Dam le cas des amines, seules les amines tertiaires rentrent dans le cadre 
de l’application de la mtthode; l’influence perturbatrice des fonctions hydrophiles-et 
notamment de la fonction hydroxyle-est particulitremment nette. 

Par ailleurs, parmi les autres facteurs susceptibles d’intervenir, il convient de noter 
que l’influence de la basicite de la molecule est faible. En effet, des bases organiques 
de pKr, voisins sont titrables ou non. 



856 F. PELLERIN, J. A. GAUTIER et D. DEMAY 

D’autre part, lorsque la base organique A doser est a l’etat de sel. (chlorhydrate, 
bromhydrate, nitrate, sulfates, maleate . . . . ) 1 ‘anion salifiant n’exerce aucune 
influence perturbatrice. 11 en va de m&me, lorsque la base est salifiee par un acide 
alcool (citrate, tartrate, maleate), un acide amine ou un compose azote a caractere 
acide tel que la thtophylline. L’effet inhibiteur des groupements fonctionnels ne 
s’exerce que s’ils sont fixes sur la molecule de base a doser. 

Zusammenfassung-Auf Grund der Bildung von Laurylsulfaten organi- 
scher Stickstoff basen, die sich durch tin mit Wasser nicht mischbares 
organisches Liisungsmittel aus wii8riger Lijsung extrahieren lassen, 
wurde eine Arbeitsvorschrift zur Bestimmung einer gro8en Anzahl 
von Aminen und Ammoniumverbindungen entwickelt. Eine systema- 
tische Untersuchung erhellte den Einflu8 verschiedener Faktoren, die 
den Anwendungsbereich der Methode begrenzen: das Molekular- 
gewicht der Base sollte wenigstens 200 betragen; andere funktionelle 
Gruppen im Molektil miissen beriicksichtigt werden; eine zweite 
basische Gruppe oder hydrophile, speziell Hydroxylgruppen, schlieBen 
die Anwendung der Methode aus. Die Ergebnisse zeigen die Grenzen 
des Anwendungsbereiches der Methode und Moglichkeiten zur 
Ausdehnung auf andere Verbindungen. 

Sununary-The formation of lauryl sulphates of nitrogenous organic 
bases extractable from aqueous solution by a non-miscible organic 
solvent has given the basis of a procedure for the determination of a 
large number of amines and ammonium compounds. A systematic 
study has revealed the influence of several factors which limit the field 
of application of the method: the molecular weight of the base which 
should be at least 200, and the presence in the molecule of other 
functional groups; amongst the latter the presence of a second basic 
function or of functions of a hydrophilic nature, particularly hydroxyl, 
precludes the application of the method. The body of results obtained 
allows the limits of application of the method to be indicated and 
suggests possibilities for its extension to other compounds. 
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Investigation of cation-exchange bebaviour of molybdenum (VI) in aqueous 
and ethanolic solutions of hydrochloric acid 

(Received 4 November 1964. Accepted 21 February 1965) 

THERE are a small number of papers treating the sorption of ions from mixtures of water and some 
organic solvents.r-lo It was found by certain authors’ that the use of such mixed media increases the 
sorption and often the degree of ion separation. 

The aim of the present study was to investigate the ion-exchange behaviour of molybdenum in 
aqueous and ethanolic solutions of hydrochloric acid with the cation-exchanger Ku-2 x 8. 

Reagents 
EXPERIMENTAL 

Ion-exchange resin. The strongly acidic cation-exchanger Ku-2 x 8 in the acid form is used. 
Remove iron by washing with 2M hydrochorlic acid, wash out excess acid and air dry. 

~o~bdenum solution. Dissolve sodium moly~ate dihydrate “pro analysi”, to give 1 mglml of 
molybdenum. 

Rhodamine B 
Ethyl alcohol. Absolute alcohol “pro analysi”. 

Apparatus 

S~ectrophotometer. @3K-M spectrophotometer with a blue light filter is used. 

Determindtion of distribution coeflcient 

Place 0.2 g of the resin in a flask and add 20 ml of solution containing 1 mg of molybdenum, 
hydrochloric acid (between 0.01 and 4M) and ethanol (between 20 and 80%). 
until equ~ibrium is established; this usually takes about 3 hr. 

Shake mechanically 
Take an aliquot part of the solution 

and determine the unadsorbed molybdenum by the rhodamine B method. The difference between the 
initial quantity of molybdenum and the quantity found in the solution after the establishment of 
equilibrium, gives the quantity of molybdenum adsorbed by the resin under the given conditions. 
Thus, it is possible to compute the distribution coefficient (Kd). 

TABLE&-THE SORPTION OF MOL~DENUM~I) ON Ku-2 x 8 FROM MIXED 
MEDIA (HCI-WATER-ETHANOL) 

HCl, M 1 0.01 0.05 0.1 0.5 1.0 1.5 2-o 2.5 3-o 3.5 4.0 

&OH, % Sorption, % 

None 31.43 28.00 20.00 2.5 50 5.0 15.0 22.5 4@0 45.0 525 

20 54.29 38.00 30.00 2.5 50 5.0 150 20.0 52.5 65.0 77.5 
-- 

40 62.86 48.00 32.00 2.5 10.0 15.0 30.0 37.5 60.0 48-O 57.5 
-~ 

60 60.72 48GO 32.00 2.5 12.5 2.5 200 20.0 65-O 45.0 675 

80 I 62.86 50.00 40.00 2.5 150 22.5 30.0 - - - - 
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RESULTS AND DISCUSSION 

From Table I it can be seen that with increasing concentration of the hydrochloric acid from 
0.01 to 05M, in the absence of ethyl alcohol, sorption decreases, but when the acid concentration is 
further increased from 05 to 4,OM, an increase in the sorption of molybdenum is observed. This 
behaviour can be explained by the change of anionic molybdenum to a cationic form with acidity 
according to the equation 

MoO,~- + 4H+ + MoO,~+ + 2H,O. 

Between 3 and 4M hydrochloric acid, an average of 45 % of MoOz2+ is sorbed. 
The next experiments were carried out under the same conditions, with the difference that a 

gradually increasing quantity of ethyl alcohol was added to the system, in order to investigate its 
influence. It was found (Table I) that the variation of sorption with acidity was similar to that from 
aqueous solutions, but that at a given acidity the adsorption generally increased with the percentage 
of ethanol. 

This phenomenon can be explained in the following way. The dielectric constant of the solvent 
decreases as the percentage of ethanol increases, so the resin will swell to a lesser degree. The distortion 
of the resin is leas and the selectivity greater. In this case also, water molecules in the hydration shell 
of the ions are displaced by ethanol and this leads to increased sorption. 

Department of Analytical Chemistry 
Mining and Geological Institute 
Soja, Bulgaria 

D. A. SHISHKOV 

L. G. SHISHKOVA 

Sununa~-The sorption of molybdenum(V1) onto Ku-2 x 8 cation- 
exchange resin in the hydrogen form from hydrochloric acid (0.01-4M) 
in the presence and absence of ethanol (20-80x) has been investigated. 

ZlrPammenfassuag-Es wurde die Zusammenwirkung unter dem 
Molybdiin (VI) und dem Kationaustauscher Ku-2 x 8 mit H-Kation in 
Zusammenhang mit der HCl-Konzentration (von 0,014N) in Ab- und 
Anwesenheit von Athylalkohol in der Konzentrationsgrenze 20-80x, 
untersucht. 

R&sum~L’auteur examine l’attitude du molibdbne (VI) dans les 
echangeurs de cations Ku-2 x 8 en forme H, par rapport a la con- 
centration de l’acide chlorhydrique (de 0,Ol a 4N) en absence et en 
presence de l’alcohol ethylique dans les limites de 20 1 80%. 
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Potentiometric titration of quatemary ammonium iodide salts 

(Received 26 April 1965. Accepted 12 June 1965) 

BECAUSE of the importance of some quaternary ammonium iodide esters, such as the choline or 
thiocholine iodide esters, as substrates for cholinesterase, there developed a need in these laboratories 
for a simple, rapid method of accurately determining the purity of such compounds. 
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Potentiometric titration of quatemary ammonium iodide salts 

(Received 26 April 1965. Accepted 12 June 1965) 

BECAUSE of the importance of some quaternary ammonium iodide esters, such as the choline or 
thiocholine iodide esters, as substrates for cholinesterase, there developed a need in these laboratories 
for a simple, rapid method of accurately determining the purity of such compounds. 
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Very little has been reported in the literature on the titration of quatemary ammonium halide 
salts. Pifer and Wollish’ described the notentiometric titration of the bromide and chloride salts of 
quaternary ammonium compounds in &tic acid with perchloric acid as titrant. The reaction was 
based on the conversion of the halide salt of the quatemary compounds to the corresponding acetate, 
using mercury(H) acetate in acetic acid. The acetate of the organic base was then titrated with 
O.lM perchloric acid in dioxan. No iodide salts were tried by these authors. 

Izmailovand Vail4 reported the titration of mixtures of an inorganic iodide salt, such as ammonium 
iodide or potassium iodide, and an organic iodide salt, tetramethylammonium iodide, with silver 
nitrate in acetone or acetonitrile. Sharp inflection points were observed, but large deviations were 
obtained in the case of tetramethylammonium iodide. 

Attempts to use the method of Pifer and Wollish for the titration of iodide compounds yielded 
low results (l-2% deviation), because of the oxidation of iodide to iodine during heating of the 
sample for dissolution in acetic acid. Preliminary experiments indicated that the sample could be 
easily dissolved in methanol first, followed by addit?on of acetic acid and mercury(II) acetate, and 
finally titrated with perchloric acid. Various organic iodides, such as tetrabutylammonium iodide, 
triethylmethylammonium iodide and tetrapropylammonium iodide (0.024.20 g) were analysed 
with a relative standard deviation of about 0.2%, with an accuracy (compared to results obtained 
using the Kolthoff modification of the Winkler method3 or the Liepert procedure*) of better than 
0.17%. However, the thiocholine iodide esters could not be determined because of large drifts in 
potential. These drifts are caused by hydrolysis, by the acids used, of the esters to the thiols and the 
corresponding acid. In the titration of acetylcholine iodide, spot tests with the reagent bis-dithio- 
nitrobenzoate& indicated the presence of thiol. It was found, however, that these compounds could 
be titrated with silver nitrate in aqueous solution, using a silver indicating electrode with deviations 
of about @2x. Using this technique, 2-20 mg of propionyl choline iodide, butyryl thiocholine 
iodide, 2-(iV,N,iV-diethyhnethylammonium) ethyl butyrate iodide,2-(N,iV,N-diethylmethylammonium) 
ethyl benzoate iodide, tetrabutylammonium iodide, and the pyridinium iodide, Camino-l-methyl- 
pyridinium iodide, were analysed with an accuracy of about 0.2 %. 

The procedure that was used in the potentiometric titrations with perchloric acid was as follows: 
a sample of the salt, containing 0.2-2.0 mg, is dissolved in 2 ml of anhydrous methanol. Five ml of 
acetic acid are added, followed by 2 ml of the mercury(H) acetate reagent, then the resulting solution 
is titrated with O.lM perchloric acid-dioxan solution from a Xi-ml microburette, using the mV-scale 
of the potentiometric instrument. 
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Summary-A potentiometric titration is described for quaternary 
ammonium iodide compounds based on a modification of the method 
of Pifer and Wollish. By this technique, 0.2-2-O mg of these com- 
pounds can be titrated with a deviation of 0.2% and an accuracy of 
0.17 %. Thiocholine iodide esters cannot be titrated because of hydro- 
lysis by the titrant, but they can be determined by titration with silver 
nitrate with a deviation and accuracy of 0.2 %. 

Zusammenfassnn~-Eine potentiometrische Titration ftlr quartlre 
Ammoniumjodide wird beschrieben, die auf einer Modifikation der 
Methode von Pifer und Wollish beruht. Mit dieser Methode k6Me.n 
0,2-2,0 mg dieser Verbindungen mit einer Abweichung von 0,2% und 
einer Richtigkeit von 0,17x titriert werden. Thiocholinjodid-Ester 
konnen nicht titriert werden, da der Titrant hydrolysiert wird, aber sie 
lassen sich durch Titration mit Silbemitrat mit einer Abweichung und 
Richtigkeit von 0,2 % bestimmen. 

R6sunG--On d&it un dosage potentiomttrique d’iodures de composes 
ammonium quatemaires, base sur une modification de la mdthode de 
Pifer et Wollish. Par cette technique, on peut doser 0,2-2.0 rnE de ces 
composes, avec un &art de 0,2% & une precision de 0,17 %. L& esters 
de l’iodure de thiocholine ne neuvent etre doses nar suite de l’hvdrolvse 
par l’agent de dosage, mais‘ on peut les titre; au moyen dd nit&e 
d’argent, avec un &art et une precision de 0,2 %. 

6 
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A phosphorimetric investigation of several representative alkaloids of the 
isoquiuoline, morphine and indole groups 

(Received 17 May 1965. Accepted 12 June 1965) 

THE quantitative determination of the alkaloid content of crude drugs, plants and biological fluids is 
important for many legal and medical reasons. Since its first suggested use as a means of chemical 
analysis by Keirs, Britt and Wentworth,’ phosphorimetry has been applied successfully in a number 
of areas*-h and shown to be a powerful method when coupled with proper separation methods.4-B In 
this study, the phosphorescence emission and excitation peaks of a number of alkaloids in neutral, 
basic and acidic ethanol at 77°K are given. In addition, the phosphorescence decay times and 
approximate limits of detection in ,ug,/ml of ethanol are given for the same alkaloids. Because of the 
great sensitivity of phosphorimetry for many of the alkaloids, phosphorimetry as a measurement 
technique should have use in the analysis of trace concentrations of these alkaloids in a variety of 
materials. 

EXPERIMENTAL 

A spectrophotofluorimeter (Aminco-Bowman No. 4-8202, American Instrument Co., Inc., Silver 
Spring, Md., U.S.A.) with a phosphoroscope (Aminco-Keirs No. C27-62140, American Instrument 
Co., I&., U;S.A.), a potted RCAiP28 phdtomultiplier tube, a 200-W mercury-xenon arc lamp and 
with an X-Y recorder (No. 1620-814, American Instrument Co., Inc., U.S.A.) was employed for all 
measurements. All studies were performed at constant slit width (slit arrangement #4).’ 

Reagents 

The solvent used was distilled technical grade ethanol. 5 The acidic and basic ethanolic solutions 
were prepared by adding 2 drops of concentrated hydrochloric acid and concentrated sodium 
hydroxide, respectively, to 10 ml of the ethanolic solution containing the sample. Stock neutral, 
acidic and basic ethanolic solutions, containing a concentration of 1 mg of each of the followmg 
alkaloids/ml of solvent, were prepared: papaverine hydrochloride, morphine alkaloid, morphine 
sulphate, strychnine phosphate, brucine alkaloid, yohimbine hydrochloride, codeine alkaloid, 
narcotine alkaloid, apomorphine hydrochloride, narceine alkaloid and thebaine alkaloid. All drugs 
used in this investigation were U.S.P. grade. All volumetric glassware was cleaned thoroughly 
according to directions specified by the manufacturer.8 

Procedure 

Dilute solutions of each alkaloid were prepared by successive dilution of the stock solution 
to give ethanolic solutions having concentrations from 1 mg/ml to 0.1 pg/ml. Excitation and emission 
spectra and decay curves were recorded with the X-Y recorder. The relative intensity (meter reading 
in percentage transmittance times the coarse meter multiplier with fine sensitivity remaining constant 
for all measurements) of each of the ethanolic solutions was measured on the photomultiplier micro- 
photometer. The limit of detection was taken as that concentration which produced a signal on the 
meter of 5 units above the background phosphorescence signal if the meter multiplier was adjusted 
to give the maximum background signal, The decay time was the time for the emitted light to fall 
to l/e of its initial intensity. The limits of detection of all compounds except morphine sulphate and 
narcotine alkaloid were measured in neutral ethanol. Because morphine sulphate and narcotine 
alkaloid were only slightly soluble in neutral ethanol, their limits of detection were measured in acidic 
ethanol. Ethanol was used as the solvent because it froze to a clear glass at liquid nitrogen tempera- 
tures with less than 5% of water8 and it was a good polar solvent. All the alkaloids studied were 
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isoquiuoline, morphine and indole groups 
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THE quantitative determination of the alkaloid content of crude drugs, plants and biological fluids is 
important for many legal and medical reasons. Since its first suggested use as a means of chemical 
analysis by Keirs, Britt and Wentworth,’ phosphorimetry has been applied successfully in a number 
of areas*-h and shown to be a powerful method when coupled with proper separation methods.4-B In 
this study, the phosphorescence emission and excitation peaks of a number of alkaloids in neutral, 
basic and acidic ethanol at 77°K are given. In addition, the phosphorescence decay times and 
approximate limits of detection in ,ug,/ml of ethanol are given for the same alkaloids. Because of the 
great sensitivity of phosphorimetry for many of the alkaloids, phosphorimetry as a measurement 
technique should have use in the analysis of trace concentrations of these alkaloids in a variety of 
materials. 

EXPERIMENTAL 

A spectrophotofluorimeter (Aminco-Bowman No. 4-8202, American Instrument Co., Inc., Silver 
Spring, Md., U.S.A.) with a phosphoroscope (Aminco-Keirs No. C27-62140, American Instrument 
Co., I&., U;S.A.), a potted RCAiP28 phdtomultiplier tube, a 200-W mercury-xenon arc lamp and 
with an X-Y recorder (No. 1620-814, American Instrument Co., Inc., U.S.A.) was employed for all 
measurements. All studies were performed at constant slit width (slit arrangement #4).’ 

Reagents 

The solvent used was distilled technical grade ethanol. 5 The acidic and basic ethanolic solutions 
were prepared by adding 2 drops of concentrated hydrochloric acid and concentrated sodium 
hydroxide, respectively, to 10 ml of the ethanolic solution containing the sample. Stock neutral, 
acidic and basic ethanolic solutions, containing a concentration of 1 mg of each of the followmg 
alkaloids/ml of solvent, were prepared: papaverine hydrochloride, morphine alkaloid, morphine 
sulphate, strychnine phosphate, brucine alkaloid, yohimbine hydrochloride, codeine alkaloid, 
narcotine alkaloid, apomorphine hydrochloride, narceine alkaloid and thebaine alkaloid. All drugs 
used in this investigation were U.S.P. grade. All volumetric glassware was cleaned thoroughly 
according to directions specified by the manufacturer.8 

Procedure 

Dilute solutions of each alkaloid were prepared by successive dilution of the stock solution 
to give ethanolic solutions having concentrations from 1 mg/ml to 0.1 pg/ml. Excitation and emission 
spectra and decay curves were recorded with the X-Y recorder. The relative intensity (meter reading 
in percentage transmittance times the coarse meter multiplier with fine sensitivity remaining constant 
for all measurements) of each of the ethanolic solutions was measured on the photomultiplier micro- 
photometer. The limit of detection was taken as that concentration which produced a signal on the 
meter of 5 units above the background phosphorescence signal if the meter multiplier was adjusted 
to give the maximum background signal, The decay time was the time for the emitted light to fall 
to l/e of its initial intensity. The limits of detection of all compounds except morphine sulphate and 
narcotine alkaloid were measured in neutral ethanol. Because morphine sulphate and narcotine 
alkaloid were only slightly soluble in neutral ethanol, their limits of detection were measured in acidic 
ethanol. Ethanol was used as the solvent because it froze to a clear glass at liquid nitrogen tempera- 
tures with less than 5% of water8 and it was a good polar solvent. All the alkaloids studied were 
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either soluble in ethanol or could be d&sob& by making the ethanol slightly acidic or basic. If the 
alkaloids were soluble (0.5 mg/ml or greater) in acidic, basic and neutral ethanolic solution, then 
excitation and emission peaks were recorded for those solutions. Otherwise, only the excitation and 
emission peaks were recorded for the ethanolic solutions in which the alkaloids were soluble. 

RESULTS AND DISCUSSION 

Table f gives the wavelengths for the uncorrected phosphore~n~ excitation and emission peaks 
when using the experimental setup and conditions described above. No spectra are given here 
because they would be characteristic of the instrumentation ~sed.~ Although several methods of 
correcting spectra for experimental factors are available, 10*11 it is felt that corrected spectral peaks 
would not yield any more useful data than those listed in the table. In any analysis, the analyst must 
select the optimum wavelengths of excitation and emission for his own instrumental setup for the 
compounds of interest, However, for an experimental setup and conditions simiiar to those above, 
the optimum wavelengths should not vary a great deal from those given in Table I. 

The phosphorescence decay times were essentially the same within experimental accuracy for each 
compound in the various ethanolic solutions. The phosphorescence decay times in seconds for the 
alkaloids studied are given in Table I and range from 0.25 set for morphine alkaloid to 7.4 set for 
yohimbine hydrochloride. 

Acidic solutions of the alkaloids which were soluble in both neutral and acidic ethanol, gave 
slightly lower intensities for equivalent concentrations. The cause of the quenching is not known. 
Thebaine and codeine exhibited the greatest changes as was evident from the shifts in excitation and 
emission peaks and the appearance of several new peaks as can be seen in Table I. Basic solutions of 
the alkaloids also showed considerable quenching. An additional disadvantage resulted when basic 
ethanolic solutions were used. The solutions cracked or produced snows about 30% of the time at 
liquid nitrogen temperatures. 

in evecase w=hich could be compared, the intensity of phosphorescence is greater in neutral 
ethanol than either acidic or basic solution. The sensitivity is as much as l&fold greater for morphine 
alkaloid and BXl-fold greater for papaverine. Therefore, ail limits of detectian arcmeasured in neutral 
solutions with the exception of morphine sulphate and narcotine. Papaverine hydrochloride displays 
an unexpected change in its excitation curve with decrease in concentration. At a concentration of 
0.05 mg/ml there are two main peaks f245 rnp and 305 rnp (maximum& 
peak is about 2.5 times that of the 26rnp peak. 

The intensity of the 3OS-rnfr 
When the concentration is reduced to 5 pgjml the 

intensities are almost equal, while at a concentration of 0.5 pg/ml the intensity of the 24%rnh peak 
is the strongest. The emission curve remains unchanged in character as the concentration changes. 

Because many of the alkaloids phosphoresce, phosphorimetry appears to offer drug chemists a 
very powerful, sensitive tool for the analysis of alkaloids. Because the excitation and emission bands 
are broad and will overlap for a mixture of several of the alkaloids, it would be best to use a separation 
method, such as thin-layer chro~tography, to separate first the individual alkaloid of a complex 
mixture before the nhosnhorimetric measurement. By suitable selection of excitation and emission 
wavelengths and phbsphbroscope speed, it shauld be possible to resolve instrumentally some alkaloid 
mixtures. For best results the form of the alkaloid should be either the uure alkaloid or a salt that is 
readily soluble in neutral ethanol&z solution. Of course, if there is app&iable phosphorescence back- 
ground interference at the wavelength settings for maximum alkaloid emission, the peak phos- 
phorescence of the alkaloid might be shifted beyond that of the interfering substance by using acidic 
or basic ethanolic solution. 
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We also wish to thank Dr. P. A. Foote, Dean of the College of Pharmacy, University of Florida, who 
furnished a number of alkaloids used in this study. 

Department of Chemistry 
University of Flaridu 
Gainesville, Florida, U.S.A. 

HENRY C. HCJLLYIIELD 
JAMES D. WINEFORDNER 

Summary-The ohosnhorescence emission and excitation peaks of 
several representative alkaloids of the isoquinoline, morphine and 
indole erouns in neutral, basic and acidic ethanol at 77°K are given. 
In addi’;ion,’ the phosphdrescence decay times and approximate Timits 
of detection in r&ml of ethanol are given for the same alkaloids, 
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Znsamme&ssung-Die Maxima der Phosphoreszenzemissions- und 
-anregungsspektren verschiedener Vertreter der Gruppen der Iso- 
chinolin-, Morphin- und Indolalkaloide in neutralem, basischem und 
saurem _&than01 bei 77°K werden angegeben. Zusltzlich werden die 
Phosphoreszenz-Abklingzeiten und die ungeftihren Nachweisgrenzen 
in &ml Ethanol fur die selben Alkaloide aufgeftihrt. 

R&stm~n donne les maximums d’emission de phosphorescence et 
d’excitation de divers alcaloldes types des groupes de l’isoquinoleine, 
de la morphine et de l’indole, en ethanol neutre, basique et acide a 
77°K. En outre, on donne, pour les memes alcaloldes, les temps de 
persistance de la phosphorescence et les limites approximatives de 
detection en ,ug par ml d’ethanol. 
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INVESTIGATION OF ION-EXCHANGE BEHAVIOUR 
OF TUNGSTEN(V1) AND MOLYBDENUM(V1) 

FROM FORMIC ACID SOLUTIONS 

D. A. SHISHKOV and E. G. KOLEVA 
Department of Analytical Chemistry, Mining and Geological Institute 

Sofia, Bulgaria 

(Received 4 November 1964. Accepted 25 May 1965) 

Summary-A study has been made of the ion-exchange behaviour of 
tunesten and molvbdenum(VI), in formic acid solutions, with the 
cat& exchangers KU-l, KU-2 and Wofatite CN in the H-, Na- and 
NH.-forms and with the anion exchaneers EDE-10 and EDE-100 
in the formate form. At pH 1 and a formz acid concentration of O.l$ 
the cation exchangers adsorb approximately 30 % of the tungsten and 
10% of the molybdenum, and the anion exchangers adsorb approxi- 
matelv 70% of the tungsten and 90 oA of the molvbdenum. The sequence 
of griatest -adsorption for tungsten-is KU-2 >’ Wofatite CN > KU-1 ; 
EDE-10 > EDE-1Op and for molybdenum it is Wofatite CN > KU-1 
> KU-2; EDE-10 > EDE-IOp. 

RECENTLY, ion-exchange methods have been applied to the study of the properties of 

tungsten and molybdenum in the presence of complex-forming substances and for 

their separation from accompanying elements.l-7 

The aim of this investigation was to study the ion-exchange behaviour of tungsten 

and molybdenum in formic acid solutions. For this purpose we used representative 

weak and strong cation and anion ion-exchange resins. 

Reagents 
EXPERIMENTAL 

Cation-exchange resins.* KU-l, with sulphonic acid and phenol groups as active sites; KU-2, 
with sulphonic acid groups as active sites; Wofatite CN with carboxylic acid active groups. The 
grain sizes are between 0-l and 0.5 mm. Treat with 1M solutions of hydrochloric acid, sodium 
chloride and ammonium chloride to give the acid-, sodium- and ammonium-forms. 

Anion-exchange resins.* EDE-10, with trimethylammonium groups as active sites; EDE-lOp, 
with =N and =NH groups as active sites. The grain sizes are between 0.1 and 0.5 mm. Convert 
to the formate form by washing with 1M formic acid followed by water until the washings are neutral. 

Molybdenum and tungsten solutions. 
pro analysi grade. 

Prepared from sodium molybdate and sodium tungstate of 

Rho&mine-B 

Apparatus 

Photometer. An FEK-M photometer was used. 

Procedure 

Place a 50-ml sample, containing 0.1 mg of molybdenum or tungsten, formic acid of varying 
molarity (0*00541 M) and the solution at pH 1, in a lO&ml flask. Add 0.2 g of a resin and shake 
mechanically until equilibrium is attained (usually within 3 hr). Determine the metal concentration 
in the aqueous phase photometrically with rhodamine-B. 

* KU-l, KU-2, EDE-10 and EDE-1Op resins available from Scientific Research Institute for 
Plastics, Moscow, U.S.S.R.; Wofatite CN available from Wolfen Fabric, Bitterfeld, German 
Democratic Republic. 

865 
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RESULTS AND DISCUSSION 

The reaction between tungsten(V1) and molybdenum(V1) and formic acid in aqueous 
solutions has not been reported. It could be expected that complexes are formed 
because, in the presence of even a very small amount of formic acid, molybdenum does 
not precipitate with the reagents used in qualitative analysis. Tungsten(V1) would 
be expected to react in the same way. 

The capacity of formate ions to form complex compounds with ions of different 
metals in various organic solvents’** is well known. Earlier we3 pointed out the 
important role of hydrogen ions in complex formation : 

(M0J2- + 4COOH- + 4H+ + [(M02(COOH),]2- where M = MO or W. 

We found that pH 1 is the optimum pH for complex formation. In more acid solutions 
heteropolyacids are formed and at higher pH hydrolysis occurs. The process is also 
dependent on the concentration of the complexing agent. 

Consequently, at various concentrations of formic acid a series of complexes is 
found: a positively charged ion [MO,(HCOO)]+, a neutral complex [M02(HC00)J0 

100 - 

I 

FIG. l.-Adsorption of tungsten onto the cation exchanger KU-l in a solution of 
formic acid of different concentrations, at pH 1: I-H-form; II-Na-form; III- 

NH,-form. 

and two negatively charged ions [MO,(HCOO),]- and (M02(HC00),]2-. The posi- 
tively charged complex is adsorbed to a different degree by the cation exchangers, 
depending of the nature of the resins, their functional groups and on their form. This 
is reflected by the results obtained. The negatively charged complexes, formed with 
further increase of formic acid concentration, are absorbed by the anion exchangers to 
different degrees (Figs. 1 and 8). 

Tungsten adsorption 

In the tungsten system, with increase of formic acid concentration, all other con- 
ditions being constant, a gradual decrease of tungsten adsorption is observed with 
all the resins in their different forms. Generally, the positively charged complexes are 
most strongly adsorbed on the cation exchangers in the hydrogen form, then in the 
ammonium form and least of all by resins in the sodium form. 

When the formic acid concentration is 0*02M, the adsorption curves of all three 



Ion-exchange behavionr of tungsten(W) and molybdenum(V1) 867 

forms of the cation exchanger KU-1 reach their maximum (Fig. 1). Hence, in this 
case the greatest amounts of positively charged and neutral complexes exist. The 
positively charged complexes are adsorbed to different degrees by the different forms 

HCOOH, M 

FIG. 2.-Adsorption of tungsten onto the cation exchanger KU-2 in a solution of 
formic acid at different concentrations, at pH 1: I-H-form; II-Na-form; III- 

NH,-form. 

of the resins. With further increase of formic acid concentration the adsorption drops 
sharply. When the concentration of formic acid is O*lM the adsorption is reduced 
almost to zero. 

The adsorption curves in the case of the resin KU-2, in its different forms, also 
have their maximum when the formic acid concentration is less than 0*02M (Fig. 2). 

HCOOH, M 

FIG. 3.-Adsorption of tungsten onto the cation exchanger Wofatite CN in a solution 
of formic acid at different concentrations, at pH 1: l-H-form; II-Na-form; 

III-NH,-form. 

The positively charged complex ions of tungsten, which are formed, are most strongly 
adsorbed when the resin is in the hydrogen form and least of all when in the sodium 
form. At greater formic acid concentration the adsorption drops sharply, reaching a 
minimum at O*lM. 

The weak-acid cation exchanger Wofatite CN behaves similarly (Fig. 3). When the 
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formic acid concentration is 0.1 M, however, the adsorption is greatest onto the resin 
in the ammonium form. 

All the cation exchangers, in their three forms, adsorbed an average of about 30 % 
of the complexes at a formic acid concentration of 0.1 M. Under the same conditions 
tungsten is not adsorbed by the anion exchangers (Fig. 4). This shows that the 
complex-forming processes discussed above take place under these conditions. 

, 
002 005 0 IO 

HCOOH, M 

FIG. 4.-Adsorption of tungsten onto the anion exchangers EDE-10 and EDE-1Op 
in the formate form in solutions of formic acid at different concentrations, at pH 1: 

I-EDE-10; II-EDE-1Op. 

Molybdenum adsorption 

In the molybdenum system, with increase of formic acid concentration, a decrease 
of the molybdenum adsorption onto the cation exchangers examined, in all their forms, 
was observed. The curves (Figs. 5, 6 and 7) are seen to have three parts. Up to a 
formic acid concentration of O*OlM, a sharp decrease in molybdenum adsorption 
can be observed, with the exception of Curves I and II of Fig. 6. Probably, a negatively 
charged complex, [MoOz(HCOO),]” is formed. When the acid concentration is 
O-01 to 0*02M, a sharp increase in molybdenum adsorption is obtained, which can 
probably be explained by hydrolysis of the complex formation. For this reason, there 
cannot be seen any molybdenum adsorption by the cation exchangers in this region. 
With a further increase of the formic acid concentration, the adsorption of the molyb- 
denum decreases and at an acid concentration of O*lM it approaches its minimum, 
because of the formation of a negatively charged ion. This proves that, with a gradual 
increase of formic acid concentration, a variety of complexes is formed in this system. 

Molybdenum is adsorbed by anion exchangers to a greater degree. Initially, a 
decrease in the adsorption of molybdenum with increase of formic acid concentration 
is observed with the anion exchangers EDE-10 and EDE-lop in the formate form 
(Fig. 8). Then, whentheformic acidconcentrationisincreased to O*lM, a sharp increase 
in molybdenum adsorption is observed. Positively charged, neutral and negatively 
charged complexes exist simultaneously in some parts of the system and so the be- 
haviour of cation- and anion-exchangers complement each other. An adsorption of 
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20-50 % is observed in the first section of the cation exchangers, 50-80 % with the anion 
exchangers ; when the concentration of formic acid is 0.1 M that part of the complexes 

which is not adsorbed by the cation exchangers is adsorbed by the anion exchangers. 

FIG. 5.-Adsorption of molybdenum onto the 
cation exchange KU-l in solutions of formic 
acid at different concentrations, at pH 1: I-H- 

form; II-Na-form; III-NH,-form. 

I I I 
002 

\A_ 
005 0 IO 

HCOOH, M 

FIG. 7.-Adsorption of molybdenum onto the 
cation exchanger Wofatite CN in solutions of 
formic acid at different concentrations, at pH 1: 

I-H-form; II-Na-form; III-NH,-form. 

HCOOH, M 

FIG. 6.-Adsorption of molybdenum onto the 
cation exchanger KU-2 in solutions of formic 
acid at different concentrations, at pH 1: I-H- 

form; II-Na-form; III-NH,-form. 

60 

! I I 
0.02 005 OK) 

HCOOH, M 

FIG. 8.-Adsorption of molybdenum onto the 
anion exchangers EDE-10 and EDE-IOp in the 
formate form in solutions of formic acid at dif- 
ferent concentrations, at pH 1: I-EDE-10; 

II-EDE-IOp. 

When the formic acid concentration is O*lM or greater, the equilibrium shifts in the 
direction of a formate complex and the possibility of mixed complexes existing within 
this system decreases. These complexes are readily absorbed by the anion exchangers. 
At these acid concentrations 98-99x of the molybdenum is adsorbed. The results 
show that the ease of replacing the ion on the cation exchangers follows the sequence 

2 
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Na+ > H+ > NH,+. Further, the relatively weakly acidic cation exchanger Wofatite 
CN, in all its three forms, had the greatest sorption capacity. KU-1 has a greater 
capacity than KU-2. The anion exchanger EDE-1Op has a greater selective capacity 
towards the negatively charged formate complex of molybdenum than EDE-10, but 
the difference in their sorption capacity is insignificant. 

CONCLUSION 

A study has been made of the ion-exchange behaviour of tungsten and molybdenum 
with the cation exchangers KU-l, KU-2 and Wofatite CN in the H-, Na- and NH,- 
forms and the anion exchangers EDE-10 and EDE- lop in the formate form, at different 
formic acid concentrations; the formic acid was used as a complexing agent. It was 
found that at a formic acid concentration of O*lM, when the pH was 1, the cation 
exchangers, in all forms, adsorb on the average about 30% of tungsten and 10% of 
molybdenum, whereas the anion exchangers adsorb about 70 % of tungsten and 90 % 
of molybdenum on the average. This confirms that relatively stable and negatively 
charged formate complexes of tungsten are formed. 

Tungsten is adsorbed onto the cation exchangers in the following sequence 
KU-2 > Wofatite CN > KU-1 whereas for molybdenum the sequence is Wofatite 
CN > KU-1 > KU-2. Both tungsten and molybdenum are preferentially adsorbed 
by EDE-10 compared with EDE-lop. 

Zusammenfassung-Das Ionenaustauschverhalten von Wolfram(V1) 
und Molybdiin(V1) wurde in ameisensauren Liisungen an den Kationen- 
austauschern KU-l, KU-2 und Wofatit CN in den H-, Na- und NH4- 
Formen sowie den Anionenaustauschern EDE-10 und EDE-lop in der 
Formiatform untersucht. Bei pH 1 und einer Ameisensaurekonzentra- 
tion von 0,l M adsorbieren die Kationenaustauscher das angebotene 
Wolfram etwa zu 30%, Molybd~n zu iO%; die Anionenaustauscher 
nehmen etwa 70% vom Wolfram und 90% vom Molybdan auf. Die 
Reihenfolge der adsorbierten Mengen ist bei Wolfram KU-2 > 
Wofatit CN :b KU-l; EDE-10 > EDE-lOp, bei Molydban Wofatit 
CN > KU-1 > KU-2; EDE-10 > EDE-1Op. 

Resume-On a effectue une etude sur Ie comportement, au point de vue 
&change ionique, du tungstene (Vi) et du molybdene (VI) en solutions 
formiques, avec les echangeurs de cations KU-L, KU-2 et Wofatite CN 
a l’etat H, Na et NH, et aver les echangeurs d’anions EDE-10 et EDE- 
lop a l’etat formiate, A pH 1 et pour une concentration 0,lMen acide 
formique les Cchangeurs de cations absorbent approximativement 30 % 
du tungstene et 10 %du molybdene, et les Cchangeurs d’anions absorbent 
approximativement 70% du tungstene et 90% du molybdene. Pour le 
tungstene, I’ordre d’adsorption decroissante est: KU 2 > Wofatite 
CN > KU 1; EDE 10 > EDE-1Op et pour le molybdltne, if est : Wof- 
atite CN > KU-1 > KU-2; EDE-10 > EDE-1Op. 
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QUANTITATIVE ANALYSE VON LEGIERUNGEN UND 
VERBINDUNGEN HOCHSCHMELZENDER METALLE, 

VON HARTMETALLEN UND HARTSTOFFEN 
MITTELS RijNTGENFLUORESZENZ 

E. LASSNER, R. P~~SCHEL und H. SCHEDLE 

Chemisches Laboratorium der Metallwerk Plansee. A. G., Reutte/Tirol, Gsterreich 

(Eingegagen am 27. Januar 1965. Angenommen am 10. Juni 1965) 

Zusannnenfassnng-Es wird tiber die Erfahrungen bei der Analyse von 
Legierungen und Verbindungen hochschmelzender Metalle, von 
Hartmetallen und Hartstoffen mittels Riintgenfluoreszenz berichtet. 
Fiir die Analyse auf verschiedene Bestandteile dieser Materialien 
wurden Analysenverfahren entwickelt. Die Vorbereitung der Proben 
und die experimentellen Analysenbedingungen werden mitgeteilt. 
Die Reproduzierbarkeit der Ergebnisse entspricht im wesentlichen 
dem durch die Quantenstatistik bedingten Zahlfehler. Es werden 
Gleichungen zur Berechnung der Standardabweichung und der unteren 
Bestimmungsgrenze der einzelnen Verfahren aus den Analysen- 
parametern angegeben. 

DIE naflchemische Untersuchung von hochschmelzenden Metallen und ihren Legie- 
rungen, von Verbindungen dieser Metalle, von Hartmetallen und Hartstoffen gestaltet 
sich meist sehr schwierig und ist mit einem erheblichen Zeitaufwand verbunden. 
Die Genauigkeit der dabei erhaltenen Ergebnisse ist vielfach unbefriedigend. Hier 
bietet die Anwendung der Rontgenfluoreszenzanalyse wegen ihrer Einfachheit und 
ihres geringen Zeitbedarfs bedeutende Vorteile5-‘. Die rasche Durchftihrbarkeit der 
Analysen ist insbesondere fur die Betriebskontrolle von groBem Wert. Aber such 
hinsichtlich der Analysengenauigkeit (Richtigkeit und Reproduzierbarkeit) ist die 
Riintgenfluoreszenzanalyse bei der Untersuchung der oben angeftihrten Stoffe den 
naBchemischen Methoden iiberlegen. 

Wir haben die Analyse dieser Substanzen mittels Rontgenfluoreszenz eingehend 
untersucht und dafiir besondere Arbeitsvorschriften entwickelt. Diese haben wir 
bereits seit langerem im Routinebetrieb erprobt. Im folgenden wollen wir tiber unsere 
diesbeziiglichen Erfahrungen berichten und eine Reihe von bewahrten Vorschriften 
mitteilen. 

Bei der pulvermetallurgischen Verarbeitung und Herstellung hochschmelzender 
Stoffe fallt der grol3te Teil der zu untersuchunden Proben in Pulverform an ; oft 
handelt es sich urn Pulvergemische. Bekanntlich birgt die direkte Untersuchung von 
Pulvern mittels Riintgenfluoreszenz eine Reihe von Fehlerquellen in sich, da die 
KorngrbBe, die Kornverteilung und lokale Inhomogenitaten die Intensitat der sekun- 
daren Rontgenstrahlung beeinflussen. Auch das Verpressen von Pulvern zu Tabletten, 
wie es vielfach empfohlen wird, ist aus den genannten Grilnden nicht immer zweck- 
maBig. Bei Pulvergemischen, wie z.B. Wolfram-Kupfer, deren Komponenten stark 
unterschiedliche Dichte und Duktilitat aufweisen, kann im Verlauf der Herstellung 
eines PreBlings Entmischung eintreten, wahrend beim Pressen selbst die weichere 
Komponente tiber die hartere verschmiert werden kann. Letztere Erscheinung tauscht 
zu hohe Kupferwerte vor. 

871 
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Daraus ergibt sich die allgemein gtiltige SchluBfolgerung, da13 die gtinstigste Form 
der zu messenden Probe die Losung ist, weil hier die Forderung nach Homogenitat 
erfiillt ist. Ein weiterer wesentlicher Vorteil der L~sungsm~thoden ist, daB sich 
Matrixeffekte der Probe durch entsprechendes Verdtinnen beseitigen lassen. In der 
Fachliteratur findet man zwei Miiglichkeiten zum Losen von Proben fur die nach- 
folgende Rontgenfluoreszenzanalyse : 

1. L&en der Probe durch SchmelzaufschluB 
2. ~ber~hren der Probe in eine wlssrige LGsung. 

Am verbreitetsten ist das Aufschmelzen mit Borax. Der erhaltene Schmelzkuchen 
kann entweder gepulvert werden, wobei anschlieBend aus dem Pulver eine Tablette 
geprel3t wird, oder unter gewissen Voraussetzungen direkt analysiert werden. Bei 
Prefilingen aus gepulverten Schmelzen kijnnen die bereits erwahnten Einfltisse der 
KorngroiOe zu Fehlergebnissen fiihren. Fur die direkte Untersuchung muB der 
Schmelzkuchen sor@ltig gegossen und oft sogar poliert werden. Nicht selten zer- 
bricht die Schmelze beim Erstarren oder beim Polieren. Die Bildung von Blasen an 
der Oberflache, bzw. von Entmischungen kann hlufig beobachtet werden. Alle diese 
Argumente sprechen gegen die allgemein anzuwendende direkte Analyse von Schmel- 
zen, wiewohl sie in einigen speziellen Fallen von Vorteil sein mag. 

Ein weiterer Nachteil der Aufs~hlu~methoden ist folgender : Wenn man die 
Temperatur und die Zeit des Aufschlusses nicht konstant halten kann, kommt es 
beispielsweise bei Pyrosulfatschmelzen zum Verdampfen wechselnder Mengen des 
Aufschlul3mittels und damit zu einer unkontrollierbaren Verfalschung der Konzen- 
tration der Probe in der Schmelze. 

Ftir die Analyse von metallischen Proben, wie z.B. W- oder Mo-Pulvern, scheiden 
Aufschlu~methoden ohnehin von vornherein aus, da sie ja eine vorangehende Uber- 
fiihrung dieser Metalle in ihre Oxide erfordern w&den. 

Aus dem Gesagten ergibt sich ganz allgemein, daB die giinstigste Art der Proben- 
vorbereitung das Uberftihren in eine wlssrige Losung ist. Hier ist besonders zu 
beachten, daB die Untersuchungsliisungen so weit verdtinnt sein miissen, daR Matrix- 
effekte aus den Losungschemikalien weitestgehend eliminiert werden. Dies sol1 an 
einem Beispiel erlautert werden: 

Zur Erstellung einer Eichkurve fiir reines Tantal wurden 100 bis 800 mg TazOs in 10 g K&O, 
aufgeschmolzen, die kalte Schmelze wurde mit 10 ml HF und 10 ml H,SO, (1: 1) unter Zusatz von 
3 ml HzOe aufgenommen und auf 100 ml aufgefiillt. Die resultierende Eichkurve with von einer 
Geraden betrkhtlich ab und hatte konvexe Form. Wurden aber nur 5 g K&O, zum Aufschluu 
verwendet und die erhaltene Schmelze auf 200 ml LSsung verdiinnt, so wurde eine strenge Gerade 
erhalten. 

An einem weiteren Beispiel sol1 gezeigt werden, wie sich durch entsprechendes 
Verdilnnen der MaBlSsung Matrixeffekte des Probenmaterials ausschalten lassen: 

Man kennt verschiedene Hartmetallsorten, angefangen von reinen WC-Co-Sorten bis zu Qualitaten 
in denen das WC teilweise durch Tic, TaC und NbC ersetzt ist. Wir haben eine Reihe synthetischer 
Mischungen mit konstantem Co-Gehalt untersucht, wobei der Carbidgehalt von wechselnder 
Zusammen~~nng war. Die Verd~nnung betrug 1 g Probe auf 100 ml Me~l~sung. Die Zusammen- 
setzung der Proben geht aus Tabelle I hervor. Die gemessene IntensitZt der Co&-Linie war 
ungeachtet der sehr unterscbiedlichen Matrix, in jedem Fall gleich gr08. Dies zeigt deutlich, daB 
unter den von uns gewahlten Analysenbedingungen die Massenabsorptionskoeffizienten der 
Matrixelemente keinen EinflulJ mehr haben und nur der Massenabsorptionskoeffizient von Wasser- 
stoff und Sauerstoff (Wasser) ftir den Hintergrund bestimmend ist. 
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TABELLE I.-F~OBENZUSAMMENSETZLJNG SYNTHETISCHER 
H~RTMETALL-L~SUNGEN 

Co, % WC, % Tic, % 
TaC + NbC, % 
(Nb:Ta = 7: 1) 

8 92 - - 
8 82 10 - 
8 82 - 10 
8 72 10 10 

Die Ausschaltung von Matrixeffekten allein durch Verdiinnen der Analysenliisung 
gelingt natiirlich nur in gewissen Grenzen. Theoretisch verschwinden die Matrix- 
effekte zur GBnze erst bei sehr grol3er Verdtinnung; praktisch darf man aber die 
Verdiinnung nur so weit treiben, daB man bei der Messung stets ein vernunftiges 
Verhaltnis von Signal zu Hintergrund erhalt. 

Beziiglich der Auswertung der MeBergebnisse haben wir festgestellt, da0 die 
Verwendung von Eichkurven i_iber einen langeren Zeitraum nicht empfehlenswert ist. 
Hervorgerufen durch die Alterung der Riintgenriihre beobachtet man bei gleichen 
Anregungsbedingungen eine allmihliche Abnahme der Strahlungsintensitat mit der 
Zeit. Dies wiirde aber eine wiederholte und daher zeitraubende Korrektur der Eich- 
kurven erfordern. Aus diesen Griinden hat es sich als vorteilhaft erwiesen, die Eichung 
fur jedes Probengut taglich gesondert durchzufiihren, indem gleichzeitig mit den 
Analysenproben eine Standardprobe mitgemessen wird. 

Die Verwendung eines Eichstandards bietet einen weiteren Vorteil: Fehler, die 
durch eine geringfiigige Verschiebung des Goniometers entstehen konnen, werden 
dadurch ausgeschaltet. Es geniigt nicht, da13 die Vergleichsstandardlosung eine 
bekannte Menge der zu bestimmenden Elemente enthalt, sie mu13 vielmehr (Unter- 
grund!) Bhnlich wie in der optischen Photometrie samtliche Chemikalien enthalten, 
genau wie die Analysenlosung. Die Bestimmung des Untergrundes ftihren wir so 
durch, da13 eine Blindlosung, die samtliche Chemikalien und bei der Analyse auf 
Nebenbestandteile such die Hauptelemente der Probe enthalt, genau auf der Analysen- 
linie gemessen wird. 

Unter diesen Voraussetzungen erhalt man innerhalb der interessierenden Konzen- 
trationsbereiche eine lineare Abhangigkeit zwischen Zahlrate und Konzentration, so 
daB die Berechnung des Analysenergebnisses durch eine einfache Proportion moglich 
wird. 

In Fallen, wo eine Gruppe von Elementen in Proben von stark variierender 
Zusammensetzung bestimmt werden ~011, ware eine gr6Sere Anzahl von verschieden 
bereiteten Standardlosungen (wegen der verschiedenen Losungsbedingungen und der 
variierenden Elemente) erforderlich. Ein einziger Standard gentigt aber, wenn man 
die zu bestimmenden Elemente durch eine grobe chemische Vortrennung von den 
iibrigen isoliert, wobei man bereits bei der Einwaage den wechselnden Gehalt der 
Proben an zu bestimmenden Elementen berticksichtigt. Als Beispiel hierzu sei auf 
die weiter unten beschriebene Bestimmung von Titan, Niob und Tantal in Hart- 
metallen verwiesen. 

Im folgenden werden die von uns entwickelten Arbeitsvorschriften fur die Analyse 
von Wolframlegierungen, Hartmetallen, Niob-Tantal-Carbid, Tantalpulver, Tantal- 
Abfallen, Tantal-Wolfram-Legierungen, Molybdanlegierungen, Molybdanoxid und 
Hartstoffen auf Tic-oder TiB,-Basis ausfiihrlich beschrieben. 
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Apparatur 
EXPERIMENTELLER TEIL 

Pips-Ein~chtung zur R~ntgenfluoreszen~naly~ bestehend aus: Generator PW 1010, 
Gro~wi~elgonio~ter PW 1050 mit Universalvakuums~ktro~aph sowie Zahl- und Regeleinrich- 
tung PW 1051. 

MeBvorgang und Berechnung der Ergebnisse 
10 ml der gem% der jeweiligen Arbeitsvorschrift hergestellten Probeliisung werden mittels 

Pipette in &iurefeste Probenbeh&lter (Polyvinylchlorid) gegeben, in deren Boden sich ein Mylar- 
Fenster beiindet. Molybd&r- und Tantaloxid werden in Tablettenform in Al-Behaltem mit Mylar- 
Fen&r gemessen. Die ~i~tell~g~ am Get% werden, wie in Tabelle II ~~~engefa~t, 
vorgenommen. 

Das Goniometer wird auf den Winkel der betreffenden Analysenlinie eingestellt nnd die Z&hate 
der Probe wird dreimal gemessen. Analog verfahrt man mit Standard- und Blmdlosung. Zur 
Berechnung des Ergebnisses verwendet man das arithmetische Mittel der abgelesenen Zahlraten. 
Man kannte nattirlich, anstatt jede Messung dreimal durchzufilhren, einfach die MePzeit verdrei- 
fachen. Die dreifache Messung ist aber sicherer, weil man hier geiegentliche Ausreisser, die durch 
~duktionsst~~e he~orgerufen werden, erkennen und ausscheiden kann. Der Probenanteil des 
gesuchten Elements in der Probe ergibt sich aus folgender Formel: 

&I - & 
p=Ip’------- 

2, - 2, 
(1) 

Hierin bedeuten: Zp . . . die ZPhlrate der Probe (Mittel) 
zs . . . die Zahlrate des Standards (Mittel) 
zg . . . die Zlihlfate der Blindl~sun~ (Mittel) 
P . . . den Prozentgehalt in der Probe 
P’ . . . den Prozentgehalt im Standard 

Voraussetzung zur Anwendbarkeit von Formel (1) ist strikte ProportionalitPt zwischen Konzentration 
und Impulsrate. Innerhalb des in Tabelle II angegebenen Konzentrationsbereiches ist diese 
Forderung erfiillt, wenn bei der Analyse die nachstehenden Arbeitsvorschriften befolgt werden. 

Tabelle II enth%lt zusammengefaljt die Anregungs- und MeDbedingungen fiir eine Reihe von 
Elementen in den eingangs aufgetihlten Materialien. Die ausfiihrlichen Vorschriften zur Vor- 
bereitung der Proben, sowie der Standard- und Blindlijsungen finden sich anschlieBend unter jener 
Ziffer, die in der d&ten Spalte von Tabelle II angegeben ist. Fur jeden einzelnen Fall haben wir die 
Richtigkeit der erzielten Ergebnisse anhand von Losungen mit bekanntem Gehalt iiberprtift. Die 
Repro~~jerborheif geben wir bei jedem Verfahren fiir einen bestimmten Kon~ntrations~~ich an. 
Die angegebenen Standardabweichungen haben wir aus Einzelwerten von Parallel~sti~un~ 
nach folgender Formel’ berechnet : 

(2) 

Darin bedeuten: xi’ und xc . . . zusammengeharige Wertpaare einer Parallelbestimmung 
M . _ . Anzahl von Parallelbestimmun~n 

Vorschrif’ 1: 

Cu, Ni und Fe in W-Cu-Ni-Fe-Legierungen. 
Probenuorbereitung. 2 g in 5 ml HF und 3 ml HNO, (konz.) l&en. 10 ml Weinsaure (40% i& 

10 ml Borsaure (4% ig) und 10 ml Ammoniak (konz.) zugeben und auf 100 ml auffiillen. 
Blindliisung. 18,4 g W-Pulver in 50 ml HF und 30 ml HNOs (konz.) Ibsen. 100 ml Weinsaure 

~~~~~~ 1CO ml Borsaure (4% ig) und 100 ml Ammoniak (konz.) zugeben und auf 1000 ml 
*. 

~t~~~dl~~~~ (5 % Ni, 3 % Cu, 2% Fe). 18,O g W-Pnlver, 1,0 g Ni-Metal, 0,6 g Cu-Metal1 und 
0,4 g Fe-Metal1 wie oben l&en und weiterbehandeln. 

Die experimentell errnittelten Standardabweichungen betragen: 
Cu im Bereich von OS-3 % . . . 4~ 0,025 % 
Ni im Bereich von 0,5-6 % . . . -f 0,027 % 
Fe im Bereich von 0,2-3 % . . . + O,OlO% 
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Vorschrift 2: 

Cu und Ni in W-Cu-Trlnklegierungen. 
Probenvorbereitung. 1 g in 5 ml HF und 3 ml HNO, (konz.) l&en. Mit 10 ml Weinslure (40 % ig), 

10 ml Borslure (4% ig) und 10 ml Ammoniak (konz.) verse&n und auf 100 ml auffiillen. 
Blindliisung. 7,5 g W-Pulver in 50 ml HF und 30 ml HNO, (konz.) l&en. 100 ml Weinsaure 

(40 % ig). 100 ml Borslure (4 % ig) und 100 ml Ammoniak (konz.) zugeben und auf 1000 ml aufftillen. 
Standardliisung (25 % Cu, 1% Ni). 7,5 g W-Pulver, 2,5 g Cu-Metall und 0,l g Ni-Metal1 wie 

oben l&en und weiterbehandeln. 

Vorschrift 3 : 
MO in W-Mo-Legierungen. 
Probenvorbereitung. 10 g in HF und HNO, l&n und zur Trockene eindampfen. Riickstand mit 

20 g KNaCO, aufschlieBen, in H,O lbsen und auf loo0 ml auffiillen. Einen Teil der Losung filtrieren 
und zur Messung verwenden. 

Blindliisung. 12,6 g WO, mit 20 g KNaCO, aufschlieoen, in Wasser l&en und auf 1000 ml aufftillen, 
Standardliisung I (10% MO). 11,36 g WO, und 1,500 g MOO, wie oben behandeln. 
Standardliisung Zl (0,5 % MO). 12,51 g WO, und 0,075 g MOO, wie oben behandeln. 

Vorschrtft 4: 

Re in W-Re-Legierungen. 
Probenvorbereitung. 2 g werden in 5 ml HF und 10 ml HNO, (konz.) gel&t. Mit 5 ml H,O, 

(10% ig), 10 ml Weinsaure (40% ig), 10 ml Borslure (4% ig) und 10 ml Ammoniak (konz.) versetzen 
und auf 100 ml aufftillen. 

Blindliisung. 1,90 g W-Pulver werden wie oben behandelt. 
Standurdliisung. 1,9 g W-Pulver und 100 bzw. 200 mg Re-Pulver, je nach zu bestimmender 

Konzentration, werden wie oben behandelt. Standard ist tiiglich frisch zu bereiten. 

Vorschrtft 5 : 
Ag in W-Ag-Legierungen. 
Probenvorbereitung. 1 g Probe wird mit 10 ml HNO, (konz.) und nach Erwlrmen mit 5 ml HF 

versetzt. Sodann setzt man 10 ml Weinslure (40% ig), 10 ml Borslure (4% ig) und 25 ml Ammoniak 
(konz.) zu und ftillt auf 100 ml auf. 

Blindliisun 
P’ 

1,6 g W-Pulver mit der doppelten Menge obiger Reagenzien behandehr und auf 
200 ml aufftil en. 

Standardlosung. 1,6 g W-Pulver und 0,4 g Ag-Metal1 wie oben behandeln. 

Vorschrtft 6 : 
Co und Fe in Hartmetallen. 
Probenvorbereitung. 1 g Probe in 10 ml HF und 10 ml HNOs (konz.) Risen. 10 ml HaO, 5 g 

Zitronensaure, 5 ml H,O, (10%) und 6 g Borslure zusetzen; bis zur vollstandigen Khirung erhitzen 
und auf 100 ml aufftihen. 1st die Losung durch Graphit getriibt, wird vor der Messung durch ein 
trockenes Filter filtriert. 

Blindlijsung. 0,8 g W-Pulver wird wie oben behandelt (ttiglich zu bereiten). 
Standardliisung. 0,8 g W-Pulver und eine 50,O mg Co enthaltende Menge an Co-Standardlosung 

werden wie oben behandelt (tsiglich frisch zu bereiten). 
Die experimentell ermittelten Standardabweichungen betragen: 

Co im Bereich von etwa 5 ‘% . . . i 0,021% 
Fe im Bereich von etwa 0.2 % . . . i 0,017 ‘~ 

Vorschrift 7 : 
Ti, Nb und Ta in Hartmetallen. 
Probenvorbereitung. Je nach erwartetem Gehalt an Ti, Nb und Ta werden folgende Probenmengen 

eingewogen : 
Tic-Gehalt : NbC + TaC-Gehalt Einwaage, 8 

8-20 % 7-15% 095 
4- 8% 4 7% 170 
l- 4% l- 4% 270 
(1% (1% 10,o 

Man lost in HF und HNO,, setzt 5 ml H,SO, konz. zu und raucht bis zum Auftreten von SO,- 
Nebeln ab. Nach Verdtinnen mit Wasser auf mindestens 100 ml gieDt man in ein Gemisch von 
100 ml NH, (konz.) + 100 ml H,O + 10 g NH,Cl und 1, 2, 4, bzw. 10 g ADTA, je nach der 
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Einwaage. Bis zum Sieden erhitzen und absitzen lassen. Filtrieren und waschen. Filter samt 
Niederschlag in Pt-Schale bringen. Ohne das Filter zu zerstijren mit 10 ml HF, 1 ml HNOs (konz.) 
10 ml Weinsiiure (40 % ig), 5 ml HzOz (10% ig) und 6 g H,BO, versetzen und bis zur vollstlndigen 
Kllrung erhitzen. Losung in lOO-ml-Mefikolben nachsptilen. Auf 100 ml auffullen. 

BIindikmg. 100 ml HF, 10 ml HNO, (konz.), 100 ml Weinslure (40% ig), 50 ml H,O, (10% ig) 
und 60 g HsBOs bis zur Kllrung erhitzen und auf 1000 ml auffiillen. 

Stundurdliisung. 200,O mg Ti-Metall, 200,O mg Ta-Metall, 25,0 mg Nb-Metal1 mit 50 ml HF und 
5 ml HNOs (konz.) l&en. Mit 50 ml Weins;iure (40% ig), 25 ml HzOa (10% ig) und 30 g H.&IO3 
versetzen, bis zur Kllrung erhitzen und auf 500 ml aufftillen. Die experimentell ermittelten Stan- 
dardabweichungen betragen : 

Vorschrift 8 : 

Ti im Bereich von O,l-3,5 % . . . i 0,015 % 
Nb im Bereich von 0,02-0,6% . . . 5 0,006% 

Ta im Bereich von 0,2-4,0 % . . . 3~ 0,011x 

Nb in Ta-Nb-Legierungen und -Carbiden. 
Probemorbereitung. 1 g Probe wird wie bei Vorschrift 6 behandelt. 
Blindliisung. 0,9 g Ta-Pulver wird wie oben behandelt. 
Stundardliisung (10 % Nb). 0,9 g Ta-Pulver und 0,100 g Nb-Metal1 werden wie oben behandelt. 

Vorschrift 9 : 
W in Ta-W-Legierungen. 
Probenuorbereitung. 1 g in 10 rnI HF und 3 ml HNO, (konz.) l&en. 10 ml HaO, 10 ml Weinslure 

(40 7: ig), 5 ml HeOa (10 % ig) und 6 g Borslure zugeben und auf 100 ml aufftillen. 
Blindliisung. 0,9 g Ta-Pulver wie oben behandeln. 
Stundurdliisung (10% W). 0,9 g Ta-Pulver und 0,100 g W-Metal1 wie oben behandeln. 

Vorschrift 10: 
Ta in Ta-Abfallen. 
Probenvorbereitung. 200 mg Probe werden durch Gliihen zu Ta,O, oxidiert und im Pt-Tiegel 

mit 5 g K&Or bei niederer Temperatur aufgeschlossen. Sobald alles Oxid gel&t ist, l&I3t man 
erstarren, setzt 0,5 ml H$04 (konz.) zu und schmilzt nochmals auf. Der Schmelzkuchen wird in 
einer Pt-Schale mit 10 ml HF, 10 ml H$O, (1: 1) und etwas Wasser in Losung gebracht. Gegen 
Ende gibt man 3 ml H,O, (10% ig) zu und fiillt im MeDkolben auf 200 ml auf. Sofort nach dem 
Auffiillen und Mischen in ein PlastikgefaB tiberftihren, damit der Kolben nicht zu stark geltzt wird. 

Blindliisung. 5 g K,S,O, werden wie oben behandelt. 
Stundurdliisung. 100,O mg spektralreines, gegliihtes Ta,O, werden wie oben behandelt. 

Vorschrifr 11: 

Fe und Nb in Ta. 
Probenuorbereitung. 10,OO g Probe im Porzellantiegel bei 900” 3 Stunden gliihen. In einer 

Reibschale gut pulvern und mit 5 ml atherischer Paraffinlosung (10 g Paraffin mit Ather auf 100 ml) 
innig verreiben. Aus dem gesamten Pulver eine Tablette pressen. 

Bfindprobe. 12,200 g Ta,O,, spektralrein, wie oben behandeln. 
Stundurdprobe (0,3 % Nb, 0,05 % Fe). 12,170 g Ta,O, (spektrahein), 42,9 mg Nbz06 (spektralrein) 

und 7,15 mg Fe,O, (p.a.) sehr innig mischen, mit 5 ml Paraffinlosung versetzen, wie oben 
weiterbehandeln. 

Die experimentell ermittelten Standardabweichungen betragen: 
Fe im Bereich von 0,005-0,2 % . . . f 0,0008 % 

Nb im Bereich von O,Ol- 0,l % . . . rt: 0,0033% 
Vorschrift 12 : 

Re in Mo-Re- und Mo-W-Re-Legierungen. 
Probenuorbereitung. 2,000 g werden in 5 ml HF und 10 ml HNOs (konz.) gel&t. Mit 5 ml HeOe 

(10 % ig), 10 ml Weindure (40% ig), 10 ml Borslure (4 % ig) und 10 ml Ammoniak (konz.) versetzen 
und auf 100 ml aufftillen. 

Blindliisung. 0,950 g Mo-Pulver und 0,950 g W-Pulver werden wie oben behandelt. 
Stundurdliisungen (5 und 10 %). 0,95 g Mo-Pulver, 0,95 g W-Pulver und 100,O bzw. 200,O mg Re 

werden wie oben behandelt. 

Vorschr$l3 : 
W in MOO,. 
Probenvorbereitung. 10,OO g MOO, in Porzellanreibschale pulvern. Mit 5 ml ltherischer 

Paraffinlosung (10% ig) gut verreiben und zu einer Tablette pressen. 
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Lie@ metallisches Material vor, so werden 10 g in HNO, und HCl gel&t, zut Trockene einge- 
dampft und bei 450” geghiht. 10,OO g dieses Gltihriickstandes werden wie oben weiterbehandelt. 

B~~ndpru&e. 10 g Moos (hergestellt aus spektralreinem Ammoniump~amolybdat durch Gliihen 
bei 450°) werden wie oben behandelt. 

Stundardprobe (1% WOs). 9,90 g MOO, aus Ammoniumparamolybdat) und 0,100 g WO, sehr 
innig miteinander vermischen und wie oben weiterb-ehandeln. 

Vorschrift 14 : 
Ti und Zr in Mo-Ti und Mo-Ti-Zr-Legierungen. 
Pr~&en~orbere~t~~. 10,OO g in HNO, und HCl l&en und anschlie~end a~onia~li~ machen. 

Niede~~ag ab~~rie~n und mit ammonia~~ti~rn Wasser waschen. Filter samt Niederschlag im 
Pt-Tiegel veraschen. Mit 2 g K&O, aufschlielen. Schmelze mit lOm1 H,SO, (konz.) l&n und 
mit Wasser auf 50 ml auffiillen. 

Blindlijsun~. 10,O g K&O, tit 50 ml HpSOI (konz.) l&en und mit Wasser auf 2.50 ml auffiillen. 
SrandurdZ6sug (0,5 % Ti; 0,l % Zr). 416,5 mg TiOz (p.a.) und 67,5 mg ZrO, (p.a.) mit 10,O g 

K&O, aufschlieRen, mit 50 ml H,SO, (konz.) l&en und mit Wasser auf 250 ml auffiillen. 

Vorschrift 15 : 

Co und Fe in Ti-halt&en Hartstoffen (Tic, TiB,). 
Probenvorbereitung. Wie bei der Co-Bestimmung in Hartmetallen, Vorschrift 6. 
Blin&sung. 4 g Ti-Schwamm in 50 ml HF und 50 ml HNO, (konz.) liisen. 50 ml HzO, 25 g 

Zitronensiiure, 25 ml H,Oa (10% ig) und 30 g Bors&ure zusetzen und bis zur vollstlndigen Kllrung 
erhitzen. In Meakolben auf 500 ml auffiillen. 

Stund~d~~sung (1% Co, 1% Fe). 4 g Ti-Schwamm, 50,O mg Co-Metal1 und 50,O mg Fe-Metall 
werden wie oben behandelt. 

BERECHNUNG DER REPRODUZIERBARKEIT EINES 
VERFAHRENS UND SEINER UNTEREN BESTIMMUNGSGRENZE 

AUS DEN ANALYSENPARAMETERN 

Im nachfolgenden werden folgende Symbole verwendet: 

2 P.S,B 

I-4 

a 
P 
P’ 

s 
s’ 

Mittlere ~~hlerablesung am Geriit fiir Probe, Standard oder Blindl~sung 
(unter Analysenbedingungen) 
Anzahl der Messungen an Probe, Standard und Blindlasung 
Abschw%chungsfaktor 
Prozentgehalt der Probe 
Prozentgehalt des Standards 
Standardabwei~hung einer Einzelbestimmung an der Probe 
Standardabweichung einer Einzelbe~timmung am Standard 

Reproduzierbarkeit eines Verfahrens 

Es wird vorausgesetzt, da13 der MeDfehler nur von der Zahlstatistik2 und von der 
Exaktheit der Standardbereitung abh&ngig ist. Wie bereits erwghnt, ergibt sich der 

Gehalt der Probe gem% 

2, - G3 
p = p’ zs - 2, (1) 

Sowohl P’, als such &, 2s und Zn sind fehlerbehaftete GriSBen. Der Fehler fiir eine 
Ziihlrate betrggt unter Ber~cksichtigung des Abs~hw~chungsfaktors a und des Um- 
standes, daB jede Messung N-ma1 durchgef~hrt wurde 
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Unter der Voraussetzung, da13 N und a ftir Probe, Standard und Blindwert gleich 
sind, ergibt sich die Reproduzierbarkeit einer Einzelbestimmung aus (1) und (3) unter 
Beriicksichtigung des Fehlerfortpflanzungsgesetzes3 

s = kP’ zs - 2, =-Jj C4) 

Es ist vorteilhaft, bei Neuentwicklung eines Analysenverfahrens die experimentell aus 
den erhaltenen Resultaten ermittelte Standardabweichung mit der nach obiger Glei- 
chung berechneten zu vergleichen. Liegt die experimentell ermittelte wesentlich hoher, 
so weist dies auf irgendwelche Fehlerquellen hin, die auherhalb der Quantenstatistik 
liegen, und es ist dann notwendig, das Verfahren einer naheren Uberprtifung zu 
unterziehen. Gelegentlich pflegt man die Standardabweichung auf das Resultat zu 
beziehen, wodurch man den Variationskoeffizienten v in Relativprozent erhalt : 

S’ 100 
v=&- 

P 

Fur die Bewertung eines Analysenverfahrens im allgemeinen ist unseres Erachtens der 
absolute Analysenfehler wichtiger; bei extrem niedrigen Gehalten nimmt der Analy- 
tiker oft und gerne einen relativen Fehler von f 10 % und dartiber in Kauf. 

Aus Gleichung (4) geht hervor, da13 die Ergebnisse umso geringer streuen werden, 
je genauer der Eichstandard bestimmt worden ist. Wo immer es moglich ist, sollte 
der Eichstandard unter Verwendung einer Metalliisung bereitet werden, die durch 
Auflijsen einer gewogenen Menge Metallblech oder -draht bzw. Metalloxid hergestellt 
worden ist. Ferner sieht man, daD die Reproduzierbarkeit mit zunehmender Anzahl 
der Messungen besser wird. Fiir die Praxis geniigt es, jede Messung dreimal durch- 
zufiihren. 

Wie man aus Gleichung (4) ersieht, ist die Standardabweichung eine Funktion der 

gesuchten Menge P = P’ * 2 1 i und nicht, wie bei den klassischen Analysenver- 

fahren der Gravimetrie und %trim:trie, unabhangig von der vorgelegten Menge an 
Analysensubstanz. 

Untere Grenze eines Verfahrens 

Es ist einzusehen, da13 die untere Grenze der Anwendbarkeit einer Analysen- 
methode dann erreicht ist, wenn sich das Signal nicht mehr mit hinreichender Sicher- 
heit vom Untergrund unterscheiden la&. 

In einer eingehenden Behandlung statistischer Methoden gibt Doerffe14 zur 
Ermittlung der Bestimmungsgrenze einer beliebigen Analysenmethode folgende Glei- 
chung an : 

t(P9n) - SB 

xu=xB + z/N, 
(6) 

Dies besagt, da13 sich der kleinste, mit P% Sicherheit feststellbare mittlere MeBwert 

Xu vom mittleren Blindwert x, urn den Betrag 
t(P,n) ’ SB 

4% 

abheben muB. Hierin 
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bedeuten N, die Anzahl der Parallellbestimmungen des MeBwertes, ss die Standard- 
abweichung des Blindwertes und t einen Faktor, der von der geforderten statistischen 
Sicherheit P und der Anzahl der Freiheitsgrade n des Blindwerts abhangig ist. 

Auf unsere Problemstellung angewandt heiRt dies, die mittlere Impulszahl der 

Probe a * .& muB urn den Betrag 
t(P,n) * sB 

d/Ni 
grofier sein, als das Untergrundsignal 

a& : 

a& >= aZ, + 
tP,n> - sB 

d\/Nj 
(7) 

oder 

a(& - .&),, = t(Pn) * - 
Tq 

(8) 

Fur eine geforderte statistische Sicherheit von P = 99 % und unter der Voraussetzung, 
dal3 fiir Z, noch eine Normalverteilung angenommen werden kann, betragt der Wert 
fur t(P, n) = 258.l Da dem Wert fir 2, drei Parallelmessungen zugrunde liegen. ist 

Nj = 3 und es ergibt sich 

a(.& - &Jli, = 2,58 - -!!i!- 
d3 

= 1,49-s, 

Setzt man (9) unter Beriicksichtigung von (3) in (1) ein, so erhalt man den geringsten 
Prozentanteil an gesuchtem Element, der mit 99%iger statistischer Sicherheit in 
einer Probe noch bestimmbar ist. 

In dieser Gleichung sind P’ und (2, - 2,) fehlerbehaftet und sie gilt daher nur 
angenahert. Eine genauere ‘Uberprtifung zeigt aber, dalj ein anzubringendes Kor- 

_I!? 
rekturglied dann vernachlafiigt werden kann, wenn s sehr gering und Za >> 2, ist. 

Summary-Experience in the analysis of alloys and compounds of 
high-melting metals, hard metals and hard materials by X-ray fluores- 
cence is reported. Analytical procedures have been developed for 
various components of these materials. Preparation of samples and 
experimental conditions are detailed. Reproducibility of results 
corresponds, in the main, to the errors occasioned by quantum 
statistics. Equations for calculating the standard deviation and the 
lower limit of determination of the individual procedures from the 
analytical parameters are given. 

RBsunG-On decrit la pratique de l’analyse d’alliages et de composes de 
metaux a haut point de fusion, de metaux durs et de materiaux durs par 
fluorescence aux rayons X. On a Blabore des techniques analytiques 
pour divers constituants de ces materiaux. On decrit en detail la prepa- 
ration des tchantillons et les conditions expbimentales. La reproducti- 
bilite des resultats correspond, essentiellement, aux erreurs occasionnees 
par les statistiques quantiques. On donne les equations de calcul de 
I’tcart type et de la limite inferieure de dosage pour les techniques 
individuelles a partir des parametres analytiques. 
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THERMOANALYTICAL PROPERTIES OF 
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RUBIDIUM SALTS 
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Summary_-The most common rubidium salts have been investigated 
by the method of derivatography, their weight change, rate of weight 
change and enthalpy change being measured as a function of tempera- 
ture. On the basis of these experiments, those temperatures at which 
the salts can be dried without danger of decomposition are deduced. 
The results can be interpreted by the acid-base theory of high tempera- 
tures. 

IN our former communications1,2 we reported on the th~rmoanalyti~al properties of 
some important ammonium and caesium salts. In the present paper our results 
for rubidium compounds are discussed. 

EXPERIMENTAL 

Our experiments were carried out with an F. Pat&k-J. Paulik-L. Erdey ORION-GYEM 676 
Type de~vato~aph.a.4 

About 500 mg of sample were weighed into a platinum crucible and the rate of heating was 
lO”/min. Most of the substances examined were analytical grade or purissimum reagents which 
were made available by E. Merck, Darmstadt, German Federal Republic. 

Rubidium chioride 
RESULTS 

The derivato~am of rubidium chloride (Fig. I), of sodium chloride lattice type, 
shows that the crystals have constant weight up to the melting point and that there is 
no enthalpy change. Its polymorphous modification exists only at high pressure. 
The melting point appears on the differential thermoanalytical (DTA) curve as an 
endothermic peak at 720’. We have previously found that the melting point is 10” 
higher; the discrepancy is probably the result of different experimental conditions. 
Decrease of weight, from evaporation, could be observed only above the melting 
point. This contradicts another finding, which gives 605” as the upper limit of 
constant weight .5 Under the given experimental conditions, the loss of weight is 
about 10% up to 1000”. 

R~~diurn bromide 

The derivatogram shows that the sample of rubidium bromide (Chemapol, 
Czechoslovakia) contained l-8 % of volatile material (Fig. 2). Peaks with associated 
decrease in weight can be observed on the thermogravimetric (TG) and derivative 

* Part II: see reference 2. 
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thermogravimetric (DTG) curves at 80, 120,240 and 500”. The DTA curve indicates 
enthalpy changes at these temperatures and a further change, unaccompanied by 
weight change at 600”, which is probably caused by various impurities in the substance. 
The melting point of rubidium bromide was found to be 680”. Above the melting 
point a decrease in weight, from evaporation, is observed which reaches 12 % at 1000” 
under the given experimental conditions. 

I 

9 I I I 
200 400 600 600 

oc 
0 

FIG. 1 .-Rubidium chloride. FIG. 2.-Rubidium bromide. 

Rubidium iodide 
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The sodium chloride lattice-type crystals of rubidium iodide do not show any 
change of modification with increasing temperature. The caesium chloride lattice-type 

polymorphous modification of rubidium iodide is known only at high pressure. 
It can be established, on the basis of the TG and DTG curves (Fig. 3), that the sample 
contained some moisture, which was only removed completely at 300”. The melting 
point of the substance was found to be 640” from the DTA curve. Above the melting 

point the weight of the sample decreases rapidly and about 20% of the substance 
evaporates at 1000”. 

Rubidium sulphate 

The thermal decomposition of the rhombic dipyramidal crystals of analytical-grade 
rubidium sulphate is shown in Fig. 4. Rubidium sulphate does not contain waters of 
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crystallisation, but the sample contained 2 % of moisture whose removal was indicated 
by a DTG maximum at 100”. 

A sharp exothermic peak appeared at 630”. A rhombic hexagonal polymorphous 
transformation at 649” has been reported,6 and the process is enantiotropic. It is 
known that a marked dilatation occurs at the transformation. The derivatographic 
studies gave a transformation temperature lower than that reported and, on cooling, 
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I I , 
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‘C 

FIG. 3.-Rubidium iodide. 
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FIG. 4.-Rubidium sulphate. 

00 

curve reversion of the crystal did not appear, i.e., the process is monotropic. We 
found, also, that this modification change proceeded so quickly that the substance 
formed at the transformation always splashed out of the crucible, causing a decrease in 
weight of variable amount. The melting point of rubidium sulphate is above IOOO”, 
but above 900” a small decrease in weight is observed; this agrees well with other 
literature values.5 Therefore, it is expedient to carry out drying of rubidium sulphate 
below 520” in order to avoid possible weight losses. 

Rubidium aluminium sulphate dodecahydrate 

The water of crystallisation of rubidium aluminium sulphate dodecahydrate, 
produced in this laboratory, leaves in three steps, as with the potassium’ and caesium 
aluminium sulphates .2 Three peaks of the derivative thermogravimetric curve (Fig. 5) 
show that the water molecules are bound by bonds of three different strengths. By 
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projecting the minima of the DTG curve to the TG curve it can be established that 
in the first step (up to 90°) 4 moles of water leave, in the second step (up to 190”) 
6 moles leave and in the third step (up to 260”) 2 moles leave. The DTA curve shows 
the three processes, but the first and second peaks overlap and only a point of 
inflection appears on the curve. 

Above 260” the anhydrous form is of constant weight up to 680”. At this point 

I DTP 
0 

/ 
IO- 

2 20- 
z30- 

0-J 
40- 

50- 

g 50.- 

B Rbso,bO, “0; ~_------__-_------_ 

FIG. K-Rubidium aluminium sulphate dodecahydrate. 

sulphur trioxide starts to leave; initially that belonging to aluminium oxide goes off. 
This process lasts up to 1000” and decomposition of rubidium sulphate can only be 
observed above 1000” because the decomposition of the aluminium sulphate masks 
the slight decomposition of rubidium sulphate that takes place below 1000” (Fig. 4). 
Stable compounds of stoichiometric composition are found; up to 50” the product has 
12 moles of crystal water, and between 260 and 680” the product is anhydrous 
rubidium aluminium sulphate. 

Rubidium carbonate 

According to the derivatogram (Fig. 6), the strongly hygroscopic rubidium 
carbonate contained about 4 y0 of moisture. In spite of its hygroscopic nature, water 
was removed by 200” and this water was released in one step. 

If the sample is exposed to air for a short time it adds 2 moles of water. 



Thermoanalytical properties of rubidium salts 887 

Decomposition of this hydrate shows some similarity to the results of Reisman.* 
We found that in this sample the loss of 2 moles of water actually proceeds in 
four steps (dotted line), at a heating rate of 3”/min, and above 250” rubidiumcarbonate 
is of constant weight. From this temperature up to 800” no weight change was ob- 
served, and the small endothermic peak observed by Reismang at 303” was not found. 

It has been stated that rubidium carbonate is very volatile at red-heat”’ and that 

‘_‘___________‘,“,“.. 
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FIG. C.-Rubidium carbonate. 

it melted at this temperature without decomposition.ll We established 870” as the 
melting point, which is in contradiction with older values.12 According to our 
experiments, decomposition and loss of weight of the sample starts at 800”. At the 
melting point it was observed, especially from the DTG curve, that the rate of loss 
of weight temporarily increases. Above the melting point, raising the temperature 
increases the degree of decomposition. 

Rubidium chromate 

Our rubidium chromate sample contained water, adsorbed on the surface, which 
left at a DTG maximum at 60” (Fig. 7). Between 400 and 500” a weight change of 
about 0.7 %, caused by some contaminant, was observed. 

On the DTA curve at 740” a reversible change of modification appears, which is 
similar to that of caesium chromate. 2 It was also established from the DTA curve 
that the melting point of the substance was 980”. 
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The weight curve shows that, as in the case of rubidium carbonate, a weight 
decrease begins below the melting point, at 850”. 

Rubidium bichromate 

The rubidium bichromate (Chemapol sample) is practically of constant weight 
up to 650”, according to the derivatogram (Fig. 8). Two endothermic peaks appear 

DTP 

?AO" 

980' 

1 I 
200 400 600 800 II 

T 

FIG. 7.-Rubidium chromate. 

DTA 

00 DTG 

200 400 600 a00 
'C 

FIG. 8.-Rubidium bichromate. 

on the DTA curve. The first one at 330” is irreversible and indicates a change of 
modification. Formerly, two modifications of rubidium bichromate, crystallised 

from solution, have been reported. 13*14 We are reporting elsewhere the conditions 

and demonstration of thermal decomposition.15 
The other endothermic peak was at the melting point of rubidium bichromate, 

i.e., 400”. The substance is of constant weight even at a temperature 250” higher 
than the melting point, and the weight of the sample begins to decrease only above 
650”. 

Rubidium nitrate 

It can be established from the thermoanalytical curves of rubidium nitrate (Fig. 9) 
that it is practically of constant weight up to 600”. Four endothermic peaks were 
found on the curve showing the enthalpy change; it was shown by the cooling curve 
that all of them were reversible. 
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The first three of the four peaks are caused by a change of modification. The 
rhombohedral form, stable at room temperature, changes into a cubic lattice at 165”. 
This cubic lattice transforms into hexagonal lattice at 220”, which transforms into a 
crystal form of unknown structure at 290”. The fourth peak at 320” corresponds to 

the melting point. 
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FIG. 9.-Rubidium nitrate. FIG. IO.-Rubidium dihydrogen phosphate. 

Rubidium nitrate, as was caesium nitrate,2 is stable up to 600” and decomposition 
starts only above this temperature. 

Rubidium dihydrogen phosphate 

It can be established from the derivatogram (Fig. 10) that the sample does not 
contain waters of crystallisation and is of constant weight up to 180”. There is an 
endothermic peak on the DTA curve at 120”, which is irreversible, and indicates 
recrystaliisation of the sample. Water is lost from the sample, on heating, according 
to the equation : 

RbH,POd -+ RbPO, + H,O. 

The loss of the water proceeds, according to the DTG and DTA curves, in three stages. 
Rubidium metaphosphate is of constant weight from 550” and melts at 840”, according 
to the DTA curve. 

These results are summarised in Table I, in which the peaks from loss of surface 
water have been omitted. 
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DISCUSSION 

The results gained by derivatographic methods can be interpreted very satisfactorily 
by the theory of high temperature systems worked out by Erdey and his coworkers.le*17 
Because the acidic cation was the same in all cases, the influence of the basic anion on 
the thermal properties of the substances was examined. 

The melting point of the halides decreases with decreasing electronegativity 
(i.e., with increase of polarisability and diameter). It was also established that the 
halides did not have polymorphous modifications. 

Lewis acid cations (C4+, N5+, W, Cr6+) on the right-hand side of the Periodic 
Table, are not stable by themselves, but always occur in a form neutralised with 02- 
ions. As in the case of the caesium salts of these ions, the rubidium salts also show a 
relatively high stability and high melting point. 

Pauling’s electronegativity values of the acid cations studied and the melting points 
are inversely proportional. An exception is the Cra+ acid cation, whose melting 
point should be higher than the observed value. This is surprising, because properties 
of salts of alkali metals generally pass through a maximum going downwards in the 
Periodic Table, and the change of melting points (and if any, modification-change 
points) of chromates also shows a tendency to increase. The findings for potassium18 
and sodium saltslg will be published shortly. 

It was also found with rubidium chromate that the substitution of an 02- ion 
of Cr042+ ion by another CrO, 2- ion, which is less basic than 02-, decreased the bond 
strength so that the melting point appears at a lower temperature: 400” compared 
with 980”. 

The reason for the loss of water in three steps from rubidium aluminium sulphate 
dodecahydrate, similar to the analogous potassium and caesium compounds,3,13 is 
that the water molecules are bound by different strengths to the rubidium, aluminium 
and sulphate ions. 

The high-temperature acid-base theory explains why aluminium sulphate 
decomposes first in rubidium aluminium sulphate. The aluminium ion is a stronger 
acid cation and, therefore, rubidium sulphate decomposes at a higher temperature. 

Rubidium carbonate, similar to caesium carbonate,2 loses water of crystallisation 
in several separate steps, and the amounts of water lost are not in a stoichiometric 
ratio of whole numbers. This can be explained by the presence of water molecules 
bound by different strengths and situated at different points of the lattice. 

It is also of interest that rubidium nitrate is of constant weight up to a temperature 
more than 250” higher than the melting point and decomposition begins only above 
this value. 

Acknowledgemenr-Most of the samples were made available to us by E. Merck, Darmstadt, German 
Federai Republic, to whom we express our thanks. 

Zusammenfassung-Die htiufiger vorkommenden Rubidiumsalze wur- 
den der Derivatographie unterworfen, wobei ihre Gewichtstiderung 
und deren Geschwindiekeit und die Enthaloielnderune als Temoeratur- 
funktionen gemessen “wurden. Aus diesen Versu&en wurhen die 
Temperaturen erschlossen, bei denen die Salze ohne Zersetzungsgefahr 
getrocknet werden kiinnen. Die Ergebnisse lassen sich durch die 
Slure-Basen-Theorie hoher Temperaturen deuten. 
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R&sum&-On a etudie par dbivatographie les sels de rubidium les plus 
comm ns et measure leur variation de poids, la vitesse de variation de 
poids et la variation d’enthalpie en fonction de la temperature. Sur la 
base de ces experiences, on deduit les temperatures auxquelles les sels 
peuvent Etre s&h& sans danger de decomposition. On peut interpreter 
les resultats par la theorie acide-base aux temperatures &e&es. 
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Summary_-A review of separations with, and analytical applications 
of organic com~unds with P==S and P(S)SH groups is presented, 

ORGANOPHOSPHORUS compounds containing the phosphoryl group (P===O) are widely 
used as extractants for inorganic metal salts. Diamond and Tuck1 noted the lack of 
studies with the corresponding sulphur analogues containing the thiophospho~l 
group (P=S). Since this observation, a number of papers have appeared on the 
appli~t~on to separations and analytical chemistry of organic compounds containing 
the thiophosphoryl group, The purpose of the present paper is to present a review of 
these studies. 

It was realised early that the solvating powers of extractants containing the 
phosphoryl group was due to the ionic character or shift from P==O to Pf-O- 
configuration. Correspondingly, the solvating powers of compounds containing the 
P==S bond will alsodepend, in part, on theio~iccharacter or shift from P=S to P’-S- 
configuration. The difference in the electronegativities of P and 0 is 1.4 according 
to Pauling;2 therefore, the ionic character of the P=O bond is about SO’%, in the 
absence of electrophilic substituents. The difference in the electronegativities of P 
and S is 0.4, so that the ionic character of the P=S bond will be about 8% in the 
absence of electrophihc substituents. The above values of ionic character are only 
an approximation, and the character of additional substituents will most certainly 
affect the P=O and P===S bond; however, the numerical values are helpful in under- 
standing reactions of compounds containing P=O and P=S bonds. The possibility 
of increasing the ionic character of compounds with the P=S group by proper sub- 
stituents, and hence the extraetive properties, is greater for P=S bonds than the corre- 
sponding P=O bonds. For organophosphorus compounds whose only structural 
difference is the P=O and P=S, the compound with the P=O bond will have greater 
electron-donating ability and consequently greater extraction powers for most metal 
salts. 

Wendlandt and Bryant3 compared the solvating powers of tributyl phosphate 
(TBP) with tributyl thiophosphate (TBTP) for thorium, uranium and copper nitrates. 

* Research sponsored by U.S. Atomic Energy Commission under contract with Union Carbide 
Corporation. 
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They reported TBP to be by far the better solvent. Wendlandt and Bryant concluded 
that because the dielectric constants for the two solvents are similar,* the difference in 
solvability must be due to the difference in bonding between the metal salts and organic 
molecules. Earlier Pishchimuksa5 reported that trialkyl thiophosphates were poor 
solvents for metal salts. Handley and Dean’ also reported tri-iso-octyl thiophosphate 
to be a poor extractant for thorium and copper. However, compounds with the P==S 
bond should bond with a different class of inorganic metal salts as compared to com- 
pounds with P=O bonds. The phosphoryl group donates chiefly to class “a” or 
border region acceptors. 6 The thiophosphoryl group would be expected to donate 
to class “b” acceptors which are good sulphur co-ordinators. 

Before the studies at the Oak Ridge National Laboratory, organophosphorus 
reagents containing the P=S bond had not been systematically studied. Handley 
and Dean’ were the first to utilise the low solvating power of trialkyl thiophosphates 

for most metal ions to develop a highly selective solvent extraction method for the 
separation of silver and mercury from 35 other elements studied. From an aqueous 
6M nitric acid phase, 10e3 to 10 mg of silver and mercury were quantitatively 
extracted in one equilibration by an carbon tetrachloride phase 0067M in tri-iso-octyl 

thiophosphate (TOTP). The effects of [TOTP],, [Hg], [Ag] and [HNO,] on the 
distribution ratio, D, of mercury and silver were also studied by Handley and Dean. 
The complex was established as an ion-association type. D is defined as the total 
concentration of metal in the organic phase divided by the total concentration of metal 
in the aqueous phase at equilibrium. They also reported the effect of temperature, 
salting agents, various anions and acids on D,, and DHg. The bond between 
TOTP and the metal salt is not strong. A mole ratio of TOTP to silver of at least 
25 is necessary for quantitative extraction, and an aqueous phase 26M in nitrate is 
also necessary. Silver is stripped from the organic phase by washing with water. It 
should be possible to apply the separation to many types of sample. They applied 
the extraction to the successful separation and radiochemical determination of silver 
in “young” fission product mixtures. 

Wish and Fotis have also applied a solvent-extraction step with tri-iso-octyl 
thiophosphate to the sequential procedure g for the radiochemical separation of 
tracer silver from fission products. In the procedure, the metals forming anionic 
complexes in concentrated hydrochloric acid are absorbed on an anion-exchange 
column. Silver, cadmium and rhodium are among the elements remaining in solution, 
and are absorbed on a second anion column from O*lM hydrochloric acid. Rhodium 
is eluted with 2A4 hydrochloric acid, silver with 6M hydrochloric acid and cadmium 

with 12M hydrochloric acid. Rhodium elution is slow and there is considerable 
tailing. Consequently, silver, which was eluted with 6M hydrochloric acid, was 
contaminated with rhodium. The silver fraction was freed from rhodium contamination 
by conversion to a solution 8M in nitric acid and extracted with a 30 % TOTP- 
carbon tetrachloride solution. Wish and Foti reported the DAg = 1900, D,.,, = 1O-3 
and D,, = 10e4. 

Nelson and MichelsonlO have used TOTP and ion-exchange techniques to separate 
tracer rhodium and silver. The TOTP was absorbed on microporous polyethylene 
beads. The absorbant bed, 0.28 cm2 by 1-O cm, was heated to 50” and a 6M nitric acid 
solution containing rhodium and silver added to the bed. The rhodium was eluted 
with 6M nitric acid, then the silver was eluted with 1M nitric acid. Excellent 
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separation from barium, sodium, magnesium, beryllium, copper, nickel, manganese, 
chromium, aluminum, yttrium and indium was reported. 

Lewisll has used a TOTP-hexane solution to separate losCd and ‘lomAg. Following 
neutron bombardment, the silver target was dissolved in 8M nitric acid and contacted 
with a 30 w/v % TOTP-hexane solution. The theoretical separation coefficient was 
reported to be 6 x 10 lb; however, practical consideration of individual techniques was 
found to give a somewhat lower separation coefficient. Ability to perform the llomAg- 
lo9Cd separation remotely was considered to be an advantage, and the entire procedure 
required much less than 1 day to complete. 

ParkerI has reported using TOTP to separate and determine radioactive mercury 
in thallium radioisotopes. The mercury activities were extracted from an aqueous 
6M nitric acid phase by 30 w/v% TOTP in carbon tetrachloride. One equilibration 
was usually sufficient to give an excellent separation of thallium and mercury radio- 
activities. 

In the application of TOTP to extraction techniques, it should be remembered 
that aqueous 6-8M nitric acid solutions cause hydrolysis of trialkyl thiophosphates. 
However, during a 5 to 10 min extraction period the extraction properties of TOTP 
are not appreciably affected by the aqueous nitric acid, but longer contact periods 
should be avoided. If the mercury or silver is to be back extracted into the aqueous 
phase for subsequent analytical steps, the back extraction should be performed 
immediately. It is probable that the hydrolysis products prevent quantitative back 
extraction into the aqueous phase. Back extraction is easily accomplished by washing 
the organic phase with water, aqueous ammonia or hydrochloric acid. Applications 
of trialkyl thiophosphates have been limited to separation of radioactivities. Practical 
applications to separation of mercury and silver from a mixture containing large 
amounts of other metal ions followed by subsequent analytical steps have been 
limited. During a study of the flame emission characteristics of silver, Dean and 
Stubblefield13 used a 30 w/v% solution of TOTP dissolved in various solvents as 
an extractant for silver from an aqueous nitric acid phase. 

Trialkylphosphine Sulphide 

A survey of tributylphosphine sulphide (TBPS)14 as an extractant has been reported. 
TBPS is the sulphur analogue of trialkylphosphine oxides such as trioctylphosphine 
oxide (TOPO). The selectivity for silver and mercury agrees with results reported for 
trialkyl thiophosphates as extractants. No analytical applications have been reported 
for TBPS. Selective extraction of mercury and silver from aqueous acid solutions 
appears to be a characteristic of organophosphorus compounds containing a P=S 
bond. 

Elliott and Banks15 studied the use of trioctylphosphine sulphide (TOPS), the 
sulphur analogue of trioctylphosphine oxide (TOPO), as an organic extractant and as 
the stationary phase in the reversed-phase partition paper chromatography of inor- 
ganic metal salts. Silver(I), mercury(I1) and palladium(I1) were selectively extracted 
from aqueous nitric acid solutions. D for these metals decreased with increased 
aqueous phase nitric acid concentration. This result contrasts sharply with the re- 
ported increase in DHg and De4,, with increasing nitric acid concentration when TOTP 
was used as extractant. The increased basicity of TOPS over TOTP with resultant 
greater competition of nitric acid for the donor sites of TOPS as compared to TOTP 
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probably explains the contrasting results. The reported difficulty of back extracting 
mercury from the organic phase containing TOPS is also indicative of a stronger 
complex as compared to TOTP. The difference in extraction properties of TOPS 
and TOTP are in agreement with corresponding differences in extractive properties of 
similar organophosphorus compounds containing the phosphoryi group P=O, 
namely TOP0 and TBP. Elliott and Banks also reported extraction of gold(II1) 
and mercury(I1) from aqueous hydrochloric acid solutions. DAu increased and 
D,, decreased with an increase in hydrochloric acid concentration. Palladium 
was only partially extracted and D,, decreased with increasing hydrochloric acid 
concentration. Reversed-phase pa~ition paper chromatography results were in 
agreement with extraction results with the exception of the retention of uranium and 
thorium. No explanation for this exception was offered. With nitric acid as the 
mobile phase only mer~ury~ll), silver(I) and p~ladi~(IIl) were completely retained, 
while uranium(VI), thorium(IV) and moIybdenum(VI) had low Rf values. With 
hydrochloric acid as the mobile phase mercury(II), palladium(II), platinum(IV) and 
gold(llI) were completely retained. 

Trialkrl,l- and Hexa-alkylphosphorothioic Triamides 

~andley16 has studied the trialkyl- and hexa-alkylphosphorothioi~ triamides as 
extra&ants for metal ions. The N-alkyl and i%aryl substituted derivatives of (NH,),PS 
are the nitrogen analogues of the esters of phosphorothioic acid. The extraction 
results indicate that substitution of a nitrogen atom for an oxygen atom between 
carbon and phosphorus caused the P===S group to co-ordinate more strongly to the 
metal ions, in comparison to TOTP as extractant. However, the P=S group remains 
as a selective co-ordinator for mercury(U), silver(I), copper(I), palladium(lI) and 
gold(II1). The trialkyl phosphorothioic triamides permit quantitative extraction from 
a wider range of acid con~~tration and from acids other than nitric as compared to 
the trialkyl thiophosphates. However, substitution of a nitrogen atom for an oxygen 
atom did not expand the number of inorganic metal salts extracted. Substitution of 
alkyl groups for all the hydrogen atoms in the parent (NH&PS causes the compound 
to be less effective as an extractant. This is attributed to steric hinderance. 

The effects of aqueous phase mineral acid, inorganic saIt and metal ion concentra- 
tion, organic solvent, size of substituent group and concentration of extractant 
in the organic phase were studied by Handley. The complex is a co-ordination 
type and the species extracted is of the type [(RNH),PS],HgSO, or some multiple 
thereof. Trihexylph~phoro~ioic triamide is a very selective extractant for copper(I). 
Because copper(I1) is not extracted, it is separated from mercury(II), silver(I), palla- 
dium(H) and gold(II1) by first extracting these metals followed by reduction of 
copper(B) to copper(I), which is then extracted. 

The organophosphorus compounds containing the thiophosphoryl group under 
normal conditions are relatively unreactive. However, they are subject to hydrolysis 
at elevated temperatures and on prolonged exposure to both strongly acidic and 
basic conditions. Strong oxidising agents cause substitution of an oxygen atom for 
the sulphur atom. Those compounds containing longer chained alkyl groups are 
more resistant to chemical change as compared to compounds with short chained 
alkyl groups. 

Acute oral toxicological studies show the trialkyl phosphorthioates to be relatively 
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non-toxic with the toxicity decreasing as the molecular weight increases.l’ The toxic 
properties of corresponding phosphine and triamide derivatives are probably not 
significantly different. 

Dialkyl Phosphorodithioates and -thioates 

The use of diethyl phosphorodithioic acid as an analytical reagent was suggested 
by Busevls in 1949. Since that time dialkyl phosphorodithioates have been investigated 
by a number of people, but only limited general use has developed. It is the purpose 
of this paper to review the literature and stimulate further development of these 
versatile reagents. 

Although dialkyl phosphorodithioic acids and their metal complexes are 
unavailable in reagent grades, large quantities are produced commercially. Generally, 
these products are mixtures and are used as additives in lubricating oils and flotation 
agents. They are synthesised by the straightforward reaction of alcohols with 

phosphorus pentasulphide. lg The raw materials are abundant and cheap; therefore, 
the final product is not costly. Short-chain (through butyl) derivatives can be purified 
by vacuum distillation. Purification is also achieved by conversion to alkali or 
ammonium salts and recrystallisation from an organic solvent. The dialkyl phos- 
phorodithioic acids are strong acids,20,21 and titration curves are indistinguishable 
from a completely dissociated monobasic acid. Bode and Arnswald22 made a study 
of diethyl phosphorodithioic acid (diethyl-DTPH) and compared its properties to 
diethyldithiocarbamate. They reported a half-life period of 250 hr for diethyl-DTPH 
in 1M hydrochloric acid, and for equal normal sulphuric acid solutions .a longer 
period. Diethyldithiocarbamic acid has a half-life period of only a few seconds for 
corresponding conditions. Thus, diethyl-DTPH has an advantage over dithio- 
carbamic and xanthoic acids when one works in mineral acid solutions. Therefore, 
diethyl-DTPH can be used for gravimetric as well as solvent extraction methods. 
In an extraction system wherein the diethyl-DTPH is dissolved in an organic solvent 
in which mineral acids have a low solubility, stability would be considerably increased. 
Kabachnik and coworkers23 report an ionisation constant of diethyl-DTPH in an 
aqueous solution containing 7 %, by volume, of ethanol to be 2.4 x 10p2, while Bode 
reports the dissociation constant to be greater than 2.4 x 10e2 in aqueous solutions. 
Diethyl-DTPH was also reported to be significantly extracted by carbon tetrachloride 
from aqueous hydrochloric acid solutions >0*05M, while pH 4 is necessary for the 
extraction of diethyldithiocarbamic acid. Increasing the alkyl chain causes only small 
changes in dissociation constants21 and only small changes in the reaction of 
(RO),P(S)SH with metal ions. However, the distribution ratio increases significantly. 
Also, the reductive action of (RO),P(S)SH on certain metal ions [copper( gold(III), 
etc.] takes place chiefly in the aqueous phase,% and dibutyl-DTPH when used as 
extractant will extract a greater number of metal ions than diethyl-DTPH. For these 
reasons dibutyl-DTPH or a longer chained derivative has a distinct advantage when 
performing solvent extractions. However, diethyl-DTPH, because of its water 
solubility, has an advantage when used for gravimetric, titimetric and other methods 
in which water solubility is important. 

Three papers have appeared, 25-27 two of which are extensive surveys and the third a 
partial review of dialkyl phosphorodithioic acids as extractants. Bode and Arnswald26 
used the diethyl derivative dissolved in carbon tetrachloride to study the extraction of 
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25 metal ions. The extractions were conducted from O-l-10M hydrochloric acid and 
0*05-7*5M sulphuric acid solutions. They concluded that the high stability of diethyl- 
DTPH dissolved in carbon tetrachloride offers advantages when compared to 
disubstituted dithiocarbonic acids. A carbon tetrachloride solution of diethyl-DTPH 
contacted for 100 hr by 10M hydrochloric acid still retained 94% of the reagent. 
In general, those metals that form insoluble sulphides are extracted. Spectrophoto- 
metric determinations are possible in many cases. 

TABLEI.-PERCENTAGE EXTRACTION OF METAL IONS WITH A SOLUTION OF 

DIBUTYL PHOSPHORODITHIOIC ACID IN CARBON TETRACHLORIDE 

Acid, N 

HCI HeSO 

Element 0.1 1.0 6.0 0.1 1.0 6.0 

Fe(II1) 88 
Co(H) 58 
Ni(I1) >99 
Cu(II) 100 
Zn(I1) > 99 
Ga(III) 3 
As(II1) 94 
Se(lV) L.99 
Mo(V1) 95 
Pd(I1) 100 

A,@ 100 
Cd(I1) 100 
In(II1) 100 
Sn(IT) >99 
Sb(II1) 98 
Te(IV) to.01 
Re(VI1) <O.Ol 
Au(I) 100 

H&II) 100 

Tl(I) >99 
Pb(I1) 100 
Bi(II1) 100 

51 
1 

48 
100 

58 
io.01 
95 

>99 
>99 

100 
100 
100 

91 
92 
98 

2 
co.01 
100 
100 

94 
100 
100 

11 
so.01 
>O.Ol 
100 
to.01 
<O.Ol 
96 

>99 
4 

100 
100 

31 
5 

29 
27 
20 
12 

100 
100 

30 
100 
100 

91 
61 

>99 
100 

>99 
5 

40 
>99 

93 
>99 

100 
>99 
100 

l-99 
i99 
>* 99 

100 
100 

>99 
100 

66 18 
<O.Ol >o.ot 
51 >O.Ol 

100 100 
52 10 

to.01 <O.Ol 
65 90 

>99 >99 
95 54 

>. 99 >99 
100 >99 

>99 95 
> 99 97 

96 87 
98 96 
97 94 

100 100 
100 100 

>99 >99 
100 99 

Organic phase: 0.207M(C,H,O),P(S)SH in Ccl, 
Aqueous phase: Acid shown, 0.5 mg of metal ion/ml, electrolyte 20.3M (NaCl or Na,SO,) 

Handley25*27 surveyed the extraction of metal ions using a carbon tetrachloride 
solution of dibutyl phosphorodithioic acid. The extractions were conducted from 

O.Ol-10M hydrochloric and sulphuric acid solutions. Radioactive isotopes were 
used to determine the distribution ratio of the metal ions. Of 42 elements studied, a 

significant D was found for 22 elements. Table I is a summary for those metals that 

were extracted. There are advantages in extractions from acid solutions; however, use 
of masking reagents to aid in separations is limited. It was shown25 that several metal 

ions are quantitatively extracted at pH 8, a condition wherein many masking com- 
pounds are effective. Handley also reported the effect of the alkyl group, organic 

solvent and diverse salts on the distribution ratio. The relative displacement of one 
metal by another was reported to be palladium(I1) > gold(II1) > copper(I) > 
mercury(I1) > silver(l) > copper(I1) > antimony(II1) > bismuth(W) > lead(I1) > 
cadmium(H) > nickel(H) > zinc(U). If the lead(I1) complex is used as an extractant, 
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those metals below lead(l1) in the order of extraction will not be extracted. Such a 
technique will increase the selectivity. However, certain metal ions are extracted in an 
amount greater than that represented by a hydrogen-atom-replacement reaction.2s 
Thus, the metal complexes of mercury(H), silver(I) or palladium(l1) cannot be used to 
improve the selectivity. This result agrees with the reportedz6 difficulty of determining 
diethyl-DTPH as Pd(diethyl-DTP), upon addition of palladium(I1) in excess. 
Handley27*2s surveyed the use of dibutyl phosphorothioic acid as an extractant for 
metal ions. In this compound one of the sulphur atoms has been replaced by oxygen. 
Dibutyl phosphorothioic acid is somewhat more selective and forms fewer coloured 
species when compared to the dithioic derivative. Cobalt(l1) and nickel(l1) are not 
extracted, whereas with the dithioic derivative they are extracted. Of the metals studied, 
18 were extracted in significant amounts. The influence of dibutyl phosphorothioic 
acid concentration, organic solvents, mineral acid concentration and limits of extrac- 
tion were studied by Handley. As with the dithioic derivative, those metal ions 
forming insoluble sulphides were found to be extractable; although not all metal ions 
forming insoluble sulphides were extracted. Those forming strong inorganic com- 
plexes with anions present could not be extracted. The effect of dibutyl phosphoro- 
thioic acid, mineral acid, metal ion concentrations and solvent were studied by 
Handley. For both the dithioic and thioic derivatives and for low aqueous acid 
concentrations (<0*25M) the electrolyte, e.g., sodium chloride, sodium perchlorate, 
must be 20.25M in order to obtain a maximum D. When the thioic derivative was 
used as an extractant the same order of displacement was found as that for the dithioic 
derivative. However, the thioic derivative was found to react in every instance by 
displacement of hydrogen atoms by a metal atom. The difficulty experienced in 
extracting more than the stoichiometric amounts of metal ions with the dithioic 
derivative is not observed with the thioic derivative. Consequently, a selective 
isotopic-exchange method for mercury was developed by Handley.30 A carbon tetra- 
chloride solution of mercury(I1) dibutyl phosphorothioate was equilibrated with an 
acid aqueous phase containing an unknown quantity of mercury. Measurement of 
DHg by use of mercury-203 tracer affords a simple and easy method of mercury 
determination from lo-’ to 10m2 g. Only palladium(l1) and gold(ll1) are known 
to interfere. 

The extraction of certain metal ions [zinc(ll), indium(Il1) and nickel(Il)] is depend- 
ent on the organic phase concentration of dibutyl phosphorodithioic or dibutyl 
phosphorothioic acid raised to the power of the charge on the metal ion and also 
inversely dependent on the aqueous phase hydrogen ion concentration raised to the 
power of the charge on the metal ion. Obviously, for these metal ions the extractant 
concentration of the organic phase and acidity of the aqueous phase must be carefully 
controlled for quantitative extraction. The initial concentration of metal ion in the 
aqueous phase must also be low relative to the concentration of extractant in the 
organic phase. Certain other metal ions [silver(l), mercury(IJ), palladium(ll), copper(l1) 
and bismuth(III)] only require a small excess of extractant over the stoichiometric 
amount for quantitative extraction. Because these metals are only slightly dependent 
on the acidity of the aqueous phase as long as the electrolyte concentration is >0*25M, 
less control of acidity is required. Handley and coworkers31 have studied the proper- 
ties of zinc dibutyl phosphorodithioate as related to a solvent-extraction system. 
They concluded that the dibutyl or longer-chained derivatives have advantages as 
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compared to the ethyl derivative when applied to a solvent-extraction system. The 
solubility and acidity of the diethyl, di-isopropyl, dibutyl and di-isobutyl esters of 
phosphorodithioic acid in water and distribution into organic solvents have been 
studied.32 

The greatest number of applications of the dialkyl- and diary1 phosphorodithioic 
acids to analytical problems have been made by Busev and coworkers. They have 
used dialkyl phosphorodithioic acids and their salts in the potentiometric determina- 
tion of copper;33 gravimetric, titrimetric and photometric determination of palla- 
dium;34 gravimetric and titrimetric methods for cadmium;35 amperometric and visual 
titration of lead;36 gravimetric, titrimetric and photometric methods for bismuth37 
and photometric determination of copper .38 In a summation Busev39 gives detailed 
information on the precipitation reactions, photometric properties and analytical 
applications of diethyl phosphorodithioates of copper, silver, cadmium, mercury, 
indium, thallium, tin, lead, arsenic, antimony, bismuth, molybdenum, selenium, 
tellurium, iron, nickel, cobalt, ruthenium, rhodium, palladium, platinum, osmium and 
iridium. Comparisons are made to corresponding sulphides and xanthates. All the 
complexes listed above are insoluble in strong mineral acids and most are usually 
soluble in organic solvents. Selectivity is improved by the use of masking agents and 
pH adjustments. The dialkyl phosphorodithioates can be widely used for the detec- 
tion, separation and determination of many elements by gravimetric, titrimetric 
and photometric methods. 

Forster and coworkerG* have determined copper calorimetrically with zinc 
di-isopropyl phosphorodithioate. A number of procedures have been published on 
the use of the copper complex to determine the dialkyl phosphorodithioates or 
certain pesticides which are first decomposed to the dialkyl phosphorodithioate,40 
then reacted with copper. Rhenium *i has also been determined photometrically with 
diethyl phosphorodithioic acid. 

CONCLUSION 

Although a considerable body of information has been added to the literature 
concerning organic compounds with P===S and P(S)SH groups, many problems for 
investigation still exist. For example, the effect on compound reactivity brought about 
by changes in the attached R group or in its structure, needs additional study. 

Translation of the specific chemical information concerning these compounds to 
practical applied methods of separation or analysis has only just begun; additional 
useful analytical adaptations could be made from data already accumulated. 

This paper is not intended to be a complete review of these compounds and their 
uses, particularly in the citation of Russian references, which are selective rather than 
exhaustive. Instead, it is the author’s hope that this review will stimulate other chemists 
to further evaluation and development of these versatile reagents. 

Zusammenfassung-Es wird eine Ubersicht iiber Trennungen mit und 
analytische Anwendungen von organ&hen Verbindungen mit P=S- 
und P(S)SH-Gruppen gegeben. 

R&urn&On prksente une revue sur les separations au moyen de 
composCs organiques posskdant des groupes P=S et P(S)SH et sur 
leurs applications analytiques. 
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SIMULTANEOUS DETERMINATION OF i!Zn AND fiiP 
IN SHELLFISH BY RADIOCHEMICAL TECHNIQUES 
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Summa~-A radiochemical procedure for the simultaneous deter- 
mination of $Zn and ::P in shellfish has been devised. Shellfish 
samples have been analysed for these two nuclides over a period of 8 
months. The values obtained by the radiochemical procedure agree 
with the :zZn and ::P values of other investigators. 

INTRODUCTION 

BOTH !$Zn and f;P are created by neutron activation in single-pass water-cooled 
reactors. The usual procedure in such reactors involves the circulation of the river 
water after removal of suspended materials by water treatment around and through the 
reactor for cooling purposes, and after several hours, returning the heated water to 
the river. 

$Zn is produced by the bombardment of stable ,“tZn with thermal neutrons. g:Zn 
is 48.89 y0 abundant and has a thermal neutron cross-section of 0.47 barn.l The 
radioactive $Zn, produced according to equation (l), decays 98.5% of the time by 
electron capture and 1.5 ‘A by positron emission. 

g:Zn + in + EiZn + y (1) 

In the decay of $jEZn by electron capture, a gamma ray, which is 44% abundant with 
an energy of 1-l 19 MeV, is produced. The half-life of g:Zn is 245 days. 

:iP is produced by the neutron activation of f:P and f:S. f:P, which exists as 
dissolved phosphates, is 100% abundant and has a thermal neutron cross-section of 
0.20 barn.l The production of f;P is 

(2) 
f;P is also produced by the neutron activation of !jjS, which is present in the cooling 

water as naturally-existing dissolved sulphates or is added in the form of aluminium 
sulphate in the water treatment process. It is 95% abundant and has an over-all 
cross-section for slow and fast neutrons of O-065 barn.2 The neutron interaction with 
T&Y is 

f;S + in + TiP + :H (3) 

TEP decays lOO’% of the time by beta emission. The radionuclide, which has a 
half-life of 14.3 days, emits several beta particles among which the maximum energy 
is I.707 MeV. 

The radionuclides, $Zn and f:P, entering a river by way of returned reactor cooling 
water, may follow three pathways. First, they may be removed to some extent by 

903 
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reaction with other chemical ions or sedimentation materials. Second, they may be 
partially taken up in the metabolic processes of aquatic environmental species. Third, 
they may continue to exist as chemical ions in the water. 

Various researchers have indicated that shellfish, in particular, tend to concentrate 
giZn.3-5 Rice, Baptist and Price6 have also studied the removal of ZP-tagged phyto- 
plankton from sea water by clams, Mercenaria mercenaria. Because it has been 
shown that various environmental media, particularly shellfish, highly concentrate 
i:Zn and :EP, a number of analytical procedures have been developed for their 
determinations. 

There are several techniques which can be used to determine the concentration 
of i!Zn and $jP in shellfish. Generally, these techniques involve a separate analysis 
for each nuclide. A common method of determining “,iZn is by gamma spectroscopy 
in which either “matrix” or “spectrum stripping” methods are employed. 

The “matrix” method consists of qualitatively analysing the gamma spectrum of a 
bulk sample in order to determine the specific radionuclides that are present, After 
the existing radionuclides have been identified, a mathematical matrix is prepared 
from experimental data by using concentrations of the nuclides known to be present. 
The “spectrum stripping” technique consists of subtracting the interfering components 
from a gross gamma-ray spectrum. Both methods are highly sensitive and exact, but 
there are disadvantages associated with the use of each technique. In using the matrix 
method, a qualitative analysis must be made for each sample unless one makes the 
assumption that the radionuclide composition does not differ among samples. In 
instances where the spectrum stripping technique is to be used, considerable time is 
necessary for the preparation of a catalogue of standard spectra. A specific dis- 
advantage associated with the preparation of a catalogue is the procurement of 
radionuclides with accurately known composition. This was shown by Kolde and 
Karches7 in their research on standards. 

Probably the largest disadvantage associated with the use of both techniques is the 
need for expensive equipment, such as a multichannel analyser, its associated readout 
devices, massive shield and perhaps a computer. The total cost for this equipment is 

in the range $20,000-50,000. 
Because TtP is a beta emitter, samples cannot be analysed for this radionuclide by 

gamma spectroscopy. Of course, beta spectroscopy might be employed, but this is 
still regarded as being in the experimental stage of development. 

A relatively small number of samples can be analysed for i!Zn and TEP economically 
with regard to time and cost, by using radiochemical procedures. Chemical pro- 
cedures have been formulated by analysts for the individual determinations of zinc 

and phosphorus in a variety of materials. s-r0 This information suggests that it is 
possible to devise a radiochemical procedure for the simultaneous determination of 
“,iZn and y:P in a single aliquot. The advantages of a procedure of this type are several. 
First, a radiochemical procedure is a great deal less expensive than those methods 
previously described because a single channel analyser can be used to count the 
purified gamma emitter when a multichannel analyser is not available. Second, a 
radiochemical procedure is particularly adaptable to a small number of samples. 
Third, the incorporation of a specific procedure for each nuclide into one simultaneous 

procedure for both “,iZn and TEP reduces the time of sample preparation and eliminates 

a number of chemical steps. 
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EXPERIMENTAL 

The generalised radiochemical procedure consists of: 1. wet ashing the shellfish flesh with 
concentrated nitric acid and hydrogen peroxide; 2. separation of i:Zn from i:P by an ion-exchange 
procedure; 3. selective precipitation of the zinc in the zinc fraction and 4. selective purification and 
precipitation of the phosphorus in the phosphorus fraction. 
the gamma counting of $Zn and beta counting of ::P. 

A completion of the procedure involves 
Experience has shown that 5-7 samples can 

be handled conveniently in applying the procedure. 

Reagents 

Distilled water is used for all of the work. 
Zinc carrier solution. Dissolve 418 g of anhydrous zinc chloride in enough water to make 1 litre 

of solution. Standard& with zinc reag&t solu&on. 
Zinc reaFent solution. Dissolve 128 e of ammonium thiocvanate nlus 108 g of mercurv(I1) chloride 

in enough Gater to make 1 litre of solztion. Store in a brown bott?e. ” 
,. 

2M Hydrochloric acid solution. Mix 6,667 ml of water with 1,333 ml of concentrated hydrochloric 
acid (365 % HCI). 

1M Nitric acid solution. Mix 7,467 ml of water with 533 ml of concentrated nitric acid 
(69 % HNO,). 

Perchloric acid. Place 30 ml of concentrated perchloric acid (70% HCIOI) in a dropper bottle. 
Akohol. 95 % ethanol in a plastic wash bottle. 
Concentrated nitric acid (69 % HNO,) 
Ice cubes frozen from distilIed water 
30 % Hydrogen peroxide solution 
Citric acid solution. Dissolve 50 g of citric acid in enough water to make 1 litre of solution. 
Ammonium moIybdute solution. Dissolve 100 g of ammonium molybdate in enough water to 

make 1 htre of solution. 
Magnesia mixture. Dissolve 50 g of magnesium chloride and 100 g of ammonium chloride in 

enough water to make 1 litre of solution. 
Ammonia solution. Mix 500 ml of concentrated aqueous ammonia (28 % NH,) with 500 ml of 

water. 
6M Nitric acid solution. Mix 400 ml concentrated nitric acid (69 % HNOs) with enough water to 

make 1 litre of solution. 
5 % Ammonium nitrufe solution. Dissolve 50 g of ammonium nitrate per litre of water. 

Dissolution of sample 

A. 

B. 

C. 

D. 

E. 

Place a weighed portion of fish flesh in a 1,500-ml beaker (usually 50 g of wet flesh is sufficient, 
if that much is available). Add 5.00 ml of zinc carrier solution to the beaker containing the sample. 
Add 20 ml of 30 % hydrogen peroxide solution and 150 ml of concentrated nitric acid to the 
sample. Stir with a stirring rod to disperse as much flesh throughout the acid as possible. 
Warm the beaker gradually on a hot plate. Stir frequently. A white foam will appear and 
slowly rise up the beaker walls. When this occurs, stir vigorously and add a small amount of 
water if necessary. Watch the sample until all the flesh is in solution. 
When it appears that all the flesh is in solution, increase the heat slowly and evaporate the solution 
to about 5 ml over a period of 2 hr. If, after evaporation, there appears to be some organic 
material, add 20 ml of concentrated nitric acid and again evaporate to 5 ml. 
Cool the sample solution to room temperature and add 100 ml of 2M hydrochloric acid solution. 
If any fatty acids are formed upon addition of the hydrochloric acid, filter the solution, using 
Whatman No. 42 filter paper. Previous determinations have shown that no :iZn is retained in 
the residue. Collect the filtrate in a quantitative manner. 

Zon-exchaqe separation of :aZn from ::P 

A. 

B. 

Pretreat a Dowex-21K resin bed (50-100 mesh, 6” x 1”) by passing 200 ml of 2M hydrochloric 
acid solution through the bed (flow rate: 1 drop/set). Stop the flow of acid when the last of 
the hydrochloric acid solution is about 3 inches above the top of the resin bed. 
Add the sample solution to the column. Use the same flow rate of 1 drop/set. Retain the solution 
that goes through the column for the ?EP analysis. Again, stop the solution about 3 inches 
above the top of the resin bed. Wash the resin bed with 100 ml of 2M hydrochloric acid solution. 
When the solution approaches the top of the resin bed, wash down the inside of the column with 
2M hydrochloric acid solution (about 15-20 ml). Allow the solution just to reach the top of the 
resin bed, then stop the column flow. Retain all of the liquid, combined in a single aliquot for 
the ::P analysis. 
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C. The column is now ready for the zinc elution procedure. This is accomplished by placing 125 ml 
of 1M nitric acid solution in the reservoir. Open the stopcock on the reservoir and allow 30 ml 
of the nitric acid solution to stand on top of the resin bed. Place the reservoir in position and 
open the stopcock on the column. Allow 50 ml of eluant to flow through the column. Discard 
this portion. Retill the reservoir to 125 ml and allow this to run through the column. Stop the 
column when the level of the liquid is at the top of the resin bed. 

Precipitation of zinc 

A. Add 4 (1 inch) ice cubes to the eluate from the column. Stir for 2-5 min. Add 5 drops of per- 
chloric acid and stir until the temperature reaches 2-5”. 

B. Add 20 ml of zinc reagent solution, with stirring, to the cold solution containing the zinc. Contmue 
to stir for a few minutes after the zinc reagent solution has been added. Allow the white pre- 
cipitate to settle for 30 min (do not allow the precipitate to sit for a long period of time beforz 

jltering.) 

F&ration of zinc precipitate 

A. 

B. 

C. 

D. 
E. 

F. 

Set up a 2-inch membrane filter chimney apparatus, using a circle of tared Whatman No. 42 filter 
paper @redried at 100” for 24 hr). Check the apparatus with water, for leakage before pouring 
in solution containing the precipitate. 
Pour all of the solution and precipitate into the filter chimney. Wash the beaker with water 
and add this to the filtration apparatus. When all the mother liquor has gone through the filter 
paper, wash down the sides of the chimney with 95 % ethanol. Wash out the beaker with 95 “/< 
ethanol and add this to the filtration apparatus. 
Carefully remove the filter chimney and wash off the bottom with 95% ethanol, allowing the 
solution to go through the filter paper. 
Place the paper containing the precipitate on a watchglass and dry it in an oven at 100” for 24 hr. 
At the end of the drying period remove the filter paper containing the precipitate and weigh 
on an analytical balance. 
Place the paper and precipitate in the centre of a stiff card about 2.5” x 2.5”. Attach the paper 
and precipitate to the card by strips of transparent tape. 

Phosphorus purification andprecipitation 

A. 

B. 

C. 
D. 

E. 

F. 

c. 

H. 

J. 
K. 

Evaporate the combined phosphorus fractions from the ion-exchange step to a volume of 5 ml. 
Add 10 ml of concentrated nitric acid and again evaporate to 5 ml. 
After the solution has cooled to room temperature, add 50 ml of 6M nitric acid solution with 
stirring. Add 10 ml of citric acid solution. 
Heat the solution to 45”. 
Precipitate the phosphorus by adding 100 ml of ammonium molybdate solution with stirring. 
Allow the solution, containing the precipitate, to stand at 45” for 30 min. 
Transfer the precipitate and solution to a 250-ml centrifuge cone and centrifuge at a normal 
speed of about 1000 rpm (the actual speed will depend on the type of centrifuge) for about 10 min. 
Decant the supernatant liquid and wash the precipitate with 50 ml of 5 % ammonium nitrate 
solution. Centrifuge and decant the liquid. 
Add 30 ml of 1: 1 aqueous ammonia and cool in an ice bath for 20 min. After cooling in the ice 
bath, add 50 ml of magnesia mixture with vigorous stirring. The phosphorus is precipitated as 
magnesium ammonium phosphate. Centrifuge and decant the liquid. 
Redissolve the precipitate in 30 ml of 6M nitric acid solution and adjust the pH to 9 with aqueous 
ammonia and precipitate the phosphorus as magnesium ammonium phosphate by again adding 
50 ml of magnesia mixture. Stir and allow the precipitate to settle. 
Filter the precipitate, using a l-inch circle of Whatman No. 42 filter paper, in a filter chimney 
apparatus. 
Dry the precipitate at 110” in an oven overnight. Remove and weigh on an analytical balance. 
Mount the precipitate for counting by placing the paper and precipitate on a 7/S” nylon disc; 
place a 2-inch square of thin mylar film over the precipitate; carefully force a nylon ring over the 
paper and disc; trim the edges of the mylar film. The sample is now ready for counting. 

Counting considerations 

A. A multichannel gamma analyser coupled to a 4” x 4” NaI(Tl) crystal is used to count the i:Zn. 
(The counting could be carried out with a single channel analyser.) The concentration of :iZn 
is determined by counting for 100 min, then summing under the 1.119 MeV gamma-ray photopeak. 
Corrections are applied for background, chemical recovery, analyser efficiency, decay time, gamma 
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abundance and sample weight. The final value for the concentration of ::Zn is reported in 
picocuries/g of live weight @c/g lwt.). 

The ::P is counted in a low background beta-counting system with anticoincidence circuitry. 
Counting could also be carried out with a proportional counter if the activity is high enough. 
Corrections are made for background (less than 1 cpm), over-all efficiency of counting, decay time 
and sample weight. As in the case of :iZn, the ::P values are reported in terms of picocurieslg 
of live weight. 

RESULTS AND DISCUSSION 

Various researchers have used ion-exchange resins to separate zinc quantitatively 
from several contaminants.lO*ll However, a description of an anion-exchange system 
specifically to separate zinc from phosphorus in a simultaneous procedure has not 
appeared in the literature. 

The anion-exchange resin used in this work was Dowex-21K (50-100 mesh). It 
is a strong-base anion-exchange resin which incorporates a quaternary ammonium 
functionality. The four substituents on the nitrogen atom are a polymeric benzyl and 
three methyl groups. After pretreatment with 2M hydrochloric acid the resin is in the 
chloride form. The zinc complex, ZnC1,2-, absorbs on the resin whereas orthophos- 
phate is not adsorbed because of a short contact time and the lower probability of 
POqe- for Cl- exchange. ZnCI, 2- has a maximum distribution coefficient at a solution 
concentration of 2M in hydrochloric acid. This serves as a particular advantage 
because it allows for a separation from COC~,~-, which has a maximum distribution 
coefficient at a solution concentration of 9M in hydrochloric acid and which copre- 
cipitates with zinc if present. The anion-exchange step was checked thoroughly on 
both known and unknown samples with ,“EZn and f:P tracers. The results indicated 
that, under the specific conditions of the procedure, !$Zn adsorbed on the anion-ex- 
change column in a quantitative manner whereas :iP was not adsorbed. The quanti- 
tative zinc adsorption and its elution are conclusive as is shown by the chemical 
recovery factor. The average chemical recovery for 30 analyses was 95.6 % based upon 
the addition of zinc carrier; the range of chemical recoveries was 85-l-99.7%. 

Shellfish samples were obtained each month from an independent State health 
department laboratory. Portions of the shellfish samples were taken for analysis 
by the independent laboratory and analysed for several nuclides, including !$Zn. 
Upon our receipt of the samples they were further divided into portions for !$Zn 
analysis by a “matrix method” in which s,, ‘j5Zn was determined by applying a matrix 
model for 65Zn 40K s°Co and $c. An aliquot of the portion used in the matrix 
determinatir% Cayudey for the radiochemical determination of i:Zn and f:P. 

The chemical analysis of the phosphorus fraction is carried out in the same manner 
as described by Hillebrand, Lundell, Bright and Hoffman.13 In analysing shellfish 
for TEP one disadvantage exists in not being able to add phosphorus carrier at the be- 
ginning of the procedure (the fish flesh contains phosphorus). Thus, a chemical 
recovery cannot be calculated on the basis of added carrier. Several simultaneous 
determinations for f:P were made on different samples. An aliquot of a sample was 
analysed for its TEP content. A second aliquot of the same aliquot was spiked with a 
known amount of f$JP activity and the sample analysed. Results of several analyses 
showed that the chemical recovery of phosphorus was greater than 95 %. 

In addition to chemical recovery, another factor that can be used to test an ana- 
lytical procedure is the minimum sensitivity. Minimum sensitivity is the activity 
concentration which is detectable under specific conditions of sample volume, 
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background, counting time, chemical yield and counting efficiency. The minimum 
sensitivity can be calculated by using the following expression: 

M’S’ = (eff.)( 

M.D.A. 

c h em. yield)(2.22 dpm/pc)(sample size) 

M.D.A. = minimum detectable activity given by 

2 
J 

count rate of bkg. 

time of bkg. 

at the 95 ‘A confidence level 

where them. yield = chemical recovery factor given by the total amount of zinc or 
phosphorus carrier recovered, divided by the amount added at 
the beginning of the procedure, 

sample size = weight of fish flesh used for an aliquot in the procedure (ex- 
pressed in g), 

2.22 dpm/pc = conversion factor from activity units of disintegration per 
minute to picocuries. 

Minimum sensitivities of 0.3 pc/g 1. wt. for g!Zn and 0.005 pc/g 1. wt. for $P were 
calculated. 

Precision tests were made for the determination of both z;Zn and f:P in shellfish. 
Special duplicate samples were prepared in order to eliminate any problems dealing 
with non-homogeneous sampling. Shellfish samples which had previously been 
analysed for $Zn and f:P were spiked with known quantities of L$Zn and f%P. The 
results are shown in Table I. 

TABLE I.-%Zn AND :tP PRECISION TESTS 

Activity added, pc 
Sample ----___- 
number 

65 
&n 

32 
UP 

Activity recovered, pc 
____----___ 

z:Zn 52 
15 P 

1 989.7 563,4 984.3 563.1 
2 989.7 563.4 986.8 563.3 
3 601.3 315.8 591.3 315.8 
4 601.3 315.8 600.9 315.6 
5 263.6 974 261.0 91.3 
6 263.6 97.4 261.3 91.3 
7 100.4 25.8 99.6 25.1 
8 100.4 25.8 100.1 25.5 
9 56.1 15.3 54.6 15.1 

10 56.1 15.3 55.7 14.9 

After the radiochemical procedure was developed and tested with shellfish samples, 
experiments were conducted to determine possible interferences. Results indicate 
that the simultaneous procedure for i:Zn and $P specifically separates the two radio- 
nuclides from $r, i:Fe, $Co, t:K, 2iiHg, ‘i:Ru, ‘Peru, $r, g$Sr, ‘t$e, $jZr, i!Nb, 
?tMn, $jAs, i:Y and T2,Na. These nuclides exist as contaminants in environmental 1 
materials. 

A comparison of the results of three separate determinations of LjgZn in shellfish 
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is presented in Table II. For most of the samples the i:Zn values of the three deter- 
minations compare reasonably well. In making this comparison there are several 

factors that must be considered. First, the radiochemical results are compared with 
values obtained by two matrix methods of determination. Although one cannot 
conclusively say that the matrix results are biased because of the use of a particular 
matrix, the tendency for bias is still present. Secondly, probably the most important 

TABLE R--COMPARISON OF :iZn VALUES FOR SHELLFISH @c/g l.wt.) 

Clams Oysters 
(Tillamook Bay) (Tillamook Bay) 

Month 

Oregon 
Matrix Rad. State Health 
method method Department 

Oregon 
Matrix Rad. State Health 
method method Department 

March 
April 
May 
June 
July 
August 
September 
October 

24 3.0 
1.5 1.5 
1.6 1.6 
1-6 2.1 
2.0 2.0 

- 
1.9 3.4 
I.8 I.7 

1.2 15.4 12.8 11.8 
1.2 13.9 141 11.3 
1.3 14.8 14.8 9.6 
1.6 19.6 22.5 18.3 
2.1 19.3 24.1 16.4 
- 29.0 - 
- 19.7 - - 

29.7 29.4 - 

Month 

March 
April 

May 
June 
July 
August 
September 
October 

Crab Meat Crab Meat 
(Tillamook Bay) (Astoria Bay) 

Oregon Oregon 
Matrix Rad. State Health Matrix Rad. State Health 

method method Department method method Department 

12.9 14.9 10.9 19.2 19.0 16.4 
11.5 12.3 9.4 17.9 17.6 16.1 
lo.7 10.7 10.6 21.0 20.6 15.7 
13.3 14.3 12.6 16.9 19.9 14.5 
16.6 18.0 16.1 21.2 21.4 17.9 
13.9 17.6 - - - - 
16.7 21.0 - - - 
14.3 17.9 - - - - 

cause of deviation among the three sets of data occurred in the processing of the 
samples. Shellfish have a large amount of liquid associated with their flesh. This is 
particularly true in the case of oysters and clams. Crabs have somewhat less moisture. 
Therefore, non-homogenous sampling in processing of the shellfish by the three 
groups is a distinct possibility. One can see this tendency in the data. There appears 
to be a slightly closer correlation for the “,iZn values in the crab samples, whereas 
this is not the case in the oyster samples. Third, there is one difference in the method of 
reporting values. The Oregon State Health Laboratory reported their values in pc/g 
of drained weight while the !jiZn values obtained by use of our matrix method and 
radiochemical method are reported in pc/g 1. wt. The live weight is designated as. 
being the flesh plus body liquids. 

In all cases the matrix values for t:Zn in shellfish obtained by the Oregon labora- 
tory are lower than the radiochemical values. In comparing the radiochemical “,EZn 
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values with our SEC matrix values, the results are random. In a few cases, duplicate 
results were obtained. 

The z:P values (Table III) were not obtained by another method in our laboratories 
because the dassical procedure which is employed is the same as the procedure 
incorporated into the over-all simultaneous procedure. Several researchers have 
already extensively applied the phosphorus procedure to various samp1es.r”l* This 
information, plus the information obtained in testing the simultaneous procedure, 
iead us to believe very strongly that the $P values obtained in shellfish are true values. 

TABLE III.-::P rN SHELLFISH @c/g l.wt.) 

Tillamook Bay Tillamook Bay Tillamook Bay Astoria Bay 

Months 

March 
April 

May 

Ostrea 
Gigas 

(oysters) 

1.207 
0*605 
0872 

MYa 
(clams) 

5.689 
2.632 
2.564 

Cancer 
Magister 
(crabs) 

0.433 
0.369 
0.384 

Cancer 
Magister 
(crabs) 

0.186 
0.235 
0.219 

CONCLUSION 

A radiochemical procedure has been devised for a rapid determination of g:Zn in 
shellfish. Because of the interest in both i:Zn and TzP, the procedure was combined 
with a classical phosphorus procedure and made compatible with the simultaneous 
determination of the two nuclides. It has the main feature of being far less expensive 
than matrix or spectrum stripping methods of determination. The procedure has 
been applied to both pure samples consisting only of $iZn and :$I? and unknown 
samples consisting of a complex organic matrix. Sensitivity, precision and accuracy 
tests indicate that the procedure has direct application to the determination of the 
two nuclides in shellfish. Reasonably good agreement was obtained in comparing the 
radiochemical values with the values obtained by two separate matrix methods. 
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Zusammenfassung-Eine radiochemische Arbeitsvorschrift zur gleich- 
zeitigen Bestimmung von ::Zn und ::P in Schellfisch wurde entworfen; 
Schellfischproben wurden tiber 8 Monate hinweg auf diese beiden 
Nuklide analysiert. Die radiochemisch erhaltenen Werte stimmen mit 
den VOR anderen Autoren gefundenen 8,zZn- und :zF-Werten i&rein. 

R&m&-On a dtabli une technique radiochimique pour le dosage 
simultane de $Zn et ::P dans les crustaces. On a analyse des echan- 
tillons de crustads pour ces deux nucleides pendant une periode de 
8 mois. Les valeurs obtenues par la technique radiochimique sont en 
accord avec celles donnees pour $Zn et ::P par d’autres chercheurs. 
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Summary-The principal differences in the requirements of a photom- 
eter and a phototitrator are discussed and it is shown that an instru- 
ment specifically designed for photometric titrations is more versatile 
than a modified photometer. The prime requirements for a photo- 
titrator are operation with the vessel in ambient light, freedom from 
the need for special cuvettes and the possibility of adjusting the light 
path length by some means other than changing vessels. A simple, yet 
versatile phototitrator which meets these requirements is described. 

INTRODUCTION 

HIGHLY sophisticated automatic photometric titrators are commercially available. 
However, the application of a photometric end-point to many methods of analytical 
interest requires the production of a titration curve, either manually or with the aid of 
a recorder and constant flow burette. Most of the instruments which allow this have 
been either modifications of commercial photometers or special designs intended for 
specific types of photometric titration. Even where versatile and well-designed photo- 
titrators are available, it seems to the present authors that there is still considerable 

room for improvement. 
The object of this investigation has, therefore, been the development of a versatile, 

yet simple and inexpensive photometric titrator. Because the available instruments 
have recently been reviewed,le2 only papers of immediate interest will be cited. 

At first, it is desirable to consider the properties of an ideal, general-purpose 
instrument which would be applicable to any and all non-automatic photometric 
titrations. The characteristics of such an instrument are discussed below; the order 
of listing does not reflect on the relative importance. 

General. A photometric titrator should be highly stable, rugged, inexpensive and 
as simple as possible. Reasons of expense and simplicity will restrict the consideration 
to a single beam instrument. 

Light source. In a single beam instrument, high stability of the light source is 
mandatory. Some means of adjusting the light intensity is desirable. 

Titration vessel. The titration vessel should be as simple as possible, preferably a 
piece of common laboratory glassware, such as a beaker. A selection of capacities is 
desirable. With a given vessel, it should be possible to change the length of the light 

path. 
Monochromator. A reasonable degree of monochromacy is required. Interference 

filters are usually satisfactory but a means of continuously varying the wavelength 
is desirable. 

* Part X: see Talantu, 1964, 11, 1651. 
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Photodetector. The photoreceptor should be sensitive, stable and capable of 
operation over the entire spectral region of interest. Linear response and absence of 
fatigue effects are required. The characteristics of the photodetector should not be 
affected by strong illumination, self heating or moderate changes in ambient tem- 
perature. 

Electrical circuit. The circuitry should be as simple as possible and should be 
insensitive to ambient temperature changes and stray magnetic or electrical fields. 
Provision for scale expansion is mandatory with highly absorbing samples and in 
cases where the absorbance changes only slightly during the titration. 

Photometric titrations are most frequently performed using a general purpose 
calorimeter, photometer or spectrophotometer for the photometric measurements on 
the titration solution. It should be realised, however, that the requirements for a 
photometric titrator and a photometer, although similar, differ in several important 
respects. 

Fluctuations in the readings cannot be tolerated in either instrument. Long term 
stability of the light source and electrical circuitry are important in a photometer but 
even more so in a phototitrator. Most photometers offer a means to recheck the 100 % 
T setting. During a photometric titration, such checking is usually not possible; 
very often, for instance, the titration solution itself, in its initial state, is used to set 
100% T. Consequently, in a photometric titrator, the 100% setting must remain 
constant for at least the duration of one titration. A well-designed double beam in- 
strument will compensate for changes in light intensity, of course, but the complexity 
and expense of such an instrument can hardly be justified for titration purposes. 

For a photometric determination, exact location of the zero and 100 % T points is 

necessary; for a titration, the precise location of the 100 % T point is unimportant so 
long as this location does not change during a titration. 

In a photometer, the path length must be exactly reproducible from cell to cell 
and, frequently, the path length must be accurately known. On the other hand, the 
exact path length is never of interest in a photometric titrator and the only requirement 
is constancy during a given titration. 

More differences could be easily listed, but the items mentioned should serve to 
illustrate the contention that, in some respects, a photometer is inadequate for photo- 
metric titration purposes while, in other respects, a general-purpose photometer is too 
good an instrument to be diverted from its primary purpose and limited to service 

as a phototitrator. 
To perform titrations conveniently with a photometer, it is nearly always necessary 

to modify the instrument. In most cases the first problem is the accommodation of the 
titration vessel, which is commonly much larger than the cuvettes for which the pho- 
tometer has been designed. With the cell compartment modified or replaced, it is 
important to take care that the light beam is not defocussed by the new vessel. Light- 
tight introduction of the burette tip is necessary. The same holds for the stirrer or 
provision must be made beneath the cell compartment for a magnetic stirrer. Some 
workers have preferred to avoid major modifications by titrating outside the instrument 
and circulating the solution through a flow cell in the photometer.3*4 The large 
minimum solution volume and the fixed path-length of the cell are disadvantages 
of the method. 

Further, few photometers have provision for scale expansion and any modification 
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necessary to allow such an expansion is complicated, if possible at all. Perhaps the 
greatest disadvantage to the use of a modified photometer for titration purposes is 
the necessity for a light-tight cell compartment because such a compartment prevents 
direct observation of the solution for colour changes, turbidity, positioning of the 
stirrer, bubbles, splashing, etc. 

Many workers have successfully performed photometric titrations in modified 
commercial photometers. 5*6 It is clear, however, that the adaptation of a photometer 
for titration purposes will hardly ever result in a fully adequate general-purpose 
photometric titrator. The construction of an instrument specifically designed for 
photometric titrations is the only solution. 

To permit easy operation and minimum restriction of vessel size and shape, the 
first consideration of the design is operation in ambient light. There are two principle 
approaches which permit such operation. The first is the use of chopped light to 
create a.c. signal at the detector. This signal is electrically separated from the d.c. 
component from ambient light reaching the detector. The a.c. signal can be amplified 
readily and, in fact, usually must be because low level rectification is difficult. The cir- 
cuitry required is usually quite involved and prohibitively expensive for a simple titrator. 

The second approach is based on the use of a relatively intense light beam which, 
after passing through the solution, is attenuated before striking the detector. This 
weakening of the light beam is accomplished by locating the monochromator between 
the sample and detector and, often, by the addition of a grey filter, grey wedge or 
diaphragm. The light is attenuated by a large factor as is any ambient light which 
enters the detector housing. With appropriate design, the amount of ambient light 
then reaching the detector is negligible. Disadvantages of this approach are the 
difficulty of obtaining a stable, high power supply for the exciter lamp and, in some 
cases, heating of the sample solution. The approach is often useful in automatic 
titrators, however, where long term stability is commonly not important because only 
large and/or sudden absorbance changes are utilised to trigger the relay mechanism. 

A modification of this second approach has been employed by Flaschka and 
Sawyer.’ In their instrument, a rather weak, nearly parallel light beam passes through 
the solution and enters the detector compartment through an interference filter. The 
beam is then focussed on an extremely small photodetector without being additionally 
weakened. Only the light entering within a rather small angle can strike the photo- 
detector and this angle is considerably less than that subtended by the light housing. 
Thus, only the ambient light which has been reflected by the titration vessel or scattered 
by the vessel or solution into this small angle need be considered. Further, the ambient 
light is white and only the small fraction which is passed by the filter strikes the photo- 
receptor; the amount of such light is negligible. This device has been used for several 
years and has been found to be quite satisfactory. It is limited, however, in that no 
means ofpath length adjustment is available, other than the changing oftitration vessels, 
and that only titration vessels with fairly flat and parallel sides can be used. 

Consideration of, and experimentation with a number of possible designs for 
photometric titrators have convinced the authors that the most versatile construction 
would be a complete departure from the usual practice. Instead of bringing the solu- 
tion into the titrator, the instrument, or at least a part of it, would be brought into the 
solution. In principle, the light would enter the titration solution through a tube or 
light guide, pass through a length of solution, be reversed by a prism or mirrors, and 
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leave the solution through a second tube which would lead to the detector. The com- 
bination of the two tubes and the prism (or mirrors) might be termed a photoprobe. 
By raising or lowering the prism, the light path length through the solution could be 
varied continuously. Application of one of the principles discussed above should 
provide insensitivity to ambient light. 

Experimentation has shown, however, that it is difficult to construct a small 
photoprobe which is sufficiently rugged and unaffected by vibration; a completely 
satisfactory model has not yet been built. AgazziandBond8andLacy9haveconstructed 
instruments whose designs point in this general direction. In both devices the ends of 
two tubes are immersed in the titration solution. A lamp is located near the immersed 
end of one tube; the light passes through the side of the tube and a short length of 
solution before falling upon the photoreceptor which is positioned behind a filter in 
the second tube. Neither model has provision for changing the path length although 
redesigning the tube mountings should make that possible within limits. However, 
changing of the filters is quite difficult and the titration of small volumes of liquids 
is impossible. 

While work on an “ideal”, full-immersion phototitrator is in progress, the authors 
have temporarily settled on a compromise design for a simple, easily constructed 
semi-immersion instrument which is, nonetheless, quite versatile. In this design, the 
light enters the titration solution from above, through a tube whose immersed end is 
closed with a flat, transparent disc. The light then passes through a length of solution, 
leaves the solution through the bottom of the titration vessel, and enters the detector 
compartment. The tube through which the light enters the solution can be moved up 
and down to vary the path length. The principle of precise focussing on a small 
detector is again applied to exclude the influence of ambient light. In this design, 
freedom from the need for special cuvettes, operation in ambient light, and adjustability 
of the light path length are combined in a simple, inexpensive instrument. It is of 
interest to note that the principle of this design goes back to the well known Duboscq 
calorimeter and to the first really practical photometric titrator, built in 1928 by 
Muller and Partridge. lo In the latter device, a light bulb was suspended over a beaker 
containing the sample solution and the beaker was located immediately above the 
photodetector. Because the instrument was used for automatic titrations, there was 
little need for path length adjustment and ripples on the surface of the solution were 
not troublesome. 

CONSTRUCTION 

The general features of the photometric titrator are shown in Fig. 1. The exciter lamp is a 
flashlight bulb (GE #222 or equivalent), operating at 3-4 V and less than 0.5A, and powered by a lead 
accumulator. This bulb has a small lens incorporated in the glass envelope. The bulb is mounted 
with this lens downward. A focussing lens (17.3 mm diameter, 12.5 mm focal length) is mounted 
on a rack and pinion to allow easy focusing. Both lamp and focussing lens are located inside the 
18 x 26 x 32 in. housing (Catalogue #CU-3OOlA, Bud Manufacturing Co.) shown in Figs. 1 
and 2. The light beam passes downwards into a glass or plastic tube which dips into the solution. 
The tube is blackened inside and closed at its lower end by a round plate cut from a glass microscope 
slide. The upper end of the tube is glued into a threaded brass fitting which screws into a tapped 
brass block glued into the bottom of the light housing. Tubes of different size and length are available 
and may be interchanged in a matter of a few seconds. A manually operated shutter is located in 
the lamp housing. This shutter provides a means of blocking the light beam when setting zero 
per cent transmission. 

A vertical 05 in. aluminium rod extends above the body of the titrator housing. Three brass 
fittings (denoted I, II and III in Fig. 1) are bored to give a sliding fit over the rod and are designed 
to permit the fixing of the location of the lamp housing. Fitting I is used for height (i.e., path length) 
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FIG. l.-General view of assembled phototitrator (dimensions in cm): 
A. Side view with door removed. 
B. Top view with an opening drawn to permit view of comb assembly. 
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adjustment and is fixed in place by tightening a thumbscrew against the rod. Fitting II can then be 
rotated about the rod to permit aligning of the light path; this fitting is subsequently locked in place 
by a second thumbscrew. The lamp housing is attached to fitting 111. A locating pin in fitting II 
fits snugly into a hole in fitting III to fix the position of the housing. A spring loaded pin in fitting 
III snaps into a groove near the top of the aluminium rod; this arrangement holds the lamp housing 
and tube out of the way while the titration vessel is being emptied and refilled. 

The titration vessel can be a beaker; if a non-standard size is desired, an appropriate container 
can easily be fabricated. A glass or plastic cylinder is glued (epoxy) to one side of a 10 x 10 cm 
glass or plastic plate and small plastic runners are glued to two parallel edges of the opposite side 
to prevent scratching of the plate. The spring-loaded cell holder presses the titration vessel against 
the brass blocks flanking the aluminium rod (see Fig. 1). If the titration vessel is a beaker, a wood 
block with a “V” shaped notch is placed between the beaker and the cell holder to prevent sidewise 
motion of the beaker. 

Stirring is accomplished by a small, glass propeller, dipping into the solution beside the light 
tube and driven by a miniature 6-V motor (the stirring motor must no? be powered by the lamp 
battery). The stirring assembly is mounted on a separate stand. If titration vessels of small 

Filter holder 

FIG. 2.-Filter holder and shutter. 

diameter are used, stirring is effected by bubbling a stream of nitrogen through the solution near 
one side of the vessel. 

The body of the instrument IS a black, 7 x 8 x 10 in. steel box (Catalogue #CU-879B, Bud 
Manufacturing Co.) having two removable sides. For ease of access, one side is provided with a 
niano hinge and a latch. This box serves as the base for the vertical rod and as the enclosure for the 
titer, the”photoreceptor and most of the circuitry. The rod is fixed to the top and bottom of the 
box with Fisher “Flexaframe” feet. The light beam enters the box through a 0.75 in. hole located 
directly under the light housing. 

The instrument has been built to receive interference filters as well as an interference wedge; 
either provides sufficient monochromacy, but the continuous wavelength adjustment, possible with 
the wedge, offers greater flexibility. 

The tilter holder shown in Figs. 1 and 2 is milled from & in. brass plate and is mounted on a 
“Flexaframe” foot to allow positioning on the rod. The filter rests in a 2 in. square recess in the 
holder and the light passes through a 1.75 in. square hole which is centred in the recess. A 
gravity operated shutter is located on the filter holder and is arranged to block the light beam when 
the filter is removed. A plano-convex condensing lens (60 mm diameter; 79 mm focal length) is 
attached to the bottom of the filter holder with epoxy glue. 

In the alternative arrangement, a Bausch and Lomb interference wedge” is mounted in a holder 
similar to that of Safford and Westneat .I2 The wedge is about 75 mm long and has a dispersion of 
5,3 nm/mm. The peak transmittance is about 30% and the half peak width (1 mm slit) is about 
10 nm. The wedge holder has an adjustable slit (a fixed, one millimeter slit would be sufficient) and is 
mounted on the vertical rod inside the instrument case. The slit is located in the smallest portion 
of the light beam, i.e., as near the photoreceptor as possible. 
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If it is desired to use individual interference filters, the wedge is removed from its holder and the 
filter of interest is placed in the fllter holder. When the wedge is to be used, an auxiliary cut-off 
filter is necessary (see below) and this filter is placed in the filter holder. If the wedge is expected 
to be the only monochromator, the shutter on the filter is unnecessary and can be omitted from the 
construction of the instrument. 

A stripped down microscope stage (Catalogue #F-362L, Lafayette Electronics, Syosset, N.Y.) 
is screwed to the inside bottom of the box. A brass heat sink, to receive the lN2175 photoreceptor, 
is attached to the stage. By turning the two knobs on the stage, it is readily possible to bring the 
photoreceptor under the focus of the light beam. 

The exciter lamp circuit is shown in Fig. 4. 
intensity when setting 100 ‘A T. 

The rheostat allows a coarse adjustment of the light 
The rheostat and fixed resistor are located in a small housing on the 

outside of the body of the instrument so that the heat dissipated by these resistors will not affect the 
photodetector. An aluminium comb, mounted on a threaded drive mechanism (see Fig. 1) is used 
for fine adjustment of the light intensity. 

The lN2175 silicon diffused photoduodiode (Texas Instruments Co.) is particularly qualified 
for the present application by its extremely small size. 
in diameter; the light sensitive area is less than 1 mm“. 

The device is only 12 mm in length by 2 mm 
The lN2175 is adequately sensitive (about 

1 4V (2cellsofa 
= 6V outomobile battery) 
Z 

L_- 

FIG. 4.-Exciter lamp circuit. 
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22 ,uA/mW/cmz) throughout the visible region. The maximum sensitivity falls at about one micron; 
interference filters for use in the visible region often pass near infrared radiation so that additional 
filtering is necessary with this photoreceptor. The Texas Instruments LS-400 silicon photodiode is 
physicallysimilar to the lN2175 but is more sensitive (about ten times) andlessaffected bytemperature 
changes. The unit tested in this laboratory was quite noisy, however, so the lN2175 was used for the 
present application. 

The lN2175 photoduodiode requires a low impedance load (IO Kfi or less) if the current output is 
to be linear. A Rubicon galvanometer (Catalogue #3434, Minneapolis-Honeywell Co., Philadelphia, 
Pa.) was found to be a suitable readout device. This galvanometer has an internal resistance of 
about 4.5 KQ, a sensitivity of about OGOO6 PA/mm and a critical damping resistance of about 80 Kfl. 

The circuit shown in Fig. 5 was designed for use with the lN2175 and this galvanometer. Appro- 
priate changes in the circuit would be necessary if a galvanometer with different characteristics was 
to be used. 

Zero adjust 

to gclv 

FIG. 5.-Photoreceptor circuit. 

The battery is a 9-V transistor radio battery (Eveready #226). At the low currents required (less 
than 0.1 PA), this carbon-zinc battery is sufficiently stable and may be used instead of a mercury 
battery. Using a higher voltage battery will result in higher sensitivity (the lN2175 is rated at 50 V, 
maximum); more sensitivity than is provided by the 9-V battery is required only when titrating 
highly absorbing samples at wavelengths below about 450 nm. 

The zero adjust portion of the circuit allows compensation for dark current and provides a 
simple, electrical means of adjusting the zero point at the galvanometer. The total resistance of 
this portion of the circuit varies from about 370 Cl to about 500 R as the control is rotated. This 
small change in resistance has a negligible effect on the damping and sensitivity of the galvanometer. 

The scale shift portion of the circuit provides a means to shift the scale zero when high precision 
methods are to be used.lsv’& With this circuit and the above galvanometer, somewhat above 400 
scale divisions of zero suppression are available where the full galvanometer scale is 100 scale 
divisions (depending slightly on the setting of the damping resistor). It is unlikely that more suppres- 
sion will be required; if it should be, it can be obtained by shortmg the 10 KR or 27 Kfi resistor. 
Small mercury batteries are used in both the zero adjust and scale shift circuits although I .5 V carbon- 
zinc cells would probably serve as well. The current drain in both circuits is low and battery life should 
be several years. 

All controls and switches are mounted on the front panel of the instrument case. The controls 
are arranged so that all leads are as short as practical: this is done in order to minim& noise pickup. 
The batteries are mounted inside the case and near the control panel. A shielded phone jack is 
located at the back of the instrument case for connection of the shielded galvanometer leads. The 
most noise-free operation was obtained with the galvanometer lead shielding connected to the 
instrument case, the case grounded and the photoreceptor circuit floating. 

PERFORMANCE TESTS 

The instrument was tested to determine its sensitivity to external light, stability and linearity of 
response. 
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Ambient light. The effectiveness of exclusion of ambient light was tested by covering and 
uncovering the laboratory windows and turning the room lights on and off; no effect was noted. 
The apparatus was further subjected to the light of a 75-W lamp, held above and about the light 
housmg. The greatest effect observed was about 0.3 scale divisions, indicating that the light housmg 
is sufficiently large to prevent most ambient light from entering within the critical angle. 

Stubiliry. Over-all stability requires stabihty of the photoreceptor dark and light currents, the 
electrical circuitry, and the light source. 

The dark current arises from a small conductance of the photodetector at zero illumination and 
is compensated by the zero adjust circuit. The stability of the zero reading is thus determined by the 
constancy of the dark current and of the current provided by the zero adjust circuit. In several 
experiments, the 0 % T point was found to suffer no short term fluctuations; the maximum observed 
long term drift was about O-2 scale divisions (on the 100 division scale)/hr. The scale shift circuit 
was tested by using the coarse (mechansal) adjustment on the galvanometer to set the pointer to 
about 100 scale divisions and returning the pointer to zero with the scale shift control. Again, no 
fluctuations were noted and the long term drift was less than 0.2 scale divisions/hr. 

With the stability of the zero point assured, the stability of the light source and photoreceptor 
light current were investigated. Stability of the light source was achieved by operating the exciter 
lamp at low power levels (less than 3 W) from a high capacity, well charged lead accumulator. At 
lower light intensities, the galvanometer drift from a preset transmittance value was negligible, 
indicating stability of both photoreceptor and light source. 
period of several minutes was necessary; 

At the highest light intensities, a warmup 
after that period, the drift was found to be about 0.5-1.0 

scale divisions/hr and no short term fluctuations were noted. Because most photometric titrations 
are performed in a matter of 5-10 min, this is adequate stability. If required, better stability can 
be obtained by using two batteries in parallel to power the exciter lamp. 

Linearity qfresponse. With stability and insensitivity to ambient light established, the instrument 
was tested for linearity of response. From earlier work the galvanometer was known to be stable and 
linear so that it was necessary only to investigate the photodetector and associated circuitry, using 
the galvanometer for readout. For the absorbance measured to be a linear function of concentration, 
it is necessary that, among other things, the indicated photocurrent (corrected for dark current) 
be directed proportional to the radiant power incident on the photocell. The testing of this linearity 
requires a means of increasing or decreasing the radiant power by known amounts. During this 
test, it is necessary that the relative intensities of all wavelengths of light reaching the photodetector 
be constant. 

It was decided to perform the linearity test by decreasing the radiant power with screens. If the 
effect of diffraction at the wire edges can be neglected, screens are perfectly grey in the spectral region 
of interest, i.e., they attenuate light equally at all wavelengths. The six screens available were 
calibrated by measuring their absorbances with a Cary Model 14 spectrophotometer, then the 
transmittance (and thus the absorbance) of each screen was measured in the phototitrator. For 
each screen, the absorbance measured in the phototitrator was found to be higher than that meas- 
ured in the Cary. However, if the absorbance of each screen as determined in the Cary was plotted 
us. the absorbance found with the phototitrator, a straight line with a slope less than one was ob- 
tained; a plot of this type is presented in Fig. 6. An analogous plot of absorbance determined in 
the Cary LX absorbance determined in a Bausch and Lomb Spectronic 505 gave another straight line 
having a slope somewhat greater than one. Changing the wavelength at which the absorbance 
measurements were performed had no effect on the results. 

For an explanation of the different slopes, consider a single wire of a screen, located between a 
light source and an aperture. Consider further the fraction of the aperture which is shadowed 
by the wire. When illuminated by parallel light, the wire and its shadow will have the same area/unit 
length. However, if the light is diverging, th; fraction of the aperture shadowed by the wire will be 
increased, i.e., the absorbance of the wire will be increased. Likewise. if the lieht is convereine. the ” 
absorbance will be decreased. As long as the whole aperture is illuminated and the scre& %ires 
are much smaller than the aperture, the measured screen absorbance will depend on the degree of 
convergence or divergence of the light beam; for a given focussmg, however, the plot described 
should be linear, if the instrument is linear. In order to test this explanation, advantage was taken 
of the ability to change the focussing of the phototitrator. The absorbances of the screens were 
determined under two conditions-first with the filament image focussed on the screen and second 
with the focussing lens moved away from the exciter lamp in order to obtain a strongly divergent 
beam. The results, presented in Fig. 6, support the hypothesis. In both cases, linear calibrations were 
obtained. This was taken as a strong indication that the photodetector-aalvanometer combination 
responds linearly. 

” 

With the stability of the instrument assured and the linearity of the response strongly implied, it 
was possible to examine the effects of non-monochromacy. 
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FIG. 6.-Effect of increased divergence of light on measured screen absorbance:- 
A. Filament image focussed on the screen. 
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FIG. 7.-Monochromacy Tests:- 
A, B and C: &SO, solution added to ammonia buffer (pH 10); interference wedge set 

at 630 nm 
A: wedge alone. 
B: wedge + yellow filter (Corning #3486). 
C: wedge + yellow filter + IR lilter (Corning #4600). 

D, E and F: Methyl Orange solution added to ammonium acetate solution (pH 7); 
interference wedge set at 466 nm. 

D: Wedge alone (the curve obtained with The wedge + the blue filter was essentially 
identical to D). 

E: Wedge + IR filter (Corning #4600). 
F: Wedge -1 IR filter + blue filter (Corning #5031). 
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The Bausch and Lomb interference wedge employs the second order of interference. Thus, when 
set for 600 nm, the wedge also passes radiation of wavelengths 1200 nm and 400 nm, 300 run, 240 nm, 
erc. Considerable nonmonochromacy errors were, therefore, expected, especially because of the 
passage of light at the first order wavelengths (i.e., in the near infrared) where detector sensitivity 
is at a maximum and where maximum radiant power is emitted by an incandescent lamp. 

Experiments were performed in which successive increments of a colorant solution were added 
to a solution in the titration vessel and absorbance at the wavelength of maximum absorptivity of 
the colorant was followed. The colorants and solutions were selected so that equilibrium effects 
would not produce curvature in the plots of absorbance us. volume of colorant added. An infrared 
filter and several band pass filters were employed to attenuate, respectively, the first order infrared 
radiation and the third and higher order blue and near ultraviolet radiation. The curves obtained 
with and without these filters in the light beam, are shown in Fig. 7. All absorbance readings were 
corrected for dilution. From these curves, it is clear that the interference wedge monochromator, 
in conjunction with auxiliary filters, provides sufficiently monochromatic radiation for photometric 
titration purposes so long as the absorbance of the sample is below about 1.0. The #4600 Corning 
infrared blocking filter used does not cut off completely below about one micron; the use of an 
infrared tilter which is opaque down to nearly 700 nm would probably allow an extension of the 
linear range, especially for work at lower wavelengths. Because an infrared filter is needed in most 
work, it is convenient to glue one to the inside of the light entrance hole of the instrument case. 
This placement of the filter also aids in preventing the entrance of dust. 

Titrations can often be performed in the non-linear absorbance range if the absorbance change 
during the course of a titration is small. This is because of the fact that, within a short portion of 
a curve, linearity is closely approximated. Titrations with step indication can often be performed in 
the non-linear range because only a small portion at the beginning or end of the step is utilised to 
detect the end-point and, again, linearity is sufficiently approximated. 

CALIBRATION AND ALIGNMENT 

The interference wedge must be calibrated before being put into use. For the wedge in the 
present instrument, this was done with the aid of the strong mercury emission lines of a fluorescent 
lamp at 435, 546 and 578 nm. The lamp, when viewed through the wedge, produces three bright 
lines, corresponding to those wavelengths. Each line was centred, successively, in the l-mm slit 
and the corresponding reading was noted from a scale attached to the wedge holder. Because the 
wedge is linear, I1 the data were then fitted to a straight line to obtain the calibration: 

Scale reading (cm) = 
758 - wavelength (cm) 

53.3 (nm/cm) * 

The alignment of the optical system is accomplished as follows : with the path length set at several 
centimetres, the exciter lamp is turned on and the focussing lens is moved via the rack and pinion drive 
until a filament image is focussed at the top of the instrument case. The light housing is rotated 
until the image is centred in the entrance hole on top of the case (the image is made visible by placing a 
piece of tissue paper over the hole) and the housing is then fixed in place by means of the appropriate 
thumbscrew. The wedge monocbromator is rotated until the light beam is centred in the slit and 
is also fixed in place. Next, by raising or lowering the tilter holder, the condensing lens attached 
to it is brought into the position such that the smallest spot of light is obtained in a plane level with 
the top of the photo-cell; the filter holder is then fixed firmly in place with its set screw. The position 
of the condensing lens and wedge holder may be left unchanged thereafter. With the lamp and 
photoreceptor on, the focussing lens and microscope stage are successively adjusted until maximum 
galvanometer deflection is obtained. The optical alignment is then complete. 

When the light path length has been changed for realignment of the system, it is usually only 
necessary to rotate the light housing until maximum galvanometer deflection is again obtained. 
If the path length change is large or if a new titration vessel is inserted, it may be necessary to touch 
up the adjustments of the focussing lens (rack and pinion) and photocell (microscope stage). 

OPERATION 

Zero % T is set by closing the shutter in the hght housing, turning on the zero adjust circuit 
and turning the zero adjust control until the galvanometer pointer is at zero scale divisions. To 
set 100 % T, the reference solution is placed in the titration vessel, the shutter is opened and the light 
control rheostat is adjusted until a reading near 100 scale divisions is obtained. The fine adjustment 
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is then performed with the comb. If a suppressed zero is required, zero and 100’~ T are set exactly, 
the zero suppress circuit is turned on, and its controls are adjusted to return the pointer to zero. 
Zero % T is then at -100 scale divisions. Next, the rheostat and comb are used to reset 100%. 
More zero suppression can be obtained by repeating the process. 

Acknowledgement-The work reported was performed under a grant from the National Science 
Foundation, Washington, D.C. This aid is gratefully acknowledged. 

R&m&--On discute des principales diffkrences entre les exigences 
d’un photomhtre et c&es d’un appareil de phototitrage et l’on montre 
qu’un inst~m~t sp~~ifiquement concu pour les t&rages photom~tri- 
ques prksente plus de possibilit&s qu’un photom&re mod%& Les 
principales exigences d’un appareil de phototitrage sont l’op&ation 
dam un r&cipient plack en lumiere ambiante, la 1ibertC de ne pas utiliser 
de cuves sp&ales et la possibilit& de rkgler la longueur utile du faisceau 
lumineux par des moyens autres qu’un changement de rbcipients. On 
dCcrit un appareil de phototitrage polyvalent, bien que simple, qui 
remplit ces conditions. 

Zusammenfassung-Die prinzipiellen Unterschiede in den Anforde- 
rungen an ein Photometer und ein photometrisches TitrationsgerBt 
werden diskutiert, und es wird gezeigt, da13 ein speziell zur photo- 
metrischen Titration bestimmtes Geriit vielseitiger ist als ein umgebau- 
tes Photometer. Die prim&en Anforderungen an ein Phototitrations- 
gerat bestehen in folgendem: man mu13 mit dem Titrationsgef;iB am 
AuSenlicht arbeiten kiinnen; es sollten keine besonderen Kiivetten 
notwendig sein; die S~hi~htdicke sollte sich such anders als durch 
Gef83wechsel Pndem lassen ktinnen. Es wird ein einfaches und doch 
vielseitiges Phototitrationsger&t beschrieben, das diese Anforderungen 
erfiillt. 

REFERENCES 

1 J. B. Headridge, Phorometric Tilrations. Pergamon Press, Oxford, 1961. 
2 A. L. Underwood, Photometric ~jtrutio~s in C. N. Reiltey, Adcances in A~u/ytieaZ Chemistry nrtd 

Instr~mentfftiun, Vol. 3. Interscience (Wiley), New York, 1964. 
3 C. Rehm, J. Bodin, K. Conners and T. Higuchi, Ana&. Chem., 1959, 31,483. 
4 T. R. Sweet and J. Zehner, ibid., 1958, 30, 1713. 
L R. F. Goddu and D. N. Hume, ibid., 1954,26,1679, 1740. 
6 A. L. Underwood and L. H. Howe III, ibid., 1962, 34,692. 
7 H. Flaschka and P. 0. Sawyer, Tuhztu, 1961, 8,521. 
* E. Agazzi and G. W. Bond, Analyt. Chem., 1961,33,972. 
*J. Lacy, Tuhta, 1963, 10, 1031. 

lo R. H. Muller and H. M. Partridge, Ind. &g. Chem., Analyt, 1928,20,423. 
I1 Phamplet D-201, Bausch & Lomb, Rochester, New York. 
l? H. W. Safford and D. F. Westneat, J. Chem. Educ., 1953, 30, 343. 
I3 C. N. Reilley and C. M. Crawford, Anulyt. Chem., 1955, 27, 716. 
I4 H. Flaschka and P. 0. Sawyer, Tulunra, 1962, 9, 249. 



I’alanta, 1965, Vol. 12. pp. 925 to 939. Pergamon Press Ltd. Printed in Northern Ireland 

TALANTA REVIEW* 

PRESENT STATE OF COMPLEXOMETRY-I 
DETERMINATION OF QUADRIVALENT AND TERVALENT METALS 

RUDOLF P~IBIL 
Analytical Laboratory, J. Heyrovskf Polarographic Institute, Czechoslovak Academy of 

Sciences, Prague 1, Jilska 16, Czechoslovakia 

(Received 6 May 1965. Accepted 11 June 1965) 

Summary-A review of the visual complexometric determination of 
quadrivalent and tervalent metals, whether achieved by using new 
indicators, new titrants, masking agents or new separatory methods, is 
presented. Attention is paid to the complexometric behaviour of such 
metals and to the problems of interferences in particular determinations. 
Older methods,except those which are irreplaceable, are not mentioned. 

EDTA COMPLEXES of particular metals differ from each other in their stability, as 
measured by their thermodynamic stability constants and their “conditional” or 
“effective” constants. Because this review does not deal with the theory of complexo- 
metric titrations the reader is referred to the appropriate literature.1*2 Here, only a 
survey of recently published and more important determinations of single quadriva- 
lent and tervalent metals will be given. Determinations of anions have not been 
included because they have recently been thoroughly reviewed.3 Interferences will be 
mentioned and examples of masking, separation and practical applications will be 
given. The elements are arranged in order of decreasing stability constants of the 
EDTA complexes. The reason is obvious : elements with complexes of high stability 
can be reliably determined at low pH without interference from elements forming weak 
complexes. 

ZIRCONIUM 

(log KZrF = 19.4, 21.9 - 29.5)4-6 

The chemistry of aqueous solutions of zirconium salts presents some problems 
from the complexometric point of view. First, the reported values of the stability 
constant of the ZrY” complex are somewhat confusing. The lowest values have been 
found by Morgan and Justus (log K = 19.4) and by Iwase5 (log K = 21.9). Kyrs’ 
and Caletka” gave the following values for log KzrT : 28.5 f 0.3 (in 1 M HNO,), 30.6 
(in 5MHN0,) and 29.5 & 0.5 (p = 0.1). 

It is still uncertain under which conditions zirconium(IV) or oxozirconium(IV) 
ions predominate in solution. The same uncertainty applies to the process of hy- 
drolysis of zirconium salts, which is always complicated because of polymerisation and 
complex formation with anions present in the solution. From recent experiments7a8 
it appears that in a solution of zirconium salts equilibria are formed between simple 

* For reprints of this Review see Publisher’s Announcement at the end of this issue. 
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hydrated cations and probably polycations of the type 

/O\ la+ 

i i 

Zr Zr . 
‘\ /’ 

0 

It follows from these considerations that the following results are typical. A solution 
has been prepared by dissolving zirconium hydroxide (precipitated with sodium 
hydroxide in the presence of triethanolamine, for masking traces of iron always 
present in common zirconium compounds) in hot dilute nitric, hydrochloric, sulphuric 
or perchloric acid and diluting the solution to a final acidity of 0*3-0*5N. The solu- 
tion has been heated almost to boiling and titrated with 0.05M EDTA with Xylenol 
Orange as indicator. The results of all these titrations in “fresh solutions” were 
always low. The amount of “available” zirconium increases with the aging of the 
solution and usually reached the theoretical value in a few hours or days (in nitric acid : 
15 hr; in perchloric acid: 8 days). On the other hand, longer heating before titration 
results in the amount of available zirconium again decreasing, the rate depending upon 
the nature of the acid used. In a solution of zirconium sulphate boiled for 20 min, 
the amount of available zirconium drops to half the total present, then remains 
essentially constant. However, if the sulphate solution is evaporated to white fumes, 
then diluted to the same acidity, correct results are obtained. Individual results 
are, of course, also dependent upon the concentration of zirconium. None of the 
above-mentioned phenomena (depolymerisation and polymerisation) has been 
observed with the indirect determination of zirconium, e.g., by back-titration with 
bismuth nitrate at pH 1 after boiling the zirconium solution with an excess of EDTA. 

Direct determination. For the direct determination of zirconium only a few indi- 
cators have been proposed, of which the best is Xylenol Orange and Methylthy- 
mol Blue,$*lO which can be used even at high acidities.ll 

Indirect determination. In the past, some authors have proposed back-titration 
of an added excess of EDTA, e.g., with bismuth nitrate or iron(lI1) chloride using 
different indicators. Here, also, one of the best procedures is the back-titration with 
bismuth nitrate and Xylenol Orange at pH l-2.12 

Interferences. The direct determination of zirconium can be carried out in the 
presence of a great number of elements, including thorium, scandium, titanium and 
lanthanides. Only iron and bismuth interfere. The influence of common anions has 
already been mentioned. Fluoride and phosphate also interfere. Large amounts of 
sulphate interfere because they accelerate hydrolysis or polymerisation in hot 
solutions. Sulphate, however, does not interfere, even in high concentration, in the 
indirect determination of zirconium. 

Separation. There are many ways, some lengthy, to eliminate the interference of 
zirconium in the determination of other elements. For the separation of zirconium 
two exchange methods were proposed by Korkisch and Farag.13 The precipitation of 
zirconium as barium hexafluorozirconium(IV)14 or as mandelate15 has also been used. 
Endo and TakagP precipitated zirconium, together with magnesium hydroxide, from a 
solution containing hydrogen peroxide and EDTA (for masking titanium and 
heavy metals). Recently, it was found Q~lo that zirconium may be easily separated, 
together with titanium, thorium and uranium, by simple precipitation with sodium 
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hydroxide in the presence of triethanolamine and EDTA (for masking iron and a 
number of other metals). After dissolution of the hydroxides the mixture can be 
analysed by successive titration with EDTA.lO 

There are also methods for separating or masking elements interfering in the 
determination of zirconium. Iron, titanium, copper and tin can be separated from 
zirconium, according to Wakamatsu, l7 by precipitation with cupferron in the 
presence of EDTA and by subsequent extraction with ether. In the aqueous phase 
zirconium is determined by back-titration of EDTA with copper sulphate, using 
I-(pyridylazo)-2-naphthol (PAN) as indicator. However, some interfering metals can 
be masked in a more simple way, e.g., thorium with ammonium or sodium 
sulphate,ls*ls copper with thiourea and iron by reduction to the bivalent state. 

Masking. No method of masking zirconium has yet been described, but it could 
probably be effected by boiling the solution with hydrogen peroxide.lO 

Practical applications. The complexometric determination of zirconium has found 
considerable application in the analysis of zirconium alloys with uranium,ls cerium,20 
iron” and with tantalum and niobium,21 and for the determination of zirconium in 
metallic tungsten and its alloys,22 ores,23 zirconium nitrides and borides,= in glasses25 
and siccatives.26 

THORIUM 

(log K, = 23.2) 

Direct determination. A number of indicators have been proposed for the direct 
determination of thorium. Among the first proposed Pyrocatechol Violet2’ was the 
best and it found considerable practical application. It has, however, been surpassed by 
Xylenol Orange28 and Methylthymol Blue. 29 The first of these is now the most 
widely used indicator for thorium. Titration is always carried out at pH 2-3, usually 
in the cold. 

Indirect determinations. Back-titration of an added excess of EDTA, e.g., with 
iron(II1) chloride or bismuth nitrate, is used only in the presence of other elements 
such as titanium and zirconium. 

Interferences. Moderate amounts of bivalent cations interfere slightly or not at all. 
Also, some lanthanides do not interfere. On the other hand, scandium, iron, zirco- 
nium, bismuth and thallium interfere or are quantitatively cotitrated. Fluoride, phos- 
phate and, below pH 2, sulphate interfere. There are different ways for eliminating 
the interference of the above metals, without previous separations. For instance, iron 
and mercury can be reduced with ascorbic acid and thorium titrated directly with 
EDTA at pH 3 using Pyrocatechol Violet. 3o Probably, thioglycolic acid could be 
used as well. Other important examples follow. 

Determination of thorium and zirconium. Their sum is determined by back- 
titration with bismuth nitrate and Xylenol Orange at pH 2.5. The solution is then 
acidified to pH 1, thorium masked with excess of ammonium sulphate and the liber- 
ated EDTA titrated with bismuth nitrate. 18~1s The successive determination of zirco- 
nium in nearly boiling nitric acid solution (0406M) with subsequent titration of 
thorium at pH 2.5-3.5 gives, in my experience, very accurate resu1ts.s Xylenol 
Orange is used as the indicator for both titrations. 

Determination of thorium and lanthanides. All lanthanides whose log K value lies 
between 16 and 18 do not interfere. On the contrary, it ispossibletotitratesuccessively 
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thorium at pH 2.5 and the other lanthanides at pH 5-5.5 in urotropine buffered 
solutions. Unfortunately, EDTA is not a suitable titrant because at a pH above 4 
the primary thorium-EDTA complex reacts with indicators (Pyrocatechol Violet, 
Xylenol Orange, Methylthymol Blue, etc.) giving intense colourations, which make 
further determination impossible. This can be overcome by using other titrants, such 
as triethylenetetraminehexa-acetic acid (TTHA) or diethylenetriaminepenta-aceticacid 
(DTPA), because their thorium complexes are inactive to these indicators, even in 
neutral solutions.31 

Determination of thorium and scandium. These elements form EDTA complexes 
of the same stability and no specific masking agent is known for either of them. 
Nevertheless, it is possible to determine both in the presence of each other, because of 
their different behaviour with TTHA. Their sum can be determined by direct titra- 
tion with EDTA at pH 2-3 using Xylenol Orange. If one then adds to the solution 
the same amount of the disodium salt of TTHA, only thorium reacts according to 
the following equation : 

Th-EDTA + TTHA + Th-TTHA + EDTA (1) 

This reaction is quantitative in hot solutions buffered with urotropine. The excess of 
TTHA and the liberated EDTA are titrated with lead nitrate using Xylenol Orange.32 
Calculation of the concentration of thorium and scandium is simple, because lead 
forms with EDTA a 1: 1 complex and with TTHA a 2 : 1 complex: 

TTHA + EDTA + 3 Pb + Pb,-TTHA + Pb-EDTA. (2) 

Separation. Several aromatic acids and potassium iodate have been proposed for 
the separation of thorium .33 Extraction methods can also be applied. Banks and 
Edwards34 improved the older method of Levine and Grimaldi35 based on extraction 
of thorium with mesityl oxide from nitric acid. Milner and Nunn36 and Milner and 
Edwards3’ separated bismuth from thorium by ion-exchange methods and determined 
thorium in the eluate either complexometrically or calorimetrically. 

Masking. Only sodium or ammonium sulphate has been used (see above). This 
is very suitable for the determination of titanium in the presence of large amounts of 
thorium.3s 

Practical applications. Amongst the widely used complexometric methods the 
analysis of thorium containing uranium,37 or uranium and bismuth,36 tungsten3g or 
magnesium40 is worth mentioning as well as the highly successful determination of 
thorium in monazite sands, thorium ores and concentrates.41-43 

BISMUTH 

(log KBIY = 27.94) 

Bismuth forms with EDTA a very stable complex, whose stability constant has 
been determined polarographically by Miklos and Szegedi44 to be 1027’v4. This value 
is a little higher than that found for the Bi-DCTA complex (log K = 23.9-24.5) 
recently by Selmer-Olsen. 45 However, it has been generally found that complexes 
with DCTA (1,2-diaminocyclohexanetetra-acetic acid) are always more stable than 
the analogous EDTA complexes, by a factor of 100, on the average. 

Direct determinations. Only direct complexometric methods at pH l-3 need be 
considered. Pyrocatechol Violet, Xylenol Orange and Methylthymol Blue are the 
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most suitable indicators. Titrations occur smoothly at normal temperature. Gattow 
and Schott46 have tested the accuracy of titrations by using about ten different 
indicators. According to their results Xylenol Orange gives slightly higher results 
than Pyrocatechol Violet or Methylthymol Blue. This conclusion seems to me, 
however, a little arbitrary because all the determinations were compared with that 
using Pyrocatechol Violet, which is a less sensitive indicator for bismuth than, for 
example, Xylenol Orange. In insufficiently acid solutions or at high concentrations 
of bismuth a turbidity, which reacts slowly with EDTA, arises during the titration. 
At the end of the titration the indicator “returns” and, therefore, it is necessary to 
titrate very slowly. Reliable adjustment of pH of the acid bismuth solutions has been 
recently studied by Gattow and Schott. *’ They consider neutralisation with hydroxides 
or ammonia to be unsuitable. Negative errors are caused by the formation of “poly- 
cations”. No errors arise, however, by neutralising with 1M sodium bicarbonate or 
1M sodium acetate. 

Interferences. The titration of bismuth at pH l-2 is not affected by lead, zinc, 
cadmium, etc. The successive determination of bismuth and lead has been investigated 
in detail by Kotrly and VEeSial. *s The other tervalent and quadrivalent elements are 
cotitrated. 

Separation. Recently, Gattow and Gotthardt 4Q described a method of almost 
universal applicability. It is based on precipitation of bismuth with sodium diethyl- 
dithiocarbamate (Cupral) in the presence of EDTA and potassium cyanide. After 
extraction of the bi-Cupral complex with chloroform and destroying it with con- 
centrated nitric acid, bismuth is determined at pH 1.1 using Methylthymol Blue as 
indicator. 

Masking. A few methods have been proposed to eliminate interferences. For 
example, iron or mercury can be reduced with ascorbic acid.30 Triethanolamine has 
been proposed for masking bismuth during the determination of calcium with Mu- 
rexide or calcium and magnesium with Methylthymol Blue.50 In special cases 
thioglycollic acid may be used for masking bismuth.51 

Practicalapplications. The complexometric titration of bismuth has been applied to 
the analysis of different alloys with lead52 and uranium,53 low melting alloys5’ con- 
taining also indium,54 etc. 55 The determination of bismuth in ores has been described 
by Wollmann. 56 Considerable attention has been paid to the analysis of pharmaceu- 
ticals; many papers have appeared and the complexometric titration of bismuth has 
been introduced into some European Pharmacopaeia. 

INDIUM 

(log KlnT = 24.9) 

Direct determinations. Because of the high stability of the indium-EDTA complex 
I prefer to use an acidic medium. For such titrations Xylenol Orange,58 Pyrocatechol 
Violet5Q and PANG0 have been used. The whole group of azo dyes has also been 
studied.61 

Interferences. Only those few metals having greater stability constants with EDTA 
interfere, e.g., iron, thorium, scandium, zirconium, bismuth and gallium. 

Practical applications. Because indium only appears in natural materials in minute 
amounts, the application of complexometry is rather limited. Indium has been 
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determined in concentrates,62 in alloys with lead and silver,g3 and in special alloys 
with bismuth, lead, cadmium and tin.54 

GALLIUM 

(log KGaY = 20.3) 

Direct determinations. Busev64 and his coworkers proposed 7-( l-naphthylazo)- 
8-hydroxyquinoline-5-sulphonic acid for the direct determination of gallium at pH 2.3, 
as well as indicators PAN and 4-(2-pyridylazo)-resorcinol (PAR).65 A great number 
of dihydroxyazo dyes were studied for these purposes by other Russian chemists.es 
Gallocyanine,B7 8-hydroxyquinoline6s and Morin6g have also been proposed, 

Indirect determinations. Gallium can be determined satisfactorily by back-titration 
with thorium nitrate using Xylenol Orange as indicator, 

Separation. Small amounts of gallium can be separated from a strongly acidic 
medium (5.6-6M HCl) by precipitation with diantipyrylpropylmethane’O or by extrac- 
tion with butyl acetate. The latter allows separation from aluminium.71 

Practical applications. The complexometry of gallium has not been much exploited. 
The determination of gallium in gallium-uranium alloys72 and in alloys containing 
gallium, aluminium and antimony73 has been reported. 

The determination of gallium and indium in the presence of each other is of 
importance in the analysis of materials such as their mixed arsenides or phosphides. 
One method is based on the different behaviour of gallium and indium towards TTHA 
according to the equations : 

2 Ga + TTHA -+ Ga,TTHA In + TTHA + InTTHA (3) 
With EDTA, of course, in both cases only 1: 1 complexes are formed. The procedure 
is very simple. In one aliquot the excess of EDTA is determined by back-titration 
with zinc using Xylenol Orange in a urotropine medium. In the second aliquot the 
excess of TTHA is determined by an analogous titration. Simple simultaneous 
equations based on (3) and the volumes of titrants consumed allow both gallium and 
indium to be determined.74 

THALLIUM(III) 

(log KTIY = 22.5) 

The stability constant of thallium(II1) with EDTA has been reported recently by 
Busev and coworkers75 to be 10 22.5. Thallium(I) forms a very weak complex with 
EDTA (log K = 58) so the complexometric determination is best carried out with 
thallium(II1) in an acidic medium using Xylenol Orange,5s PAN or PAR as indica- 
tors.76,77 

Interferences. At pH 3-3.2 thallium(I11) may be determined in the presence of a 
high concentration of thallium(I). ‘s Elements with a low stability constant do not 
interfere. The determination of some elements in the presence of thallium (and in this 
way indirectly also of thallium) can be carried out by reduction of thallium with 
sodium erythrobate .7s Determination of thallium in the presence of iron and bismuth 
has been described by Busev and Tiptsova.*O 

Practical applications. The complexometric determination of thallium has not so 
far been used on a large scale with the exception of the determination of thallium(I) 
iodide in monocrystals of sodium chlorides1 and the analysis of thallium-lead alloys.7g 
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IRON(II1) 

(log K,, = 25.1) 

Direct determinations. Direct complexometric titrations of iron have poor end- 
points. Indicators are generally well known reagents for iron, such as thiocyanate, 
salicylic and sulphosalicylic acid, Tiron, etc. The sharpness of the colour change 
is obscured by the yellow colouration of the iron-EDTA complex formed. In addition, 
at normal temperature the formation of the iron-EDTA complex occurs slowly and, 
therefore, a higher temperature (up to 60”) is advisable, but this increases the risk of 
hydrolysis in insufficiently acid solutions (the pH should be about 1). Thus, indirect 
determinations of iron are preferable, because they can be carried out over a wide 
range of PH. For the direct titration of iron, Xylenol Oranges2 can be used if there 
is a sufficient amount of iron(I1) in the solution. The titration has to be carried out, 
of course, in an inert atmosphere. 

Indirect determinations. Iron(II1) can be determined very reliably by back-titra- 
tion with bismuth nitrate at pH 1-2, with thorium nitrate at pH 2.5-3-5 or with lead 
nitrate at pH 5-5.5, using Xylenol Orange as indicator. Colour changes are very 
sharp and they can hardly be compared with the indistinct end-points obtained with 
indicators recommended for direct titrations. 

Interferences. The determination of iron at pH 1 is very selective and a number of 
bivalent metals do not interfere. Interferences include zirconium, thorium, copper, 
nickel, large amounts of aluminium, etc. Aluminium can be masked with ammonium 
fluoride or salicylic acids3 and copper with thiourea.a4 

Separation. Because iron interferes with the determination of other metals and 
blocks the indicators, it has to be separated from the solution. Different methods may 
be used. The precipitation, together with aluminium, etc., with urotropine or ammonia 
is widely employed. A number of extraction methods have been proposed as well 
as an anion-exchange procedure using the chloro- or EDTA complex. 

Masking. Triethanolamine, whichalsomasksaluminiumanda smallamount ofman- 
ganese,isgenerallyusedinanalkaline medium. 85,86 The introduction of triethanolamine 
enables all analyses of calcerous material to be carried out more rapidly. Recently, 
the masking of iron in a slightly acidic medium with a mixture of ammonium fluoride 
and potassium salt has been reported. After a while fine crystalline potassium 
hexafluoroferrate(II1) precipitates from the solution. It does not react with EDTA or 
DCTA, even after many hours. This method permits the determination of lead, zinc, 
nickel and cobalt in the presence of iron, aluminium and titanium, which are simul- 
taneously also masked with fluoride.*’ 

Practical applications. Determination of iron is of importance, especially if it is 
connected with the complexometric determination of aluminium, titanium, chromium, 
etc. A number of procedures for complete analyses of mineral raw materials, ores, 
slags, alloys, ferrites, pharmaceuticals, etc., have been published during recent years. 

TITANIUM 

(log KTiT, = 17.7, log K,iou = 17.3, log Kri(ulo,)y = 20.43)88 

Indirect determinations. The strongly hydrated and easily hydrolysed cation Ti4+ 
is quite unsuitable for direct complexometric determination. Also, the older 
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methods based on the back-titration of added excess EDTA are not accurate 
enough and will not be mentioned here. The reason for the inaccuracy is that 
some titanium-hydroxy complexes are formed during the back-titration. Only the 
yellow EDTA-peroxy complex is stable enough to prevent this, and all methods for 
titanium discussed here are based on its formation. The best method is that proposed 
by Bieber and VeEe?a. 8g It is based on back-titration with bismuth nitrate at 
pH l-2 with Xylenol Orange as indicator in the presence of hydrogen peroxide. 
Titrations are carried out at a temperature below 20”, and they are limited to 40 mg 
of titanium because of the yellow colouration of the titanium-EDTA-peroxy complex. 
Similar methods employing other titrants and indicators at considerably higher pH 
(e.g., 4-6) loose their selectivity, because other bivalent and tervalent cations 
interfere. 

Interferences. Metals forming stable complexes with EDTA at pH l-2, such as 
zirconium, thorium, iron and scandium, interfere in Bieber and Veceia’s method as does 
fluoride and phosphate. Aluminium can be masked with salicylic acid,g0 and thorium 
(up to 200 mg) can be masked with ammonium or sodium sulphate.sl Zirconium can be 
determined in 0.3-0.6M nitric acid before the determination of titanium.s1 

Separation. Titanium could be easily separated from aluminium, iron and biva- 
lent metals by precipitation with sodium hydroxide in the presence of triethanolamine 
and EDTA.g*lo 

Practical applications. The complexometric determination of titanium has been of 
use in the analysis of minerals, slags, ferrotitaniumg2 and titanium-aluminium alloys.g3 

CHROMIUM(111) 

(1% %Y = 23, log %(OH)Y = 7% 1% KCr(OH)2T = 10-o) 

The strongly hydrated chromium(II1) ion reacts, in a slightly acidic medium, with 
EDTA very slowly at normal temperature. By heating, however, an intense violet 
complex Cry-, or Cr(H,O)Y-, is formed. Many authors have studied in detail not 
only the kinetics of the formation of chromium-EDTA complexes, the equilibria 
between single complexes, but also their structure. Depending on the acidity of the 
solution the complex CrHY may be formed. Because the complexes differ in colour 
[Cr(OH),Y is, for instance, blue] spectrophotometry has been most useful in these 
studies, e.g., by Furlani and coworkers.g4 

Indirect determinations. The slow formation of chromium(IIl)-EDTA complexes 
allows only the indirect determination of chromium in an acidic as well as in an 
alkaline medium. The chromium(III)-EDTA (or DCTA) complex formed by boiling 
in an acidic medium is stable enough, but its intense colouration restricts the titratable 
amount to a few milligrams. In an alkaline medium, however, only blue complexes, 
Cr(OH)Y2-, Cr(OH),Y3-, exist and these interfere to a considerably less extent than 
the violet CrY- complex. 

For the indirect determination of chromium in an alkaline medium a number of 
methods have been proposed, such as back-titration with manganese,g5 zincs6 
nickelg7 and calciumg8~gs using Eriochrome Black T, Murexide, Cal&n, Fluorexon 
and Thymolphthalexon, respectively. Potentiometric indication, which is independent 
of the colour of the solution, has been used for the back-titration, in an acidic medium, 
with iron(ll1) chloride by Patzak and Doppler. loo~lol In an acidic medium, visual 
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titrations can be carried out with thorium or bismuth nitrate as titrant using Xylenol 
Orange as indicator,58 or copper as titrant and Calcein as indicator.102J03 

Interferences. Determination of chromium at pH l-2 (back-titration with bis- 
muth nitrate) is fairly selective, being affected only by elements with a very high 
stability constant. All these metals, however, react with EDTA in the cold, so that 
they can be determined separately before the solution is boiled with a new excess of 
EDTA. In an alkaline medium the interferences of some metals can be eliminated 
with common masking agents, such as potassium cyanide or triethanolamine. A 
very important problem is the determination of chromium(II1) in the presence of 
chromate. Statements in the literature are rather confusing. Because the formation 
of the chromium-EDTA complex requires boiling with an excess of EDTA, a partial 
reduction of chromate is also to be expected. Weiner and Ney104J05 did not observe 
a reduction of chromate with EDTA. My experiences and those of Verma and Agar- 
waPo6 are to the contrary. They recommend, for the complexometric determination 
of chromium in the presence of chromate, a specially purified DCTA, which is not 
oxidised by boiling with chromate at pH 3-5. 

Masking. For the masking of chromium triethanolamine has been used.gg 
Ascorbic acid is also very suitable, allowing the determination of calcium, nickel or 
manganese in the presence of large amounts of chromium.gs 

Practical applications. Chromium has been determined complexometrically in 
some iron-nickel-chromium alloys.g8 

COBALT(II1) 

(log KCoY = 40.7) 

Cobalt(II1) forms with EDTA an intense ruby red complex, COY-. It is formed 
very easily in slightly acid solutions of cobalt(I1) in the presence of EDTA and various 
oxidising agents, e.g., hydrogen peroxide, cerium(IV) sulphate, permanganate, etc. 
In an alkaline medium, after addition of hydrogen peroxide, a blue peroxy complex is 
formed, which is also very stable and does not react with potassium cyanide in 
ammoniacal buffer.lo7 Cobalt(II1) differs substantially from cobalt(II), which forms 
with EDTA a much weaker complex (log K = 16.3). 

Indirect determinations. In view of the chemical behaviour of cobalt(III), only 
indirect determinations are possible. The very intense colouration of the CoY- 
complex lowers the maximum limit of cobalt concentration that can be titrated. In 
acidic solutions, thorium nitrate can be used as back-titrant. In an alkaline medium 

the back-titration is carried out with magnesium chloride and Eriochrome Black T107 
or with calcium chloride and Calcein. lo8 Nickel, zinc, copper and cadmium can be 
masked in ammoniacal buffer solutions.lo7 

Masking. Recently, it has been found that cobalt is easily oxidised with hydrogen 
peroxide in the presence of triethanolamine to a red complex. In strongly ammoniacal 
solution nickel can be determined directly with EDTA and Murexide in the presence 
of 20 mg of cobalt/500 ml. log The complex CO(CN),~- which is formed in an am- 
moniacal solution in the presence of hydrogen peroxide and potassium cyanide has 
little colour. Nickel can be displaced from its cyanide complex by silver nitrate and 
determined directly with EDTA.llO 

6 
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Practical applications. Cobalt has been determined complexometrically in iron- 
nickel-cobalt alloys.rll 

VANADIUM 

[VY2- log K = 12.7; I’Y- log K = 25.9; I’(OH) Y2- log K = 9.6; (I’@ Y2- log K 
= 18.8; (V02)Y3-log K = 18.11 

Vanadium in its different valency states forms a number of complexes with EDTA 
as shown above. At present only the blue complex of vanadium(IV), VOY2-. 
is of importance for complexometry. It arises very easily by the reduction of 
vanadates with ascorbic acid in the presence of excess EDTA, which is back-titrated 
with thorium nitrate at pH 2-3 using Xylenol Orange as indicator.l12 For vanadium 
only two “direct” titrations with EDTA are known. Both are based on the dis- 
placement reaction between vanadium and the manganese-EDTA complexg5 or 
copper-EDTA complex, respectively113. The displaced manganese is determined 
with Eriochrome Black T as indicator at pH 10; the displaced copper is determined 
at pH 4.5-5 with PAN as the indicator. 

Practical applications. The latter method has been used by Lassner and Scharf’ll 
for the determination of vanadium in tungsten alloys after masking tungsten with 
tartaric acid. This is the only practical example yet published. 

TIN(IV) 

(log K unknown) 

Both valency states of tin form, in an acidic medium, sufficiently stable complexes 
with EDTA, and the tin(II)-EDTA complex is also stable towards ammonia. 

Indirect determination of tin(W). Kinnunen and Wennestrand112 have proposed a 
back-titration with thorium nitrate at pH 2 using Xylenol Orange as indicator, and 
Jankovski115 a back-titration with zinc acetate and Pyrocatechol Violet. At the end- 
point traces of tin are displaced from the EDTA complex and give a blue colouration 
with the indicator. Sajo 116 also recommends back-titration with zinc acetate using the 
3,3’-dimethylnaphthidine-hexacyanoferrate(III)/hexacyanoferrate(II) redox system as 
indicator. 

Masking and separations. The masking of tin in an alkaline medium with tri- 

ethanolamine has been proposed for the determination of lead, zinc, etc.ll’ Separation 
of tin, especially in the analysis of alloys, presents no difficulty. Already during the 
evaporation with nitric acid, stannic acid is isolated as an insoluble residue. It can 
be washed with a slightly ammoniacal EDTA solution to remove adsorbed cations 
and weighed directly as stannic oxide.llE 

Practical applications. Tin has been determined in white metalslls by complexo- 
metric titration. 

ALUMINIUM 

(log KAly = 16.3) 

Aluminium forms a medium to strong complex with EDTA. The formation takes 
place slowly in a slightly acidic medium. Ringbom120 explains this by the formation 

of polynuclear complexes during the hydrolysis of aluminium salts. Their formation 
is optimum over the rather narrow range of pH 3.54. The author thus explains the 
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instantaneous formation of the EDTA complex at just pH 3.5. At a pH lower than 3.5 
the equilibrium of the reaction is unfavourable, whereas at a pH higher than 4 
heating is necessary to complete the reaction. This also explains why the proposed 
direct titrations of aluminium with different indicators are not very satisfactory. 
Therefore, indirect determinations are commonly used. 

Indirect determinations. A number of methods have been proposed for the indirect 
determination of aluminium. All are based on back-titration of an added excess of 
EDTA with different metal solutions, using various indicators. Some years ago Saj6121 
described a very popular method based on the back-titration of EDTA with zinc 
acetate solution using the hexacyanoferrate(III)/hexacyanoferrate(II)/benzidine 
system as a redox indicator. From the metallochromic indicators and numerous 
back-titrants only dithizone and zinc sulphate122 and Xylenol Orange and thorium, 
zinc or lead nitrate123 need to be mentioned here. Both systems have attracted 
considerable attention. The dithizone method of W~nninen and Ringbom has been 
critically evaluated, e.g., by NydahP2* and slightly modified by Gottschalk.125 The 
back-titration of an added excess of EDTA with lead or zinc (in the presence of 
phosphate or fluoride) using Xylenol Orange as indicator is now currently used in a 
series of practical applications (see below) and considered to be more attractivei2” 
than the dithizone method.ln 

This enumeration is rather small in comparison with the number of published 
papers, the majority of which, however, offer practically no improvements. 

Interferences. Because of the comparatively low stability constant of the alumin- 
ium-EDTA complex and because of the necessity to carry out the determination 
indirectly at pH 4-55, all elements interfere with the exception of alkaline earths. 
Nevertheless, some methods for the determination of aluminium in the presence of 
other metals have been described. Attention has been concentrated mainly on the 
systems iron-aluminium, iron-aluminium-titanium, aluminium-iron-manganese, alu- 
minium-chromium, etc. Some of these proposals are not without interest, even though 
they can be criticised. Thus, the low reactivity of aluminium with EDTA at pH l-2 
has been used for the step-wise determination of iron and aluminium. Iron is titrated 
directly with EDTA using salicylic acid as indicator at pH 2, then aluminium is 
titrated at pH 3 with copper-PAN indicator .12’ The slight difference in the pH of 
these titrations gives rise to doubts about the reliability of the method. Similar 
step-wise titrations of iron and aluminium have been described by a number of 
authors. Various ways have been proposed for the determination of aluminium and 
chromium. Liteanu and coworker@* recommend an indirect determination of 
aluminium at pH 5-6 by back-titration with iron(II1) chloride and Tiron as indicator. 
The solution has to be heated to 50-60” before the titration takes place. Determina- 
tion of chromium is carried out in the same way after addition of a further excess of 
.EDTA and after boiling for 5 min. Surprisingly, it has been found that aluminium 
forms, almost instantaneously, a complex with DCTA, even at room temperature 
and in the presence of a large excess of neutral salts. 129 This fact has been used for the 
determination of aluminium in the presence of chromium(II1) and chromate.ls@ 
Chromium is then determined indirectly after boiling with a new excess of DCTA. 
In both titrations lead nitrate has been used as titrant and Xylenol Orange as indi- 
cator. Burke and DaviPsl and Pritchard18* successfully applied this new principle for 
the determination of aluminium in various alloys. 
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Of other titrants, hydroxyethylenediaminetriacetic acid (HEDTA) has to be 
mentioned. According to Wilkins, lss HEDTA can be used for the determination of 
aluminium (and nickel) in the presence of manganese, which forms with HEDTA a 
very weak complex in an acidic medium. Aluminium is determined indirectly by 
back-titration with copper at pH 5 using Methyl Calcein or Methyl Calcein Blue as 
fluorescent indicator. 

Masking. Only a few masking agents for aluminium are known. For an alkaline 
medium triethanolamine (TEA)l= is well known and ammonium fluoride for both an 
alkaline and acidic medium. 12s*13j*136 Other masking agents for aluminium are 

-13’ salicylic or aminosalicylic acid (PAS), the latter has been successfully used in 
the determination of iron or titanium in the presence of aluminium.13s Some inter- 
fering metals can be masked in various ways according to the nature of the element 
present. Well known is the masking of copper with thiourea and of zinc, cadmium, 
etc., with ~-phenanthroline in a slightly acidic medium.13s 

Separation. Many methods have been proposed for the separation of aluminium, 
including classical and ion-exchange methods. Milner and Woodhead precipitated 
aluminium with ammonium benzoate, while Hallasz and coworkers’*” separated 
aluminium as sodium aluminium silicate and determined magnesium in the filtrate 
complexometrically. 

Practical appI~~atio~s. Next to calcium and magnesium, aluminium has attracted 
most attention in complexometry. Older methods used less suitable principles, e.g., 
determination of aluminium in an alkaline medium. Taking into account the present 
state of knowledge, however, new methods based on back-titration with zinc solution 
using dithizone122 or Xylenol Orange 123 should be considered. The dithizone method 
cannot be used, for example, after the melting of the sample in a silver crucible.142 
To a smaller extent similar interference arises with the method using copper-PAN indi- 
cator. It is to be expected that the use of DCTA129-132 will find greater application 
because of the above-mentioned advantages. 

A large number of papers deal with the determination of aluminium in different 
kinds of natura1144.145 and artificial silicates, such as cements,146 refractories,147 
ceramics, i4* etc. Some papers in this field describe a whole scheme for the complexo- 
metric analyses of silicates and similar materials. 149 Others propose even semimicro- 
methods.150 Complexometry competes considerably even with calorimetric methods, 
e.g., in the determination of aluminium in steels,151-153 in high temperature alloys,154 
in ferrosilicon,155 ferrotitanium,156 etc. It has also been successfully used for the 
analysis of different alloys, such as those with magnesium,15? zinc158 and nickel,15g 
bronze and brass,160 and even alloys with pIutonium.161 

The number of papers dealing with the complexometry of aluminium is steadily 
increasing. Most of them are, however, collating the proposed methods or using 
them with only small alterations. 

Zusammenfhung-Es wird eine lifbersicht tiber die Bestimmung 
vier- und dreiwertiger Metalle durch visuelle komplexometrische 
Titration gegeben. Dabei wet-den neue Indikatoren, Titranten, 
Maskiermittel oder Abtrennmethoden beriicksichtigt. Es wird auf 
das komplexometrische Verhalten der Metalle sowie auf Storungs- 
moglichkeiten bei besonderen Bestimmungen aufmerksam gemacht. 
Altere Methoden werden nicht erwlhnt, wenn sie nicht unersetzlich 
sind. 
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R&sum&On presente une revue sur le dosage complexomdtrique visuel 
de metaux tetravalents et trivalents, effectue avec emploi de nouveaux 
indicateurs, de nouveaux agents titrants, d’agents dissimulants ou de 
nouvelles methodes de separation. On attire l’attention sur leur com- 
portement complexomttrique et sur les problemes d’interference dans 
des dosages particuliers. On ne mentionne pas de methodes plus 
anciennes, a I’exception de celles qu’on ne peut remplacer. 
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Summary_--An earlier review on the theory and applications of radio- 
frequency measurements in analytical chemistry is extended to cover 
the literature from 1960 to early 1965. 

THEORY 

A SERIES of papers by Ermakov et al. have considered further the theory of radio- 
frequency conductance measurements. Design criteria for the measuring cell have 
been discussed. The cupacitutiue type of cell was represented by the usual equivalent 
circuit, as shown in Fig. 1. Independent determinations of radio-frequency conduc- 
tivity and permittivity of solutions were made using circuits which enabled the cell 
parameters to be determined under resonance conditions.2 However, the precision 
with which these parameters must be measured is very high. In the following 
example, R, and C, represent the equivalent parallel resistance and capacitance, respec- 
tively, at frequencyf; R,, C, and C’, are the parameters in the circuit of Fig. 1. 

R,, kohm CD, PF s, Mcls R,, kohm CI, PF C,- PF 

36.4 12.073 2 
9.999 22.002 20.095 

35.6 1 I.797 4 

36.4 12*000 2 
11.468 20.594 21.116 

35.6 11.800 4 

Thus, a change of 0.6 % in C, changes R, by 14.7 % and C1 by 6.5 %.t It was con- 
cluded2 that for the measurement of permittivity, the electrodes should be of large 
surface area; for conductance measurements, a small cell constant is desirable. 

The inductive type of cell was discussed in terms of the circuit shown in Fig. 2, 
and its equivalent form, Fig. 3. Using this type of cell, the ratio L,/R, is obtained 
rather than the individual values; Li and Ri are the insertion effects of the cell upon 
the primary circuit. The Q-factor of the cell was enhanced by increasing the cross- 
sectional area of the cell and by operating at higher frequencies. 

Lee and Saadi3 showed that the Q-factor of the complete circuit was dependent 
mainly upon the conductance of the solution in the cell. An aqueous solution con- 
taining hydroxyl ions, and a solution of ethoxide ions in ethanol, both of the same 
low-frequency resistivity R, produced very similar Q-factors (Fig. 4). They confirmed 
the results of Zagorets et al4 which showed that at low conductances the cell coupled 
with the electrostatic component of the oscillatory field. Thus, the Q-factor was not 

* For a review of the literature to 1960 see reference 1. 
t Authors’ calculations. 
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FIG. l.-Equivalent circuit of capacitative cell. 
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FIG. 2.-Equivalent circuit of inductive cell. 

FIG. 3.-Reduced form of equivalent circuit of inductive cell. 
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FIG. 4.-Variation of Q-factor with conductance of solution, for an inductive cell. 

altered, with a given solution in the cell, by replacing water in the outer jacket by a 
concentrated solution of iron(II1) acetylacetonate which is highly paramagnetic. 

The effect of an electrostatic screen between the secondary coil and the solution in 
an inductive-type cell was investigated. 4 For the capacitative-type cell it was shown 
that the concentration cmax at which maximum high-frequency conductance occurred 
depended upon the low-frequency conductance and permittivity of the solution and 
upon the frequency of the applied field. 5 For uni-univalent electrolytes and a fre- 
quency not greater than 35 MC/S, cmax was given by the equation: 

cmax = (7.8 &f/A,,) . 1V (1) 
where f is the frequency in MC/S, E is the permittivity of the solution and f&, is the 
equivalent conductance at infinite dilution. Equation (1) gives cmax in mole/litre. 

Inclusion of the relaxation time 0 of the ionic atmosphere, as given by the Debye- 
Falkenhagen dispersion theory,6 led to a modification of equation (1). Equating 8 to 
1/(2nrf> gives 

where v, is the number of ions of the ith type/formula weight of the electrolyte. The 
following example was quoted to show the application of these equations: 

104. cmax, molellitre 

Eq. (1) Eq. (2) Expt. 
- _L Mcls 

HCl 9.18 
19.0 
58.2 

KC1 26.6 
57.0 

169.0 

M&l, - 
- 

6.62 s-5 5.8 
14.2 18.2 12.4 
42-O 44.5 36.8 
19.2 23.4 5.8 
42.0 54-o 12.4 

122.0 190-o 36.8 
11.3 9.1 5.8 
27.0 20-o 12.4 
80-O 63-O 36.8 
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Deviations from the theoretical values of c max occurred when the size of the solvated 
ions became compatable to the diminished thickness of the ionic atmosphere at the 
higher concentrations. 

-7r 
FIG. 5.-Inductive cell (after Zagorets’). 

50-- 

-5 -4 -3 -2 -I 0 

Mo K 

FIG. &-Variation of frequency with conductance for the cell of Fig. 5. 

The changes in frequency of the oscillator when loaded with a conducting solution 
have been measured using an internal inductance cell (Fig. 5). The coilisinsulatedfrom 
the solution by a glass spiral. In Fig. 6, the oscillator frequency is shown as a function 
of the low-frequency specific conductance for a series of potassium chloride solutions.’ 
This large change in frequency is not observed with the more usual type of inductive 
cell in which the vessel is placed inside the inductor. The frequency changes shown in 
Fig. 6 were related to changes in the effective dielectric constant of the solution with 
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changes in electrolyte concentration. Using potassium chloride as a reference electro- 
lyte, the relative changes in dielectric constant of several electrolyte solutions were 
calculated, with the results illustrated in Fig. 7. It was considered that these results 

FIG. 7.-Variation of dielectric constant with conductance, 
for several electrolytes, for the cell of Fig. 5 (relative scale). 

showed that the firmness of attachment of water molecules to the ions increased along 
the series : 

Cl- < Kf < Na’ < Mg2+ < AP’ < Lif. 

Further studies of the variation of c max with electrolyte concentration have been 
carried out at frequencies up to 200 MC/S .8 Stepwise curves were obtained, indicating 
the changes in structure of hydrate complexes, each with its characteristic lifetime.s 

A comparison of low-frequency conductance and high-frequency titration curves 
has been given by Guriev and Zarinskii. lo They used a capacitative-type cell together 
with the 5 MC/S apparatus described by Zarinskii and Mandel’berg.ll The titrations 

FIG. 8.-Comparison of radio-frequency and low frequency conductances. 
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of bases, amino acids and salts of weak acids in glacial acetic acid with O*l M perchloric 
acid showed very similar curves at low and at high frequencies (Fig. 8). The change 
in capacitance during these titrations is negligible, in agreement with previous investi- 
gations in the solvents dioxan, ethanol and ethylene glycol monoethyl ether.12 

APPARATUS 

Two new commercial instruments have been produced. The P.c.L.* instrument 
operates at frequencies of 10, 20 and 30 MC/S and uses a plug-in external band cell. 
Changes in anode current are measured across a bridge circuit.13 Pungor’s apparatus7 
operates at a fixed frequency between 100 and 120 MC/S. A band-type cell is used and 
changes in grid current are measured.14 

Several radio-frequency titrimeters have been produced by independent investi- 
gators; they incorporate the principles which have been described previous1y.l The 
highest frequency used is 190 MC/S, a parallel transmission line constituting the tuned 
circuit of the oscillator; the grid current is passed through a 1 kfi “Helipot” and the 
voltage drop measured on a 50-mV potentiometer recorder. The glass cell is inserted 
between the anode and grid lines and holds about 30 ml of solution. 

An inductive-type cell is connected in parallel with an inductance in the unknown 
arm of a radio-frequency bridge fed by a variable-frequency oscillator; the bridge is 
balanced by adjusting the C, and G, controls for zero output.16 Modulation of the 
signal fed to a Twin-T type bridge obviates the need for a beat-frequency oscillator in 
the receiver circuit.l’ Two crystal-maintained circuits, operating at 4.6 MC/@ and 
7 Mc/s,lg have been described; simple applications of these instruments to titrimetry 
have been given. Q-meter measurements on a capacitative-type cell have been 
reported.20 The change of frequency of an oscillator operating in the range 5 to 30 
MC/S was used to follow conductance changes. As we have pointed out, these changes 
are usually very small, and it was necesssary to measure the frequency with a precision 

FIG. 9.-Capacitative flow-cell (after Collins2a). 

* Polymer Consultants Ltd., Ardleigh, Colchester, Essex, England. 
t Shandon Scientific Instruments Co., Pound Lane, Willesden, London N.W. 10, England. 
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of *O-O3 c/s. Measurement of the frequency to SO.25 c/s was claimed to be 
equivalent to a change in conductivity corresponding to f5 x lOA mole/litre of 
hydrochloric acid.21 

The design of radio-frequency conductance cells to cover a wide range of concen- 
trations at a frequency of 1 MC/S has been considered.22 In the equivalent circuit 
(Fig, I), C2 should be large for adequate sensistivity. This, together with efficient 
mixing of the solution, was achieved by the arrangement shown in Fig. 9. The 
electrodes EE’ consisted of copper tubing coated internally with an insulating layer 
of Araldite 985E. 

PRACTICAL APPLICATIONS 

The radio-frequency technique has been applied to acid-base titrations, precipi- 
tations, redox processes and to the measurement of dielectric constants and dielectric 
loss factors. 

The titration of 1.5 x 10p3M hydrochloric acid by 0.IM sodium hydroxide has 
been studied in the presence of varying concentrations of sodium chloride up to 
1.5 x 10-2M; the Sargent Oscillometer Model V was used. The V-shaped titration 
curves became almost horizontal above this concentration of sodium chloride; the 
end-point is satisfactory up to 6 x 10p3M sodium chloride. The precipitation of 
10-3M solutions of lead nitrate with O*lM potassium chromate was satisfactory in the 
presence of potassium nitrate to a concentration of 6 x 10-3M, and the precipitation 
of 10-3M silver nitrate with 0.1M potassium chloride in the presence of nitric acid 
produced a sharp end-point in acid concentrations up to 10-3M.23 Acid-base titrations 
have been followed by Q-meter measurements.24*25 

The absorption of carbon dioxide in baryta has been followed by means of radio- 
frequency conductance measurements; it is pointed out that the use of internal 
electrodes for this purpose involves their frequent cleaning and replatinisation. The 
gas was absorbed in 500 ml of 1% baryta solution and a calibration curve relating 
the current to the weight of carbon dioxide absorbed was produced.26 

Solutions of aluminium chloride, bromide and sulphate have been titrated with 
sodium hydroxide, baryta and triethylamine, using the apparatus of Pungor.l* 
The titration curves showed the formation of AI( and its dissolution as the 
AI(O ion. 27 The shapes of these curves have been examined further; breaks 
occur after the titration of the acid initially present, after the precipitation of the 
hydroxide and also following its complete conversion to aluminate.2s The complexo- 
metric titrations of Hara2g have been re-examined30 and also the kinetics of complex 
formation between aluminium(II1) and Complexone III and Complexone IV; O*lM 
solutions of aluminium bromide and O*lM solutions of Complexones III and IV were 
used and the change of conductance with time followed with the Pungor titrimeter.31 
The energies of activation are 23.5 kcal/mole and 23.2 kcal/mole for reactions with 
Complexone III and Complexone IV, respectively. The kinetics of several radio- 
frequency titrations have been studied using a capacitative-type cell and a heterodyne 
beat technique.32 

Aluminium, cadium, zinc, manganese and magnesium have been determined in 
aqueous solution and in aqueous ethanol by titration with O*lM diammonium 
hydrogen phosphate solution, using the HFT30C apparatus1 operating at 30 MC/S. 
Satisfactory results were obtained with zinc and manganese in O*lM concentration.33 

Thorium has been determined by titration with diammonium hydrogen phosphate 
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solution ; the curves show two breaks, at Th :P ratios of 1: 1 and I : 2. The following 
reactions, which account for these breaks, were confirmed by analyses of the 
compounds formed :34 

ThOH3+ + HP042- --j Th(OH)PO, + H+ 

Th(OH)PO, + 2H+ + HP042- + Th(HPO,), + H,O. 

A similar titration curve was obtained with zirconium, the second break corresponding 
to the formation of Zr(HPO,),. The addition of 60% ethanol or methanol was 
desirable in this titration. The titration of barium, lead, silver and thallium(I) with 
potassium chromate solution was also studied, and again the addition of alcohol 
improved the accuracy of the titration.35 

Radio-frequency titrations involving the precipitation of CaC,O,, MgNH,PO, 
and [Co(NH,),][Cr(C,O,),] have been investigated with the Pungor titrimeter. The 
effects of changes in titrant concentration, pH, cell dimensions and frequency were 
studied.36 

Precipitation reactions between each of silver and thallium(I) with sodium tetra- 
phenylboron have been followed by means of the Sargent Oscillometer. 100 ml of 
solution of either metal were used, at concentrations between 10e4M and 10-3M 
and with a similar concentration of sodium tetraphenylboron; errors were reported 

as about 1 %.37 
Titrations in electrolyte solutions of concentrations to IM have been reported, 

using the 190 MC/S transmission-line apparatus already described.15 The titration of 
7 x 10-3M hydrochloric acid by 0.1 M sodium hydroxide was not impaired by addition 
of chloride ions to a concentration of 0.lM, but the titration curve was considerably 
flattened on further raising the chloride ion concentration to 1 M. The apparatus has 
been employed mainly in the study of radioactive materials. The titrations of 6 x 
10p3M solutions of strong acids by 0.1 M sodium hydroxide in the presence of uranyl 
salts at concentrations up to 11.66 g of uranium/litre show two breaks, at the free acid 
and the uranium end-points; the second of these end-points is masked by the addition 
of fluoride ions. Sulphate determinations with 0.25M barium chloride were carried 
out up to a sulphate concentration of 0.028M; uranyl sulphate could be titrated 
similarly after the addition of sodium citrate or sodium fluoride. In the titration of 
2.45 g of thorium(IV)/litre with 0*22M oxalic acid in unbuffered solutions, two 
breaks were obtained, corresponding to : 

Th4+ + H,C204 + [ThC20,12+ + 2H+ 

[ThC204]2+ + H2C204 -+ Th(C,O,), + 2H+. 

Only the second break was reproducible. A similar titration using 0014M EDTA was 
investigated up to a thorium(IV) concentration of I.93 g/litre. 

The radio-frequency technique has been used to determine the percentage of 
fluorine in fluoropolymers. After suitable treatment the fluoride ion was titrated 
with 0.05N calcium acetate solution; the error was about 1 %.38 

Titrations of acids in dioxan-water mixtures have been reported.3g The technique 
of back-titration with O.lM hydrochloric acid was adopted in order to determine a 
number of carboxylic and phenolic acids of pK, (in water) between 2 and 13. In the 
titration of weak acids in organic solvents the use of a base which produces an 
insoluble salt of the acid improves the sensitivity.40 
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A series of organic bases has been titrated separately and in mixtures, using the 
Sargent Model V Oscillometer; the solvent was glacial acetic acid and the titrant 
O*lM perchloric acid in glacial acetic acid. The following bases were studied : triethyl- 
amine, mono-, di- and tri-ethanolamines, acridine, quinaldine, 2-picoline, quinoline, 
iso-quinoline, pyridine, 7,8-benzoquinoline, o- and m-chloranilines, m- and p- 
nitranilines and anthranilic acid.41 

Alkalimetric and precipitation titrations of aniline hydrochloride and m- and 
p-phenylenediamine hydrochlorides with O*OlM sodium hydroxide and with O*lM 
silver nitrate have been carried out. 42 Several alkaloids were estimated as their 
hydrochlorides in this way. The Lewis acids aluminium trichloride and tin(W) 
chloride have been used to titrate nitrogen bases in the solvent acetonitrile;43 1: 1 
complexes were reported between aluminium and tin and the bases pyridine and 
piperidine. Errors of about 0.5 % were quoted. Tin(W) chloride formed 1: 2 com- 
plexes with the alcohols R-OH, where R = methyl, ethyl, propyl and butyl. 

The titration of 0.1 g of melamine in aqueous solution with cyanuric acid of 
concentration 0.1 g/litre has been carried outa using the apparatus of Zarinskii and 
Mandel’berg. l1 The titration of sodium dodecylamine sulphate or of the corre- 

*45 sponding hydrochloride has been reported, these titrations were insensitive to the 
presence of sodium salts. 

Solutions of acids in dimethylformamide have been titrated with a solution of an 
alkali-metal methoxide, CH,OM, where M = Li, Na, K, Rb and Cs, in 9: 1 benzene- 
methanol mixture. The Sargent Model V Oscillometer was used. It was found that, 
with the exception of lithium, the methoxides behaved as strong bases at the concen- 
trations used (10”’ to 1O-3M). The acids studied were ammonium iodide, /3-naphthyl- 
amine hydrochloride, dichloracetic acid, benzoic acid, o-nitrobenzoic acid and 
salicylic acid.46 

MISCELLANEOUS APPLICATIONS 

Radio-frequency titrations in liquid ammonia have been studied.47 The sulphur 
dioxide content of paper cooking liquors has been determined by the oxidation of a 
diluted sample with hydrogen peroxide and subsequent titration using standard 
baryta.4s 

The determination of lead in petroleum fuels has been carried out by titration 
with standard chromate solution, after suitable treatment; the apparatus used 
has been described above.l* 

The radio-frequency technique has been used to follow polymorphic changes in 
solids at high pressures; the Q-factor of a coil wound around the outside of the 
specimen tube indicated the changes. Pressures up to 65 kbar were applied, and 
volume changes as small as 0.1 ‘A were observed. Using a Bi-Tl-Ba (80-10-10) 
alloy, transition-points were found as follows:49 

Bi(1) to Bi(I1) 25 kbar 

Bi(I1) to Bi(II1) 28 kbar. 

Further transitions were observed at 36 kbar and 58 kbar. 
A dielectric constant meter operating at 3 MC/S has been used to measure dielectric 

constants up to 100 and dielectric loss to tan 6 = 0.25. It was used as a null instru- 
ment, balancing the test cell with a variable standard capacitor; alternatively, the 
out-of-balance current was calibrated in terms of dielectric constant.50 Applications 

i 
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of this instrument to radio-frequency titrations and to system monitoring have been 
reported.s1 

A very sensitive dielectric constant meter has been described, in which a micro- 
meter capacitor is adjusted to obtain the required Lissajou pattern on a cathode-ray 
tube screen.52 This instrument is sufficiently sensitive for the determination of the 
dipole moments of polar molecules in non-polar solvents. 

The course of the polymerisation of formaldehyde to form the sugar formose has 
been followed by the change in high-frequency conductance of the solution. Breaks 
in the current-time curve indicate stages in the polymerisation.s3 

R&n&-On a ttendu une revue anterieure sur la theorie et les applica- 
tions en chimie analytique des mesures de radio-frequences, de facon 
a couvrir la litterature de 1960 au debut de 1965. 

Zusamrnenfassung-Eine frtiher gegebene Ubersichtl iiber Theorie und 
Anwendungen von Radiofrequenzmessungen in der analytischen 
Chemie wird auf die Literatur von 1960 bis Anfang 1965 ausgedehnt. 
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Summary-A critical review of the more important methods for the 
determination of uranium(V1) through reduction to uranium(IV) and 
subsequent titration with an oxidimetric reagent is given. A new 
method is described involving reduction to uranium(IV) by an excess 
of iron(I1) in a strong phosphoric acid medium followed by potentio- 
metric titration with a standard solution of potassium dichromate. 
This method has the advantages that the uranium(V1) is reduced 
quantitatively only to the uranium(IV) stage and that the potentio- 
metric titration can be carried out at room temperature without the 
need for an inert atmosphere. It is also subject to less interferences 
than the other methods. 

THE most widely adopted titrimetric method for uranium(V1) consists in the reduction 
of uranium(V1) to uranium(IV) and titration of the reduced form with a suitable 
oxidising agent. Among the reducing agents employed are metallic zinc, silver, 
lead or mercury. Zinc is used in the form of a solid amalgam as in the Jones Reductor 
or as a liquid amalgam according to Nakazono. 1 In both procedures uranium(V1) 
is reduced in a 2-5 % Y/Y sulphuric acid medium to a mixture of uranium(IV) and 
uranium(II1). The uranium(II1) can be oxidised to uranium(IV) by passing a rapid 
stream of air through the solution for about 10 min as was shown by Lundell and 
Knowles.2 Rodden states that according to Miller, Morgan, Givens and Duane,4 
the oxidation is slow if the solution is not agitated either by a rapid stream of bubbles 
or by stirring. Moreover, in solutions containing O-4 g of uranium and 0.25-90 mg 
of molybdenum/100 ml, the oxidation of molybdenum(II1) to molybdenum(IV) causes 
the oxidation of uranium(II1) to go beyond the quadrivalent state during aeration. 
If the concentration of molybdenum is over 90 mg/lOO ml, complete oxidation of the 
molybdenum from the tervalent to the quadrivalent state by aeration is difficult and 
high results may be obtained for uranium. Although copper is precipitated in the 
Jones reductor, some is washed through with the reduced solution. It rapidly re- 
dissolves and markedly accelerates the oxidation of uranium(IV) by air to uranium(V1). 

Recently, Sill and Peterson5 made a thorough investigation on the use of the Jones 
reductor for determination of milligram quantities of uranium(V1). They stated that 
the solution to be titrated for uranium should have a volume of about 75 ml and 

* Part IV: see reference 25. 
t On deputation from Department of Chemistry, Osmania University, Hyderabad (Andhra 

Pradesh). 
$ Those parts of the paper dealing with elimination of the interference of manganese(I1) and 

cerium(lI1) and the analysis of Samarskite were received on 14 October 1964. 
953 
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contain 6 ml of concentrated sulphuric acid. After being cooled to 15-20”, the solution 
is reduced by passing it through an air-free Jones reductor having a bore of 12 mm 
and a 30-cm column of 20- to 30-mesh amalgamated zinc (1% mercury). The flask 
and reductor are then washed with 50 ml of cold 1M sulphuric acid followed by 50 ml 
of cold water, added in small portions to obtain maximum washing efficiency. Each 
solution should be poured down the side of the reductor tube to prevent the formation 
of air bubbles that might be drawn into the zinc column. It is extremely important 
to keep the column free from air in order to prevent formation of significant amounts 
of hydrogen peroxide. The solution is then aerated by passing a fairly rapid stream of 
clean air through it for 5 min. 

In as much as vanadium is reduced to the bivalent state by a Jones reductor and is 
not fully oxidised by air, its presence should lead to high results for uranium. When 
the quantity of uranium involved is small, this is the case, but with relatively large 
quantities of uranium, the results are surp~singly low. When a solution containing 
uranium equivalent to 25.0 ml of ~~997~ sulphatoceric acid was titrated in the 
presence of O-90 mg of vanadium, a titre of only 23.7 ml was obtained. From this it 
can be concluded that air oxidation of bivalent and tervalent vanadium apparently 
induces the air oxidation of quadrivalent uranium. Thus, the results can be either 
high or low, depending on the relative amounts of uranium and vanadium. With ions 
that can exist in several valency states, such as vanadium, molybdenum and tungsten, 
either high or low results can be obtained, depending on the metal:uranium ratio. 
Generally, the small quantity of metals not removed in the usual macro separations 
will cause high results for small quantities of uranium and low results for larger 
quantities. In the case of titanium, all results will be low because of induced oxidation 
of uranium and because the titanium(Il1) is more or less completely oxidised by air, 
leaving nothing capable of consuming the oxidant. This is also the pIedominant effect 
with copper, niobium and chromium. Silver and mercury cause high results. The 
error caused by iron is always positive, but, unlike any of the others, is an exact 
stoichiometric function of the quantity present. The interference of nickel in proced- 
ures involving the Jones reductor has been pointed out by Furman and Huberling.6 
Cobalt also interferes in this method. Large quantities of calcium interfere by 
occlusion of uranium in the calcium sulphate formed in the sulphuric acid solution. 

From the foregoing it is evident that, when a Jones reductor is used, great care 
should be exercised to see that the column is air-free, otherwise hydrogen peroxide 
formation seriously interferes in the determination of uranium. Moreover, this 
procedure is subject to interference by nitrate, vanadium, molybdenum, tungsten, 
titanium, copper, nickel, cobalt, chromium, silver, mercury, iron, etc. Kennedy7 
worked out conditions for the quantitative reduction of uranium to uranium(~~I) 
in a nitrogen atmosphere with amalgamated zinc and 1M hydrochloric acid or per- 
chloric acid. The equivalent amount of iron(I1) produced in an iron(II1) alum collecting 
solution was determined by dichromate titration. However, sulphate seriously 
interferes with the complete reduction of uranium(V1) to the tervalent state. Com- 
bination of this procedure with an air oxidation procedure was suggested as a means 
of analysing mixtures of titanium or iron and uranium. 

Metallic silver has been used (as in the silver reductor by Birnbaum and Edmonds*) 
for the reduction of uranium(V1) to the quadrivalent state. This procedure necessi- 
tated a high temperature (6&90”) and controlled acidity of 4N hydrochloric acid. 
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In 1M hydrochloric acid, uranium(V1) is not reduced in the silver reductor, and even 
at a temperature of 60-90” there is only a slight reduction. Nitric acid, iron, molyb- 
denum, vanadium and copper must be absent because they are reduced in the silver 
reductor. The formation of small amounts of hydrogen peroxide during reactions of 
dilute acids on silver reductorss and liquid metal amalgamslO in the presence of air 
has been observed many times. 

Koblicll reduced uranium quantitatively to the quadrivalent state with lead. 
However, his procedure is inconvenient because the solutions have to be boiled in an 
inert atmosphere of carbon dioxide in the presence of hydrochloric acid for at least 
30 min. Cooke, Hazel and McNabb12 and also Sill and Peterson6 used a lead reductor 
to reduce uranium(V1) in hydrochloric acid solution quantitatively to uranium(IV) 
at room temperature. The use of a lead reductor has probably been limited because 
of the difficulty of applying it to sulphuric acid solutions. When sulphuric acid 
solutions are reduced with lead, an adherent film of lead sulphate is formed which 
soon decreases the efficiency of the reducing agent. Cooke, Hazel and McNabb12 
have shown that the formation of a lead sulphate film may be prevented if the concentra- 
tion of hydrochloric acid isgreater than2.5M. In their method nitrate and iron(II1) must 
beabsent becausetheyarealso reduced. Conflicting statements are made in the literature 
concerning the formation of hydrogen peroxide in the lead reductor. Cooke, Hazel 
and McNabb12 state that the reductor need not be freed from air, because its presence 
does not introduce errors. Sill and Peterson5 state that hydrogen peroxide is formed 
in the lead reductor. They emphasise that air bubbles must be removed to prevent 
its formation. Sill and Peterson5 found that chromium and titanium interfere in the 
determination of uranium when a lead reductor is used to reduce uranium(V1) to 
uranium(IV). 

Caley and Rogers13 used metallic mercury for the determination of uranium(V1). 
They state that the reduction of uranium(V1) solutions with mercury is never entirely 
complete even when using hydrochloric acid in very high concentration (7-9M). 
The degree of incompleteness of reduction varies from 4 to 7 parts per thousand, 
depending upon the exact conditions of experiment and manipulation. In spite of the 
incompleteness of the reduction, they used a mercury reductor for the determination 
of uranium by applying a positive correction factor of 0.5%. The uranium(IV) 
formed is filtered into an excess of standard potassium dichromate and the excess 
back-titrated with a standard solution of iron sulphate. Antimony, iron, molyb- 
denum and vanadium interfere. Obviously, procedures requiring the use of the various 
reductors discussed above for the determination of uranium(V1) are tedious, because 
the reductors must be washed completely free from any uranium(IV); moreover, 
the procedures are subject to many interferences. 

From the foregoing it is evident that the use of a Jones reductor, silver reductor, 
mercury reductor and even a less powerful reductor like metallic lead, are not fully 
satisfactory for the reduction of uranium(V1) to uranium(IV) before its titration with 
an oxidising agent. 

Korach and coworkers14~1S used chromium(I1) solution for the reduction of uran- 
ium in 5 % sulphuric acid. The resulting quadrivalent uranium is titrated to a potentio- 
metric end-point with iron(II1) sulphate, at a temperature of 95” and in an atmosphere 
of carbon dioxide. Recently, JonesI modified this procedure as follows : uranium(V1) 
is reduced with excess of chromium(I1) in sulphuric acid, excess of chromium(I1) 
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is oxidised by passage of air through the solution, then the mixture is treated with an 
excess of iron(II1). The resulting iron(I1) is titrated with cerium(IV) sulphate solution 
using a potentiometric end-point with an automatic titrator. At the 50-mg level of 
uranium, a precision better than &O-5% is reported. Tin(IV), iron(III), copper( 
silver(I), lead(H), tin(II), bismuth(III), mercury(H), antimony(II1) and tungsten(V1) are 
reduced by chromium(I1) ions and hence interfere. Moreover, chromium(I1) solutions 
require special storage conditions because they are highly sensitive to atmospheric 
oxidation. 

Mainl’ reduced uranium(V1) with tin(I1) chloride. The uranium(V1) solution is 
made 6M with respect to hydrochloric acid and 0*75M with respect to phosphoric 
acid. Two ml of 0*02M iron(II1) chloride/40 ml are used as a catalyst. The reduction 
is carried out (inert atmosphere) at a temperature of 96-99” with excess of tin(H) 
chloride for 10-15 min. After cooling, the excess of tin(H) chloride is eliminated with 
mercury(H) chloride and the solution treated with excess of iron(II1) chloride; the 
iron(H) formed is titrated with a standard solution of potassium dichromate using 
diphenylamine sulphonic acid as indicator. The titration is reported to be accurate 
to 0.5 %. Arsenic, perchlorate, tungstate, permanganate, ammonium ions, pyridine, 
bismuthate, cobalt(II), sulphate, chloride and less than 5 mg of nitrate are reported 
not to interfere. Molybdenum(VI), copper( titanium(IV) and vanadium(V) 
interfere. From the procedure it is obvious that the method is tedious because (1) it 
involves a long heating at a high temperature, (2) the method is indirect, and (3) a 
correction has to be applied for the amount of iron(II1) used as catalyst. 

According to Newton and Hughes,lE uranium(V1) can be reduced with an excess 
of titanium(III), the unreacted titanium(II1) then being oxidised with excess bismuth 
trioxide, which is reduced to the metal. The bismuth metal and excess oxide are 
removed by filtration and the filtrate titrated in the ordinary manner to determine 
uranium(IV). Recently, Helbig l9 described the determination of uranium(V1) by 
reaction with excess titanium(II1) followed by potentiometric titration with cerium(IV) 
in sulphuric acid. With a platinum indicating electrode, two potential breaks were 
observed, the first corresponding to excess titanium(II1) and the second to uranium(lV) 
Even more recently, Corpel and Regnaud 2o described a method for the titrimetric 
determination of iron(III), uranium(V1) or plutonium(V1) and plutonium(IV) in a 
mixed sulphuric-nitric acid medium (0*5M, 1 M). They are reduced with titanium(II1) 
chloride solution in the presence of sulphuric acid to iron( uranium(IV) and 
plutonium(III), respectively, then titrated with 0.01 M cerium(IV) sulphate solution 
using ferroin as indicator. Precautions normally taken for nitric acid media are 

unnecessary. 
Because the use of various reductor columns and reducing agents like chromium(H) 

chloride, tin(I1) chloride, etc., for the reduction of uranium(V1) to uranium(IV) before 
titration with an oxidising agent is attendent with so many difficulties and interfer- 
ences, we have investigated the use of a reducing agent which is free from these defects. 

Investigations have now been carried out to ascertain if the observation of Gopala 
Rao and Sagi21 that uranium(VI) is quantitatively reduced by iron(I1) in a strong 
phosphoric acid medium at room temperature can be used for developing a redox 
procedure for the determination of uranium(V1). Thus, when an excess of iron (II) 
is added to uranium(V1) in a strong phosphoric acid medium, the mixture will contain 
unreacted iron(H), uranium(IV) and iron(II1). Attempts to oxidise the unreacted 
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iron(I1) completely by passing a stream of air were unsuccessful. Even after passing 
air for over 1 hr some iron(I1) still remained. This is in accordance with the obser- 
vations of Duckitt and Goode,22 who found that in a mixture of uranium(IV) and 
iron(I1) only up to 0.1 ‘A of iron(I1) can be oxidised by aeration for 15 min. Higher 
percentages of iron(I1) give errors. We have, however, observed that when a mixture of 
iron(I1) and uranium(IV) is titrated potentiometrically at room temperature with 
potassium dichromate solution, two different breaks are obtained in the potential 
US. volume curve : the first corresponds to the oxidation of iron(I1) to iron(II1) and the 
second (i.e., the dichromate consumed between the two potential breaks) to the oxidation 
of uranium(IV) to uranium(V1). Before the equivalence point for iron(I1) the potentials 
are stabilised in about 1 min, but at the equivalence point about 10 min are required 
for potential stabilisation. The break in potential is about 190 mV/O.O4 ml of 0.2N 
dichromate solution. During the part of the titration corresponding to the oxidation 
of uranium(IV), the potentials are stabilised in about 1 min in the early stages and in 
about 3 min near the equivalence point. The second break in potential is about 
260 mV/O*04 ml of 0.2iV potassium dichromate solution when the volume of titration 

solution is about 50 ml. 
This method is suitable for the determination of uranium(V1) in mixtures with 

tungsten(VI), copper( iron(III), titanium(IV), chromium(III), chromium(VI), 
cobalt(II), nickel(I1) and tin(IV) because these do not interfere. Manganese(II), 
manganese(VII), cerium(III), cerium(IV), vanadium(IV), vanadium(V), molyb- 
denum(V) and molybdenum(V1) interfere. The new method is quite convenient 
because it can be carried out at room temperature without the need for an inert 
atmosphere. The direct titration of uranium(V1) with iron(I1) in a strong phosphoric 
acid medium previously proposed by Gopala Rao and Sagi2i also has these ad- 
vantages, but is subject to the inconvenience of a low potential break at the equivalence 
point (100-150 mV) and to the disadvantage of a sluggish attainment of equilibrium 
potentials. These are eliminated in the procedure now described. Moreover, the 
latter has the advantage that the determination of uranium(V1) is made through 
potassium dichromate, which is a primary standard. 

Reagents 
EXPERIMENTAL 

0.05M Uranium(W) solution. Prepared from analytical reagent grade uranyl acetate of British 
Drug Houses Ltd. (England) so as to be O.SM in sulphuric acid. This solution is standard&d by 
reduction in a Jones reductor, followed by titration with a standard solution of potassium dichro- 
mate according to the procedure of Kolthoff and Lingane.e* 

0.2N Potassium dichromate solution. Prepared from “Pro Analysi” grade potassium dichromate 
of E. Merck (Germany). 

0..5M Iron(H) solution. Prepared from analytical reagent grade Mohr’s salt supplied by British 
Drug Houses Ltd. (England) so as to be O%Z in sulphuric acid. 

Phosphoric acid. “Pro Analysi” grade phosphoric acid of E. Merck (Germany) is used in this 
investigation. 

All other chemicals employed in this investigation are analytical reagent grade. 

Apparatus 

The potentiometric assembly used is as described in Part I of this series.14 

Procedure 

From 2 to 8 ml of 0.05M uranium(W) solution are taken in a 150-ml Pyrex beaker and treated 
with 4t%50 ml of phosphoric acid. The mixture is connected to the saturated calomel electrode 
through a saturated sodium perchlorate bridge and a saturated sodium nitrate bridge. A bright 
platinum rod is used as indicator electrode. The mixture is stirred electromagnetically. 0.5MIron(JI) 
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TABLE i I.-POTENT~OMETRIC TITRATION OF 
URANIUM(VI) WITH POTASSIUM DICHROMATE 
IN A 12M PHOSPHORIC ACID MEDIUM AFTER 

REDUCTION WITH IRON 

Uranium(VI), rn<y 

Taken Found 

21.18 21.18 
42.71 42.72 
52.50 52.50 
59.59 59.77 
60.91 60.96 
80.85 80.61 
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FIG. I.-Potentiometric titration of uranium(W) (67.12 mg) with 0.2N potassium 
chromate in a 12M phosphoric acid medium after reduction with excess iron(I1). 
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solution (05-2 ml) is slowly added to the mixture from a graduated pipette until the cell potential 
becomes less than about 0.180 V. This indicates that the iron(I1) added is in excess of that required 
for the complete reduction of uranium(VI). The mixture is then titrated with 0.2N potassium di- 
chromate solution, noting the potentials I min after the addition of each portion of dichromate until 
near the first equivalence point and after 10 mitt at the equivalence point, which indicates complete 
oxidation of the excess iron(I1). Thereafter, the potentials are noted about 2-3 min after the addition 
of each portion of potassium dichromate solution. The volume of potassium dichromate solution 
lying between the first and second breaks corresponds to that required for uranium(IV). A repro 
sentative potentiometric titration curve is shown in Fig. 1. Typical results of assays of uranium(VI) 
made in this manner are given in Table I. They show that the error of determination does not exceed 
0.3 % (relative). 

INTERFERENCES 

Oxygen of the air does not interfere. In the presence of chloride no break is 
observed at the second equivalence point, although the first break is obtained. 
Nitrate interferes in the titration. Large quantities of iron(II1) or iron(I1) do not 
interfere, which is a decided advantage over the previous procedures. Tungsten(W) 
does not interfere because it is not reduced by iron(I1) in a strong phosphoric acid 
medium. Chromium(V1) and chromium(II1) do not interfere because chromium(W) 
is reduced to chromium(II1) along with uranium(V1) by iron(I1) and the chromium(II1) 
is not re-oxidised by dichromate. Cobalt(II), nickel(II), copper( tin(W) and 
titanium(W) do not interfere. 

In this titration manganese(VI1) [or manganese(II)] and cerium(IV) [or cerium(III)] 
interfere, because the manganese(I1) or cerium(II1) formed by reduction react simul- 
taneously with the potassium dichromate after about 50% of the uranium(IV) is 
reoxidised. Molybdenum(W) interferes because it is reduced to molybdenum(V). 
Molybdenum(V) and uranium(IV) are simultaneously oxidised by the potassium 
dichromate to molybdenum(W) and uranium(VI), respectively, after the first break 
in potential is obtained. 

The interference of manganese(I1) [or manganese(VII)] and cerium(II1) [or 
cerium(IV)] can be eliminated as follows. After the iron(I1) equivalence point, the 
titration mixture is diluted with distilled water such that the concentration of phos- 
phoric acid lies between 6 and 9M at the second equivalence point. When the titration 
is completed under these conditions, only the uranium(IV) reacts with potassium 
dichromate. 

Vanadium(IV) and vanadium(V) also interfere in the determination of ura- 
nium(W) and this is under further investigation. 

APPLICATION TO DETERMINATION OF 
URANIUM IN SAMARSKITE 

Procedure I 
One g of powdered and dried Samarskite is taken in a 250-ml platinum dish and treated with a 

mixture of 10 ml of 40% hydrofluoric acid and 10 ml of nitric acid (1: I), then carefully heated almost 
to dryness. The residue is again treated with 10 ml of hydrofluoric acid and heated almost to dryness 
to remove completely any silica left after the first treatment. Finally, the residue is heated with 10 ml 
of sulphuric acid (1: 1) to fumes of sulphuric acid. 
is no mechanical loss. 

At this stage care should be taken to see that there 

The residue is extracted with hot 1M sulphuric acid, cooled and filtered through a Whatman 42 
filter paper into a 1%ml Pyrex beaker. The white mass (oxides of niobium and tantalum) left on the 
filter paper is washed several times with 1M sulphuric acid. The filtrate plus washings are carefully 
evaporated on a hot-plate until the volume is reduced to about 10 ml. During this process some white 
material is precipitated. After cooling, the residue is treated with 40 ml of syrupy phosphoric acid. 
The solution becomes clear after standing for about 0.5 hr. It is then treated with an excess of iron(H) 
and titrated potentiometrically with standard 0.2N potassium dichromate according to the procedure 
already described. 
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To check the uranium content in the ore by a standard method, 2 g of the ore is treated as de- 
scribed above. The solution is passed through a Jones reductor and shaken in air for about 10 min 
to oxidise any uranium(II1) that is formed. Because of the presence of iron in the ore the method of 
Kolthoff and Linganezs could not be applied for the determination of uranium. Therefore, we have 
carried out a potentiometric titration of the mixture (10 ml) in a 12M phosphoric acid medium with 
standard 0.05N potassium dichromate solution according to the procedure described in a previous 
paper.26 Two breaks are obtained, the first corresponding to the oxidation of iron(I1) and the second 
to that of uranium(IV). The volume of dichromate between the first and second breaks corresponds 
to that required for the uranium. 

Procedure II 

To avoid filtrations the following procedure is adopted. About 1 g of the well powdered and 
dried sample is taken in a 250-ml platinum dish and treated with a mixture of nitric acid and hydro- 
fluoric acid and finally with sulphuric acid (1: 1) as described in Procedure I. 

After cooling, 20 ml of water and 10 ml of syrupy phosphoric acid are added and the contents of 
the platinum dish transferred to a 150-ml Pyrex beaker. The dish is washed with lo-ml portions of 
syrupy phosphoric acid and the washings also transferred to thebeaker. Altogether 50 mlof phosphoric 
acid are added. This solution becomes almost clear. After cooling, the solution is treated with an 
excess of iron(I1) and titrated potentiometrically with standard 0.2N potassium dichromate as 
described in Procedure I. The slight turbidity does not interfere in the titration. 

Some typical results from the analysis of a sample of Samarskite of the Nellore District, Andhra 
State, India, are given in Table IT. 

TABLE II 

Uranium found by 
present method, 

% 

Uranium found by method of 
Gopala Rao and Kanta Rao,25 

% 

Procedure I 
7.247, 7.265 

Procedure 11 
7.259, 7.283 

7.289, 

7.289 

Acknowledgement-One of us (P. K. R.) desires to thank the Council of Scientific and Industrial 
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Zusammenfassung-Eine kritische Ubersicht iiber die wichtigeren 
Methoden zur Bestimmung von Uran(V1) durch Reduktion zu Uran 
(IV) und anschlieljende oxydimetrische Titration wird gegeben. 
Eine neue Methode wird beschrieben; dabei wird mit iiberschtissigem 
Eisen(l1) in starker Phosphor&ire zu Uran(IV) reduziert, dann 
potentiometrisch mit eingestellter Kaliumdichromatlosung titriert. 
Der Vorteil dabei ist, da13 Uran(V1) quantitativ nur zu Uran(IV) 
reduziert wird und die potentiometrische Titration bei Zimmer- 
temperatur ohne lnertgas ausgeftihrt werden kann. Sie ist such 
weniger storungsanfallig als die anderen Methoden. 

Resume-On presente une revue critique des methodes les plus im- 
portantes de dosage de l’uranium(V1) par reduction en uranium(IV), 
suivie d’un titrage au moyen d’un reactif oxydimetrique. On decrit 
une nouvelle methode baste sur la reduction en uranium(IV) au 
moyen d’un excbs de fer(I1) en milieu fortement concentre en acide 
phosphorique, suivie d’un dosage potentiometrique par une solution 
Ctalon de bichromate de potassium. Les avantages de cette methode 
sont la reduction quantitative de l’uranium(V1) en uranium(IV) 
exclusivement, et la possibilite de mener le dosage potentiometrique a 
temperature ambiante sans qu’il soit necessaire d’operer en atmosphere 
inerte. Elle est aussi moins sujette aux interferences que les autres 
methodes. 



Determination of uranium(V1) 961 

REFERENCES 

1 T. Nakazono, J. Chem. Sot. Japan, 1921 42, 761. 
2 G. E. F. Lundell and H. B. Knowles, J. Amer. Chem. Sot., 1925, 47,2637; cf. 2. analyt. Chem., 

1926, 68, 306. 
3 C. J. Rodden, Analytical Chemistry of Manhatten Project. McGraw-Hill Book Company, New 

York, 1950, p. 65. 
4 H. W. Miller, H. W. Morgan, H. C. Givens and J. J. Duane, Report-A 1060, Sec. 2E, Oct. 31, 

1944, p. 1. 
5 C. W. Sill and H. E. Peterson, Analyt. Chem., 1952,24,1175. 
6 N. H. Furman and J. B. Huberling, U.S. Atomic Energy Commission, Document MDDC-1662, 

1947. 
’ J. H. Kennedy, Analyt. Chem., 1960,32,150. 
* N. Birnbaum and S. M. Edmonds, ibid., 1940,12,155. 
9 C. F. Fryling and F. V. Tooley, J. Amer. Chem. Sot., 1936,58,826. 

lo L. P. Pepkowitz, U.S. Atomic Energy Commission, Document, MDDC-727 (1945). 
I1 0. Koblic, Chem. Listy, 1925, 19, 1. 
la W. D. Cooke, F. Hazel, and W. M. McNabb, Analyt. Chem., 1950,22,654. 
I3 E. R. Caley and L. B. Rogers, J. Amer. Chem. Sot., 1946,68,2202. 
I4 M. Korach, G. Nessle, E. E. Sinclair, C. C. Casto and E. F. Orlemann, Report C-4.100.20, Sept. 8, 

1945, p. 2. 
I5 M. Korach, G. Nessle, E. E. Sinclair and C. C. Casto, Report C-4.100.21, Oct. 6, 1945, p. 2. 
I6 S. L. Jones, U.S. Atomic Energy Commission, Report KAPL-M-SLJ-7, 1961, p. 24. 
I7 A. R. Main, Analyt. Chem., 1954, 26, 1507. 
I8 H. D. Newton and J. L. Hughes, J. Amer. Chem. Sot., 1915, 37, 1711. 
I8 W. Helbig, 2. analyt. Chem., 1960, 174, 169. 
20 J. Corpel and F. Regnaud, Analyt. Chim. Acta, 1962, 27, 36. 
21 G. Gopala Rao, and S. R. Sagi, Talanta, 1962, 9, 715. 
22 J. A. Duckitt and G. C. Goode, Analyst, 1962, 87, 121. 
** I. M. Kolthoff and J. J. Lingane, J. Amer. Chem. Sot., 1933, 55, 1871. 
24 G. Gopala Rao and P. Kanta Rao, Talanta, 1963, 10, 1251. 
25 Idem, ibid., 1964, 11, 1031. 



Talanta, 1965, Vol. 12. pp. 963 to 965. Pergamon Press Ltd. Printed in Northern Ireland 

SHORT COMMUNICATION 

Transition potentials of some triphenylmethane dyestuff redox indicators 

(Received 25 May 1965. Accepted 17 July 1965) 

THIZ formal potential of the cerium(IV)/ceriurn(III) system is considerably higher in a perchloric acid 
medium than in sulphuric acid solution. Tris(l,lO-phenanthroline)iron(II) sulphate, commonly 
called ferrom (l.O6V), is unsuitable as an indicator in titrations with hexaperchloratocerate(IV) 
because its potential is too low. Indicators which have been recommended are nitroferroin (1.25 V)a 
and tris(2,2’-dipyridyl)ruthenium(II) chloride (1.25 V). la Rao and Raol have more recently recom- 
mended the three triphenyhnethane dyestuffs Eriogreen B (EGB): C.I. 44025, Erioglaucine A (EGA) : 
C.I. 42090 and Xylene Cyan01 FF (XCFF): C.I. 42135 as indicators with hexaperchloratocerate(IV), 
because they have the advantage of cheapness. The reported potentials of all three dyestuffs are 
about I.0 V; their behaviour, therefore, seems anomalous because ferrohr, with a higher potential, is 
unsuitable. This problem was discussed in a previous communication.* 

TABLE I 

Indicator 
Previous values Transition ranges, V 

for E”‘, V lFH,SO, 1FHClOd 

EGA 1.01 1.10-1.16 1.12-1.19 
EGB 1.01 1.12-1.16 1.14-1.20 
XCFF 0.98-l .Ol 1.09-1.15 1.13-1.20 

Two possible explanations for this apparent anomaly are that either the reported potentials are 
incorrect (the available figures are, in general, more than 30 years old) or the potentials may be 
higher in a perchloric acid medium. Our Endings indicate that both are true. 

Kn~p~-~ determined the potentials (probably transition potentials) only in the iron(II)-perman- 
ganate titration (sulphuric acid medium). The only further determinations seem to be those of Adams 
and Hammaker,’ who determined the transition potentials of Alphazurine G (Disulphine Blue V, 
Patent Blue V, C.I. 42051) in both sulphuric and perchloric acid media, and Tomlinson, Aelpi and 
Eberta who determined the transition potential of Xylene Cyan01 FF in a sulphuric acid medium. 
The latter investigators recommend Xylene Cyan01 FF as an indicator in cerium(IV) titrations and 
seem to be unaware that it was used as such before the advent of ferroin. They do not quote the 
index number; hence it is not possible to judge what their compound was, because the material 
available nowadays (C.I. 42135)” is different from that used in the early days of cerium(IV) titrimetry 
(C.I. 43535). 

Adams and Hammaker’ found the following transition potentials for Alphazurine G, 1.03 V 
(l.OF HIS03 and 1.07 V (l.OF HCl03. Tomlinson et al. found for Xylene Cyan01 FF, 0.98 V 
(l.OFH,SO,) and a further figure of 1.1 V for what they term the irreversible potential, i.e., the point 
at which the indicator is destroyed. Although Adams and Hammaker were dealing with a different 
indicator, they found a significant increase in the transition potential when determined in a perchloric 
acid medium. 

We have found it impossible to measure the formal redox potentials, because these dyestuffs are 
too readily oxidised irreversibly; accordingly, transition potentials were measured. 

The potentials were determined in sulphuric acid and in perchloric acid media (Table I). It will 
be seen that the newly determined potentials in a sulphuric acid medium are higher than the original 
values, and in perchloric acid the values are increased still further; the latter figures presumably 
account for the behaviour of the indicators under the conditions of Rao and Rao. 

The order of increase of potential in perchloric acid is similar to that found by Adams and 
Hammaker. Although their results were obtained on a different indicator, it is rather surprising that 
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there is such an appreciable difference between their values and ours in a sulphuric acid medium. It 
is difficult to compare our result for Xylene Cyan01 FF with that of Tomlinson et uZ.,~ for the reason 
given earlier, but even if their compound were different, one would not expect such a marked variance 
in the sulphuric acid medium. 

There is some further evidence, however, that the previously reported values in a sulphuric acid 
medium may be too low. It is well-known that none of the triphenylmethane dyestuffs functions in 
the dichromate-iron(I1) titration. The formal potential of 5,6_dimethylferro’in is 0.97 V (1F H,SO,) 
and its transition potential is 1.03 V. @ This indicator functions well in the dichromate-iron(I1) 
system. Accordingly, if the triphenylmethane dyestuffs had, in fact, transition potentials of 1.03 V 
or lower, they should function in the same system, which they do not. Tris(2,2’-dipyridyl)iron(II) 
sulphate (transition potential 1.08 V)8 does not function; unfortunately, there are no known ferroin 
or dipyridyl derivatives which have potentials in between 1.03 and 1.08 V which would allow us to 
narrow the gap and to say exactly at which potential an indicator does not function satisfactorily in 
the dichromate-iron(I1) system. Probably this potential is about 1.05-1.06 V, but one would expect a 
grading of properties around this figure. If it can be assumed that indicator behaviour in the dichro- 
mate-iron(I1) system is a fair comparison, then indicators which do not function would be expected 
to have transition potentials higher than 1.0.5-1.06 V. 

It is known that 5-methylferro’m (transition potential I.08 V)“’ functions in the dichromate-iron(I1) 
titration, provided that the acidity is 4F in sulphuric acid; with increase in acidity the equivalence 
potential of the dichromate-iron system is enhanced and the potential of the indicator is lowered. 
Some tests were done with Erioglaucine A at acidities of lF, 2F and 4F in sulphuric acid. At 4F a 
reversible end-point was obtained almost immediately when a slight excess of dichromate was present. 
In 1Fand 2Fmedia the oxidised form of the indicator was only obtained after several minutes. These 
results seem to indicate that the lower limit of the transition range of Erioglaucine A is similar to that 
of 5-methylferroln and should be at least I.08 V. 

It is not possible from our present knowledge to suggest why the indicator potentials should 
increase in a perchloric acid medium, especially when the mechanism of oxidation remains unknown 
despite various attempts at elucidation. %a It is almost certain that ferroIn or its derivatives are not 
affected in the same way. Although it is not possible to measure their potentials directly in a perchloric 
acid medium because of the insolubility of the 1 ,lO-phenanthroline perchlorates, there are two indirect 
pieces of evidence: (i) the behav’ tour of ferroIn and of nitroferrom in this system is in accordance 
with their potentials as determined in a sulphuric acid medium; (ii) sulphonated derivatives of ferroln, 
which are soluble in a perchloric acid medium, exhibit virtually the same potentials in either sulphuric 
or perchloric acid media.ll 

EXPERIMENTAL 

The transition potentials were measured under titration conditions in 1F sulphuric and perchloric 
acids using a ‘Vibron’ pH meter and a platinum-saturated calomel electrode pair to measure the 
potentials. 

A mixture of a small quantity of iron(I1) solution in the appropriate acid (1F) with 0.5 ml of 
aqueous indicator (0.1%) and 0.5 ml of 2F acid was titrated drop-wise with 0031N sulphatocerate(IV) 
or perchloratocerate(IV) solution in 1F acid. The potential at which the colour transition occurred 
was noted. OGOlN Iron(H) solution in 1 F acid was then added to reverse the change, and the tran- 
sition potential again noted. The end-point was traversed several times. 

With each indicator, the colour change in both directions occurred over a range of about 50 mV. 
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Summary-The transition ranges of three triphenylmethane dyestuff 
redox indicators have been redetermined. The figures found in 1F 
sulphuric acid are appreciably higher than earlier values; the new 
figures are more in accord with the behaviour of these indicators when 
compared with 2,2’-dipyridyl and substituted ferro’ins. At high acidities 
the indicators function in the dichromate-iron(H) system. In a per- 
chloric acid medium the figures are significantly higher and fall into a 
range which accounts for the fact that all three dyestuffs function as 
indicators with hexaperchloratocerate(IV) titrant. The potentials of 
ferro’in and its derivatives are apparently unaffected by change of 
medium. 
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Zusammenfassung-Die ijbergangsstufen von drei Redox-Indikatoren 
aus der Klasse der Triphenylmethanfarbstoffe wurden neu bestimmt. 
Die in 1F Schwefelslure ermittelten Werte sind merkhch hoher als die 
frtiheren Werte; die neuen Werte stimmen besser mit dem Verhalten 
dieser Indikatoren i&rein, im Vergleich zu 2,2’-Dipyridyl und sub- 
stituierten Ferroinen. Bei hohen Saurestufen klinnen die Indikatoren 
im System Bichromat-Eisen (II) angewendet werden. In einem 
perchlorsauren Medium werden bedeutend hohere Werte erhalten: 
sie fallen in einen Bereich, in ubereinstimmung mit der Tatsache, dass 
sich alle drei Farbstoffe mit Hexaperchloratocerat (IV) losung als 
Indikatoren verhalten. Die Potentiale des Ferroins und seiner Derivate 
werden durch Verlnderungen des Mediums scheinbar nicht beeinflusst. 

R&sum&-On a determine a nouveau les domaines de transition de 
trois indicateurs redox, colorants du groupe triphenylmethane. Les 
chiffres trouves en acide sulfurique 1F sont assez fortement superieurs 
aux valeurs anterieures; les nouveaux chiffres sont en meilleur accord 
avec le comportement de ces indicateurs, compare a ceux du 2,2’- 
dipyridyle et des ferrolnes substituees. Aux fortes acidites, les indi- 
cateurs fonctionnent dans le systeme bichromate-fer (II). En milieu 
acide perchlorique, les chiffres sont notablement plus Cleves et tombent 
dans un domaine qui rend compte du fait que les trois colorants 
fonctionnent comme indicateurs lorsque l’agent de titrage est l’hexa- 
perchloratocerate (IV). Les potentiels de la ferroi’ne et de ses derives 
ne sont apparemment pas affect& par le changement de milieu. 
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PRELIMINARY COMMUNICATION 

Continuous substoichiometric analysis 

(Received 7 July 1965. Accepted 7 July 1965) 

IN continuous analysis test samples in the form of a flowing stream are processed in such a way as 
to measure the content of the required constituent. This type of analysis is much more suitable for 
automati~tion than normal repetitive analysis in which each sample is processed virtually individually. 
Considerable progress has been achieved in recent years in automatisation of continuous analysis*-* 
and a variety of methods have been developed, based on spectrophotometry, Aame photometry and 
fl uorimetry, using flow cells and automatic recording of the m~urements. The flow diagram of one 
of the most successful instruments for this purpose, the Technicon AutoAnalyzer (Technicon 
Instruments Company Ltd., Hanworth Lane, Chertsey, Surrey, England), is seen in Fig. 1. The 

Reagent -----I ii--J I 
Recorder 

- 

FIG. l--Flow diagram of the AutoAnalyzer system for continuous spectrophoio- 
metric analysis. 

Reagent and test sample are mixed in the mixing coil, where they react to form a 
coloured species. Undesirable species are separated (by dialysis) in the separation 

unit, then the absorbancy of the solution is measured, recorded and evaluated. 

success of these continuous methods of analysis stimulated the suggestion to develop flow cells 
suitable for measurement of other properties, such as conductivity, dielectric constant, electro- 
chemical potential, etc.4 Although flow cells for the sensitive and precise measurement of both beta 
and gamma radiation are commercially avaifabie, radioisotopes have not been widely applied for 
continuous analysis of non-active materials in solutions. This is because a chemical method must 
be developed which guarantees that a measured change of radioactivity is proportional to the amount 
of determined non-active species present in a test sample. In our opinion this can probably be 
achieved using the principle of substoi~hiomet~, which has previously been applied successfully to 
the determination of a number of elements by neutron activation and isotope dilution analysis.6 

Although automatisation of activation analysis in conjunction with the AutoAnalyzer cannot be 
excluded, only su~toichiometric dete~ination by isotope diZutiun is considered in this ~~uni~tion. 
The reason is that very low activities are employed in the latter method and this enables it to be 
used in ordinary laboratories and for industrial purposes. 

In the determination of a non-active element-by fsotope dilution one mixes the test sample with a 
known amount (r,) of the standard radioisotope of original activity s,. From the decrease of this 
specific activity to a value s, the amount of the non-active element (y) can be calculated 

Because the specific activity is ifn activity related to the unit of mass (s = a/m), not only the activity (a) 
but also the mass (m) of the isolated element (or its compound) must he determined after isotope 
dilution to complete the analysis. However, if one separates from both a standard radioisotope 
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solution and from the solution formed by isotope dilution exactly equal amounts in we.@hr of the 
element to be determined (m = m,), the amount of element in the test sample can be calculated 
directly from the isolated activities 

Such an isolation can be carried out substoichiometrically, which means that to both the above- 
mentioned solutions must be added an exactly equal amount of reagent; this amount must be 
smaller than that corresponding stoichiometrically to the quantity of element present in the standard 
radioisotope solution (y,). The reagent used must be consumed completely in the reaction with the 
element to be determined and the compound formed must be easily separable from the excess of 
unreacted element.jT6 

I-Waste 

Reagent - 12 /_-____J 
I 

I 
Recorder 

Fig. 2-Proposed flow diagram for continous substoichiometric analysis with the 
AutoAnalyser system : 

separation unit = electrolyte trap for solvent extraction, column for ion exchange; 
flow counter = scintillation counter with NaI(T1) crystal for gamma emmiters, 

Geiger-Miiller counter for beta emmiters. 

In Fig. 2 is presented a proposed flow diagram for continuous substoichiometric analysis with 
the AutoAnalyzer. To obtain the value a, the test sample is replaced by pure diluent (water) and the 
concentration of the standard radioisotope solution is adjusted to a level which corresponds (by an 
order of magnitude) to the expected amount of test element in the sample under analysis. The 
concentration of reagent is adjusted to be substoichiometric (about SO-75% stoichiometry) to the 
standard radioisotope solution. The pump tubes are chosen in such a way that the same, constant 
delivery of both solutions is guaranteed. After mixing and reacting (coil B), the compound formed is 
continuously separated in a separation unit (see below) and the activity continuously measured by a 
scintillation or Geirrer-Miiller flow counter. When a test sample is introduced into the system, 
isotopic exchange &es place during mixing (coil A) and the resulting mixture, isotopically diluted, is 
reacted (coil B) with the reagent. As a result of this (and the substoichiometric separation) the 
activity measured by the flow cell decreases to the value a. The amount of non-active element present 
in the test sample is calculated according to equation (2). By means of several non-active standard 
solutions the instrument could be calibrated for direct readina of values of y. This calibration must, 
of course, be repeated if the standard radioisotope solution 0; reagent is changed. 

It is anticipated that the following techniques could be used in continuous substoichiometric 
analysis: 

(a) Complex&on folrowed &u ion exchange. The determination of iron will be used as an example. 
Iron reacts with a substoi~hiometric amount of EDTA according to the equation 

2Fes+ + Y4- $ Fey- + Fe*+ 

forming a negatively charged chelate, which can be easily separated from the unreacted iron on a 
cation exchanger, In this case the separation unit (Fig. 2) is a column of cation exchanger (sodium 
form) of suitable mesh (or possibly an AutoAnalyzer dialyser unit in which the cellophane membrane 
is reolaced bv a cation-exchange membrane and the dialyser coils connected in series). The optimum 
con~ditions (;H, masking age&) for the above chem6al reaction can be chosen according to the 
theory of substoichiomet~s and necessary solutions (buffer, etc.) added to the flow stream in the 
normal way for the AutoAnalyzer system. This method should be capable of wide application to 
the determination of metals, many of which form negatively charged chelates with complexing agents 
such as EDTA. 

(b) Solvent extraction. In this method an organic reagent, forming an extractable chelate with the 
test element, is added in a substoichiometric amount. This reagent (dithizone, diethyldithiocarbamate, 
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8-hydroxyquinoline, etc.) dissolved in an organic solvent (chloroform, carbon tetrachloride, etc.) 
is equilibrated with the test solution in an extraction coil (B) and the resulting organic extract, the 
activity of which is to be measured, is continuously separated in a special separation unit (electrolyte 
trap). Solvent extraction offers a number of possibilities for the determination of various metals and 
the theory of substoichiometric separation by solvent extraction6 has been developed and verified in 
recent years. 

(c)Precipitation reactions. Although applicable in principle such reactions are not very suitable in 
oractice for technical reasons. Continuous seoaration of nrecinitates from a flow stream is still not 
perfected; moreover, continuous measuremem of the aciiviti of the resulting precipitate is much 
more difficult than measurement of the activity of a stream of liquid. 

The advantage of continuous substoichiometrv compared with the widelv used continuous 
spectrophotomet’;ic analysis is that the sensitivity of’detectibn of radioactivity is very high. Further- 
more. reaeents the reaction oroducts of which are colourless (EDTA. HEDTA. etc.) or onlv sliehtlv , , ” J 
coloured &pferron, diethyl’dithiocarbamate, etc.) can be used, providing they fulfll the requirements 
of substoichiometry. Substoichiometric separation is also generally more selective5 than methods 
which employ an excess of reagent for separation, complexation or colour development. The use of a 
substoichiometric amount of reagent has a disadvantage because the time necessary for reaching 
(extraction or complexation) equilibrium is longer than when a great excess of reagent is employed; 
in the substoichiometric determinations so far developed it is mostly about 1 min and not longer 
than 3-5 min. Although solvent extraction by shaking is more effective than extraction in coils, 
continuous analysis with the AutoAnalyzer allows the use of chemical reactions which are not 
brought to completion. (Recently, methods ‘sB based on incomplete reaction using a substoichio- 
metric amount of reagent have been proposed. Their use for repetitive (batch) analysis is, in our 
opinion, not to be recommended, but such methods offer some possibilities in the case of continuous 
substoichiometric analysis.) Reaching reaction equilibrium is, of course, more desirable because it 
avoids the necessity of a calibration curve. 

Finally, it can be mentioned that most of the substoichiometric determinations proposed until 
now (some 20 elements) can probably be automatised as outlined above. The disadvantage of using 
radioactive isotopes is offset by the fact that the activities involved will be very low and the handling 
of active solutions is minimised with the AutoAnalyzer system, from which even waste is discharged 
automatically. It is expected that it will be possible to determine amounts of various elements of the 
order of 1O-3 to 1O-D g/ml of test solution. 

All the above possibilities are currently being verified in this laboratory. The results will be 
reported as they become available. 

Department of Chemistry J. R&%KA* 
College of Advanced Technology M. WILLIAMS 
Birmingham 4, England 

Snnuna~-A method for carrying out continuous substoichiometric 
analysis by isotope dilution is proposed. Separations based on the use 
of solvent extraction, ion exchange and precipitation reactions are 
discussed. It should be possible to determine amounts of elements of 
the order of lo-$ to 10-Q g/ml of test solution. 

Zusammenfassung-Eine Methode zur kontinuierlichen unterstochio- 
metrischen Analyse durch Isotopenverdiinnung wird vorgeschlagen. 
Abtrennungen mittels flilssig-flilssig-Extraktion, Ionenaustausch und 
Fallung werden diskutiert. Man sollte Mengen in den GrbBenordn- 
ungen von 1O-3 bis 10ms Gramm pro ml Probelosung bestimmen 
kiinnen. 

R&sum&-On propose une methode d’analyse substoechiometrique 
continue par dilution isotopique. On discute de separations basQs 
sur l’emploi d’extraction par solvant, d’echange d’ions et de reactions 
de precipitation. 11 serait possible de doser des quantites d’elbments 
de l’ordre de lo-$ a 1O-9 g/ml de solution d’essai. 
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SPECTROPHOTOMETRIC DETERMINATION OF NIOBIUM 
WITH 4-(2-THIAZOLYLAZO)RESORCINOL 

V~NCESLAV PATROVSK~ 
Central Geological Survey, Prague, Czechoslovakia 

(Received 16 October 1964. Accepted 25 June 1965) 

Summary4(2-Thiazolylazo)resorcinol forms a carmine red complex 
with niobium in an acetate-tartrate medium over the pH range 5-6. 
In the presence of ethylenediaminetetra-acetic acid (EDTA) or 
diaminocyclohexanetetra-acetic acid (DCTA) the reaction is almost 
specitic for niobium: only vanadium and more than a 7-10 times 
excess of molybdenum, titanium, uranium and thorium interfere. 

ONLY a few calorimetric methods are available for the determination of niobium. 
These methods include the use of catechol and EDTA,l Xylenol Orange* and some azo 
dyes.s-6 A rhodanide method is sensitive but its reproducibility is poor.6*7 It seems 
that the best calorimetric method at this time with respect to sensitivity, reproduci- 
bility and minimum influence of foreign ions is that using 4-(2-pyridylazo)resorcinol.s*a 
A similar reaction is found with 4-(2-thiazolylazo)resorcinol, which has been described 
as a metallochromic indicator.lO The properties of thiazolylazoresorcinol (TAR) and 
pyridylazoresorcinol (PAR) are very similar, but TAR can be easily prepared by a 
simple diazotisation from aminothiazole, while to prepare PAR diazotisation of 
aminopyridine with amyl nitrite is necessary. The structural formula of TAR is: 

CH/“\cN=N / \-OH 

\ / -0 
CH-N /- 

HO 

OPTIMAL CONDITIONS FOR REACTION OF TAR WITH NIOBIUM 

The basic variables affecting the reaction were studied to discover the optimal 
conditions. Measurements were generally made in a 50-ml volume, with 2.5 ml of 
0.1% TAR solution in the pH range 5.0-6.0 (optimum) and with l-cm cells. One ml of 
10% tartark acid was added. The absorption maximum is at 540 rnp (Fig. 1). 

InfIence of pH 

Table I summarises the effect of pH on the absorbance. It is evident that the 
optimal pH range is 5-6. 

TABLE I.-INFLUENCE OF pH 

PH 4 4.5 5 5.5 6 6.5 7 

Absorbance 0.55 0.88 090 o-91 090 0.87 0.62 

0.3 mg of NbrOI taken; absorbance measured at 540 m,e relative to a reagent blank. 
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FIG. l.-Abso 
XRnm complex and T 

tion spectra of Nb-TAR 
(1 mg of Nb106, 2 ml of 

@lx TAR at pH 5.4). 

Infiuence of temperature and time on development of colour 

It was found that the absorbance is constant with a 20-30 min colour development 
at room temperature. Slight warming or boiling is without positive effect (Table II). 

TABLE II.-EFFECT OF TEMPERATURB AND TIME 

\ Time, min 5 10 15 20 30 45 60 
Temp. 

Cold 0.64 0.85 0.88 0.89 090 0.90 0.90 
solution 

60” - 0.74 0.77 0.79 0.80 0.81 0.82 

100” - 0.83 0.84 0.85 0.85 0.85 0.85 

0.3 mg of Nb,O, taken. 

Interferences 

E@ct of anions. The absorbance of the niobium complex is affected by tartaric, 
citric and oxalic acids, EDTA, phosphates, fluorides and hydrogen peroxide. Ascorbic 
and tartaric acids interfere least. It is interesting that EDTA or DCTA alone lowered 
the absorbance much more than the same amount mixed with tartaric acid, probably 
because of hydrolysis. 

Eflect of cations. The influence of some foreign cations is shown in Table III. 
Nb,05 (O-1 mg) can be determined with an error of f7 % even in the presence of 
10 mg of T%O,, 6 mg of TiOz, 6 mg of ZrO,, 6 mg of SnO,, 6 mg of W or 3 mg of SC. 
Traces of ferric ion must be screened by EDTA or DCTA; ascorbic acid is not suf- 
ficient. The same reagents also complex Al, Zn, Mg, Mn, etc. Only vanadium, 
uranium and thorium interfere. The influence of vanadium can be diminished by 
reduction to VOW by hydroxylamine chloride or by a saturated solution of ammonium 
oxalate. Because niobium is normally separated in the first step of the analytical 
procedure with silica, tantalum, tungsten and coprecipitated zirconium, titanium and 
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TABLE III.-DETE~MPJATION OF NIOBIUM IN THE PRESENCE OF 
FOREIGN IONS * 

NW&, mg 

Taken Found 
Difference, pg Error, y0 AkO 

added, mg 

0.1 0.10 0.0 0.0 1 TapOs 
0.11 10 10.0 10 Tas06 

8:: 0.20 0.10 0.0 0.0 0.0 0.0 10 0.2 TaaOr TiOl 
0.105 5.0 5.0 2.0 TiOp 
0.11 ‘010 10.0 6.0 TiOa 
0.0 0.0 0.0 1.1 Sn 
0.103 3.0 3.0 4.4 Sn 
0.105 5.0 li.8 1.0 zr 
0.11 10.0 1.0 MO 
0.11 10.0 10.0 1.1 ut 
0.12 20.0 20.0 1.0 v4+ t 

0.2 0.19 10.0 5.0 4.5 zr 
0.228 28.0 14.0 3.0 Th 
0.185 15.0 7.5 2.8 Sc 
0.215 15.0 7.5 9.1 w 
0.204 4.0 20 3.6 W 
0.215 15.0 7.5 5.5 Fe*+ 
0.204 40 2.0 2.7 Fe”+ 

+ 1 ml of 10% tartaric acid and 1 ml of O*lMEDTA in 50 ml of solution 
t 1 drop of 4% ammonium oxaiate 

iron, the determination of niobium is practically specific. The best methods of 
separation for niobium and tantalum are using 7,8-dihydroxy-4-methylcoumarine,11 
phenylarsonic acidla*13 or by paper chromatography.14 

Composition of Nb-TAR complex 

The nature of the complex formation between TAR and niobium was studied by a 
continuous variations method (Fig. 2). Niobium and TAR react in the molar ratio 
of 1:l. 

0 05 I 15 2 25 
Nb, ml 

3 25 2 15 1 0.5 0 

TAR 

FIG. 2.-Continuous variation plot of Nb-TAR system. 
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EXPERIMENTAL 
Apparatus 

Spectrophotometers. The absorption curves were obtained with a Hilger Uvispek spectrophotom- 
eter. Spectrophotometric measurements were carried out with a Hilger Spekker spectrophotom- 
eter. 
pH meter. Model “K”, Iaboratorni polreby. 

Reagents 

Niobium solution. Fuse 0.100 g of Nb406 with about 5 g of KHSOI in a platinum crucible. Cool 
and extract the melt with 10 ml of 20 % tartaric acid solution by boiling. Cool and dilute with water 
to 100 ml. Dilute 10 ml of this solution again to 100 ml. 
contains 0.1 mg of NbrO, and 2 mg of tartaric acid. 

One ml of this solution (freshly prepared) 

4-(2-ThiazoZylazo)-resorcinof (TAR). Obtained from Lachema n.p. Brno. 
in methanol; this is stable for several weeks. 

Prepare a 0.1% solution 

Bq$er solution (pH 5.4). 
acid and dilute to 1 litre. 

Dissolve 80 g of ammonium acetate in water, add 7 ml of glacial acetic 

0.1 M EDTA and DCTA solutions 
10% Tartaric acid solution 

Procedures 

Calibration curue. Transfer the standard solution containing 0~05-0*5 mg of NblOIi to a 50-ml 
volumetric flask, add 1 ml of 10 % tartaric acid, 1.0 ml of EDTA or DCTA for masking traces of iron, 
etc., dilute. with water, then add aqueous ammonia to adjust the pH to approximately 5-5.5. Add 
5 ml of buffer solution, 2.5 ml of 0.1% TAR solution and dilute to 50 ml with water. Mix and 
let stand for 20-30 mm. Measure the absorbance at 540 rnp (or yellow-green filter) against a blank 
solution containing the same amount of reagent. Beer’s law is obeyed, and the molar absorbtivities 
for various conditions are given in Table V. Because tartaric acid and EDTA influence the absorbance, 
it is necessary to keep their concentrations constant. 

Analysis of metals and alloys. Dissolve 0.1-l g of sample in HCI-HNO, or HNO,-HF mixture 
and evaporate to dryness. In the presence of HF add 1 ml of concentrated HISO,. Extract the 
residue with 25 ml of 2-4M HCl, add l-2 ml of a saturated solution of phenylarsonic acid and 
filter after 1 hr. Wash with 5 % HCI and a small amount of phenylarsonic acid, dry and ignite. If the 
residue contains silica, evaporate with 3-6 ml of 40 ‘A HF and 0.5 ml of HaSOP (1 +l) till white fumes 
appear. Melt this residue with KHSOI, cool and extract by boiling with 10 ml of 10% tartaric acid. 
Dilute to 50 or 100 ml in a volumetric flask. Take an aliquot containing less than 0.3 mg of Nb,O, 
(IO-mm cuvettes) or O-1 mg of NbrOs (40-mm cuvettes), add 1 ml of O.lM EDTA or DCI’A and 
sufficient tartaric acid to bring the total in the aliquot to the equivalent of 1 ml of 10% solution. 

TABLE IV.-DETERMINATION OF NIOBIUM IN ORES 

Sample 

Syenite I 
(containing 
pyrochlore) 

NbsOs found, ‘$&, 

TAR Control 
method method 

0.026 0,028 X-ray 
0.026 

Separation method 
for Nb 

silica + PA 

Syenite II 0.093 0.094 X-ray silica f PA 
0994 0.092 PAR silica 
0.094 0.093 PAR silica DHC 

Syenite III 0.014 0.014 X-ray 
0.014 0.013 PAR silica + PA 

Syenite IV 0.086 0.078 X-ray silica + PA 

Wolframite 
(containing 0.61 0.61 PAR silica + PA 
columbite) 0.62 EDTA + catechol 

- 
PA = phenylarsonic acid, DHC = dihydroxymethylcoumarine. 



Spectrophotometric determination of niobium 

TABLE V.-COMPARISON OF TAR AND PAR METHODS 
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PAR TAR 

Absorption maximum 535 rnp 540 rnp 

Optimum pH range 

Molecular extinction 
coefficient : 

0.02 % tartaric acid 

0.2 % tartaric acid 

2.0 % tartaric acid 

0~2% tartaric acid + 
0+02M EDTA 

0.08 % ammonium oxalate 

5.8-6.4 5.0-6.0 

39,000 31,500 

38,700 29,600 

30,000 15,000 

37,500 28,500 

28,000 17,200 

Interfering cations 

pH changes 

(V,U) 

deep yellow 4.0 

lemon yellow 4-11.5 

V, U(Th) 

orange 2.0 

lemon yellow 2.0-6.0 

orange 60 red 8.0 

Neutralise if necessary and add buffer solution and 2.5 ml of TAR solution. Dilute to 50 ml, mix, 
let stand 20-30 min and measure the absorbance against a TAR blank at 540 rnp. 

Ores and silicates 
The analytical procedure is the same as above, but the sample must be decomposed by melting 

with either sodium carbonate or a mixture of sodium hydroxide and peroxide or peroxide alone. The 
melt is decomposed by water and hydrochloric acid and evaporated to dryness in the usual way 
for the determination of silica. The procedure then follows that above with phenylarsonic and 
hydrochloric acids. 

Note. If the residue with silica contains much tungsten or titanium, separation is necessary. 
Niobium and tantalum are separated from tungsten and tin and most of the titanium by 7,8-dihydroxy- 
Cmethylcoumarine in the presence of EDTA, tartaric acid and catechoFl at pH 5.8-6.5 or by phenyl- 
arsenic acid from EDTA-tartaric acid solution at pH 1-2 (titanium partly coprecipitated), or by the 
same reagents from 4-6M HCl (tungsten partly coprecipitated).l*Js 

The best mixture for paper chromatographic separation is: 50 ml of acetone, 10 ml of 10 % oxalic 
acid, 10 ml of 2M HCl and 30 ml of water. The RI values are: Fe(III) 1.00, MO 0.95, Sn(IV) 090, 
Nb,W 0.85, Ta O-65, Ti 0.45. Run for 3-5 hr, dry and spray with a 2% solution of tannin or 
dihydroxymethylcoumarine and aqueous ammonia.14Js 

Some results of the analysis of syenites and wolframite are shown in Table IV. 

Comparison of TAR and PAR methods 

From Table V it is evident that the properties of TAR and PAR are nearly equal 
with respect to sensitivity, influence of foreign ions and physical properties. 

Acknowledgement-The author wishes to thank Ing. Novotnf for carrying out the X-ray analyses. 

Zusammenfassung-4-(2-Thiazolylazo)-resorcin bildet mit Niob in 
einem Acetat-Tartrat-Medium bei pH 5-6 einen karminroten Komplex. 
In Gegenwart von Athylendiamintetraessigsaure (EDTA) oder 
Diaminocyclohexantetraessigsaure (DCTA) ist die Reaktion fast 
spezifisch fiir Niob: nur Vanadin und gronere als 7-lO-fache Uber- 
schiisse von Molybdan, Titan, Uran und Thorium storen. 
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R&m&-Le 4-(2-thiazolylazo)resorcinol forme, avec le niobium, un 
complexe rouge carmin en milieu a&ate-tar&ate, entre pH 5 et 6. 
En presence d’acide ethylenediamine t&rac&ique (EDTA) ou d’acide 
diaminocyclohexane tetracetique (DCTA), la reaction est presque 
specifique du niobium: seuls interferent le vanadium et, a une concen- 
tration 7 a 10 fois plus elevee, le molybdene, le titane, I’uranium et 
le thorium. 
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Summary-Activation analysis is applied to the determination of nine 
trace elements in some uranium compounds including three samples 
of “nuclear pure” uranium oxides. The method of analysis is based 
on the pre-separation of uranium by ion exchange, using three different 
systems according to the impurities involved. The elements considered 
are, thorium, lanthanum, chromium, copper, cobalt, manganese, 
sodium, tungsten and molybdenum. No chemical yield corrections 
are necessary because the method provides quantitative recoveries. 
Technique and results are discussed and it is shown that reagent blanks 
do not represent a serious problem. The impurities studied can be 
determined in relatively small sample aliquots with a precision (2~) of 
120% in concentration ranges down to a few ppb. 

INTRODUCTION 

THE nuclear characteristics of uranium are such that they make the determination of 
impurities in it by activation analysis extremely tedious, although there has been some 
recent work on the determination of cobalt, manganese, copper and chromium.l 
Fission products and neptunium formed during irradiation complicate the system 
and subsequent analysis for concentrations of impurities representative of nuclear pure 
uranium is almost impossible, even when applying y-ray spectrometry combined with 
chemical separations. Activation analysis, however, offers considerable advantages, 
because of its sensitivity for many elements (particularly those whose limits of de- 
tection by emission spectroscopy are poor), if the problem of the presence of fission 
products and neptunium can be solved. 

The chemical behaviour of uranium differs in many respects from that of other 
elements and it can be separated without affecting the composition of the sample as 
far as many impurities are concerned. Pre-separation followed by irradiation of the 
separated impurities results, in principle, in the loss of a principal advantage of 
activation analysis, i.e., freedom from reagent-blank correction. This draw-back, 
however, does not exist for a number of important impurities (thorium, lanthanum, 
molybdenum and cobalt) because they are most unlikely to be present in significant 
amount in any of the reagents used either for dissolution of the sample or for the sep- 
aration of uranium. Even in the case of elements which may be present in the reagents 
(e.g., sodium, manganese, copper, chlorine) the difficulties are not serious because 
of the simplicity and efficiency of some separation techniques for uranium. Advantage 
can then be taken of the unique sensitivity of activation analysis when dealing with a 
limited amount of sample or with impurities for which the sensitivities of other 
techniques are inadequate. 

Removal of uranium followed by the determination of impurities in the residue 
has been used in several cases. Extraction of uranium with tributyl phosphate (TBP) 

* On leave from the Nuclear Institute “Jozef Stefan”, Ljubljana, Yugoslavia. 
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before spectrographic analysis of the residue by the copper or graphite spark method 
is widely used. It has been recently applied2 also to the determination by activation 
analysis, of manganese, copper and cobalt, in an intercomparison solution, distributed 
by the International Atomic Energy Agency to a number of laboratories in order to 
collect information about the accuracy and precision of available methods for im- 
purities in uranium. The concentration of the three elements in this solution was 
relatively high (100 - 200 ppm with respect to uranium) and did not, therefore, 
represent a typical nuclear-grade material. When the concentrations of impurities 
are very low as in nuclear-grade uranium oxides, however, TBP extraction no longer 
provides a satisfactory separation. Microgram amounts of uranium remain in 
solution and on irradiation appreciable amounts of fission products and neptunium 
are formed. Similarly, preseparation of uranium from impurities by paper chroma- 
tography has been used and preliminary qualitative results showed that separation is 
incomplete and this limits the application of this technique to higher levels of impurity.3 

Adsorption of uranium on ion exchangers, which has also been used as a means of 
removing uranium before the determination of some impurities by spectrography or 
polarography, offers better possibilities. The removal of uranium can be made 
complete by adsorbing it on anion exchangers as chloride, sulphate or carbonate 
complexes or on cation exchangers as uranyl- or uranium(IV) cations. Blank values 
for impurities in the stage preceding irradiation can be avoided for some impurities or 
kept negligible for others because pre-separation involves only a few simple operations 
(dissolution, adsorption and evaporation) and is based on the use of reagents, in 
limited quantity, which are available in the greatest purity or which can easily be 
purified (acid, water, hydrogen peroxide, ion exchanger). 

The following common impurities in uranium were considered: thorium, lantha- 
num, cobalt, chromium, copper, manganese, sodium, molybdenum and tungsten. 
Nuclear-grade uranium oxides normally contain these elements in concentration 
ranges between 100 ppm to a few ppb. Even at the lower level they can be determined 
with a precision of lo-30 ‘A at the 95 % confidence limit, using l-g samples. Such a 
possibility is especially important for elements such as thorium and lanthanum for 
which other techniques either involve tedious procedures or very elaborate and 
expensive equipment. 

Outline of the method 

With the ion-exchange separation technique, impurities can be grouped according 
to their behaviour in various media. From an 8M hydrochloric acid solution uranium 
is quantitatively adsorbed on a strongly basic anion exchanger in chloride form.4*s 
The effluent contains a group of impurities among which are found thorium, lan- 
thanum, chromium, manganese and sodium. If the anion exchanger is in sulphate 
forma and the solution is made O~OI-O~IN with respect to sulphuric acid, cobalt, 
copper, manganese, sodium and chromium will be found in the effluent. Because in 
the first case the concentration of hydrochloric acid is relatively high and the quantity 
is appreciable compared with the amount of sulphuric acid required in the second 
case, manganese and sodium are better determined after a sulphate separation of 
uranium, in order to minimise the reagent blank for these two elements. No blank 
correction was found necessary with any reagents used at the impurity concentrations 
reported here. 
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Anion-exchange separation cannot be applied to certain impurities even though 
they have high cross-sections and other convenient nuclear characteristics because they 
are partially or completely adsorbed with uranium from a chloride or sulphate system, 
either as typical anions (halides) or as anionic complexes (tungsten, arsenic and 
molybdenum). Experiments with a cation exchanger, using tracers, have shown on 
the other hand that these are recovered with a yield of 98% or better if uranium is 
adsorbed as a cation from dilute nitric acid solution. Because, with the exception of 
molybdenum, the sensitivity of spectrography for these elements is very poor, 
activation analysis represents a simple and advantageous approach. 

In all cases, the effluent, after removal of uranium, is evaporated to small volume 
and irradiated. Simple chemical separations and gamma spectrometry are then 
applied and the impurities are determined from the y-activity of the solution. If 
separation procedures, which give quantitative recoveries, are used there is no need to 
determine the yield; this simplifies the analysis, improves the precision and con- 
siderably reduces the time required. 

So far, the general procedure described above has been applied to the analysis of 
uranium dioxide, triuranium octoxide, uranyl nitrate and uranyl acetate but it could 
be extended to uranium metal as well as to other salts without essentially modifying 
the procedures (Table I). 

EXPERIMENTAL 

Dissolution of sample 

Uranium dioxide and triuranium o&oxide dissolve very readily in hydrochloric acid or sulphuric 
acid if hydrogen peroxide is added to the warm mixture. As little as 4 ml of 4N HCl or 4N H&SO, and 
0.3 ml of H,OI (30%) were sticient to dissolve 1 g of the oxide. Silica Kjeldahl-flasks of 25-ml 
capacity were used for the dissolution. Hydrogen peroxide was added dropwise with continual 
agitation until a clear solution was obtained. This was then evaporated almost to dryness on an open 
flame and the residue taken up in 8N HCl (for Th, La and Cr) or in O.OlN H&SO, (for Mn, Cu, Co 
and Na). Nitric acid (0.05 - O*lN) was used for cation-exchange separations. Solid uranyl nitrate 
or acetate can be dissolved in a minimum amount of hydrochloric or sulphuric acid of appropriate 
concentration as given later. Solutions containing high concentrations of free acid must be evaporated 
to dryness and the residue taken up in appropriate acid as above. Those of low acidity with up to 
200 mgjml of uranium, for example, were applied directly to the ion-exchange column in sulphate 
form. In the case of nitrate the high local concentration of nitric acid set free during the adsorption 
causes the uranium band to move a few centimeters down the column before it is fixed. However, for 
the chloride separation, the solution must be made 8N by the addition of concentrated hydrochloric 
acid before transferring it to the ion exchanger in chloride form. 

Preparation of ion-exchange columns 

The anion-exchange resin used was Dowex 2 x 8, 100-200 mesh, AnalaR grade. For the puri- 
fication of the resin, batches of about 200 g were washed in a column with 20 column-volumes of 2N 
H,SO,, 10 column-volumes of 0.05N HISOl and finally with water, while for chloride separations the 
exchanger was treated similarly with 2N HCl and with water. Cation-exchange resin was puritied 
with 2N nitric acid followed by OalN acid and water. 

Two sizes of glass columns were used for the separation of uranium and impurities. The larger 
(20-mm diameter 40-ml capacity with a 50-ml reservoir at the top) was used for quantities of uranium 
of the order of 1 g. Smaller columns (lO-mm diameter, S-ml capacity with a 15-ml reservoir) were used 
for the separation of impurities after irradiation. Resin columns were preconditioned according to 
the separation involved. 

Puri$cation of reqqents 

The water used was doubly distilled from a quartz still and stored in polyethylene bottles. Another 
efficient method was to passthewaterthrough a bed of AnalaR grade cation exchanger which removes 
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TABLEI.-SEPARATIONSCHEMESFORIMPURITIESINLIRANI~M 

Uranium Solution 
8N in HCl 

1 
Dowex-2 R&in 

in Cl Form 

Et&tent Containing 
Th, La, Cr (Mn, Ni, Na 

CfC.) 
Evaporated, Irradiated 

Hydroxides Precipitated 
Centrifuged 

J 
Supernatant 
Discarded 

Hydroxid: Dissolved 
in 8N HCl 

Dowex-2 in Cl Form 

Cr in Effluent 
Oxidised with HClO, 

Extracted into Ethyl Acetate 
as Perchromic Acid 

I 

Uranium Solution Uranium Solution 
0+05N in HISO @lN in HNOa 

1 
Dowex-2 Resin 

1 
Dowex-50 Resin 

in Sulphate Form in Hydrogen Form 

u+- 
Adsorbed 

Y 
Effluent Containing 
Cu, Co, Mn, Na (Cr, 

Ni, Cd, Zn, etc.) 
Evaporated, Irradiated 

-1 
Carriers Added 
+ cont. HCI to 8N 

1 
Dowex-2 in Cl Form 

U4---- 
Adsorbed 

c 
Effluent Containing 
W, Mo, (As, PO,, 

Sn, Sb, Si) 
Evaporated, Irradiated 

! 
Solution made 05N in HCI 
HaOs Added 

I 
Dowex-2 ii Cl Form 

Cu, Co Adsorbed 
Subsequently L__-l Eluted with 
Dilute Acid for 
Counting 

Y 

In Effluent 
Mn and Na Counted 
Simultaneously 

Aqueous Phase 
La Precipitated I with Oxalic Acid, 
Filtered, Counted 

+ ’ t 
As and Other Impurities 
in Effluent 

copper and manganese to such an extent that their presence could not be detected by activation 
analysis. Acids were analytical-reagent grade and were used without further purification. 

Irradiation and radiation measurement 

Solutions were irradiated in polyethylene ampoules (Tubes hemo-etran available from Medi 
Sciences, Paris), with a capacity of 8 ml, but the actual volume of solution was kept between 1 and 3 ml. 
Solutions were irradiated under reduced pressure (by pressing the walls of the ampoule while sealing) 
in order to compensate for any increase in pressure due to the formation of radiolytic gases. The 
sealed samples and appropriate standards were placed in a cylindrical aluminium holder capable of 
holding 10 samples. It was rotated during the irradiation in the Astra reactor of the “Oesterreichische 
Stndiengesellscbaft fiir Atomenergie” along the vertical axis at a speed of 6 revolutions/mm in order 
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to ensure equal neutron flux for samples and standards. Normally the irradiation time was 5 hr at a 
neutron flux of lo18 n.cm-B.sec-l. This was sutlicient to allow detection of submicrogram amounts of 
elements forming long-lived radioisotopes (e.g., Cr, Co) and at the same time caused a negligible 
formation of radiolytic gases. Times were shortened accordingly when concentrations of impurities 
were relatively high or when only manganese, copper and sodium were to be determined. 

Standard solutions of the elements considered were prepared and kept in small polythene flat- 
bottomed hexagonal ampoules of approximately lo-ml capacity. They contained 1-lOpg/g of 
solution and were slightly acid except for the molybdenum and tungsten solutions, which were slightly 
ammoniacal. The neck was drawn into a tine capillary at the top and the whole was used as a storage 
bottle and at the same time as a weight burette. This avoids the calibration and the use of micro- 
pipettes, increases the accuracy and at the same time eliminates the risk of contamination by frequent 
transfer of solutions. 

The activity of the solution of the radionuclide, after chemical separation, was normally determined 
in polyethylene specimen tubes, 20 mm in diameter, and the volume and density kept constant within 
one set of measurements. Measuring equipment consisted of a 3” x 3” NaI (Tl) crystal photomultiplier 
assembl connected to a RIDL 400 channel pulse-height analyser, Counting times ranged between 1 
min an J 1 hr and the background was deducted when counting rates were low. The areas of they- 
peaks were evaluated by the usual method.’ 

Discussion of Method 

Elements separated from hydrochloric acid medium 

Pipette an aliquot of solution equivalent to 1 g of uranium (in the case of nuclear-grade material) 
on to a Dowex 2 resin column (80-mm length, preconditioned with 30 ml of 8N HCl) and leave to 
drain throueh the resin. then wash with 60 ml of 8N HCl. Collect the effluent in a lOO-ml silica dish 
and evapor& to dryness (infrared lamp) at low temperature. Moisten the residue with 3-5 drops of 
HNOI, evaporate to dryness again and then dissolve in 1 ml of boiling 1N HNO*. Transfer the 
solution into the irradiation ampoule followed by two l-ml washings with warm water (using a tine 
polyethylene transfer pipette). Seal the ampoule and irradiate together with appropriate standards. 
When impurity levels are known to be high, a smaller aliquot of the uranium solution and a smaller 
column are used for each determination. 

The etIIuent from the separation is analysed for thorium, lanthanum and chromium but may 
contain also elements such as manganese, sodium and nickel, etc. 

Thorium. The concentration of thorium in uranium depends on the type of the ore, and, in the 
final product, on the mode production and purification of the uranium. Its concentration can vary 
within wide limits. In two samples analysed in this laboratory, thorium represented the main impurity 
(Table II) although its presence was not indicated in the specifications. As a source of the fissionable 
isotope of uranium assU, thorium could to some extent shift the isotopic composition of the fuel when 
present in higher concentration, a fact which makes the thorium determination interesting. Activation 
analysis offers a unique possibility for its control because of the simplicity, accuracy and precision. 

The determination of Th is based on the formation of sssPa (27 days), by the r3aTh (n,r) nsaTh 
pp sa*Pa reaction, and its subsequent measurement. Strictly speaking this reaction will measure 
only the YIh content and if ionium, asoTh, is present in appreciable quantities, this will not be 
determined as aslTh and its decay products would not be detected by our procedure. However, the 
ionium content of thorium from most natural ores is negligible (although in very low thorium- 
containing uranium ores, ionium contents of 30 % of the asaTh are known). 

Protactinium is similar to uranium in its ion-exchange behaviour and can, therefore, be isolated 
under the conditions applying for uranium. This improves the selectivity of the separation because 
all other impurities which might behave similarly have been adsorbed with uranium in the pre- 
separation stage. The only observed interference was due to bromide present as an impurity in 
hydrochloric acid. It accumulates during purification and pre-conditioning of the ion exchanger. 
Part of the bromide is displaced by the adsorbing uranium and contaminates the effluent. If a 
hydroxide precipitation of protactinium, using lanthanum as carrier, is included bromide can easily 
be removed; protactinium can then be subsequently adsorbed after dissolution of the precipitate 
in hydrochloric acid. 

Procedure for determination of thorium. After irradiation and a “cooling” period of about 2 hr 
onen the amnoules and transfer the contents with washings into a 50-ml centrifuge tube. Dilute the 
s&ution to 36 ml, add carriers (10mg of lanthanum and 1 m’g of chromium as chloraes) and precipitate 
the hydroxides from the warm solution with caustic soda. Centrifuge the precipitate, dissolve in 3 ml 
of 10NHCI and adsorb protactinium on a small Dowex 2 column, preconditioned with 8NHCl. 
Wash the column ,with three 2-ml portions of 8N HCI (collect the effluent and washings in a 25-ml 
Kjeldahl-flask for the determination of chromium). Transfer the resin with the adsorbed essPa to a 
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counting vial and allow for the decay of shorter activities before evaluation. Transfer the thorium 
standards directly into the counting tubes using the same quantity and concentration of the acid 
mixture. Use the y-ray peak at O-3 MeV for quantitative evaluation. On many occasions, a 
sign&cant adsorption of rssPa on the walls of the irradiation capsule was noticed, but in the case 
of standards only. The sample solution has a much more complex character and also contains a 
small amount of resin dissolved colloidally, which probably takes the role of a mechanical carrier for 
lssPa and reduces its adsorption on the walls of the container. Any adsorbed material, however, is 
readily soluble in dilute HF and this solution is added to the counting tube. 

Chromium. Extraction of perchromic acid with ethyl acetate was used in order to prevent any 
possible interference from thorium because the gamma-ray peaks of slCr and nrrPa overlap in the 
0.3 MeV energy range. In some samples the activity of lrsPa was about 100 times higher than that 
of %r and thus a specific separation of chromium was required. For samples of low thorium 
content (less than 5 ppm), chromium could be separated by a simpler method. 

Procedure for &termination of chromium. Evaporate the effluent from the adsorption column for 
Pa and washings to small volume on a direct flame, add 1 ml of perchloric acid and boil the solution 
until it turns to the orange of oxidised chromium. Wash the contents into a lOO-ml separatory funnel 
with a minimum amount of water (10 ml), adjust the pH to 1.7 with aqueous ammonia and cool 
the solution to 10” or less. 

Shake the solution with 20 ml of ethyl acetate after addition of 5 drops of 3 % HIOa.* Save the 
aqueous phase for isolation of lanthanum. 
of perchloric acid, of pH 1.7, and separate. 

Wash the blue organic phase with 5 ml of a cold solution 
Strip chromium from the organic layer by 2 ml of 10% 

KOH followed by two more 2-ml portions of water. Collect the aqueous phases in a tube for activity 
measurements. Carry out the same procedure.with standards and compare their activity with that 
of the sample. Because the solvent extraction of perchromic acid is not quantitative (normally 
85-95 %), a determination of the chemical yield may be necessary. Because the chromium is present as 
chromate in the final solution used to determine &lCr activity, the yield may be directly measured 
spectrophotometricall 

Lanthanum. &I Lant num is determined in the aqueous phase after solvent extraction of the 
chromium. Because of the selective reaction of lanthanum with oxalic acid and the characteristic 
y-spectrum of lroIa there is no need for tedious separation procedures. A single precipitation from 
dilute perchloric acid using lanthanum carrier usually gives a sufficiently pure spectrum to allow 
measurement without further purification. A very high activity of low-energy compared with 
lanthanum standards indicates the presence of other radioisotopes of the rare earths, many of which 
emit y-rays in the range up to 100 KeV. No attempt was made in this work to identify any one of 
them and the concentration of lanthanum was taken as indicative of the total rare-earth concentration. 

Procedure for determination of lanthanum. Dilute the aqueous solution left after the extraction 
of chromium to 50 ml, heat to boiling and add 15 ml of a saturated solution of oxalic acid in order 
to precipitate the lanthanum. Keep the mixture warm for 2 hr and then filter, using a demountable 
filtration apparatus and a flat circular filter paper disc, 20-mm in diameter. Wash the precipitate 
thoroughly with a 2 % solution of oxalic acid in @5N HCl and dry. Evaluate the amount of lanthanum 
by comparing the activity of l%a at the @33 or 0.48 MeV peak with standards irradiated and pre- 
cipitated under identical conditions. 

Elements separated from sulphuric acid medium 

For reasons already mentioned, the separation and determination of manganese and sodium is 
considered in this group of impurities which also includes cobalt and copper. These elements, with 
the exception of cobalt, represent a more serious problem with regard to blank values and contam- 
ination of the sample before irradiation. The weakly acid solut&m of uranium is passed through 
the ion exchanger in sulphate form and uranium is quantitatively adsorbed. However, the amount of 
sulphuric acid required for dissolution of the sample and washing of the column is small and does 
not contribute appreciably to blank values. 

A radiochemical separation scheme was developed for the determination of the four elements in 
sequence. Uranium is removed first as the sulphate complex and the effluent from the column is 
evaporated to small volume and irradiated. It is then made 8N in hydrochloric acid, carriers are 
added and the solution is passed over the small chloride column. Copper and cobalt are quantitatively 
adsorbed and their bands, blue and green respectively, can be observed as they slowly separate with 
the increasing volume of hydrochloric acid used for washing. Later they are eluted with dilute 
ammonia or hydrochloric acid and the activity of the solution determined. Manganese and sodium 
are determined by direct measurement in the efIluent after chloride separation. 

Procedures for manganese, sodium, copper and cobalt. Adsorb uranium from a 0.05N HaSO 
solution on approximately the same amount of resin as was used in the case of the chloride group 
but in the sulphate form. Wash the column with 10 ml of 0.05N H,SO, followed by five IO-ml 
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portions of O*OlN acid. Collect the effluents in a lOO-ml silica dish, evaporate the solution just to 
fuming and transfer into the irradiation ampoule, using an amount of water as small as possible for 
dilution and washing. 

After irradiation transfer the solution and ampoule washings into an evaporating dish. 
each of Co, Cu, Mn, Cr and Na carriers and evaporate the solution almost to dryness. 

Add 1 mg 
Take up the 

residue in 2 ml of 8N HCl from which cobalt and copper are adsorbed on the small column of Dowex 
2 in chloride form. Wash the column with 10 ml of 8N HCl to remove s*P formed from the sulphate 
by the snS(n,p)8aP reaction. Collect the effluent in a polythene tube and determine manganese and 
sodium from the activities at the O-82 MeV and 275 MeV peak areas, respectively, by comparison 
with mixed standards of known manganese and sodium content measured under the same geometrical 
conditions. In the case of a very low manganese and high sodium content, precipitate manganic acid, 
using ferric hydroxide as collector. Centrifuge, dissolve the precipitate in nitnc acid and 1 drop of 
HgOg and measure the activity of the two nuclides separately, sodium in the supematant solution 
after centrifugation and manganese in the dissolved precipitate. 

Copper and cobalt can be eluted directly into the polythene tube with 5 ml of @5N HCI. In the 
case of high thorium and/or iron content, however, 5 ml of 2N aqueous ammonia are preferable. In 
the e5uents the annihilation radiation of “%u at O-51 MeV shows clearly, even when the concentration 
of copper is much below that normally tolerated for this element in uranium compounds of nuclear 
purity. 

Cobalt requires considerably longer counting times because of its lower sensitivity. This usually 
makes its simultaneous determination with copper impracticable. Overlapping of @@Co y-ray peaks 
(l-17 and 1.33 MeV) with those of aDFe and PANa presents some difficulty. All iron and some traces 
of sodium are usually left on the chloride column even after prolonged washing with 8N HCl but 
contaminate the Co/Cu fraction when these are eluted with O*SNHCl. If ammonia is used for 
elution, iron is eliminated but sodium still persists and the simplest way to increase accuracy and 
precision is to allow 2-3 days for the decay of *“Na. Alternatively, a selective radiochemical separation 
such as the precipitation of potassium hexanitritocobalt (III) can be used. 

This scheme is readily adaptable to special situations and can be shortened or simplified if there 
is no need for the determination of the entire group. After irradiation, copper, for example, can be 
isolated selectively by reducing it with TiCl, to the mo~ov~ent state and adsorbing it on a chloride 
column from dilute hydrochloric acid (up to 1 N). 

Note. At an earlier stage of this investigation, chromium was also determined in this group. 
However, its recovery in the preseparation was always incomplete because up to 15 % remained on the 
sulphate column. On the other hand, quantitative yields were obtained with a chloride system, and 
provided the h drochloric acid does not contain any c~omium, the chloride separation is preferable. 
This has the a dy ded advantage that solutions are free from 8aP (because no sulphate ion is present in the 
irradiated solution) and eliminates the high bremsstrahlung effect from aeP /?-rays during the 
measurement of slCr . 

Elements separated through cation exchange: fungstent arsenic and m~iy~euurn 

Similarity in the chemical behaviour of molybdenum and tungsten makes their determination by 
chemical methods tedious and di5cult in the presence of each other. For molybdenum as trace 
element in uranium, emission speztroscopy seems to be the simplest approach, giving high sensitivity 
and reasonable precision. For tungsten, activation analysis appears to be a most promising and 
simple technique because advantage can be taken of the high neutron absorption cross section and 
the very typical y-ray spectrum of lS?W. The y-ray peaks of @49 and 0.69 MeV can be easily evaluated 
even when the amount of MO present exceeds that of tungsten by a factor of 100 or more. Molyb- 
denum alone can & determined by measuring the activity of the @ 14 MeV pray of its decay product 
*@Tc but in the presence of tungsten this is almost coincident with a y-ray of l*7W. It is, therefore, 
necessary either to separate MO from W, or W and MO from Tc in order to deter~ne both elements. 
Considering that the sensitivity of activation analysis for molybdenum is moderate and that consider- 
able time is involved, because of the relatively slow build-up of 8DTc activity (Tlja = 6 hr) in the 
irradiated molybdenum, this technique was only applied in the case of the intercomparison solution 
which contained molybdenum in a concentration of 200 ppm with regard to uranium and no 
detectable wncent~tion of tungsten. 

Both molybdenum and tungsten are very strongIy and irreversibly adsorbed by anion exchange 
resin in chloride form from all minera acid solutions0 up to a concentration of at least 2M if H& 
is present. This provides a simple and very selective separation of these two elements together after 
irradiation and makes an immediate determination of tungsten possible by mmSuring the activity 

of the resin cc&mm 0x-t the multich~nel aualyser. The same procedure was used for the determination 
of molybdenum in the intercomparison solution with the only difference that measurement was 
delayed in order to allow @*Tc to grow in the sample. 
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Procedure. Prepare a column of approximately 50-mm length (for 1 g of uranium) from an 
appropriate amount of Dowex 50W x 8 cation exchange resin, 100 - 200 mesh, which has been 
thoroughly washed with 2N HN09 followed by water. Adsorb uranium from dilute nitric acid 
solution and wash the column with three times its volume (50 ml) of O*OlN HNOI. 

Evaporate the effluent to small volume, transfer into the irradiation capsule, seal and irradiate 
with a set of standards for 3-5 hr at 1Or8 n.cm-*.sec- I. After irradiation make the solution O-5N 
with respect to HCl and O*lM with respect to HBOa and pass through a small column of Dowex 
2 x 8, lOO-200mesh. 

Thoroughly wash the resin, transfer into the polyethylene vial and determine the tungsten by 
means of its 0.45 MeV y-ray or molybdenum by the 0.14 MeV y-ray after OOTc has grown in (in the 
absence of W only). 

This simple procedure proved satisfactory for the analysis of samples included in Table I but 
might need modification if the relative abundances of impurities separated within the group were 
unfavourable. 

To avoid the contamination by the fission product molybdenum, it is extremely important that 
here are no traces of uranium present in solutions to be analysed for molybdenum. The contribution 

of molybdenum formed by fission can be quite significant, even at very low uranium levels, because 
1 pg of uranium gives a yield of fission product 89Mo equal to that produced from the same amount 
of molybdenum. 

The effluent from the uranium separation stage will, in addition to molybdenum and tungsten, 
also contain other impurities which appear either as undissociated acids or as colloids such as silicon, 
boron, phosphorus, arsenic, antimony and tin; they are not considered here because they were not 
present in sufficient quantity in any of the analysed samples to interfere in activation analysis. We 
have, however, some evidence from tracer experiments to justify mentioning the possibilities offered 
by this system. 

The recovery of arsenic, for example, is quantitative, and it can easily be determined in the effluent 
after removal of molybdenum and tungsten. The determination of halides should not present any 
difficulties in the analysis of soluble, salts such as nitrate or acetate. According to tracer experiments, 
quantitative recoveries are obtained by simply passing an aqueous solution through the cation column 
to remove uranium and irradiating an appropriate aliquot of the effluent. Carriers are then added, 
silver halides precipitated and the activity of the precipitate measured. A radiochemical separation, 
would be necessary for iodide in the presence of large quantities of bromide and/or chloride. Except 
for tracer experiments, their determination was not considered in the present investigation. 

CONCLUSION 

The results obtained when applying the procedures described above are summarised 
in Table II and compared with the figures given in the specifications. They show 
clearly that the values reported as upper limits for some elements (left column) 
differ from the real values by one or several orders of magnitude. On the other hand, 
some other impurities are not covered by the specification, although they might be 
present in appreciable concentration. 

Ion-exchange separation of uranium offers the possibility of recovering almost 
all impurities free from the matrix. In this way, their determination by any technique 
is simplified and in particular activation analysis can be applied to these elements. 
Blank values can easily be kept under control in view of the simplicity of the separation 
procedure. 

According to the type of resin and system used, impurities are grouped and can 
be analysed in sequence within a group, using one irradiation. Radiochemical 
separations are essentially based on ion exchange in order to simplify and reduce the 
work involved by keeping the selection of reagents and equipment limited. 

As compared to spectrography, which is generally used as a routine method for 
uranium, activation analysis offers definite advantages for trace elements such as 
manganese, copper and sodium in cases where the amount of sample is limited or 
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where the concentration of these elements is extremely low. This is quite obvious 
when comparing upper limits reported by spectrography and the values obtained by 
activation analysis in samples of uranium dioxide and triuranium octoxide. 

Using a moderate irradiation time of a few hours and a neutron flux of about 
10ls n.cm-2.sec.-1 the sensitivity for chromium and cobalt is of the order of that of 
spectrography. The sensitivity can, however, be considerably increased when a longer 
irradiation time can be tolerated or when higher fluxes are available. In any case, 
activation analysis represents an independent supplementary technique in addition 
to spectrography. It also covers a group of elements, such as thorium, tungsten or 
lanthanum, in concentration ranges which are significant in the analysis of this type 
of sample but for which spectrography is an insensitive method. 

For most elements the precision ranges between 10 and 30% for a single deter- 
mination at the 95 % confidence limit. This is very satisfactory, taking into account the 
very low concentration levels which would hardly be accessible by spectrophotometry. 

The potential of the method described appears to be much broader because there 
are many more elements which are normally not determined in nuclear grade uranium 
compounds but which could be of interest in special cases (such as in the analysis of 
uranium and its compounds originating from processing of ores, alloys or solutions) 
in which less common elements could be expected to be the main constituents. 
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Zusammenfassung-Die Aktivierungsanalyse wird auf die Bestimmung 
von 9 Spurenelementen in einigen Uranverbindungen angewandt, 
darunter 3 Proben von “nuklearreinen” Uranoxyden. Die Analysen- 
methode beruht auf der Vorabtrenmmg von Uran durch Ionenaus- 
tausch mit drei verschiedenen Systemen, je nach den zu bestimmenden 
Verunreinigungen. In Betracht gezogen werden: Thorium, Lanthan, 
Chrom, Kupfer, Kobalt, Mangan, Natrium, Wolfram und Molybd%n. 
Ausbeutekorrekturen sind nicht notwendig, da die Methode quantita- 
tive Ausbeuten ergibt. Arbeitsbedingungen und Ergebnisse werden 
diskutiert; es wird gezeigt, dalj Blindreagentien kein emstes Problem 
darstellen. Die untersuchten Verunreinigungen k&men in relativ 
kleinen Probenteilen mit einer Genauigkeit (2~) von -&20 % in Konzen- 
trationsbereichen bis hemmer zu wenigen ppb bestimmt werden. 

R6sum&--On applique l’analyse par activation au dosage de 9 elements 
a l’etat de traces dam quelques composes de l’uranium, y compris 
trois echantillons d’oxydes d’uranium de “purete nucl&aire”. La 
methode d’analyse est basee sur la separation prealable de l’uranium 
par echange d’ions, utilisant trois systemes diierents selon les in+ 
pretb mises en jeu. On considere les elements suivants: thorium, 
lanthane, chrome, cuivre, cobalt, manganese, sodium, tungstene et 
molybdene. Des corrections de rendement chimique ne sont pas 
necessaires, la methode foumissant des recuperations quantitatives. 
On discute des techniques et des r&hats et l’on montre que les essais 
temoins des reactifs ne representent pas un probleme serieux. On peut 
doser les impuretes etudiQs dans des prelevements d’echantillons 
relativement petits, avec une precision (24 de -+20x, &ns des 
domaines de concentration pouvant descendre jusqu’a quelques p.p.b. 

REFERENCES 
1 A. Travesi and J. A. Galiano, Symposium 

October 1964, Paper SM-55/84. 
on Radiochemical Methods of Analysis, Salzburg, 19-23 



Determination of some impurities in nuclear-grade uranium 987 

s H. Marchart and F. Hecht, MoMlsh., 1964,X$742. 
8 M. &d8gh, E. Szabo and D. Hegedils, Symposium on Radiochemical Methodr of Analysis, Salzbug, 

19-23 October 1964, SM-551110. 
d K. A. Kraus and F. Nelson, Proc. Znternat. Co@ At. En., Geneva, 1955, VII, P 837, 113. 
6 F. J. Birks, G. J. Weldrich and A. M. Thomas, Analyst, 1964,89, 36. 
e A. L. Arnfelt, Acta. Gem. Scand., 1955, 9, 1484. 
7 H. J. M. Bowen and D. Gibbons, Radioactivation Analysis. O.U.P., Oxford, 1963, p. 55. 
* R. K. Brookshier and H. Freund, Analyt. Chem., 1951,23,111. 
* K. Samsahl, Aktiebolaget Atomenergi Stockholm, Report AE-54, 1961, p. 9. 



Talanta, 1965, Vol. 12, pp. 989 to 996. Pergamon Press Ltd. Printed in Northern Ireland 

DETERMINATION OF MAGNESIUM BY 
ATOMIC-ABSORPTION SPECTROPHOTOMETRY 

AFTER EXTRACTION 

MASAMI SUZUKI, MASAAKI YANAGISAWA and TSUGIO TAKEUCHI 

Department of Synthetic Chemistry, Faculty of Engineering 
Nagoya University, Nagoya, Japan 

(Received 18 March 1965. Accepted 3 June 1965) 

Summary-A method for the determination of magnesium by atomic- 
absorption spectrophotometry, after extraction into an organic solvent, 
has been developed. Magnesium is extracted as an 8-hydroxyquinolate 
or I-hydroxyquinaldate complex into methyl isobutyl ketone. The 
extract is introduced into the flame and the magnesium absorption 
measured. The 8-hydroxyquinolate extraction method serves to 
determine trace amounts of magnesium in alkali products such as 
purified brine, sodium carbonate and sodium bicarbonate. The 
I-hydroxyquinaldate extraction method serves to determine small 
amounts of magnesium in aluminium metal and aluminium alloys. 

INTRODUCTION 

SEVERAL papers have been published on the determination of magnesium by atomic- 
absorption spectrophotometry, because of the sensitivity of the method. However, 
aluminium and silicon have a serious effect on magnesium absorption, because they 
form acidic oxides which are stable at high temperatures. David1 demonstrated that 
the interference from aluminium and silicon in the determination of magnesium is 
suppressed by the addition of large amounts of strontium. Wallace2 showed that the 
addition of 8-hydroxyquinoline solution to aluminium-magnesium solutions counter- 
acts the depressive effects of aluminium on magnesium absorption. However, this tech- 
nique does not compensate for the interference of silicon. Furthermore, a high salt 
concentration results in reduced atomiser efficiency and hence low absorption readings. 
Therefore, in the cases where a comparatively trace amount of magnesium is required 
to be determined in the presence of a large concentration of salt, it seemed preferable to 
extract magnesium before determination. It was also felt that the interference from 
diverse ions could be reduced and an increase in sensitivity obtained by applying an 
extraction system. 

Much has been written regarding the extraction of the magnesium 8-hydroxy- 
quinolate complex before determination by absorption spectrophotometry.3-5 How- 
ever, in the authors’ experience poor reproducibility was obtained in the absorption 
spectrophotometric determination. 

The work reported here was undertaken to examine the possibilities of applying 
the extraction of magnesium 8-hydroxyquinolate and 8-hydroxyquinaldate complexes 
to atomic-absorption spectrophotometry. Furthermore, the work was directed to 
develop the extraction method for the determination of magnesium in alkali products 
and in aluminium alloys. 

3 989 



990 M. SUZUKI, M. YANAGISAWA and T. TAKEUCHI 

EXPERIMENTAL 
Apparatus 

Atomic-absorption. A Hitachi photoelectric spectrophotometer EPU-2 was used with the Hitachi 
atomic-absorption attachment RA-1. An air-acetylene flame was used throughout this work. The 
7-cm fish-tail burner was water-cooled, The following operating parameters were employed for 
analysis. 

Air pressure 1 .O Kg. cm-* 
Acetylene pressure 0.08 Kg. cm-* 
Wavelength 2852 A 
Slit width 0.05 mm 
Lamp current 3omA 

Although the highest magnesium absorption was obtained with O-10 Kg. cm-* of acetylene pressure 
for fixed air pressure (1-O Kg. cm-*), it was found that higher than 0.09 Kg. cm-* of acetylene 
pressure resulted in poor precision of meter readings because of fluctuation of the flame. Therefore, 
0.08 Kg. cm-* of acetylene pressure was used in the present work. 
was about 2.6% lower than that with 0.10 Kg. cm-e. 

The absorption with this pressure 

Reagents 

Magnesium solution. Dissolve 1.00 g of pure magnesium metal in the minimum amount of 6M 
hydrochloric acid and dilute to 1 1. with water. 

Aluminium solution. Dissolve 1 g of pure aluminium metal in 6M hydrochloric acid and dilute to 
100 ml. 

8-Hydroxyquinoline solution. Dissolve 5 g of I-hydroxyquinoline in 100 ml of ethanol. 
84Iydroxyquinaldine solution. Dissolve 5 g of I-hydroxyquinaldine in 100 ml of ethanol. 
Sodium tartrute solution. Dissolve 25 g of sodium tartrate in water and dilute to 100 ml. Adjust 

the solution to pH 11 and extract with a 5 % solution of 8-hydroxyquinoline (or 8-hydroxyquinaldine) 
in methyl isobutyl ketone to remove magnesium. 

Sodium chloride solution. Prepare a saturated solution. 
Methyl isobutyl ketone. Purify commercial reagent-grade methyl isobutyl ketone by distillation. 
Other reagents were of analytical-grade unless otherwise stated. 

Procedure 

1. Extraction of magnesium &hydroxyquinofate. 
40 rg of magnesium, in a 50-ml separatory funnel. 

Place 10 ml of an acidic solution, containing 3 to 
Add 20 ml of sodium chloride solution and 1 ml of 

sodium tartrate solution. Mix well, and then add 5 ml of 8-hydroxyquinoline solution, followed by 
3 ml of ammonia to bring the pH of the solution to greater than 11. Adjust the volume to 40 ml, add 
exactly 10 ml of methyl isobutyl ketone and shake vigorously for 3 min. Drain off and discard the 
aqueous phase. Spray the organic phase into the flame and measure the magnesium absorption. 

2. Extraction of magnesium 8-hydroxyquinakiate. Place 10 ml of an acidic solution, containing 
3 to 40 pg of magnesium, in a 50-ml separatory funnel. Add 5 ml of sodium chloride solution and 1 ml 
of sodium tartrate solution. Mix well. and then add 5 ml of 8-hvdroxvauinaldine solution, followed 
by 3 ml of ammonia to adjust the pH of the solution to higher than 1 i.’ Dilute to 40 ml &th water. 
Add exactly 10 ml of methyl isobutyl ketone and shake vigorously for 3 min. 
magnesium-hydroxyquinaldate complex as in the above procedure. 

Extract and spray the 

RESULTS AND DISCUSSION 

Extraction of magnesium with 8-hydroxyquinoline 

E#ect of sodium chloride and tartrate. The concentration of sodium chloride 
played an important role in the extraction of magnesium-hydroxyquinolate complex. 
Fig. 1 shows the results obtained. The extraction of magnesium-hydroxyquinolate 
complex was greater at high sodium chloride concentrations, probably because of 
a salting-out effect. Sodium chloride also served to prevent any emulsification. 

Tartrate, which served to prevent hydrolysis of metals at higher pH, had no 
effect on the extraction of magnesium when present in small concentrations, but 
decreased the amount extracted when present in larger amounts, as is shown in Table I. 
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Efict of pH. The extraction of magnesium Shydroxyquinolate was investigated 
over a pH range of 9 to 12. The percentage extracted was constant when the pH was 
greater than 11. 

Effect of reagent concentration. More than 200 mg of Ghydroxyquinoline was 
required if the procedure was followed (Fig. 2). 

Choice of solvent. Luke and Campbell3 successfully extracted magnesium-8- 
hydroxyquinolate complex with chloroform by using Butyl Cellosolve as a supple- 
mentary solvent. Jankowski and FreiserP studied the extraction of magnesium- 

NaCI, g/40 ml 

FIG. L-Effect of sodium chloride on magnesium extractability:- 
A: Hydroxyquinolate complex (25 ,~g of Mg) 
B: Hydroxyquinaldate complex (30 lug of Mg) 

hydroxyquinolate complex into mixed organic solvents, e.g., chloroform mixed with 
Butyl Cellosolve, isopentyl alcohol or ethanolamine. Goto and Kakitas investigated 
the extraction of magnesium-hydroxyquinolate complex into methyl isobutyl ketone. 

In atomic-absorption spectrophotometry with an air-supported flame, the number 
of solvents that can be successfully burnt is limited. Chloroform gave an unstable flame 

TABLEI.-EFFECT OF TARTRATE ON EXTRACTION OF MAGNESIUM 8-HYDROXY- 
QUINOLATE AND 8-HYDROXYQUINALDA’ COMPLEXES* 

Decrease in absorbance, % 

Sodium tartrate, M I-Hydroxyquinolate 8-Hydroxyquinaldate 

0 0 
0.0027 0.7 
0.014 1.2 
0.027 3.6 

* 25 pg of magnesium present in each case. 

0 
0 
1.4 
3.1 

and noxious gases were produced during the combustion. Esters and ketones behaved 
satisfactorily in the flame. With these solvents the flames were constantly steady and 
the combustion was complete. Therefore, the use of esters and ketones was tested 
by comparing the atomic-absorption signal after extraction. Of all the organic 
solvents tested, methyl isobutyl ketone was found to be best for extraction. Mag- 
nesium-8-hydroxyquinolate complex could also be extracted into esters, but methyl 
isobutyl ketone was more efficient. An increase in extractability was not found when 
methyl isobutyl ketone was mixed with Butyl Cellosolve. 
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The extraction efficiency was estimated by extracting with l&ml portions of 
methyl isobutyl ketone. It was found that 94 % of the magnesium present was extracted 
in a single pass over the range of magnesium concentration studied. However, the 
single-extraction technique was used in the present work because of the high reproduci- 
bility of extraction. No improvement in extraction was found after shaking 
vigorously for more than 1 min. 

0 
Reagent, mg 

FIG. 2.-Effect of reagent concentration:- 
A: I-Hydroxyquinoline (25 ,~g of Mg) 
B: I-Hydroxyquinaldine (25 /.~cg of M@ 

Calibration curve. A calibration curve with the concentration of magnesium varying 
from 4 to 40 ,ug was prepared by employing the procedure given above. A typical 
calibration curve is shown in Fig. 3. 

E$ect of diverse ions. %Hydroxyquinoline forms complexes with all metals 
other than the alkali metals, and these complexes are extractable into methyl isobutyl 
k etone. Selectivity can be controlled by pH, but aluminium, copper, iron, manganese, 
nickel, lead and zinc react in the pH range of 11-12. To ascertain the influence of 
diverse ions magnesium was extracted by 8-hydroxyquinoline from solutions con- 
taining diverse ions. The results are summarised in Table II. Most of the metals used 
were in the chloride form. Chromium(II1) was prepared by reducing dichromate 
with hydrochloric acid. The precipitates remained in the aqueous phase after extrac- 
tion of copper and calcium as 8-hydroxyquinolate complexes. Aluminium in large 
amounts also remained without being extracted into 10 ml of methyl isobutyl ketone, 
and required a larger volume of methyl isobutyl ketone to be completely extracted. 
Aluminium extracted into the organic phase did not affect the magnesium absorption 
whereasinaqueoussolutionitdepressesthemagnesiumabsorption. Itmaybeconsidered 
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that &hydroxyquinoline in the extract counteracts the depressive effect of aluminium 
on magnesium absorption. 

Silica, sulphate or phosphate did not interfere with the extraction. 

Extraction of magnesium with Shydroxyquinaldine 

Efict of sodium chloride and tartrate. The effect of sodium chloride on the extrac- 
tion of magnesium-hydroxyquinaldate complex is shown in Fig. 1. Contrary to the 
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FIG. 3.-Calibration curves for magnesium determination:- 
A: S-Hydroxyquinolate complex 
B: I-Hydroxyquinaldate complex 

8-hydroxyquinoline system, the extraction was not enhanced as the sodium chloride 
concentration increased. The extraction of magnesium appears to be reduced with 
high concentrations of salt. Therefore, the minimum amount of sodium chloride 
had to be used for preventing any emulsification in extraction. 

Large amounts of tartrate lowered the amount of magnesium extracted (Table I). 
The minimum amount of tartrate needed to prevent the hydrolysis of metals was used. 

Effect ofpH. It was found that the magnesium-8-hydroxyquinaldate complex was 
effectively extracted at a pH greater than 11. The pH range of extraction of the mag- 
nesium-hydroxyquinaldate complex was not different from that of the hydroxy- 
quinolate complex. 
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E$ect of reagent concentration. As is shown in Fig. 2, more than 200 mg of 
8-hydroxyquinaldine was necessary for this procedure. 

Calibration curve. A calibration curve of the concentration of magnesium varying 
from 2 to 40 pg was prepared. A typical calibration curve is shown in Fig. 3. 

Magnesium-hydroxyquinaldate complex was also extracted into most esters, 
but methyl isobutylketone was more suitable for extraction because of the high 
extractability of the complex. 

TABLE IL-EFFECT OF DNERSE IONS 

Magnesium, rg 

Foreign ion, pg 
Present 

Found* 

I-Hydroxyquinolate I-Hydroxyquinaldate 

318 Cu 20.0 
532 Cu 20.0 
500 Ca 20.0 
454 Fe 20.0 
300 Mn 20.0 
510 Mn 20.0 
531 Ni 20.0 
633 Zn 20.0 
500 Pb 25.0 
654 Sn 25.0 
311 Cr 25.0 
518 Cr 25.0 
245 Ti 25.0 
490 Ti 25.0 
490 Ti 30.0 
529 Al 20.0 

1000 Al 20.0 
3000 Al 20.0 
5000 Al 20.0 

10000 Al 20.0 

19.6 
17.5 
20.0 
20.8 
20.0 

- 
20.9 
21.3 
25.0 

- 
- 

24.5 
24.8 
23.6 

- 
20.0 
19.2 
16.4t 

- 
- 

- 
19.7 
21.2 
19.3 

2;o 
21.2 
18.4 
25.5 
25.6 
25.1 
22.6 
- 

3Go 
20.0 
20.0 
20.1 
20.0 
20.0 

* Random error: ho.5 pg. 
7 S-Hydroxyquinolate complexes were not completely extracted. 

Eflect of diverse ions. 8-Hydroxyquinaldine forms complexes with metals other 
than the alkali metals, but this reagent does not form a stable aluminium complex.sB7 
However, 8-hydroxyquinaldine has not been used to extract magnesium in the 
presence of large amounts of aluminium. The effect of aluminium was, therefore, 
investigated for the determination of magnesium in aluminium. Ten mg of aluminium 
had no effect, but higher concentrations led to incomplete extraction of magnesium. 
When the magnesium was extracted from solutions containing more than 10 mg 
of aluminium, the organic phase had to be washed with a solution of pH 11. 
However, the effect of 20 mg of aluminium could not be completely overcome. 

The effects of other ions are summarised inTableI1. Chromium (500 ,ug) was found 
to interfere. However, this effect was not encountered when magnesium and chromium 
were extracted from separate solutions and the extracts were mixed previous to 
spraying. Therefore, it seemed reasonable to assume that the effect of chromium was 
encountered in the extraction process. 

APPLICATION OF THE METHOD 

Determination of magnesium in alkali products 
Procedure. Except for brine and sodium chloride, dissolve a suitable weight of sample (43g for 

sodium bicarbonate and 27 g for sodium carbonate) in about 50 ml of water. Neutralise the solution 
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5y slowly adding 45 ml of 12M hydrochloric acid and dilute to 100 ml with water. Place 20 ml of the 
sample solution into a separatory funnel and add 1 ml of sodium tartrate solution. Continue 
according to Procedure I (p. 990). 

Prepare calibration curve by taking standard magnesium solution and 20 ml of sodium chloride 
$ohttion through the procechue in place of the sample solution. 

Some samples of purified brine, sodium carbonate and sodium bicarbonate were analysed by this 
&)rocedure. The results are given in Table III. 

TABLEHI.-DRTERMINATION OF MAGNESNM IN ALKALI PRODUCJ% AND IN 
NATURAL WATER 

Sample 
Mis PPM 

Added Found 

Purified brine A 
OS5 

0.28, 0.28 
0.62 

Purified brine B 
0;5 

0.87, 0.84 
1.24 

Sodium carbonate - 2.78, 278 
1.53 4.20 

Sodium bicarbonate A 
0<7 

0.72, 068 
1.65 

Sodium bicarbonate B* - 41.8, 41.0 
Natural watert - 4.7, 4.7 

1.7 6.3 

* 1 g of sample was taken. 
t 2.8 ppm of MgO without extraction. 

Magnesium in natural water can successfully be determined by this procedure without interference 
from silica. 

Determination of magnesium in aluminium 

Procedure A. Dissolve @lOOO g of sample in 3 ml of hydrochloric acid by the addition of 1 ml of 
aitric acid. Boil to remove nitrous fumes and allow to cool. Transfer the solution to a 100-ml volu- 
metric flask and dilute to the mark. Take a suitable aliquot of the sample solution into a separatory 
funnel so as to give about 5-40 ,ug of magnesium and less than 10 mg of ahuninium, and continue 
according to Procedure 2 (p. 990). 

Prepare a calibration curve, with standard magnesium solution in place of the sample solution, by 
the above procedure. 

Procedure B. To 0~1000 g of sample add 5 ml of 3M sodium hydroxide solution. Allow to react 
without the application of heat until the reaction subsides, and then boil gently until the reaction is 

TABLRIV.-DETERMINATION OF MAGNESIUM IN ALUMINIIJM ALLOYS 

Magnesium, % 

Sample 

BCS 182/i * 
NBS 87at 
BCS 268:: 
BCS 216/l l/ 

Atomic absorption 

0.082,0.086 
0.381,0*389 
0536,0.532 
0.738,0*728 

Certificate value 

0.08 
0.37 
0.56 
0.74 

* Also contains 11.48 % silicon, 0.20 % copper, 044 % iron, 0.28 ‘A man- 
ganese, 0.04 % nickel, 0.05 % titanium and 0.10 % zinc. 

t Also contains 6.24% silicon, 0.30% copper, 0.61% iron, 0.26% man- 
ganese, 057% nickel, 0.18% titanium, 0.16% zinc, 0.11% chromium 
and 0.10 % lead. 

$ Also contains 4.85% silicon, 1.34% copper, 0.39% iron, 0.22% man- 
ganese, 0.12% nickel, 0.05 % zinc and 0.035 % lead. 

f Also contains 0.74 % silicon, 4.42 % copper, 0.40 % iron, 0.73 % man- 
ganese, 0.06% nickel, 0.10 % titanium and @11x zinc. 

Sample (BCS 216/l) was analysed by Procedure A and others by Pro- 
cedure B. 
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complete. Cool and add 6M hydrochloric acid to acidify the solution. Warm gently and add nitric 
acid dropwise until the solution becomes clear. Cool and proceed as in Procedure A. 

Several standard aluminium alloys were analysed by these procedures and the results obtained are 
shown in Table IV together with the corresponding certified values. One sample was analysed five 
times to evaluate the reproducibility of the method. The mean value was found to be 0491 Qompared 
with the certified value of 0.48 % and the coefficient of variation was 2.08%. 

These methods were suitable for samples containing more than @05 % of magnesium. 

Acknowledgement-The authors are indebted to Dr. Kazuo Ohta, Toyada Central Research Labora- 
tory, for samples of aluminium alloy. 

Zusammenfassung-Es wurde eine Methode zur Magnesiumbestim- 
mung durch atomare Absorptionsspektroskopie nach Extraktion in 
ein organisches Lijsungsmittel entwickelt. Aluminium wird als 8- 
Hydro~ychinolat oder 8-Hydroxychinaldat mit Methylisobutylketon 
extrahiert, der Extrakt in die Flamme gegeben und die Magnesium- 
Absorption gemessen. Die Extraktion als S-Hydroxychinolat dient 
zur Bestimmung von Magnesium-spuren in alkalireichen Produkten 
wie eereinieter Sole. Natriumcarbonat und -bicarbonat. Durch Ex- 
trakGon alsU8-Hydroxychinaldat werden kleine Mengen Magnesium in 
Aluminium und seinen Legierungen bestimmt. 

Resum&Gn a &labor& une methode de dosage du magn&un par 
spectrophotometrie d’absorption atomique apres extraction en solvant 
organique. On extrait le magnesium a l’etat de complexe &hydroxy- 
quinoleique ou I-hydroxyquinaldique par la methyl isobutyl c&one, 
l’extrait est introduit dans la flamme et l’on mesure l’absorption du 
magnesium. La methode d’extraction 8-hydroxyquinoleique sert a 
doser des traces de magnesium dans des produits al&ins, tels la 
saumure purified, le carbonate de sodium et le bicarbonate de sodium. 
La methode d’extraction 8-hydroxyquinaldique sert a doser de petites 
quantitts de magnesium dans l’aluminium metallique et ses alliages. 
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Summary-A theory of ion-association extraction using tetraphenyl- 
arsonium, triphenylsulphonium and tetraphenylphosphonium ions is 
given, from which these reagents are shown to be suitable for selective 
substoichiometric separations. From these considerations it follows 
that the substoichiometric determination of manganese, rhenium and 
iodine by activation analysis should be possible; however, the use of 
these reagents for isotope dilution seems to be doubtful. 

A PAPER by Tribalat on the extractability into chloroform of perrhenate as an ion- 
association compound with tetraphenylarsonium1*2 or tetraphenylphosphoniumS ion 
attracted interest, but only recently has a systematic study of the extraction of various 
anions by means of these reagents been carried out.“6 The work of Tribalat gave an 
exceptional position to the chloride ion amongst the other anions, because the above 
reagents are commercially available as their chlorides. Bock et al., who have studied 
the extractability of ion-association compounds of tetraphenylarsonium (TPA),4 tri- 
phenylsulphonium (TPS)5 and tetraphenylphosphonium (TPP)6 ions with many anions, 
pointed out that the formation of an extractable complex can be described by an acid- 
base reaction, e.g. 

HReO, -I- (C,H,),AsOH + (C,H,),AsReO, i- H,O 

and they expressed the extractability by means of the distribution ratio 

(1) 

cI= 
total concentration of anion in organic phase 

total concentration of anion in aqueous phase (2) 

which they measured at various pH, equal and constant volumes of organic and 
aqueous phases and constant molar ratios of reagent and anion under investigation. 
Simultaneously, the influence of pH on the partition of TPA, TPS and TPP was 
studied. It was found that all the reagents are, in the form of their hydroxides, 
almost fully dissociated in the aqueous phase. Accordingly, the extraction of perrhen- 
ate can be described by 

or 
ReO, + (C,H,),As+ + [(C6Hr,)4ASRe0410rg (3) 

Zn- + nT+ + (ZTn)org (4) 

where erg denotes the organic phase, Z is the extracted anion, T is the organic reagent 
901 
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and n is the number of molecules of the latter involved in forming the extractable 
species. In this case the extraction constant can be defined as 

and 

GC = K[T+]” (6) 

For a reproducible substoichiometric separation ‘*S it is necessary that the organic 
reagent will be consumed completely in forming an extractable species with the 
element (or its compound) to be separated. Therefore (for n = 1) 

[ZTlo, Vorg 2 0.99 CT-VW (7) 

where Vorg and Vaa are the volumes of the organic and aqueous phases and c, is the 
original concentration of the reagent used. After reaching extraction equilibrium 

[TlVs, I O-01 cTVa4 (8) 

and 

[ZlV*, I czvaq - c,v,9 (9 

It follows that for there to be 1% (or less) of reagent remaining unreacted in the 
aqueous phase after reaching extraction equilibrium, the value of the extraction 
constant must correspond to 

“aq 
0.99 CT Vorg 

K r (0.01 CT) (cz - CT) (10) 

In practice, normally Vaq/V erg = 5/l and cz = 2cT (e.g., 50% of element extracted 
the condition expressed by equation (10) requires K 2 5 x 102/cT. For the purposes 
Of activation analysis, where milligram amOUntS Of Carrier are USUdy used, CT is Of 
the order of 10e3 to 10b2M, which means that 

K 2 5 x 104 to 5 x 105. 

For isotope-dilution analysis, where CT is down to 10p8M, it is only possible to use 
reagents with extremely high extraction constants. Values of K calculated according 
to equation (6) from the experimental data of Bock et al. are summarised in Table I. 

From the above considerations, both TPP and TPA should be suitable for the 
substoichiometric determination of manganese (as MnO,-), rhenium (as ReO,-) and 
probably ‘chromium(V1) by activation analysis. Also, it should be possible to deter- 
mine iodine (as I-) using TPA. TPS seems to be less advantageous because of the 
lower stability of its solution. The use of these reagents for isotope-dilution analysis 
seems, however, to be doubtful. Only after a determination of M. using more dilute 
reagent solutions, can the question of the determination of manganese, rhenium, 
iodine, etc., by the latter method be judged. 
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TABLEI.-EXTRACTABILITY OF VARIOUSANIONSIN ~F~RMOFION-A~~~~IAI?~N~GMP~~ND~ 
WIlWTETRAPI-IENYLARsoNIuM,TRIP HENYLSULPHONIuhl AND TETRAPHENYLPHOSpHONluMIONS 

USING CXLGROFORM AS A SOLVENT 

999 

Reagent TPA TPS TPP 

Anion extracted a K a K a K 

Chloride 
Bromide 
Iodide 
Thiocyanate 
Chlorate 
Bromate 
Perchlorate 
Permanganate 
Perrhenate 
Nitrate 
Nitrite 
Chromate 

(pH 2.4) 
Chromate 

(pH 115) 

0.20 
5.0 

>300 
34 

>150 
0.9 

>200 
>300 
>200 
60’ 
0.2 
71 

0.03 

3.3 x 10’ 
8 x 10’ 

>5 x 104 
5.7 x 1W 

>2.5 x 10’ 
1.5 x 1V 

>3.3 x lo” 
>5-10” 

>3.3 x lo” 
1 x lo” 

3.3 x 10’ 
1.2 x 10” 

8 x 10” 

0.24 6 x 10’ 
060 1 x 103 

15.0 2~5 x 1F 
-1-O -1.5 x 10’ 

- 

0.4 
>lOO 
>200 
>lOO 
0.5 
0.1 

31.2 

- 

3.3 x 10’ 
>1.6 x 10‘ 
>3.3 x 1W 
>1.7 x l(r 

8 x 101 
1.6 x 10’ 
5.2 x lo” 

0.03 8 x 10’ 

0.18 
3.4 
60 

>380 
>lOO 

0.5 
>200 
>300 
>600 
5.0 
0.1 
25 

0.05 

3 x 101 
6 x 10” 
5 x lo” 

>6*3 x 10’ 
>1.6 x 10” 

8 x 10’ 
>3*3 x 10’ 
>5*104 

>l x 10’ 
8 x 10’ 

1.6 x 10’ 
4 x 10s 

1.5 x 10’ 

The extractability of fluoride, iodate, periodate, sulphite, sulphate, thiosulphate, phosphate, pyro- 

c 
hosphate, tungstate, vanadate, borate, arsenite, arsenate, selenite and telhnite is reporWF to 
low (a 5 0.05) in both an acidic and alkaline medium. Also, the extractability of molybdate in 

an alkaline medium using TPA and TPS has been found to be very low (a < O-005 and 0001, 
respectively); on the other hand, by analogy with chromate, good extractability of HMoO,- 
(formed in a slightly acidic medium) can be expected. 

The values of K listed in the table are calculated from the experimental results of Rock et al./-* 
assuming that extraction equilibrium has been reached and that the amount of reacting anion 
corresponds to its analytical concentration. 
* In a neutral medium. 

Selectivity 

It is evident that by this method an extractable anion can be selectively separated 
from any excess of cations and/or anions not extracted by the reagent used. If there 
are also present in the extracted solution other anions forming extractable ion-associ- 
ation compounds, then the extraction constant of the test anion must be higher than 
that of the other anions present in the test solution. The ratio of the concentrations 
of two anions in the separated organic extract can be calculated according to the 
relationship 

L%TnJorg = KJ.ZJIV1-ne 
E,zTndxg K;[Z,l 

(11) 

For the simplified case when n, = n2 and the original concentration of the two anions 
is equal (cx, = cx,), a quantitative separation of Z, from Z,, i.e., reaching a ratio of 

tZ~Tlorg 
LTlorg 

> 100, using excess of reagent [z,l 
PGI 

< 0.01 

requires that the ratio K,/K, should be greater than l@. Using a substoichiometric 
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amount of reagent, the same degree of selectivity in the separation can be achieved 

simply if 2 2200 for?] = 
( 

0.5, because 50% of unreacted Z, remains in the 
2 2 

aqueous phase . 
1 

Further increase in the selectivity of the method can be obtained by means of a 
preliminary separation of the test element from its mixture with foreign ions. For 
example, manganese could be extracted as its diethyldithiocarbamate in carbon 
tetrachloride or chloroform, then back-extracted into a solution of dilute mineral 
acid. Finally, after oxidation, manganese could be extracted as permanganate using 
a substoichiometric amount of TPP or TPA. Similarly, iodine could be extracted into 
an organic solvent, back-extracted into the aqueous phase using a reducing agent, then 
extracted as I- using TPA. 

In contrast with the solvent extraction of metal chelates, the partition of the reagent 
used cannot be controlled by a change of pH in the case of ion-association extraction 
systems involving TPP, TPA and TPS. For this reason a preliminary extraction of 
the test solution by the same reagent to be used for the substoichiometric separation 
is not possible. An uncontrollable amount of the unreacted reagent remains in the 
aqueous phase and a reproducible substoichiometric separation cannot subsequently 
be achieved. 

In addition to the anions stated in Table I, other negatively charged species, such 
as AuCI,-, Au(NCS),-, PdCla2-, HgIa-, etc., can interfere because they are also 
extracted. Such interferences can be avoided by removing the metal or preventing 
the formation of its anionic complex. The formation of these complexes, however, 
permits their use for other substoichiometric determinations. Thus, gold could be 
determined as AuCl, or Au(CNS),- using TPA. For this purpose not only the 
extraction constant according to equation (10) must be sufficiently high, but also a 
very strong chloro complex (in the case of AuCl,) must be formed. If not, too great 
an excess of chloride ions is necessary for the quantitative formation of AuCl,- and 
this excess will interfere in the extraction of AuCliT according to equation (8). For 

[AuCl,-] 
[A$+][(J-14 = lo2' 

even a small excess of chloride ions is satisfactory for complete formation of a species 
extractable as an associate with TPA. The suitability of this system has been recently 
well demonstrated by Alimarin and PerezhoginrO in the first paper published on the 
use of ion-association extraction for substoichiometric determination by activation 
analysis. From their experimental data it follows that the use of more than 094 
hydrochloric acid must be avoided, which observation is in agreement with the above 
theoretical considerations. 

From the theory and extraction data given in this paper, it follows that a sub- 
stoichiometric separation of manganese, rhenium and probably chromium can be 
developed using tetraphenylarsonium or tetraphenylphosphonium chlorides as 
reagents to form extractable species with these metals. Also, the first substoichio- 
metric separation of a non-metal, iodine, will probably be possible in this way. Finally, 
it should be possible to separate technetium by means of a substoichiometric amount 
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of tetraphenylarsonium chloride using rhenium as a non-isotopic carrier. This 
separation might be used for the determination of traces of molybdenum via ggmTc by 
activation analysis. 

Acknowle&ement-The authors thank Dr. M. Williams for his interest in this work and for 
critical discussion. 

R&u&-On presente une th6orie sur I’extraction d’associations 
ioniques utilisant les ions t&raphenylarsonium, triph6nylsulfonium et 
tetraphenylphosphonium, g partir de laquelle on montre que ces 
r&&ifs conviemrent aux separations substoechiometriques s6lectives. 
De ces considerations, il r&&e que lea dosages substoechiom&iques 
du manganese, du rhenium et de l’iode par analyse par activation 
devraient etre possibles; toutefois, l’emploi de ces reactifs pour la 
dilution isotopique semble douteux. 

ZusammenfaamqJ-Eine Theorie der Extraktion von Ionenassoziaten 
mit Tetraphenylarsonium-, Triphenylsulfonium- und Tetraphenyl- 
phosphoniumionen wird angegeben; dabei wird gezeigt, daB sich 
diese Reagentien zu selektiven unterstochiometrischen Abtremumgen 
eignen. Aus diesen Erwagungen folgt, d& die tmterstijchiometrische 
Bestimmung von Mangan, Rhenium und Jod durch Aktivierungs- 
analyse moglich sein sollte; die Verwendung dieser Reagentien zur 
Isotopenverdiinnung erscheint jedoch von zweifelhaftem Nutzen. 
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Summary-Samples containing 0.5 mg of silicon are fused with sodium 
peroxide in a nickel bomb. Silicon is precipitated and weighed as 
quinoline silicomolybdate. Satisfactory results have been obtained 
from both solid and liquid samples. Up to 3 mg of fluoride can be 
tolerated after addition of boric acid; phosphate must be absent. 

BECAUSE of the poor gravimetric factor involved, the determination of silicon in 
organic materials by weighing as silica is not very satisfactory. This is particularly 
so for analysis on the milligram scale. Much improved gravimetric factors can be 
obtained by the precipitation of the silicomolybdates of organic bases. However, only 
Schwarzkopf and Henleinl appear to have applied this type of method for the micro 
analysis of organic substances. These authors precipitated and weighed the oxine 
complex. 

During the search for a suitable method for determining silicon in materials also 
containing phosphorus,a very satisfactory results were obtained, in the absence of 
phosphate, * by precipitation as the quinoline molybdenum blue complex.* Previously, 
Armand and Berthoux5 had obtained good results for the determination of small 
amounts of silicon in aluminium alloys by precipitation of the unreduced, yellow 
complex. Because earlier work in our laboratory6 had indicated that there was 
probably no significant advantage in using other organic bases, it was decided to 
examine the utility of the quinoline complexes for the micro determination of silicon 
in organic compounds not containing phosphorus. 

Conditions for precipitation 

Filipov3 used a rather more acid solution for formation of silicomolybdic acid 
than Armand and Berthoux.s The optimum molybdate concentration and the time 
required for the complete formation of the complex acid was, therefore, checked by 
recording the rate of development of the yellow colour. It was similarly established 
that O-3 g of boric acid was required to prevent interference in the formation of the 
complex acid by up to 3 mg of fluoride. 

A comparison between the precisions obtained in precipitation of the blue and 
yellow complexes from standard silicate solutions was made. The results are shown 
in Table I. In each case, the means and standard deviations are based on 8 deter- 
minations. No statistically significant difference in precision was found. Further, 
the results indicated that the theoretical gravimetric factor (O*OlZO) could be applied 
to the yellow complex. 

* It was not clear from the abstract’ that Filipov’s whole procedure, for the analysis of silicon in 
steels also containing phosphorus, did not allow the formation of phosphate. This only became 
apparent when we were able to obtain an earlier paper’ by the same author. 

1003 
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TABLEI.-COMPARISONOFPRECISIONS: BLUEANDYELLOWCOMPLEXES 

Blue complex Yellow complex 

Si taken, mg 
8% 4E8 

1.0 . 
Mean wt. of ppt., mg 83.30 47.556 
Standard deviation, mg 0.298 0.161 0,341 0.289 

TABLEII.-ANALYSISOFSOLIDORGANICRESEARCHMATERIALS 

Smaller bombs Standard bombs 

Compound Sample wt., Si found, Sample wt., Si found, Si calcd., 
n?? % “g % % 

Triphenylsilanol 5.320 10.21 
4.807 10.19 

2.940 16.16 
3.299 1604 

3.999 13.50 
3.729 13.49 

4.329 12.22 
3.997 11.93 
5.840 10.50 
5.334 10.48 
2.667 20.62 
2.731 20.94 
2.647 20.66 
2.460 2@53 

2.955 19.49 
3.224 19.45 

5.194 10.27 
5.019 10.07 
5.288 10.12 
5.134 10~00 
4.963 10.15 
5.309 9.86 
4958 1002 
5.163 10.18 
4.863 9.96 
4.992 10.16 
5.115 9.98 
5.114 10.20 
5.042 10.48 
3.082 15.91 
3.250 15.07 
3.121 15.70 
3.060 16.01 
3.235 16.13 
2.996 16.19 
2.982 16.91 

3.964 1418 
3.993 13.65 
3.757 13.61 
3.805 13.72 
3.427 13.62 
4.158 11.98 
4.202 11.87 

2.741 20.98 
2.772 21.98 
2.714 19.90 
2.480 20.29 

10.14 

16.12 

13.68 

13.68 

11.88 

10.50 

2064 

2064 

19.45 

Analysis of organic materials 

Fusion with 1 g of sodium peroxide had been found an effective mineralisation 
technique for the analysis of silicon compounds on the semimicro scale.2 It was 
decided to use O-2 g of peroxide for the micro work to ensure complete decomposition 
of organic materials, particularly because it was anticipated that some liquids might 
have to be encapsulated. Most of the work has been done using nickel bombs, 
similar to but smaller than the well-known “fluorine” bombs,’ with an internal 
volume of about O-25 ml. 
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TABLE III.-ANALYSIS OF LXQIJID ORGANK RESEARCH MATERLU 

Smaller bombs Standard bombs 

1005 

Compound Sample wt., Si found, Sample wt., Si found, Si calcd., 

W % mg % % 

CJS~Sidh 3.039 22-41 1.416 21.98 
2.423 22.37 3.730 21.90 

1.610 22.21 
3.314 22.22 

C,H,,SiO 5601 17.21 
CJGW~ 4.779 13.08 4.085 13.41 

7.629 1344 5.372 13.34 
G~H&O 2.567 1944 
G~H&i@ 2.340 24.66 10.763 * 25.26 

3-814 24.88 10.187* 25.33 
GH&W 3-967 16.26 5.629 1636 

3.079 16.24 3.805 16.42 
4.484 1673 6.813 16.20 

G&&&O~F~t 4.894 21.84 
2.774 21.85 

* AU reagent quantities multiplied by 3; 15-,ug blank subtracted. 
t 0.3 g of boric acid added to the alkaline leach solution. 

2244 

17.52 
13.68 

19.61 
25.03 

16.12 

21.90 

Solid materials. Samples containing about 1 mg of silicon were used in the initial 
tests. In order to avoid high and variable blanks, 

(9 
(ii) 

(iii) 

(iv) 

the copper gaskets-used to seal the bombs must not be asbestos filled; 
commercial colloidal graphite could not be used to prevent the copper gaskets 
sticking to the nickel: a special preparation of carbon black had to be used; 
the furnace had to be lined with metal to prevent dust from the refractory 
lining falling on the bombs; 
plastic (e.g., PTFE) covers must be used when leaching the bombs in the 
platinum dishes. 

When all these precautions were taken, good results were obtained with no blank 
correction. However, because relatively large amounts (10 mg or more) of samples 
were required for analysis of compounds with low silicon contents, trials were con- 
ducted with samples containing only 0.5 mg of silicon. Working on this scale, it 
became apparent that a blank correction (equivalent to 5 yg of silicon) must be 
subtracted. The results for the analysis of triphenylsilanol and eight research com- 
pounds are given in columns 2 and 3 of Table II. The method was tested, by an 
analyst unfamiliar with the technique, working to the procedure described later and 
using the commercially available standard “fluorine” bombs. The results obtained 
are listed in columns 4 and 5 of Table II. When these larger bombs were used for 
fusion, a blank of 15 ,ug of silicon had to be subtracted. 

Liquid materials. Considerable difficulty was experienced in the analysis of certain 
liquids, even those not expected to be volatile. Low recoveries were obtained when 
the sample was dropped directly into bombs, caused mainly, it is thought, by the 
tendency of the liquids to spread over the surface of the bomb, thus facilitating loss to 
the atmosphere. The same creeping effect was observed when attempts were made to 
weigh these samples in shortened Size 4 methyl cellulose capsules. Finally, it was 
found possible to weigh these samples by allowing them to be absorbed onto filter 
paper which was then enclosed in a small capsule. The results obtained, using both 
smaller and standard size bombs, are given in Table III. 

6 
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EXPERIMENTAL 
Reagents 

Sodium peroxide. Analytical reagent grade powder. 
5 % Ammonium molybdbte solution. Dissolve 50 g of ammonium molybdate in water. Filter 

through a paper-pulp pad into a 1-litre flask and dilute to the mark. 
2 % Quinoline hydrochloride solution. Dissolve 20 ml of redistilled quinoline in 800 ml of hot 

water containing 25 ml of concentrated hydrochloric acid. Stir well, allow to cool and dilute to 
1 litre. 

Quinoline wash solution. Dilute 25 ml of 2% quinoline hydrochloride solution to 1 litre with water. 

Weighing of sample 

Liquids. Take the cap, or the shortened body, of a Size 4 methyl cellulose capsule, insert a small 
piece (approximately 10 x 3 mm) of Whatman No. 41 tilter paper and weigh. Add a portion of the 
liquid sample containing about 0.5 mg of silicon from a fine pipette, allowing the liquid to be absorbed 
by the paper. Now pinch the open end of the capsule together with forceps and bend the flattened 
section down. Pinch again with the forceps to form a seal and weigh. Place the sealed capsule in 
the bomb. 
Note. The handling of the capsule is conveniently carried out using “surgeon’s rubber fingertips” 
which protect it from the moisture of the hands. 

Solids. Weigh a portion of the solid organic sample, containing about 0.5 mg of silicon, in a 
weighing stick. Empty the sample into the bomb and reweigh. 

Fusion and leach 

Add 0.2 g of sodium peroxide to the sample in the bomb. Smear a thin layer of carbon black 
suspension* on the flange of the lid and on the top face of the body of the bomb. Fit an annealed 
copper washer, close the bomb and tighten the nut. 

Heat the sealed bomb in a mutIle furnace for 15 min at 500”. 
Cool and open the bomb, washing any peroxide adhering to the cap into a platinum dish. 

Wipe the outside of the bomb with a clean tissue and lay it on its side in the platinum dish. Add 
water until the bomb is half-covered and cover the dish with a plastic watch glass. Heat the dish on 
a hot-plate until effervescence ceases and the solution comes to the boil. 

Take the dish from the hot-plate, remove the bomb and wash it with water, collecting the washings 
in the dish.t Add 3.5 ml of 30% sulphuric acid, cover the dish again and heat to boiling to expel 
carbon dioxide. Cool the solution to room temperature and filter through a paper-pulp pad into a 
scratch-free 150~ml beaker with a small thermometer as stirrer. Dilute the filtrate to 75 ml. 

Precipitation of quinoline silicomolybdate 

Add 15 ml of 5% ammonium molybdate solution and allow to stand for 10 min. Add 5 ml of 
concentrated hydrochloric acid and precipitate yellow quinoline silicomolybdate by adding 5 ml of 
2% quinoline hydrochloride solution dropwise from a burette, stirring continuously. Heat to 
70-80” to coagulate the precipitate and cool to room temperature. Filter through a tared No. 4 
sintered glass crucible, washing 5 or 6 times with the quinoline wash solution. Dry at 150” for 1 hr, 
cool for 30 min in a desiccator and weigh quickly against a tare crucible. 

ei 
Percentage silicon = (w g 

ht of precipitate x 0*0120) - blank: 
weight of sample 

x 100 

Rapid mineralisation 

Fusion, leaching and washing a pair of fluorine bombs by the above procedure takes about 
35 min. By using small nickel capsules (15 mm high, 6 mm diameter, @5 mm walls) for fusion, this 
time can be cut to 10-15 min. 

* Prepared by burning analytical reagent grade benzene in a spirit lamp and collecting the carbon 
smoke on a cold surface. The carbon is mixed with a little wetting agent (e.g., Teepol) and 
water to form a smooth paste. 

t 0.3 g of boric acid should be added to the alkaline solution if the sample contains fluorine 
(upto 3 mg). 

$ The blank for a given set of apparatus may be obtained by repeat analyses of a standard organic 
compound or by findinr! the difference between results found for silicate solution with and 
without the ad&tion ofYsolution leached from peroxide fusions in the absence of organic 
material. 
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The same amount of peroxide was added to the samples, the flanged lid of the capsule fitted and 
held on by clamping the closed capsule vertically between the jaws of a small vice. The flame from a 
hand torch was allowed to impinge on the side of the capsule until it glowed red. 
removed, cooled on an aluminium block and leached in a platinum crucible. 

The capsule was 

was then followed. 
The normal procedure 

Results obtained for the analysis of some solids by this method are given in Table IV. No blank 
has been subtracted. The results tend to be high and are more scattered than those obtained using 
the other bombs. However, fusion in this type of capsule, which can easily be made out of nickel 
rod, might be useful where high accuracy is not required, particularly if “fluorine” bombs were not 
immediately available. 

TABLE IV.-ANALYSIS OF SOLID MATERIALS USING RAPID MINERALJSAIION 

Compound 

Triphenyl- 
silanol 

CsaH8pSi101 

CarHBISiBO 

CalHorSisOt 

GH&%O 

Sample wt., mg Si found, % 

5446 10.21 
5.452 10.09 
2.569 19.98 
2649 21.23 
5530 14.07 
4.280 13.82 
3549 2095 
3.216 2140 
3.788 16.59 
4-172 16.56 

Si calc’d., % 

10.14 

2064 

13.68 

2064 

16.12 

DISCUSSION 

The mean percentage recovery for the 16 solid samples containing about O-5 mg 
of silicon, quoted in Table II, mineralised in the smaller bombs is NO-17 % (standard 
deviation 1.02). The results obtained after mineralisation inthestandardsize“fluorine” 
bombs are, perhaps, of more general interest because they were found by an analyst 
unfamiliar with the method working on a routine basis. The mean percentage 
recovery for these 31 determinations is 99.97% (standard deviation 251). The 
relevant figures for the liquid samples (Table III) are 99.51% (standard deviation l-89, 
13 determinations) for the smaller bombs and 99.21% (standard deviation 1.67, 9 
determinations) for the routine method, the two results obtained for the lo-mg 
(asterisked) samples being omitted. The method is, therefore, entirely adequate for 
the analysis of organic materials to the accepted limits of accuracy. 

Although a sample weight to give about 0.5 mg of silicon was aimed at, it was not 
always possible to achieve this with the liquid samples. The samples taken were, in 
fact, such as to give calculated silicon weights varying from 0.3 to 1-l mg. This 
illustrates the wide range that can be covered without varying the conditions for 
precipitation. Two smaller samples, weighing 2.594 and 2.470 mg, of triphenylsilanol 
were analysed under the standard conditions and gave results of 10.25 and 10*20%, 
respectively. The method might well be applicable, therefore, to smaller-scale analysis. 

We have recommended an encapsulation procedure for weighing liquid samples 
although it is sometimes possible to obtain good results by weighing samples directly 
into the cup of the bomb. Until a wider experience of more different types of com- 
pound has been gained, it will not be possible to state when it is safe to use the simpler 
sampling technique. 

Only one fluorinated material was available to test the method and good results 
were obtained. This compound contained a relatively small amount (Si:F = 3 :2) of 
fluorine but, as indicated earlier, it has been found that up to 3 mg of fluoride can be 
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tolerated, after addition of O-3 g of boric acid, in the determination of 0.5 mg of 
silicon in standard solutions. This indicates that a silicon: fluorine ratio of 1: 9 may 
be present in an organic molecule without any interference being expected. 

Acknowledgements-We are grateful to Dr. A. Holt (Birmingham College of Advanced Technology) 
and to Dr. I. M. White for provision of samples and to Mrs. B. V. M. McLaughlin for testing the 
method under routine conditions. 

Zusammenfassung_Proben, die 0,5 mg Silicium enthalten, werden 
mit Natriumneroxvd in einer Nickelbombe aeschmolzen. Silicium 
wird als Ch&oli&ilicomolybdat gefallt und gewogen. Sowohl mit 
festen als such mit fltissigen Proben wurden befriedigende Ergebnisse 
erhalten. Bis 3 mg Fluorid sind bei Zugabe von Borsliure zullssig; 
Phosphat darf nicht vorhanden sein. 

Resum6-Dans une bombe en nickel, on fait fondre des 6chantillon.s 
contenant 0.5 mg de silicium avec du peroxyde de sodium. Le 
silicium est precipite et pese a l’etat de silicomolybdate de quinoleine. 
On a obtenu des r6sultats satisfaisants a partir d%chantillons solides 
et liquides. On peut tolerer jusqu’a 3 mg de fluorure apres addition 
d’acide borique; il faut Cviter du phosphate. 
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Summary-Magnesium is determined in calcium carbonate by polaro- 
graphically reducing the magnesium complex of the dyestti Solo- 
chrome Violet R.S. at pH > 11 using piperidine as buffer. The bulk 
of the calcium is first removed by means of a precipitation with oxalate; 
iron, when present at a level above one-tenth of the magnesium 
content, must be removed by a chloroform extraction of its cupferrate. 
The method has a coefficient of variation of less than 6% and it is 
suitable for magnesium levels up to at least 1%. A comparison of the 
proposed method is made with flame photometry. 

INTRODUCTION 

THE polarographic technique described by Reynolds and his coworkers1s2 is here 
modified for the determination of magnesium in calcium carbonate in the range 
O-2,500 ppm of magnesium. 

The proposed procedure consists of polarographically reducing the magnesium 
complex of the dyestuff Solochrome Violet R.S. (C.I. Mordant Violet 5; 5-sulpho-2- 
hydroxybenzene-2-naphthol). This complex is produced in solutions containing 
piperidine as buffer and the final solution is adjusted to pH > 11. 

In order to avoid interference from calcium, which forms a similar but much 
weaker complex with the dyestuff, it is necessary first to remove the bulk of the 
calcium, e.g., by precipitation with oxalate. 

Interference from iron (distortion of the polarographic waves) can also be serious 
when the level of iron is more than one-tenth of the magnesium content. This inter- 
ference can be removed by extraction with chloroform of the iron complex with 
cupferron. 

EXPERIMENTAL 
Removal of calcium 

Table I shows the effect of various precipitants investigated for the removal of calcium. 

TABLE I 

Precipitant Effect of precipitant 

Sulphuric acid, aqueous 
and ethanolic 

Sulphite (by the procedure 
of Gehrke et al*) 

Fluoride 
Oxalate 

Residual soluble calcium sutliciently high to cause interference with 
subsequent magnesium determination. 
Residual soluble calcium too high (see immediately above). 

Magnesium fluoride coprecipitated with the calcium fluoride. 
Satisfactory; no soluble calcium could be found at centrifuge tube 
stage (see Method) when examined by an Evans Electroselenium Ltd. 
filter flame photometer.* 

* This procedure was independently and simultaneously investigated by Pyburn and Reynolds.* 

1009 
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Polarographic procedure 

From the findings of Reynolds and his coworkers1p8 and from our own observations using the 
K.1000 Cathode Ray Polarograph (Southern Analytical Ltd.) it was found that the quantities of 
reagents specified under Method gave the most reliable and satisfactory working conditions. 

Piperidine. The volume of piperidinium chloride buffer solution should be maintained between 
@9 and 1.1 ml. A smaller quantity gave no or very poorly shaped polarographic waves; a larger 
quantity gave waves with large slopes which were difficult or impossible to synchronise. 

Sodium hydroxide. Although the determination can be performed in the absence of sodium 
hydroxide, the waves exhibit poor 

!zak 
s and are hence di&icult to interpret. The volume of 1M 

sodium hydroxide solution should greater than 0.5 ml but should not exceed 1.1 ml. A larger 
quantity gives a calibration relationship with a large negative intercept and also a poorer shaped 
polarogram. 

Solochrome Violet R.S. 
of the calibration curves; 

A smaller quantity of the dyestuff solution than 20 ml produced “tailing” 
a larger quantity tended to give a large preceding dyestuff wave which makes 

the base of the wave difficult to interpret and to synchronise. Using 15 ml of Solochrome Violet R.S. 
solution it is possible to determine magnesium down to at least 0.20 @ml of the final solution for 
polarography. 
decreased. 

For lower amounts of magnesium the quantity of dyestuff solution would need to be 

4 

a 
3. 

2 

, ,- 

\ 

\ 

, 

FIG. l.-Effect of interference of iron on magnesium polarogram: 
--.----a-lOOOppmofiron, 
_.-.- 500 ppm of iron, 
------- 2OOppmofiron, 
. . . . . . . . . . . 100 ppm of iron, 

“blank”. 

Interferences 
The effects on the final polarogram of various elements taken through the whole of the method 

(see p. 1013) are shown in Table II. These effects do not necessarily apply if the oxalate step is omitted. 
Barium, calcium and strontium. Experiments indicated that reliable results could not be obtained 

(either high or wholly non-reproducible) if ratios greater than 
calcium/magnesium 10/l 
strontium/magnesium 25/l 
barium/magnesium 40/I 
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TABLB II 
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_ Element * Amount of element, Pp& 

Aluminium(HI) up to 5,000 

Antimony(V) l,ooO 
Arsenic(IIr) Loo0 
Barium(B) see elsewhere 
Beryllium(I1) Loo0 
Bismuth(II1) 1,000 
Cadmium(E) 5,000 
Calcium(Il) see elsewhere 
Chromium(III) up to 500 

Cobalt(B) up to 200 

cOpper 5,000 
Fluoride 5,000 
Iron(II1) up to 1,000 

Lead(I1) 
Manganese(E) 

5@0 
1,000 
5,000 

Molybdenum(V1) 1,000 
Nickel(B) up to 500 

Orthophosphate 500 
Strontium(H) see elsewhere 
Thallium(I) 5,000 
Tin(E) 5,000 
Vanadium(B) 1,000 
Zinc(B) 5,000 

Ahnninium wave precedes magnesium wave. 
Above 2000ppm base of wave is difficult to 
interpret. However, ahuninium content of 
“Pharmaceutical grade” calcium carbonate is 
invariably below 500 ppm and interference effects 
are insigniiicant. 
No interference 
No interference 

- 
No interference 
No interference 
No interference 

- 

Chromium wave 
Above 200 ppm 

d.&cec$sa~~esi!nwJg 

base of wave. Because chromium level is usually 
under 10 ppm, chromium interference is of no 
consequence. 
Cobalt wave just precedes magnesium wave. 
Slight interference effects observed with 100 ppm 
of cobalt and more serious interference effects at 
200 ppm and above. Because cobalt level is 
usually less than 20 ppm, interference effects are 
of little consequence. 
No interference 
No interference 
Serious interference effects found with iron (see 
Fig. 1) its removal discussed elsewhere. “Phar- 
maceutical grade” calcium carbonate can contain 
up to 200 ppm of iron. Interference effects, how- 
ever, not encountered with analytical reagent 
grade or luminescent grade calcium carbonate 
because iron content is below 10 ppm. 
No interference 
No interference 
Wave appears between dye wave and magnesium 
complex wave, which makes magnesium wave 
difficult to interpret. 
No interference 
Serious interference effects (wave from nickel 
complex coalesces with that from magnesium 
comnlex) found with 100 oom of nickel. but these 
are iot ‘likely to be of ‘consequence because 
“Pharmaceutical grade” calcium carbonate does 
not contain more than 10 ppm of nickel. 
No interference 

- 
No interference 
No interference 
No interference 
No interference 

* Added to 1 ml of 10% calcium carbonate solution containing 100 pg of magnesium. 
t Calculated to solid calcium carbonate. 
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were obtained in the tinal solution for polarography. If these ratios are exceeded it is essential to 
remove the elements by the oxalate procedure. 

Iron. To try and eliminate the interference from iron, various complexing agents were added before 
the addition of ammonium oxalate to a “solution” of calcium carbonate which contained 1,000 ppm 
of magnesium and 500 ppm of iron. The effects of these reagents are shown in Table III. 

TABLE III 

Complexing agent Effect 

Acetylacetone (0.1 ml) Wave form badly distorted 
10 % Sodium acetylsalicylate (1 ml) No effect on iron interference 

10 % Sodium L-ascorbate (1 ml) Wave form badly distorted 

10% Ammonium thiocyanate (1 ml) Wave form distorted 
O.OlM Cyclohexanediaminetetra-acetic acid Magnesium wave removed 

(1 ml) 
10% Cupferron (1 ml) 
1% Sodium diethyldithiocarbamate (1 ml) 
0025M 4,7-Diphenyl-l,lO-phenanthroline 

No effect on iron interference 
Wave form badly distorted 
No effect on iron interference* 

(50% ethanolic; 1 ml) 
1% Dithizone (ethanolic; 1 ml) 
001M Disodium ethylenediaminetetra- 

Wave form badly distorted 
Magnesium wave removed 

acetate (1 ml) 
10 % Hydroxylamine hydrochloride (1 ml) 
10 % S-Hydroxyquinoline (50 % ethanolic; 1 ml) 
O-25 % 1 , 1 0-Phenanthroline (1 ml) 
1% Phenyl-2-pyridylketoxime (ethanolic; 1 ml) 
10 % Sodium rubeanate (1 ml) 
10% Sodium tannate (1 ml) 
10 % Sodium thioglycollate (1 ml) 
50% Triethanolamine (in 1M sodium hydrox- 

ide ; 1 ml) 

Wave form badly distorted 
Wave form badly distorted 
Magnesium wave enhanced* 
No effect on iron interference 
Wave form distorted 
Wave form badly distorted 
Wave form badly distorted 
Iron interference wave removed, but magnesium 
waves found not to be reproducible 

* 1 JO-Phenanthroline and 4,7-diphenyl-l,lO-phenanthroline used without the addition of reducing 
agents because these tended to distort the wave forms. 

Increasing the pH during the calcium-removal stage by addition of piperidine did not remove the 
iron interference. 

Cupferron was chosen as the most suitable complexing agent with which to try and remove the 
iron by solvent extraction because it was the only complexing agent which did not have a serious effect 
on the polarogram of the magnesium-dyestuff complex. This procedure also made the base-line 
flatter and “cleaned up” any irregularities from the polarogram. Details of the procedure are given 
under Method. 

By using a comparison technique the effect of the iron interference could also be overcome. A 
series of calibration relationships was prepared, containing an equivalent of 0,50,100, 150,200 and 
250 ppm of added iron, respectively. The iron is then determined by l,lO-phenanthroline* and the 
result read from the appropriate relationship. 

The extraction procedure is preferred for eliminating interference from iron. 

Results 

Some results obtained by cathode ray polarography are shown in Table IV. 
Some of the samnles shown in Table IV were also examined bv the Unicam S.P. 900 flame soectro- 

photometer. 0.25 %-w/v Solutions of the samples in hydrochloricacid were compared with 0.25 % w/v 
“spec-pure” calcium carbonate in hydrochloric acid which contained known amounts of added 
magnesium. Measurements were carried out using the 285+2-rnp magnesium line; the spectra were 
scanned from 283.5 to 289.5 mp. 
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TABLE N 
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Mg found, ppm Replicate Standard deviation, Coefficient of variation, 
Sample (average) determinations PPm % 

100 
1200 
930 
450 
990 

1500 
1540 
4520 
4070 

5 

: 
6 
6 
6 

12 
12 
12 
12 
12 

;:: 

5873 
51 
21 
58 
33 
79 

320 
131 

14.6 
5.5 
8.3 
4.7 
5.5 
4.7 
5.8 
2.3 
5-l 
7.0 
3.2 

* Iron content less than 10 ppm. 
t Iron content about 150 ppm; comparative method used for eliminating iron interference effects. 
$ Iron content about 150 ppm; cupferrate extraction used for removal of iron. 

TABLE V 

Mg found, ppm Replicate Standard deviation, Coefficient of variation, 
Sample (average) determinations PPm % 

105 4 67 64 
74 5 74 41 

D 1100 6 7.7 
E 880 7 

2 
5.0 

F 260 7 38 14.6 
G 980 6 37 
H 1500 5 58 ;:; 

I 4150 9 150 4.0 

Reagents 
Method 

All reagents should be of recognised analytical grade. 
1 M Hydrochloric acid 
1 M Sodium hydroxide 
Ammonium oxalate solution (saturated) 
4 % w/v Cupferron solution (freshly prepared) 
0.05 % wlv Solochrome Violet R.S. (C.I. Mordant Violet 5) solution 
Chlo&fo;fn - 
Piperidinium chloride bu$er. Dilute 20 ml of piperidine to 100 ml with water, then adjust the pH 

to 13.5 with 1 M hvdrochloric acid. Store in a tiehtlv stormered bottle. 
Magnesium sto>k solution. Prepare from mageskm &nings so that 1 ml = 1000 ,ug of Mg. 
Iron stock solution. Prepare from spectroscopically pure iron so that 1 ml = 1000 pg of Fe. 
Calcium carbonate (“spec-pure”, Johnson Matthey & Co. Ltd). 

Preparation of sample solution 

For saqoles containing less than 2Oppm of iron. Transfer a 1.00-g sample to a 30-ml beaker, dis- 
solve in the minimum quantity of 1M hydrochloric acid (ca. 22 ml) and evaporate almost to dryness. 
Transfer to a lo-ml volumetric flask and dilute to the mark with water. Transfer a l-ml aliquot to 
a lo-ml graduated centrifuge tube and proceed as described under Calcium removal and magnesium 
complex formation stages. 

For samples containing more than 20 ppm of iron. Proceed as described immediately above, but 
add 1 ml of 4% cupferron solution before diluting to 10 ml in the volumetric flask. Transfer the con- 
tents of the volumetric flask, without washing, to a dry 50-ml separatory funnel, add 10 ml of chloro- 
form, shake for 30 set, allow the phases to separate and discard the chloroform phase. Repeat the 
extraction with chloroform until the organic extract is colourless. Transfer a l-ml aliquot to a 10-ml 
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centrifuge tube and proceed as described under Calcium removal and magnesium complex formation 
stages. 

Calcium removal and magnesium complex formation stages 

To the centrifuge tube containing the l-ml aliquot, add 4 ml of ammonium oxalate solution and 
dilute to the lO-ml mark with water; insert a glass rod and mix thoroughly. Place in a boiling water 
bath for 3 min, then allow to cool. Centrifuge. Transfer 5 ml to a 50-ml volumetric flask. Add 1 ml 
of piperidinium chloride buffer and mix; add 1 ml of 1M sodium hydroxide solution and mix; 
add 20 ml (15 ml when the magnesium content is less than 500 ppm) of Solochrome Violet R.S. 
solution and dilute to 50 ml with water. Allow to stand 25-30 mm. (If the solution is allowed to 
stand for longer than 30 min, low results are obtained; if the solution is not allowed to stand for the 
stated period, erratic results are often obtained.) Transfer about 5 ml of this solution to a polaro- 
graphic cell and deoxygenate with nitrogen for 5 min. 
graphic wave, using the following conditions: 

Record the height of the magnesium polaro- 

mercury pool reference electrode 
start potential of -0.65 V. 

Read off the results from a calibration graph. 

Preparation of calibration graph when magnesium content less than 500ppm and 20 ppm of iron present 
Transfer l-ml aliauots of loo/, w/v calcium carbonate Ksnec-nure”) solution to a series of six 

lO-ml graduated cent;ifuge tubes’ and add 0, 10,20, 30, 40 and 50 ;g of’magnesium (as magnesium 
stock solution), respectively; add 4 ml of ammonium oxalate solution and proceed as described 
under Calcium removal and magnesium complex formation stages. 
magnesium added and wave height. 

Plot a calibration graph relating 

Preparation of calibration graph when magnesium content in 500-2500 ppm range and iron content 
reater than 20 ppm 

Transfer 5-ml aliquots of 20% w/v calcium carbonate (“spec-pure”) solution to a series of six 
lo-ml volumetric flasks and add 250 rg of iron (as iron stock solution) to each. Add 0, 500, 1000, 
1500,200O and 2500 pg of magnesium (as magnesium stock solution), respectively, and 1 ml of 4% 
cupferron solution, then proceed as described under For samples containing more than 20 ppm of 
iron. Plot a calibration graph relating magnesium added to wave height. 

Note. If the magnesium content exceeds 2500 ppm, the initial quantity of sample should be re- 
duced accordingly; the ammonium oxalate should also be reduced in proportion and a calibration 
graph drawn up using the appropriate quantities. 

CONCLUSIONS 

The proposed method offers a fairly quick, but reliable procedure for the deter- 
mination of magnesium in calcium carbonate and it $as been used successfully 
in our laboratories for some months. 

The chief interfering elements include aluminium, chromium, cobalt, iron and 
nickel, of which iron is particularly serious. Interference from iron can, however, be 
easily overcome by a simple solvent-extraction stage. 

The method has also been applied successfully to strontium and barium salts. 
Although the procedure is more lengthy than flame spectrophotometry, it is, in 

general, more accurate as judged by the coefficients of variations shown in Tables 
IV and V. 
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Zusammenfassuaa-Maanesium in Calciumcarbonat wird bestimmt 
durch polarographischg Reduktion des Magnesiumkomplexes mit 
dem Farbstoff Solochromviolett R.S. hei DH > 11 mit Pineridin als 
Puffer. Die Hauptmenge Calcium wird &erst durch Ox’aatf&llung 
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entfernt; bei Anwesenheit von Eisen in einer Menge, mehr als ein 
Zehntel des Magnesiums mu8 es durch Extraktion seines Kupferron- 
komplexes mit Chloroform entfemt werden. Die Methode hat einen 
Variationskoetlixienten von weniger als 6% und ist f3r Magnesium- 
gehalte herauf bis wenigstens 1% gee&net. Die vorgeschlagene 
Methode wird mit der Flammenphotometrie verglichen. 
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R&m&On dose le ma&sium dam le carbonate de calcium par 
r6duction polarographiqie du complexe magntsien du colorant 
Solochrome Violet R.S. a DH > 11 en utilisant la nineridine comme 
tampon. La majeure part6 du-calcium est d’abord &&n&s au moyen 
dune precipitation a l’oxalate; on doit &niner le fer par une ex- 
traction chloroformique de son cupferrate lorsqu’il est present en 
quantit6 plus que le dixieme de la teneur en magnesium. La methode 
pr6sente un coefficient de variation inf6rieur a 6% et elle convient 
pour des teneurs en magnesium allant jusqu’it 1% au moins. On 
compare la methode proposQ a la photometric de flamme. 
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Sunnnary-_The different techniques of activation analysis are eon- 
sidered and recent basic or teehnieal improvements are reviewed. 
Developments in related fields such as radioehemistry or y-ray spec- 
trometry are reported only when especially referring to activation 
analysis. Speeitic applications of activation analysis to the different 
fields have not been reviewed, unless they lead to improvements of the 
technique. Bibliographic references on applications are given. 

INTRODUCTION 

SINCE the advent of the nuclear reactor, there has been a steady increase in the de- 
velopment and application of activation analysis, which is shown by the continuous 
increase in the number of papers published in the literature. At the same time, the 
technique has diversified to such an extent that it is difficult to follow the develop- 
ments in all the different areas of applied science contributing to activation analysis, 
which range from chemistry and nuclear physics, to applied mathematics. 

In this review the different techniques of activation analysis are considered and an 
attempt is made to indicate the most recent basic or technical improvements, on the 
basis of published literature in the last two years. Only papers especially referring to 
activation analysis are considered. In other fields strictly related to activation analysis, 
such as radiochemistry and y-ray spectrometry, only contributions of analytical 
importance were reviewed. 

It is difficult to establish whether analysis based on measurement of the radiation 
emitted during the nuclear reaction itself is activation analysis or not. Results obtained 
by detection of immediate radiation are included only when they lead to clearly estab- 
lished analytical methods. 

The coverage has not been extended to applications of activation analysis to other 
fields, unless definite improvements in the analytical technique were obtained. 
Readers are referred to the excellent bibliographic reports on activation analysis 
published annually by the A.E.D. Information Service;l author, element and matrix 
indexes are given. This bibliography will soon be published monthly. Other bibli- 
ographies on activation analysis have been prepared by Raleigh2 and Budjoso et ~1.~ A 
comparative and critical bibliography on activation analysis applications has also been 
published.4 Five hundred examples of activation analysis, chosen for their technical 
interest, have been collected and are available as a report or in the form of standardised 

* For reprints of this Review see Publisher’s Announcement at the end of this issue. 
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cards. The biannual report on nucleonics edited by Leddicotte for Analytical 
Chemistry also covers the field of activation analysis exhaustively to the end of 1963.5 

BOOKS AND PROCEEDINGS OF INTERNATIONAL CONFERENCES 

Since the publication of the book on activation analysis by Schulze in 1962: four 
more books on activation analysis have been published in about one year. 

Albert in a handy booklet’ summarised the principles of the technique, dealing with 
the different means by which an element can be activated and a radioisotope deter- 
mined. Bowen and Gibbons published a comprehensive treatise on the technique, 
including detailed routine procedures for the chemical separation of radioisotopes 
from irradiated matrices. s Lyon,s in a guide to activation analysis, gives the fundamen- 
tals and provides typical examples that the beginner may utilise for trial runs. 
Taylor’s book,lO after illustration of the technique, deals particularly with industrial 
applications, such as analysis of process streams, activation analysis in prospecting, 
automated equipment, etc. 

An International Conference on Modern Trends in Activation Analysis was held 
in 1961n and another followed in April 1965. In this interval of time as many as 
seven international congresses had sessions which were partially or entirely devoted to 
activation analysis, thus witnessing the increasing interest in this technique. 

In July 1963 at the XIXth International Congress of Pure and Applied Chemistry 
one section was devoted to trace analysis, in which acitvation analysis was the subject 
of almost one third of the papers .12 The third International Symposium of Biology 
at Saclay was completely devoted to the use of activation analysis in biological 
sciences. The proceedings l3 show the results which can be obtained in biology and 
how the technique must be adapted to biological matrices. A particular aspect of 
activation analysis, i.e., the analytical use of short-lived radioisotopes, was represented 
by 12 papers of the I.A.E.A. Seminary on practical uses of short-lived radioisotopes.14 
An informal international conference on Recent Advances in Activation Analysis was 
held in Glasgow during August 1964, following a course of 2 weeks in activation 
analysis, but only summaries of the papers are available.15 In the Third United Nations 
International Conference on Peaceful Uses of Atomic Energy held in Geneva in 
September 1964 only a limited number of papers on activation analysis were presented, 
among which was a comprehensive report on advances in activation analysis by 
Guinn.le A complete coverage of activation analysis was obtained during the Sympo- 
sium on Radiochemical Methods of Analysis held in Salzburg one month later, in 
which 38 papers on activation analysis were presented.l’ Finally, during the Eighth 
International Convention of Automation and Instrumentation, held in Milan during 
November 1964, in a session devoted to automated techniques of physical and chemical 
analysis, this particular aspect of activation analysis was treated.l* 

SAMPLE PREPARATION AND PRE-IRRADIATION TREATMENT 

Handling of specimens 

The general practice of avoiding manipulation of the samples before irradiation to 
minimise the risk of contamination, has been more emphasised in recent years by the 
requirement of higher and higher sensitivities in trace analysis. Nevertheless, the 
application of neutron activation to new problems has frequently made it necessary to 
carry out pre-treatment. 
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To the best of my knowledge no paper has been published dealing specifically with 
the problems of pre-irradiation treatment, but quite a number of papers on specific 
applications of activation analysis devote a part of the paper to demonstrate that no 
risk of contamination arose during preliminary treatments. 

For many analyses of solid samples the problem is reduced to one of general 
handling. Dust contamination cannot be neglected when dealing with traces. In a 
laboratory recently constructedlo the problem is resolved by handling the samples in 
glove-boxes installed in a “clean room”. The air on entry is passed through efficient 
filters and special clothes must be worn in the room. Surface etching of solid samples 
after irradiation, when possible, satisfactorily resolves in many cases the problem of 
external contamination. 

Samples are often irradiated as single pieces, thus assuming that the piece is repre- 
sentative of the composition of the bulk material. When non-homogeneity is suspec- 
ted, many analyses must be carried out to increase the precision, or the material must 
be homogenised and sampled before irradiation. A simple technique for collecting 
residues from large amounts of solutions is the freeze-drying technique: the sample 
is frozen quickly in a rotary evaporator and the water then removed by sublimation. 
The residue is collected as a finely divided powder, ideally suited for encapsulation 
and irradiation.20 An all-plastic homogeniser has been used effectively for the homo- 
genisation of leaf tissues with minimum danger of introducing contaminantssl 

A difficult problem is the preparation of organic and biological materials in a form 
which can stand high temperatures and high radiation doses, which can cause decom- 
position of the materials and build-up of hazardous pressures in the irradiation 
capsules. An interesting technique for the destruction of organic materials before 
irradiation is low temperature ashing: the destruction occurs at temperatures below 
IOO”, thus minimising evaporation losses. 22*23 The risk of introducing contaminants 
is also greatly reduced. 

The handling of small samples can also be a problem if the laboratory is not 
suitably equipped for micro-chemical work. On the other hand and particularly in 
biology, one of the trends is certainly towards smaller and smaller samples, to trace 
the pattern of elements down to cell levels or even inside a cells4 The potentialities of 
activation analysis are thus fully exploited. Applications are also expected to increase 
considerably in the field of forensic science, to identify small ,samples of different 
materials, such as paint fragments, soot, soil, et~.,~~*~~ and to identify persons by the 
composition of their hair. 26--28 Small fragments of precious objects, such as ancient 
paintings, can be removed without noticeably damaging the object and used for 
elemental analysis. 20 Weighing such small samples can be avoided in many cases by 
relating the weight of the trace element determined to the activity induced in some 
known component of the sample20~30 or to a physical property related to the weight 
and more measurable.31 

Pre-irradiation procedures 

The dangers of pre-irradiation chemical treatment include: introduction of 
contaminants from reagents and vessels and exchange or adsorption on glassware. 
Simple chemical treatments before the irradiation can simplify the technique and 
improve the accuracy when the bulk material is considerably activated by neutrons, 
or it is highly neutron absorbing. In other cases pre-irradiation treatments are 
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necessary, e.g., when different chemical forms of the same element must be distin- 
guished, or the matrix gives by another nuclear reaction the same radionuclide which 
is used for analysis, or other nuclides of the same element which make useless the 
selective chemical separation of the element. 32 In another case pre-irradiation 
chemistry has allowed the selective separation of iodine from gross amounts of fission 
products (a spent nuclear fuel element) and the subsequent determination of lnQI by 
neutron activation.% 

A technique of isotopic dilution before irradiation can be useful to minimise the 
blank:” trace determinations are carried out by dissolving the sample and adding to 
the solution a radioactive tracer of the element to be measured. Qualitative chemical 
separations are then carried out with minimum amounts of selected reagents. The 
residual activity is measured and the weight needed for calculating the specific activity 
determined by neutron activation. 

Washing of the sample must often be done before the irradiation, if the samples 
are modified by the irradiation itself to such an extent as to impede post-irradiation 
washing. Sometimes buffer so1utions,36s36 anticoagulants3’ or other solutions must be 
added as stabilisers. The concentration of the trace elements under study can be 
affected by these treatments to such an extent as to make uncertain the assessment of 
the “true” value of the trace concentration. This is the case, for example, with human 
hair. Its composition is so affected by the kind of preliminary washing used that it is 
possible to wash off almost all the trace elements of hairs by employing suitable 
solutions.ss This particular aspect of the preparation of biological specimens without 
affecting their trace element content has not been studied in detail up to now, although 
its importance is recognised. 

Pre-irradiation treatments can provide a solution which may be sealed in a quartz 
vial and irradiated, or the elements under study may be deposited on solid supports 
and irradiated. Different chemical techniques are used to obtain the required separa- 
tion with the least danger of contamination from reagents. Concentration on pyrolytic 
graphite of elements separated by controlled-potential electrolysis has been 
studied,aQ The electrodes are then irradiated together with a similar electrode 
for blank subtraction. Elements deposited on the electrodes can also be 
redissolved and the resulting solution irradiated.40 Ion exchange has been 
used for concentrating trace elements from single crystals of alkali metal halides.41 In 
biological studies dialysis is used frequently to distinguish between free and protein- 
bound trace elements.36 Paper chromatography is also used to distinguish different 
chemical forms of the same element .42s43 A technique called “derivative activation 
chromatography” has been used by Stein and Benson44 to determine compounds of 
biological interest which do not possess activatable atoms: derivatives containing 
covalently-bound bromine or other activatable elements have been prepared, separa- 
ted by paper chromatography and activated to produce readily detectable and meas- 
urable radionuclides. 

THE ACTIVATION STEP 

Irradiation in a nuclear reactor 
Irradiation in a nuclear reactor is still the most commonly used means of activating 

the elements. Other sources of activating particles have extended the fields of applica- 
tion of activation analysis without limiting the use of the nuclear reactors. 

It has been emphasised many times that a nuclear reactor is not simply a source 
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of thermal neutrons, but a source of a large variety of activating particles which can 
all be used.46846 It is true, nevertheless, that thermal neutrons remain the activating 
particle which offers most advantages of sensitivity, freedom from interference and 
simplicity of use. 

The choice of irradiation times, which is often the simplest means of obtaining 
selectivity, is made easier by the availability of the necessary data in practical form, 
such as nomograms, data tables or manuals. Girardi, Guxxi and Pauly,47 in a manual 
for sensitivity calculations, choose, among the different (n, y) reactions occurring in 
the irradiation of stable nuclides with thermal neutrons, a number of reactions which 
are most used for activation analysis. They calculate under specified experimental 
conditions the counting rate of the y-photopeaks of the radioisotope formed from 
1 pug of irradiated element. Plots of saturation and decay curves are also given to 
help in the comparison of reference conditions with others. Budjoso and Kardos4s 
report, in tabular form, saturation and decay factors and saturation activities under 
reference conditions. Benson and Gleit4$ and Ricci50 give nomograms for the calcu- 
lation of neutron induced radioactivities. Isenhour and Morrison51 have studied a 
computer programme based on an iterative approximation process to optimise 
irradiation and decay times for activation analysis of any element in any mixture, 
regardless of its complexity. 

The availability of high flux reactors (neutron fluxes of the order of 1014 neutrons . 
cm-2. se&) has brought to attention some possible errors which are typical of high flux 
reactors. Thus, Ricci and Dyeld2 have studied the interferences of second order reac- 
tions. Forty-two cases have been found in which these reactions can interfere signifi- 
cantly. In 23 cases the amount of the interference has been computed and is presented 
in graphical form. Both resonance and thermal neutron reactions were considered. 
Maslo$ja has taken into account not only the second order reactions but also the burn- 
out of the stable nuclei during irradiation and the interferences from fast neutron 
reactions. Corrections are made in terms of auxiliary coefficients which can be com- 
puted from a knowledge of the nuclear parameters. Tables of these values are given. 

Errors from differences in the neutron dose received by sample and reference 
because of resonance and thermal neutron absorption have been evaluated by 
HGgdal,” Gilat and Gurfinke155 and by Reynolds and Mullins.5s These last authors 
also take into consideration the enhancement of thermal flux by moderation within 
aqueous samples. The results support the well known fact that large errors can be 
made when sample and reference have widely different composition. They also give a 
means of correcting the results obtained, subject to certain limitations. The use of an 
internal standard57*58 can increase the accuracy considerably, or a comparator similar 
in composition to the unknown must be prepared.5g 

The use of comparators can be avoided by applying absolute methods. These 
methods have not been used very much in the past, mainly because of lack of accurate 
knowledge of cross sections and because of the difficulty of doing absolute activity 
measurements. With the use of y-ray spectroscopy at least the second dithculty can 
be overcome. In a study on activation analysis by means of the absolute method it 
was shown that even in the geometry-counting conditions which are often used in 
activation analysis, absolute y-ray counting can be accurate enough in many cases for 
analytical use. Neutron-flux monitoring is also sutIiciently accurate, if the irradiation 
position is well thermalised. Thus, the major source of error is still the knowledge 
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of activation cross sections. The overall error was found lower than 10 % in 11 cases 
out of 13.60 

Methods which are intermediate between the absolute and the relative methods 
are those in which the activation of the elements is determined once for all under 
specified experimental conditions. A neutron-flux monitor irradiated with the un- 
known sample is then used to refer the experimental conditions to the reference ones. 
In neutron-activation analysis the use of these methods is practical when dealing with 
isotopes with a very short half-lifes1 or when a large number of elements is determined 
in a single irradiated specimen. They are also common routine practice when space in 
the irradiation capsule is restricted or the flux gradient within the capsule is very high, 
as is the case of 14 MeV neutron activation or y or charged particle activation. In a 
recent study on the application of the single comparator method to thermal neutron 
activations2 the effect of the resonance component of the neutron energy spectrum has 
been investigated. It was shown that considerable variation of the neutron energy 
distribution can be tolerated in many cases without a prohibitive change in the analyti- 
cal accuracy. Moreover, an accurate choice of the neutron-flux monitor in relation 
to the elements analysed can increase considerably the possibilities of the method. 
The precision attained in a few typical analyses was comparable with that obtained 
with the relative method. 

The resonance component of the neutron-energy spectrum can also be used advan- 
tageously to increase the selectivity of the irradiation for elements with high resonance 
activation integrals. Selective resonance neutron activation, obtained by cutting the 
unwanted thermal flux with suitable filters, has not been used extensively up to now, 
although promising results were obtained in some cases.8s1B4 The accurate knowledge 
of the resonance flux of the reactor can simplify considerably the preliminary work. 
For this purpose sets of resonance neutron monitors which cover the entire resonance 
region have been proposed and applied.86*8B 

Threshold reactions occurring with the fast neutron component of the reactor 
flux are also used advantageously in many cases. Again, the accurate knowledge of the 
neutron spectrum is essential in planning experiments with reactor fast neutrons 

The proceedings of the 1963 Congress on Neutron Dosimetf17 give full informa- 
tion on the measurement of fast neutron fluxes. Graphs of cross sections of threshold 
reactions 1)s. neutron energy have been published by Liskien and Paulsen.@ 

Fast neutron generators and neutron isotopic sources 

Elements with atomic number lower than 10 camrot easily be determined by 
activation with thermal neutrons. Other activating particles (fast neutrons, charged 
particles, y-photons) often afford a simple means of determining these elements. 

The determination of oxygen, in particular, has been studied extensively, because 
of its importance and of the difficulties found by conventional techniques in deter- 
mining trace oxygen levels. In Table I a summary of different nuclear methods used 
for this purpose is given. In the case of analysis done by means of 14-MeV neutrons 
the main advantage is that adequate sensitivity is obtained without the use of expensive 
installations, such as nuclear reactors or accelerators. With a basic price of $30-50,000 
a complete automated system can be set up, capable of determining oxygen down to 
IO-50 ppm in a few minutes, and available for other analytical uses without additional 
expenditure. 
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TABLE I.-ACIWATION-ANALYSIS METHODS FOR DETEIWNATION OF OXYGEN 

Source of activating Half-life of 
Nuclear reaction particles product Observations 

1 6Li(n, a)*H 
lEO(t, n)‘@F 

2 “O(n, p)l@N 

3 W(y, n)160 

4 160(p, a)l*N 
180(p, n)18F 

5 W(a, 2n)We 
%(a, d)l*F 
W(a, pn)18F 

6 160(*He, p)l@F 
leO(aHe, n)lNe 

7 l*O(d, n)“F 
‘@O(d, y)‘*F 

nuclear reactor 
(tritons from 
secondary reaction) 

14-MeV neutron 
generator 

particle accelerator 
(Rremsstrahhmg rad.) 
particle accelerator 

(protons) 
particle accelerator 

(a-particles) 

particle accelerator 
CHe ions) 

particle accelerator 
(deuterons) 

112 min on intimate mixtures of sample and 
lithium metal or a lithium com- 
pound, blank correction is neces- 
sary, which limits the sensitivity 

7.3 set very simple, non-destructive, sensi- 

2.02 min 
tivity l-10 ppm on 10-g samples. 

sensitivity ^0+05 ppm on l-g samples 

10-l min reaction on la0 is more used; sensi- 
tivity 0.01 ppm on l-g samples 

112 mm sensitivity -lo-* ppm 

112 min 
112 min 

66 set 
112 min 

very small samples are required (1 mg 
or less), sensitivity ~Ol-OGOl ppm 

Although 14-MeV neutron generators do not have the performances of a nuclear 
reactor from the standpoint of neutron flux attainable, their low cost, easy operation 
and maintainance will undoubtedly extend their analytical applications. Problems of 
considerable industrial interest which have already been studied are, for example, the 
determination of additives in lubricating oilssg and the determination of oxygen, 
carbon, aluminium and silicon in coal .‘O Many firms produce neutron generators and 
most of them offer complete activation-analysis systems, including neutron generator, 
neutron-flux monitor, rapid pneumatic transfer and complete counting systems, thus 
minimising the start-up difhculties. General information can be obtained from the 
books already mentioned and from the references which follow. 

Tables of sensitivity for different elements when activated with 14-MeV neutrons 
were published by Gillespie and Hill. ‘l Schulze7a in discussing the radionuclides 
formed by (n, 19, h, 24, h p> an d ( , > n a reactions with fast neutrons showed that for 
most elements, with the exception of 23, there exist some characteristic nuclides which 
are produced by one element only. He also pointed out that cross sections are known 
for only one third of the 850 possible reactions, and extrapolated new cross section 
data for 25 (n, 7) reactions. Cross sections for (n, 2n), (n, p) and (n, a) reactions are 
also presented, obtained by applying empirical formulae. Experimental and calculated 
cross sections are tabulated for most stable elements. A collection of all the published 
data of cross sections for 14-MeV neutrons was also published by Neuert and Pollehn.73 

An experimental approach was used by Aude and Laverlochere.14 They irradiated 
samples of 50 elements with 14-MeV neutrons and measured the y-spectra obtained 
under normalised irradiation and counting conditions. A catalogue of spectra and a 
table of comparative sensitivities were thus obtained. The presentation as a manual 
makes this catalogue very handy for laboratory use. 

The techniques of 14-MeV neutron activation are still under development, because 
many drawbacks must be overcome to exploit completely the inherent possibilities of 
these machines. Neutron fluxes attainable at present are approximately log neutrons. 
cm-2. se& at the irradiation position. Efforts are being made to increase both 
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neutron flux and target life. This last presently finds its limits in the loss of available 
tritium from the target when high deuteron currents are used to obtain themaximumflux. 

An overall view of the problem of accelerator targets designed for the production 
of neutrons can be obtained from the proceedings of a meeting held in 1964 at Liege 
under Euratom sponsorship. 75 The simplest means of increasing the target life is an 
increase of the depth of the tritium layer. The loss of tritium is thus partially compen- 
sated by the diffusion of tritium from inside the target. Target systems in which only 
a small part of the target is exposed to the deuteron beam and is constantly renewed 
by a rotating device are also used. Target reloading is applied in a commercially 
produced neutron generator to increase the target life. 76 The reloading is accomplished 
by changing the ion beam from deuterium to tritium when the generator is not used 
or by operating the generator with a gas reservoir containing a mixture of deuterium 
and tritium. In this last mode of operation a constant neutron output is obtained 
which is roughly one third of that in conventional operation. 

The dissociation pressure of rare earth hydrides has been studied as a function of 
temperature by Redstone and Rowland,” who believe that rare earth targets can 
stand temperatures 200” higher than normal titanium or zirconium targets, thus 
showing promise of longer-lived targets for high flux production. Another way of 
increasing the life of the target is to lower the target temperature by improving the 
characteristics of the cooling system. Rethmeyer and Metden’* found that much 
higher heat dissipation with water cooling can be obtained by improving the contact 
of the cooling water with the target support. They increased the contact surface and 
suggested the use of silver as the target support and of filtered cooling water. The use 
of liquid air or liquid nitrogen both as static coolant or in a flow system increases the 
heat dispersion respectively by a factor of 10 and 100.7s Bombarding power of the 
order of 1000 W should be reached for thin conductive targets by using liquid nitrogen 
as dynamic coolant. 79 It must be noted also that too low a temperature of the target 
will slow down the diffusion process which contributes to the maintenance of a longer 
half-life with thick targets.75 

Apart from the increase of the neutron flux, other improvements can be introduced 
to make 14-MeV neutron activation a practical routine analytical tool. A high flux 
gradient exists at the irradiation position, which can be a considerable source of error 
when sample and comparator are irradiated simultaneously. The positioning of the 
irradiation capsule must be accurately reproducible from run to run, if sample and 
comparator are not irradiated simultaneously. The neutron flux must be monitored 
accurately in this last case, to check its constancy or to introduce correction factors. 
A summary of different methods of flux monitoring was given by Iddings. The 
neutron counting rate can be measured by means of a count rate meter with an R-C 
integrating time constant equal to the mean life time of the radioisotope measured. 
Variations of neutron flux during the irradiation of each individual sample are thus 
compensated.81 The flux gradient can also be partially compensated by spinning the 
sample during irradiation with an air jet .*l The problem of irradiating sample and 
comparator in exactly the same way has been overcome by Guinn and Steele** with a 
similar spinning technique: sample and comparator are irradiated simultaneously in 
two parallel pneumatic systems and spun during irradiation. They are then transferred 
and counted simultaneously in two identical counters. A metal wire inserted along 
the axis of cylindrical samples has also been used as a flux monitor. Errors from 



Radioactivation analysis 1025 

self-shielding for materials with large absorption cross section are thus greatly 
reduced.* 

An interesting approach to constant neutron output over long periods of time 
coupled with simplicity and maintenance-free service are the sealed-tube neutron 
generators. Studied primarily as low-flux machines for applications where space 
available was restricted, such as for oil-well logging, their performances are rapidly 
improving and are approaching those of open tube neutron generators with lower 
basic price and lower maintenance cost. Tubes with a constant neutron output of 1Oro 
neutrons.sec are now commercially available and research is proceeding towards 
1012 neutrons set 84--86 Fig. 1 shows one of these sealed-off neutron generators. * . 

Operating characteristics 
Gac pressure 
Ion source power 

15P 

Target voltage 
fO$ rVat 20 MC/S 

Total tube current I.5 mA 
Suppression voltage 375 v 
Neutron output 101@ neutrons.sec 
Life 100 hr 

PIRANI GAUGE RF COIL TARGET SHIELD 
SAMPLE 

IRRADIATION 

-TRITIUM BACK STOP ELECTRODE TARGET 

J?EPLENISHER 

FIG. I.--Schematic drawing of a sealed-off neutron generator 
(by courtesy of J. D. H. L. Wood, S.E.R.L. Baldock, U.K.) 

Isotopic neutron sources have interesting applications in problems where sensitivity 
is not the prime factor. *7*8* Summaries of the type of sources available and their 
analytical applications are given by Strain and Lyon.ss*so 

A promising type of neutron isotopic source is based on the reaction l*O(a, n)21Ne, 
obtained by passing 160 as a gas over an a-source. The neutron yield is at present not 
higher than that of the more conventional neutron isotopic sources, but they have the 
advantage that the neutron ouptut can be regulated and stopped at will byregulating 
the flow of lsO. They can, therefore, be positioned and handled safely without any 
particular care.90 

Activation with y-photons 

High energy y-photons obtained as “Bremsstrahlung” radiation from electron 
accelerators have distinctive advantages over reactor neutrons in a certain number of 
analytical problems and particularly in the determination of light elements. The use 
of y-activation is nevertheless limited, mainly because high energy electron accelerators 
ready for analytical use are not as readily available as nuclear reactors. 
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Schweikert and Albertgl have recently summarised the advantages of y-irradiation. 
These are the possibility of selective irradiation, high penetration of the y-photons 
and the possibility of resolving problems difficult or impossible with other techniques. 
They have irradiated, with photons of 18-27 MeV, 24 elements and measured the 
induced activities under specified experimental conditions. They then calculated the 
analytical sensitivities, which were below 1 ,ug for most of the elements studied. It is 
interesting to note that the sensitivity is low for elements which are highly neutron 
absorbing, such as boron, cadmium, hafnium, tungsten and manganese, which are, 
therefore, i&al matrices for y-activation. 

EngelmannsB has summarised the results of a lengthy experience with routine 
analysis of oxygen, carbon and nitrogen, particularly for the control of zone-melting 
purification of beryllium. Sulphur and phosphorus interfere with the determination 
of oxygen because they give upon (y, pn) and (y, n) reaction 3oP, which cannot be 
easily distinguished from lsO, which is used to determine oxygen by (y, n) reaction on 
“0. Because the three reactions have widely different thresholds, the problem can be 
resolved non-destructively by irradiating sample and comparators with y-rays of three 
different energies. The amounts of oxygen and sulphur and phosphorus can be calcu- 
lated from the activity induced during the three irradiations. 

y-Activation has also been used in the analysis of rocks, ores and concentrates, to 
determine oxygen, carbon and zirconium.g3 

y-Isotopic sources can be used in the determination of beryllium by a (y, n) 
reaction, and commercial beryllium analysers based on that reaction are available. 
The method has been modified by Goldstein.04 The use of enriched l”Sb for the 
production of the y-source reduces the useless y-radiation of “%b. The use of large 
l”BF3 neutron counter tubes gives a sensitivity sufhciently great so that a y-source of 
only 300 mC of r%b is used to determine beryllium with a relative standard deviation 
of 1% at the 15mg level. 

Activation with charged particles 

Charged particles as means of activation have interesting applications particularly 
in the determination of light elements. Their low penetrating power makes them 
ideal for surface analysis. When bulk analysis is required, the energy of the impinging. 
particle must be suitably increased. 

The increase of the particle energy can be, on the other hand, a source of interference_ 
Thus,gs if 3-MeV protons are used as bombarding particles the measurement of llC 
can be used to determine boron by means of the reaction llB@, n)W. If the proton 
energy is increased W can also be produced by nitrogen with protons of energy 
higher than 4.2 MeVr4N@, ct)W] and by carbon with protons of about 19 MeV 
[W@, pn)llC, “C@, d)lT, “C@, t)W]. 

The sensitivity obtained in the favourable cases is very high, often of the order of 
parts per billion. Protons with energy of 3-30 MeV have been used by Engehnanng6 
to determine oxygen, carbon and fluorine. Fleckenstein and Janke have also used 
protons to determine leO added as inactive tracer to biological systems,gr by measuring 
the induced l*F activity. Marmierge used the same reaction, but he measured directly 
the energy spectrum of protons which are elastically scattered under a certain angle. 
Because the energy loss depends on the mass of the scattering nuclei, both qualitative 
and quantitative analysis can be made by measuring the proton spectrum. 
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The activation of 180 used as inactive tracer has been made by Amiel with another 
particle reaction: 180(a, #lNe. The threshold of the reaction is approximately 
6 MeV, sufficiently low to permit the use of a-particles obtained from an isotopic 
source (thoron in this case). The neutrons emitted are counted with l”BFs propor- 
tional counters. This method when applied to the scanning of paper chromatograms 
leads to an automatic unit which should be of value in many biological studies. The 
sensitivity obtained, which is not the best attainable, is 35 pg/cma of paper.QQ 

Higher sensitivities in oxygen analysis can be obtained with the use of a-particles 
from a cyclotron: about 1O-3 ppm with 10 ,uA/cm* of 44MeV particles.gs The method 
was applied, for example, to the determination of oxygen in high purity silicon.loO 

Accelerated deuterons have been applied to a study of the corrosion of zirconium 
alloys by steam. lo1 Heavy water steam was used and the deuterium pick-up was 
measured by the reaction D(d, n)SHe. By increasing the deuteron energy, information 
on the deuterium concentration in different depths of the corrosion layer was 
obtained. Deuterons as activating particles have also been suggested for the deter- 
mination of magnesium in nodular cast iron.loa 

aHe ions also show promise as activating particles for the determination of light 
elements. Very sensitive oxygen determinations were made by means of the reaction 
160(3He, p)l*F on actinide metal foils, lo3 that could not be analysed by other means. 
The determination of carbon by the reaction 1aC(3He, a)W and of oxygen in gold and 
silicon are reported by Markowitz and MahonylOP and the determination in terbium 
by Ryan, Green and Lowenkaupt.lo6 

Charged particles with sufficiently high energy to cause secondary reactions of 
analytical interest can be obtained from neutron induced reactions. Among them the 
reaction 6Li(n, t)4He has found analytical application in the determination of oxygen. 
In the analysis of oxygen in gallium-arsenide specimens, Bailey and RosP minimised 
the blank correction because of the lithium used to produce tritons by irradiating thin 
wafers of GaAs wrapped in lithium metal. Other reactions for producing charged 
particles of analytical interest have been proposed.P8 

Secondary reactions, have also been produced by knock-on particles obtained from 
collision of fast reactor neutrons with light nuclides in the irradiated sample. Among 
them protonslo and deuteronslW formed in aqueous solutions have been used to 
activate IsO and aH, used as inactive tracers, by means of the reactions 160(d, n)“F 
and lsO(p, n)l*F. 

RADIOCHEMICAL SEPARATIONS 

Radiochemical separations are in many cases necessary to achieve the sensitivity 
required. There has undoubtedly been in recent years a certain trend towards the 
elimination of radiochemical separations or at least towards limiting them to the 
minimum required for an instrumental discrimination, mainly by y-ray spectrometry. 
As a result many simple and selective procedures have been developed, which can 
often be carried out in a few minutes without difficulty by untrained personnel. These 
separations are based on a large variety of techniques, each of them having their own 
field of application. 

Dissolution of sample 

Most radiochemical separations start from dissolution of the sample, although in 
ce+in cases SOme chemical separations can be done directly from the solid state. 
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Thus, metals with low vapour pressure, such as cadmium, mercury and indium, can 
easily be vacuum distilled in a matter of minutes with high yields and good radio- 
chemical purity.log 

Destruction of the solid matrix with gaseous reagents can also be of interest as a 
simple and safe means of eliminating highly active matrices. Thus, Reuland and 
VoigF” destroyed sodium-tungsten bronzes by heating them in a stream of nitrosyl 
chloride or bromine trifluoride. They then determined sodium in the residue. The 
destruction of organic materials by means of excited oxygen has already been men- 
tioned as an interesting new approach to dry-ashing. 

The solubilisation of ashes (or of matrices if wet destruction of organic materials 
is used) is certainly the most critical point of the entire radiochemical procedure. 
Often it is not easy to demonstrate that the solution obtained is really representative 
of the solid sample and that the elements are present in the ionic form requested for 
the steps which follow. Losses by evaporation, exchange or adsorption, formation of 
residues or colloids can be sources of error not easily controllable. Losses during the 
attack of samples have already been dealt with in the pastlrr*l12 and more recently.113*114 
Care should be taken in extending the results reported, because variation in tempera- 
ture, material of the reaction vessel and nature of the matrix can be sources of rather 
large variations. 

Techniques of radiochemistry 

The practice of adding carriers in the dissolution step and measuring radio- 
chemical yields at the end of the separation is still the most used means of avoiding 
the care which is necessary for quantitative separations of trace quantities. In many 
cases, however, separations can be carried out by techniques, such as ion exchange or 
partition chromatography, in an essentially carrier-free state, without losses and with a 
minimum of care, thus avoiding measurement of the chemical yields.r16 The new 
technique of “substoichiometric” separation developed by R&Eka and Star$116*117 
is, in many cases, a very simple means of attaining constant radiochemical yields 
which suggests several interesting possibilities. 

Precipitation techniques after the addition of carriers are still widely employed to 
obtain the desired selectivity. A precipitation-centrifugation step is often the most 
rapid means of eliminating a highly active matrix.llsB1lg 

Ion-exchange techniques with organic ion-exchange resins are now employed very 
often in activation analysis. They are particularly suitable for the development of 
sequential separation schemes (see below). Rengan and Meinke120 applied ion 
exchange to the rapid separation of neutron-activated rare earths. The separation 
was accomplished by adsorbing the rare earths on micro cation-exchange columns and 
eluting with a-hydroxyisobutyric acid. Separations with peak-to-valley ratios 
between 50 and 100 in the elution curves were accomplished in about 10 min for rare 
earth elements with atomic numbers differing by 3 or more. The separation of adjacent 
rare earths in about 16 min was less complete, but adequate when coupled with y-ray 
spectroscopy. An advantage of ion-exchange procedures is easy automation, which, 
coupled with the possibility of obtaining very high decontamination factors in one- 
step operations, makes it ideal for remotely controlled removal of highly active 
matrices-121’1a2 A new and more complete edition of Samuelson’s book on ion 
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exchange in analytical chemistry has been published123 and is of a great value in 
planning separations based on ion exchange. 

Inorganic ion exchangers, although they are less commonly employed, give in certain 
cases highly selective separations, which have been used in activation analysis.122*124 

Isotopic exchange as first used by Sunderman and Meinkel% also offers many 
interesting possibilities for rapid and selective radiochemical separations,126 which 
should be more fully exploited. Amalgam reduction and exchange, although of more 
limited application, can lead in a matter of minutes to the separation of elements, 
such as cadmium, indium, strontium and bismuth.12’ 

Solvent extraction is one of the most popular techniques for obtaining selective 
separations within reasonable amounts of time. It has been applied to separate a large 
variety of elements [Cu, Zn, SC, Ag, Hg, Cr, Mn, etc.]. The book by Morrison and 
Freiser gives the necessary information for solvent-extraction applications, including 
many detailed procedures for the various elements.128 A technique which combines 
in many cases the advantages of solvent extraction and ion exchange is the use of 
liquid ion exchangers. Chromatographic separations on inert supports impregnated 
with liquid ion exchangers have been dealt with by Cerrai.las 

Paper chromatography has often been used in post-irradiation chemical treatments. 
Techniques for both specific and non-specific colour development of spots have been 
studied particularly for activation-analysis applications.130*131 Coulomb and Schiltz 
have applied paper chromatography to the simultaneous determination of many trace 
elements in geological specimens. 132 The elements were partitioned in bands which 
were then analysed by y-ray spectroscopy. 

Distillation has gained much popularity in recent years in activation-analysis 
applications. Some elements [Hg, Cr, OS, As, Sb, Ge, Se, Ru and Mn] can be distilled 
from various media with high yields. Major advantages are simplicity and relative 
lack of contamination hazards. A clear-cut separation between distillable and non- 
distillable elements can be a simple preliminary step to more complex separations.laa 

Electroanalytical methods give the required analytical purity of the separated 
fractions only in favourable cases, although the use of controlled-potential electrolysis 
can greatly increase the selectivity. la4 They are, on the contrary, extremely useful to 
eliminate unwanted radiation in easily remote-controlled, one-step operations. 

Sequential separation of many elements 

In many cases the determination of more than one element or a complete survey 
of all possible trace elements is required. Sequential separation schemes can be applied 
in these problems with considerable saving of time. They are also necessary when the 
amount of sample available for analysis is at a minimum. 

The development of separation schemes for activation analysis can be pursued in 
two major directions: the first is to attain the separation of individual radioisotopes 
of the highest radiochemical purity, and use the selectivity of the activity detector as 
a control of radiochemical purity. The other is to separate the isotopes in groups and 
leave to the activity detector the job of the ultimate separation. While the second way 
is certainly time-saving, a well-balanced mixture of isotopes must be present in each 
group, as one intense activity can completely mask the others. An approximate 
knowledge of the composition of the sample is required and the scheme cannot be 
used for different matrices. The sensitivity obtained is also generally lower. 
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The solutions for the problems of sequential separation are widely different, de- 
pending on the nature of the problem under study. 

The chemical separation of trace elements from activated high-purity metals has 
been studied by Albert. In his most recent scheme rss the systematic use of solvent 
extraction, resin chromatography and electrolysis techniques has made the scheme 
simpler, faster and more automatic. Fifty elements are determined on I-g samples, 
with detection limits which are always better than 0.1 ppm. Smalesm separates 10 
long-lived elements in 200-mg samples of iron meteorites with a separation scheme 
based on precipitation, distillation and extraction after carrier addition. The 10 
elements are next purified separately to obtain the highest radiochemical purity, 
which is then controlled by y-ray spectroscopy. Samsahl’s8*1s7 has set up a scheme 
in which the elements are firstly split into two groups by distillation. Further separa- 
tion is obtained within the two main groups by ion-exchange procedures. A total of 
15 groups containing more than 40 elements is obtained, which are then analysed by 
y-ray spectroscopy. Schemes based on anion exchange have been studied by Girardi 
and Pietra for aluminiumU5 and by El Shamy, Rassoul and Bishayrs8 for 
aluminium and lead. A general scheme completely based on ion-exchange resins was 
studied by Auboin and Laverlochere lsQ for the separation of approximately 30 
elements. The elements are separated almost completely and the scheme has been 
studied in such a way that adaptation to different matrices is easy. Ros.@* has studied 
a scheme for the determination of 62 possible impurities in aluminium, beryllium and 
iron. Thirteen of them are determined non-destructively with IO-see and 20-min 
irradiations. The other 49 are activated with a 16-hr irradiation, then divided into six 
groups by a series of rapid radiochemical separations. The final selection within the 
groups is made by y-ray spectroscopy. Techniques for the determination of 11 trace 
metals in petroleum, including sequential radiochemical separations, were studied by 
Colombo, Sironi, Faso10 and Malvano.l*l 

Automation of radiochemical separations 

The development of automated radiochemical separations, has been strongly 
advocated.D8 

Comar and LePoec are studying the automated radiochemical separation of iodine 
and other elements from biological fluids. The best results142*14S were obtained with 
automated equipment in which the following sequence of chemical operations is 
carried out : adsorption of I- on anion-exchange resin, washing-out of Cl, Na and Br, 
elution of I-, oxidation to I,, extraction with Ccl,, distillation of I,, dissolution in 
NaOH and final counting. Fig. 2 shows a schematic diagram of the equipment. The 
overall time of the separation is 10 min and 40 samples/day can be dealt with auto- 
matically. 

Girardi, Merlini, Pauly and Pietra12s are studying the automation of radiochemical 
separations of different elements by employing ion-exchange resins, inorganic ion 
exchangers and partitioning agents on inert supports. A machine to perform a series 
of elutions from columns connected initially in series, then automatically disconnected 
to continue the elution separately was developed. 
is its modular conception, 

The main advantage of the machine 

problems. 
which facilitates the adaptation to different 
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SamsahP has developed an ingenious and simple machine for fast separation on 
ion-exchange resins, in which instead of adsorbing on one column and eluting with 
eluting agents of different concentration, the separation is carried out by adsorbing 
the elements from different concentrations of the same medium on different columns 
connected in series. The variation of concentration is obtained by introducing, between 
one column and the next, a stream of eluting agent of appropriate concentration, which 
is thoroughly mixed with the active solution to obtain the desired final concentration. 

FIQ. 2.-Schematic drawing of the apparatus for automated 
radiochemical separation of “1 from irradiated 

biological fluids 
(by courtesy of D. Comar, CEA Saclay, France) 

Automated radiochemistry is a possible solution of one major problem in biologi- 
cal applications, i.e., the analysis of a high number of similar samples to obtain 
biologically significant data on concentration and distribution of trace elements in 
natural samples. The activation of minor constituents, such as manganese, sodium or 
chlorine, sometimes makes impossible direct instrumental analysis, so that lengthy and 
hazardous manual radiochemical separations are necessary. Extensive applications of 
automated radiochemistry depend on the solution of many practical problems, such as 
development of versatile machines, easy decor&&nations, etc. These problems are 
still far from being solved on a general basis, although the first results obtained on 
specific problems are promising. 

RADIOACTIVITY MEASUREMENTS 

The measurement of radioactivity has improved in sensitivity, precision and 
selectivity, more through a number of small refinements in the existing techniques 
than through spectacular new detectors or instruments. 

y-Ray scintillation spectroscopy 

y-Ray scintillation spectroscopy is certainly the most used technique for the radio- 
activity measurement. General information on the technique, including a catalogue 
of y-spectra obtained with a 4 x 4 in. NaI(T1) detector, are given in the book on 
applied y-ray spectroscopy by Crouthamel.145 
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Recently, two congresses have dealt with the technique of y-ray spectrometry: the 
Second Meeting of the Society for Applied Spectroscopy (SAS) and the Ninth 
Scintillation and Semiconductor Counter Symposium. Only summaries of the papers 
of the first symposium are available,14s while full proceedings of the second are 
published.14’ The applications to activation analysis in the SAS meeting were re- 
viewed by Guinn. 14~ The use of electronic computers in nuclear and radiochemistry 
has been dealt with in a symposium in 1962 at Gatlinburg; full proceedings are 
available.14g 

Heath has recently published the second edition of his y-ray spectrum catalogue.lsO 
The catalogue has been completely revised. In addition to the graphs representing 
the response of a 3 x 3 in. detector, the data are presented in digital form for the 
preparation of punched cards, perforated tape or magnetic tape libraries for data 
analysis. Neutron-deficient isotopes are included. Much useful information, such as 
tables of detector efficiency, photopeak efficiency, discussion of spectrometer design, 
electronics, etc., is included in the catalogue. Catalogues of y-spectra have also been 
prepared by Anders, r51 Aude and Laverlochere74 and Girardi, Guzzi and Pauly.47 
All three referred particularly to activation analysis and the determination of sensi- 
tivities in different neutron-energy spectra : 14-MeV neutrons,74 well-thermalised 
neutrons4’ and the neutron spectrum obtained with the reaction BBe(d, n)lOB by means 
of a 2-MeV Van de Graaff, moderated with a 2-ft paraffin cube.151 

The y-ray scintillation detector has not been substantially improved recently. The 
3 x 3 in. NaI(T1) detector is still the most used, but larger crystals are employed 
more often as the technology of the preparation of NaI(TI) crystals improves, and 
because the use of electronic computers for the unscrambling of complex y-spectra 
makes less imperative the necessity of high resolution detectors. The use of pure and 
europium-activated calcium iodide detectors was reported by Hofstadter, O’Dell and 
Schmidt.152 The advantage over the NaI(T.1) detector is a higher light-output signal, 
and therefore a higher resolution [5*19 % fwhm * for 13’Cs as compared with the 7.5 % 
obtained with a similar NaI(TI) detector]. Difficulties in preparation of the scintilla- 
tion units limit the thickness of calcium iodide detectors produced up to now, to 
approximately 6 mm. 

In recent years the application of electronic computers to y-spectroscopy has 
grown spectacularly. The least squares fitting of a set of library spectra with the 
unknown spectrum as proposed by Salmon is the most widely used technique.l” In 
a recent paper154 Salmon describes a general computer programme written for the 
IBM 7030. The programme is designed for maximum flexibility and enough sub- 
routines are included to meet almost any desire of a customer. Least squares fitting 
programmes have been recently developed especially for activation-analysis problems 
by Auboin, Junod and Laverlochere,155 Mi_inze1156 and Coulomb and Schiltz.132 
Other principles less frequently used for the analysis of complex spectra are iterative 
spectrum stripping15s and solution of simultaneous equation systems.15* A simplified 
programme based on the determination of photopeak surfaces is used by Borella and 
Guzzi.15s Least squares fitting is also used for the analysis of multicomponent radio- 
active decay curves.160,161 

The precision of the results obtained by computer techniques is largely affected 

* Full width at half maximum. 
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by drifts of detectors, amplifiers and pulse-height analysers, because of large variation 
of the y-counting rate or to temperature changes. Also, drifts of the zero setting of 
the analyser cannot be neglected in many cases. Much effort was, therefore, spent in 
recent years in stabilising the y-ray spectrometers, both by improving the characteris- 
tics of detectors and associated electronics and by developing subsidiary drift control 
units. 

The requirements of y-ray spectrometers for spectrum stripping or computer 
calculations have been dealt with by Guinn and Lash,le2 who indicate a number of 
possible sources of error and how to control them, within certain limits. The detector 
stability has been studied by Covell and Euler, 183 who have measured the amplification 
drift vs. counting rates of many commercial photomultipliers. Detectors which are 
guaranteed for a stability better than 1% for changes of the counting rate from 1,000 
to 10,000 cps are now commercially available. Crouch and Heathla report a series 
of tests developed and used to evaluate and calibrate performance parameters of 
analysers, such as analogue-to-digital converter accuracy, stability, integral and 
differential linearity and zero and bias shifts. Covelllw has described a technique of 
periodic quality controls for both establishing and maintaining instrument stability 
over long periods of time. The use of periodic control tests is of great value to keep 
the performances of nuclear instrumentation to the level required for analytical use. 

It is thus demonstrated that a careful choice and use of the y-spectrometer system 
is essential to obtain r-ray spectra of the quality required for computer calculations. 
The presence of a drift control unit in the y-spectrometer is also of great help. Many 
solutions of this problem have been proposed. All of them are based on the control 
of the position of a reference peak, which may be a y-peak in the spectrum under 
study or from a radioactive source counted simultaneously with the unknown, an 
electronic pulse or a light pulse. A correction signal is obtained, which is used to 
modify in the appropriate direction the zero or amplification controls. The stabilisa- 
tion of y-ray spectrometers against zero and gain drifts was discussed in detail by 
Dudley and Scarpatetti ‘lW who also give complete references to previous works. The 
drift control system proposed by these authors assures a constancy of peak-to-channel 
numbers to a few hundredths of a channel out of 200 channels, which approaches the 
theoretical limit set by statistical fluctuations. 16’ Drift control units are also commer- 
cially available. 

The electronic computer itself affords a simple means of normalising a spectrum 
which was obtained under slightly different conditions from those of the reference 
spectrum. 168~~~ In a recent commercial multidimensional analyser, provisions to 
change the baseline and gain of the y-spectra recorded are included.l’O 

One of the problems, which also is of considerableimportance in activation-analysis 
applications, is the reduction of the Compton continuum. The method originally 
proposed by Pierson l’1 has been considerably improved by DeSoete and Hoste172 by 
using a plastic detector provided with a lead grating and mounted perpendicular to 
the y-ray detector, instead of the anthracene detector mounted at a 180” angle used by 
Pierson. By this means the compensation is adequate up to 2.7 MeV y-rays, the 
backscatter is considerably reduced and the decrease of efficiency is limited to 14%. 

The method of using an annular detector mounted in anticoincidence with the 
central principal detector, to count any escaped photon, has the additional advantage 
of decreasing the background counting rate. Plastic scintillators or NaI(Tl) crystals 
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are used as the annular guard detectors. Perkins173 uses 4 x 6 in. detectors sur- 
rounded by a 11-l/2 x 12 in. NaI(T1) annular guard detector. A background 
reduction of S-10 times is obtained. With two 4 x 6 in. detectors mounted in coinci- 
dence within the guard annulus he is able to detect by ~9 coincidence extremely small 
amounts of radioactivity with a high selectivity. A multidimensional analyser is used 
to obtain in one measurement the concentration of %c, 6oCo, 64Cu, “Ga, lo6Ru, 
%b, l*OBa and l*OLa which could not be measured by simple y-ray spectrometry. 

/l-Counting 

The great advantages of y-counting and y-spectroscopy over &counting have 
limited the application of p-counting in activation analysis to those cases in which the 
radiochemical purity of the source is certain. The high efficiency of &counting also 
make this technique preferable in many cases when the highest sensitivity is required. 
Liquid scintillation /l-counting, for example, can lead to almost 100% efficiency. A 
review on developments in liquid-scintillation counting was made by Rapkin.l’* 

The counting of high energy &particles by means of a Cerenkov detector has 
recently received attention as a simple means of discriminating low amounts of high 
energy p-particles in a highly radioactive field of low energy /?- and y-particles. It is 
thus possible, for example, to use the fast flux of a nuclear reactor to induce the 
reaction 18o(n, p)16N and measure the 10*3-MeV p-particles of lsN even if the induced 
activity of the samples is considerable.176 

Neutron counting 

Neutron counting has received attention in recent years as a radiation detector for 
activation analysis in certain problems. Its use has been outlined by Amie1.176*177 
Counting delayed neutron emission from fission products is a simple and selective 
means of measuring fissionable elements. If the sample is of natural origin and it is 
irradiated with thermal neutrons, the concentration of mu can thus be measured. 
Irradiation with and without cadmium screens can lead to the determination of both 
asaLl and =*U. 

The delayed neutron precursor 17N can be produced from I70 and I80 by (n, p) 
and (n, d) reactions induced by a fast neutron flux. When 6Li is present the t&ions 
produced by (n, a) reaction can lead to 17N through other reactions: l*O(t, a)17N 
and 16N(t, p)l’N. The measurement of 17N can then lead to the analysis of lithium, 
l*O or 16N with different and controlled experimental parameters. Both 180 and lSN 
are important stable tracers for oxygen and nitrogen. 

Neutrons can also be produced by (7, n) reaction on beryllium and deuterium with 
y-rays with energy higher than 1.67 and 2.23 MeV, respectively. The emission of 
photoneutrons can then lead to the determination of beryllium or deuterium, or 
alternatively of y-emitting isotopes, if the unknown y-source is surrounded by a 
beryllium block or a deuterated compound in which the neutron counters are em- 
bedded. Among the y-emitting isotopes which can be measured by this technique are 
24Na, =Mn, 37S, 4sCa, 3aCl and 28Al. Neutrons induced by (7, n) reaction on IsO with 
an a-isotopic source can lead, as has been said already, to a simple means of 
measuring i*O. 

Semiconductor detectors 

Semiconductor detectors have entered the field of nuclear detection quite recently 
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with very promising results. Properties and applications of these detectors were 
discussed by Goulding. 178 The methods and problems related to the construction of 
silicon and germanium lithium-drifted detectors were described by Bertolini, Cappellani 
and Restelli.17@ A survey of commercially available detectors and preamplifiers was 
recently published by Nucleonics.lso 

Germanium Li drifted 
G 11 

v1 2OOmm’x ls 5mm 
z 2 CrSl+Hg203 

c, 279Kev 323Kev 

x 103 
S- 

1 

C- , 

3- 

2- 

l- 

0 50 100 150 200 channel 

FIG. 3.-Comparison of resolution of a NaI(TI) scintillation y-ray detector and a 
lithium-drifted germauium semiconductor detector for the 279-KeV y ray of *OaHg and 

the 323-KeV y-ray of Wr 
(by courtesy of G. Restelli, Em-atom, Ispra, Italy) 

The most interesting use of semiconductor detectors in activation-analysis 
problems is y-ray spectroscopy, where the lithium-drifted germanium detector has a 
resolving power much higher than the NaI(Tl) scintillator. A resolution of 7 keV for 
2*75-MeV y-rays has been obtained by Tavendale,l8r whereas a good 3 x 3 in. 
NaI(Tl) detector has a resolution of only 100-120 keV for the same y-ray energy. 
Fig. 3 shows a comparison of the separation obtained between the 279-keV y-ray of 
sWHg and the 323-keV y-ray of Wr, by a 3 x 3 in. NaI(Tl) detector and by a germa- 
nium lithium-drifted detector. 

Drawbacks of semiconductor detectors are at present the necessity of operat- 
ing them in vacuum at liquid nitrogen temperature and their low efficiency 
for high energy y-rays, resulting from the small size of the detectors. In 
the case outlined in Fig. 3 the efficiency was, respectively, @25 and 25% for the 
germanium and the NaI(Tl) detectors. As a consequence of their small dimen- 
sions Compton scattering is the prevailing effect (above approximately 150 keV) and 
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a high Compton continuum is present in the y-spectra. The small size of the detectors 
also makes single and double escape peaks from high energy y-rays particularly 
evident over the high Compton scattered background. Tavendalel*l reduced the 
background by three orders of magnitude with the use of a triple-crystal spectrometer 
in which two NaI(T1) scintillators detect the escape of 511-keV annihilation quanta 
in coincidence with a pair event occurring in a central germanium detector. 

Applications of semiconductor detectors to activation analysis are still few. Their 
use as a practical analytical tool is largely conditioned by the availability of larger 
detectors, and to a smaller degree by the availability of semi-conductor materials 
that could be operated at room temperatures, e.g., gallium arsenide. 

AUTOMATED SYSTEMS OF ACTIVATION ANALYSIS 

A certain degree of automation has already been reached in the different steps of 
the activation-analysis line: activation, y-spectrometry and computer calculation of 
results and, to a minor extent, radiochemical separations. The automation of the 
entire activation-analysis sequence is, therefore, feasible and in many cases it should 
lead to a highly economical exploitation of the technique. 

Automated activation-analysis systems for the determination of oxygen are now 
produced commercially and the application of similar systems to a wide range of 
analyses of industrial interest should increase considerably. 

A unique example of a completely automated system capable of handling more 
than 4000 samples/day has been developed at the Texas A. 8~ M. University. In the 
Mark II system ls2 different sources can be used for activation: a nuclear reactor, a 
14-MeV neutron generator or a 88-in. cyclotron. The samples are then measured 
non-destructively by y-ray spectroscopy by means of three 4 x 4 in. NaI(T1) detectors 
which are drift-stabilised and coupled with 400-channel analysers, while a fourth 
detector dynamically subtracts the background. Magnetic tape read-out and an 
IBM 709 computer make possible the calculation of weights in a few seconds. The 
system should be capable of resolving those many important problems which require 
that thousands of similar samples be elementally analysed rapidly and accurately at 
reasonable cost. 

Automation is the essential requirement for lunar and planetary surface composi- 
tional analysis, and work is under way to set up the necessary equipment in many 
laboratories in the U.S.A. The complete activation-analysis system should be essen- 
tially constituted of a 14-MeV neutron generator, a scintillation detector, a multi- 
channel analyser and the necessary read-out and telemetering units. For general 
description of the status of the problem the reader should refer to references 183-186. 

Another field where automation is essential is process-stream monitoring. 
Although nuclear methods based on absorption or scattering of radiation have the 
evident advantage of immediate answer, neutron activation can be employed in those 
cases in which the half life of the radioisotope formed is short enough not to cause an 
unacceptable delay on the production line. A method for plant stream monitoring 
was proposed by Anders,la7 who also indicated a number of elements which produce 
by fast or thermal neutron activation radioisotopes which are sufficiently short-lived 
for stream analysis. A technique for stream analysis and preconcentration of copper 
minerals was proposed by Ramdohr.lss 



Radioactivation analysis 

Znsnmmenfassung-Es werden die verschiedenen Arbeitsweisen der 
Aktivierungsanalyse erijrtert und eine Ubersicht tiber neuere Verbes- 
serungen in den Grundlagen oder der Methodik gegeben. Uber 
Entwicklungen auf verwandten Gebieten wie der Radiochemie oder 
der y-Spektrometrie wird nur berichtet, wenn sie sich speziell auf die 
Aktivienmgsanalyse beziehen. Besondere Anwendungen der Aktivie- 
rungsanalyse auf verschiedenen Gebieten wurden mu beriicksichtigt, 
wem~ sie zu Verbesserungen der Methodik ftibren. Literatur tiber 
Anwendungen wird angegeben. 
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R&am&On considere les differentes techniques d’analyse par 
activation et passe en revue les r&ents perfectionnements fondamentaux 
et techniques. On ne mentionne les developpements dans les domaines 
s’y rattachant, tels la radiochimie et la spectrometrie y, que lors u’il 

% y a reference sp&ciale a I’analyse par activation. On n’a pas pass en 
revue les applications spkifiques de l’analyse par activation aux 
differents domaines, a moins qu’elles ne conduisent a des ameliorations 
de la technique. On donue des references bibliographiques sur les 
applications. 
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SHORT COMMUNICATIONS 

Polarograpby in neutral fluoride solution with particular reference to lead 

(Received 22 July 1965. Accepted 13 August 1965) 

TRACE amounts of lead have a detrimental effect on the creep-resisting pro rties of nickel-base1 and 
!e other high-temperature alloys and it is desirable to know the lead content o such alloys. Lead can be 

determined spectrophotometrically in many of these alloys after a solvent extraction separation, but 
a fast, direct method for lead would be attractive. This paper outlines a direct polarographic method, 
which should be suitable for the determination of trace amounts of lead in high-temperature alloys of 
low iron content. 

EXPERIMENTAL 
Apparatus 

Polarograph. A Sargent model XV polarograph was used. The micro-range extender for this 
instrument was occasionally employed. 

Dropping mercury electrode. This was constructed from a 15-cm length of “Veridia” Pyrex glass 
capillary tubing of 60-p bore obtained from Chance Brothers Limited, Birmingham, England. 

Pularograph cell. This was a Meites-type H-cell with a saturated calomel electrode in the electrode 
compartment and an agar-saturated potassium chloride bridge. Fifty ml of solution were used in the 
solution compartment. The cell was immersed in a tank thermostatically controlled at 25.0”. 
free nitrogen was used to free the solution from dissolved oxygen. 

Oxygen- 

Reagents 

Hydrofluoric and nitric acids, ammonium fluoride and aqueous ammonia were of analytical- 
reagent grade. 

Standard lead solution. This was exactly IO-“M, prepared from the appropriate -weight of 
analytical-reagent grade lead nitrate crystals, of which the lead content had been previously 
determined by complexometric titration with standard EDTA solution. The lead solutions used in 
obtaining the calibration graphs were prepared from this standard lead nitrate solution by dilution 
with 5M neutral ammonium fluoride solution and water. 

RESULTS AND DISCUSSION 

Previous polarographic investigations for 28 metallic ions in O*lM hydrotluoric acid-O.lM 
ammonium fluoride’ had shown that lead ions produced a reversible reduction wave at -0.402 V vs. 
the saturated calomel electrode. Metallic species, which were reduced in the vicinity of the lead and 
which would, therefore, interfere with a lead determination, were thallium(I) Et = -0.455 V, 
uranium(V1) Et = -0.51 V, iron(II1) Et = -0.52 V and molybdenum(V1) Et = - 0.53 V. Because 
ions of metals in the +3 and higher oxidation states are complexed strongly by fluoride, while most 
singly- and doubly-charged ions are only slightly complexed,* it was decided to investigate the polaro- 
graphic properties of metallic ions in a more strongly complexing solution, namely 1M ammonium 
fluoride at pH 7; it was expected that in such a base electrolyte the half-wave potential for the reduc- 
tion of iron(III)-iron being a common constituent of high-temperature alloys-would be moved to a 
considerably more negative potential, while the half-wave potential for lead would be only slightly 
more negative than before. The half-wave potentials for molybdenum(V1) and uranium(V1) in 1M 
ammonium fluoride at pH 7 were also expected to be considerably more negative than the values 
quoted above because of the increase in pH from 3.2 for 0.1 M hydrotluoric acid41 M ammonium 
fluoride, to 7.0. 

In practice, these hopes were realised and polarographic data for 35 ions in 1M ammonium 
fluoride at pH 7 are given in Table I. Another advantage of 1 M ammonium fluoride at pH 7 as base 
electrolyte is that polarograms can be recorded using a dropping mercury electrode (D.M.E.) 
constructed from a Pyrex glass capillary, which is not attacked by fluoride ions at pH 7. With 
O.lM hydrofluoric acid-O.lM ammonium fluoride, glass capillaries are attacked immediately and 
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satisfactory polarograms cannot be produced with them. The data previously reported for O*lM 
hydrofluoric acid-0elM ammonium fluoride were obtained with a Teflon dropping mercury electrode 
constructed according to the method of Raaen. b Although such a D.M.E. is perfectly satisfactory for 
acidic fluoride solutions, its construction demands considerable manipulative skill and most analytical 
chemists would prefer to buy glass capillaries rather than construct their own Teflon capillary. 

Element 

TABLE I 

Et, V Et - Eg, mV 

Silver 
Copper 

Iron(I1) 

Vanadium(V) 

Bismuth 
Tin(I1) 

Lead 
Thallium(I) 
Tellurium(IV) 
Cadmium 
Antimony(III) 
Iron(II1) 

Uranium(V1) 

Nickel 
Zinc 
Tellurium(V1) 
Selenium(IV) 
Cobalt(I1) 
Titanium 
Arsenic(II1) 

Rhenium(VI1) 

Vanadium(IV) 

Gallium 
Manganese(H) 

>o 
Overlapping double wave, 

about +0.02; -0.16 

(1) about -O%t 
(2) -144 
(1) About -0.12; small 

wave with maximum.* 
(2) -0.79; small wave 
(3) -1.40 

-0.265 
(1) -0.412t 
(21 -0.703 \ , 

-0,453 
-0.463 
-0.52 
-0.614 
-0.74 

(1) -0.77(111+ II) 
(2) -1*47(11+ 0) 
Overlapping double wave, 

-0.80; -1.11 
-1.05 
-1.148 
-1.24 
-1.28 
-1.32 
-1.37 

About -140; maximum 
present. * 

About -144; Maximum 
present. * 

Overlapping double wave, 
-1.45; about -1.68 
-1.50 
-1.55 

- 
Waves cover 0.35 V; incomplete 

separation of first wave from mercury 
wave. 

Incomplete separation from mercury wave 
63 

Wave covers range -0.06 to -060 V. 

140 
100 
35(19) 

-34(-28) 
29(28) 

30(28) 
54(56) 

140 
27(28) 
95(19) 

;6$56) 

Waves cover range -0.5 to -1.4 V. 

::(28) 
85 

:% 
95(56) 

Wave covers range -1.1 V to final rise 
at -1.8 V. 

Wave covers range -1.2 V to final rise 

Waves cover range -1.2 V to final rise 

About 120(19) 
About 40(28) 

t Oxidation wave. 
* This maximum was not completely suppressed with the maximum permissible concentration 

of Triton X-100 or gelatine, namely O.y% w/v and 0.1% w/v, respectively. 

The reduction waves for antimony(V), chromium(III), niobium(V), tin(IV) and tungsten(V1) 
started just before the ammonium ion wave. There were no reduction waves for arsenic(V), indium, 
molybdenum(VI), selenium(VI), tantalum(V) and zirconium. 

The concentration of all ions was 2 x 1tFM except for bismuth where a saturated solution 
(t2 x 10-4M) was used. 

The figures shown in parenthesis are the Et - Ep values expected for reversible reductions. 
In 1M ammonium fluoride at pH 7, reduction waves for vanadium(V), thallium(I), tellurium(IV) 

and uranium(V1) interfere with the lead wave as does the oxidation wave for tin(I1). Equal molar 
amounts of copper, bismuth, cadmium, antimony(II1) and iron(II1) have no interfering effect on the 
lead wave, but appreciably larger amounts of copper and bismuth will cause difficulty in the determina- 
tion of lead using a dc. polarograph. Interference from cadmium, antimony(II1) and iron(II1) occurs 
when the molar ratios of these elements to lead exceed 10: 1,4: 1 and 4: 1, respectively. There is no 
interference from the other 24 ions. 
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Thallium and uranium are unlikely to be present in high-temperature alloys and it may be possible 
to arrange for vanadium, tellurium and tin to be in the +4, +6 and +4 oxidation states, respectively, 
where they no longer interfere. 

In 1M ammonium fluoride at pH 7, the diffusion current was found to be directly proportional to 
lead concentration, as expected, in the ranges lO-& to lO-%f and 10-e to 10-6M. In the range IO-& to 
lo-%f, the standard deviation of the error in diffusion current was 0.0059 PA, which corresponds to a 
relative standard deviation of 0.9% at a lead concentration of lO-%‘M. In the range 10-O to 10-sM, 
where the micro-range extender was employed, the standard deviation of the error in diffusion current 
was 0.0014 PA, corresponding to a relative standard deviation of 2.0% at a lead concentration of 
10-sit4. The error in diffusion current is expressed by i,(measured) - i,(calculated), where the values 
of i,(calculated) are points exactly on the straight-line calibration graph of diffusion current us. 
concentration. 

Lead in high-temperature alloys often occurs in amounts less than 50 ppm and the authors’ 
instrument was not sufficientlv sensitive to determine such small amounts of lead. One nickel- 
titanium addition alloy contaming 92 ppm of lead, was, however, analysed by the method described 
below, where the micro-range extender was employed on the Sargent recording polarograph. A lead 
content of 86 ppm with a standard deviation of 11 ppm was obtained. This corresponds to polaro- 
graph& a lead solution of concentration l-65 x lo-‘M. A much more precise result would have 
‘;eei obTained with a more sensitive polarograph. 

I 

The lead content of the allov (92 oum) had been oriainallv determined bv solvent extraction of the 
lead from an ammoniacal cya&&-t&ate solution at)H $5 with a solution of dithizone in carbon 
tetrachloride, followed by spectrophotometric measurement of the lead dithizonate complex. 

Method for analysis of the nickel-titanium alloy 

Dissolve 0.2 g of alloy in 5 ml of concentrated hydrofluoric acid plus 1 ml of concentrated nitric 
acid. Evaporate the solution just to dryness and dissolve the residue in 5 ml of concentrated hydro- 
fluoric acid. Re-evanorate the solution iust to drvness. Dissolve the residue in 25 ml of 2M hvdro- 
fluoric acid and add’concentrated amm&ia solution until the pH is 7.0 when determined with i pH 
meter. Dilute the solution to 50 ml in a graduated flask. Record a polarogram for this solution over 
the range of 0 to -1.0 V against the saturated calomel electrode and measure the diffusion current of 
the lead wave in microamps. Determine the concentration of lead in the solution from a suitable 
calibration graph and hence calculate the amount of lead in the alloy. 

CONCLUSION 

The authors are of the opinion that this work performed with a d.c. polarograph indicates that 
direct polarography in IM ammonium fluoride adjusted to pH 7, in association with a differential 
cathode ray or pulse polarograph, could be employed for the precise determination of lead in high- 
temperature alloys in amounts greater than 1 ppm. Parts per million of trace metals in alloys have 
already been determined using a square wave polarograph. 6 With such instruments it is reasonable to 
expect that a much greater iron(II1) : lead ratio could be tolerated. 
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Summary-_The polarographic behaviour of 35 ions in 1M ammonium 
fluoride solution adjusted to pH 7 has been investigated. In this base 
electrolyte lead is reduced reversibly and, except for considerably 
larger amounts of copper, bismuth, cadmium, antimony(III) and 
iro$III), the only ions inierfering with the d.c. polarographic hetermina- 
tion of lead are vanadium(V), thallium(I), tellurium(Iv), uranium0 
and tin(B). By arranging for vanadium, tellurium and tin to be in-the 
+4, +6 and +4 oxidation states, respectively, interference from these 
elements could be eliminated and a selective polarographic method for 
lead in available. 



R&tune a 6tudie le comportement polarographique de 35 ions en 
solution dans le fluorure d’ammonium 1 M ajust il pH 7. Dans cet 
electrolyte de base le plomb est reduit reversiblement et, sauf lorsqu’il 
y a des quantites considerablement plus elev5es de cuivre, bismuth, 
cadmium, antimoine(III) et fer(III), les seuls ions qui interfere& dam 
le dosage du plomb par polarographie en courant continu sont le 
vanadium(V), le thallium(I), le telhuium(IV), l’uranium(V1) et 
l’&ain(II). En amenant le vanadium, le tellurium et l&in aux degreS 
d’oxydation $4, +6 et +4 respectivement, on peut &miner l’inter- 
ference de ces elements et disposer dune m&ode polarographique 
sClective du plomb. 

Zusannne&ssung-Das polarographische Verhalten von 35 Ionen in 
1 M Ammonfluoridlijsung bei pH 7 wurde untersucht. In diesem 
Triigerelektrolyten wird Blei reversibel reduziert. AuDer betmchtlich 
griiberen Mengen Kupfer, Wismut, Cadmium, Antimon(III) und 
Eisen(II1) stiiren die gleichstrompolarographische Bestimmung von 
Blei nur Vanadin(V), Thallium(I), Tellur(IV), Uran(VI) tmd Zirm(I1). 
Bringt man Vanadin, Teller und Zinn auf die Oxydationsstufen +4, 
$6 und f4, ist die Storung durch diese Elemente beseitigt und Blei 
krum selektiv polarographisch bestimmt werden. 
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Determination of aluminium by homogeneous precipitation 

of basic aluminium benzoate 

(Received 16 June 1965. Accepted 5 August 1965) 

HOMOGENEOUS methods of precipitation are well established and their uses and advantages have 
been thoroughly reviewed by Gordon, Salutsky and Willard.’ 

To give a readily alterable form of aluminium hydroxide Willard and Tang carried out the 
precipitation in the presence of succinate ion, claiming that this gave the densest precipitate of several 
anions chosena There is, however, the disadvantage that the basic aluminium succinate forms a 
tenaciously adherent lilm on the walls of the beaker and this must be dissolved in hydrochloric acid 
and reprecipitated with aqueous ammonia. 

The modification described in this paper, namely, the use of benzoate rather than succinate 
buffer, overcomes this objection and enables the aluminium to be precipitated quantitatively as 
basic aluminium benzoate in a single operation. The crystalline precipitate is not as dense as the 
basic succinate but it can be f&red rapidly and washed efficiently; furthermore, any deposit on the 
walls of the beaker is easily removed mechanically. 

Reagents 

EXPERIMENTAL 

Standard aluminium solution. Pure aluminium (0.8848 g) was dissolved in dilute hydrochloric 
acid and this solution was diluted to 1 litre. 

Benzoate bu&. Ammonium chloride (48 g) and benzoic acid (18 g) were dissolved in 2 litres 
of water. 
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Procedure 
pH of precipitation of basic aluminium benzoate. To 350 ml of the buffer solution were added 

3 g of urea and 50 ml of the standard aluminium solution which had been neutral&d by adding 
aqueous ammonia until there was a faint permanent precipitate, followed by just enough dilute 
hydrochloric acid to redissolve the precipitate. The solution was brought raprdly to boiling point, 
then kept on a steam bath for the duration of the experiment. Samples (20 ml) were taken at intervals, 
cooled rapidly and the pH determined at 25” with a glass-electrode system. After filtration the 
ahnnimum remaining in solution was determined with Aluminon? 

Determination of aluminium. To 350 ml of the benxoate buffer were added 3 g of urea and the 
standard aluminit& solution containing 0~01405 g of ahunimum (made just aGd). The solution 
was brought rapidly to the boil, kept on a steam bath for 1.5-2 hr, filtered through a medium 
and the precipitate washed thoroughly with 1% ammonium nitrate solution. The paper an B 

aper 
pry+ 

cipitate were then ignited to constant weight at 1250” in a platinum crucible and the product weighed 
as Al,O* 

RESULTS AND DISCUSSION 
As a result of several experiments it was found that precipitation of ahnninium was invariably 

complete at pH 3.7 and that there was a sufficiently slow increase of pH with time. In a series of 
experiments -using the same volume of solution, the pH after 60 n&r was remarkably constant. 
There was some variation depending on the amount of aluminium present: pH 3.7 for 0.08 g of 
aluminium oxide to pH 4.1 for no aluminium. 

The results of a typical experiment are given in Table I. 

TABLE I 

Time, Aluminium in solution, 
min pH at 25” mg of Al,O&tOO ml 

30 3.15 6 
50 3.63 0.2 

z 
3.70 <O*Ol 
3.80 <O.Ol 

90 4.00 <O*Ol 
120 4.08 <o-o1 

Similar experiments were carried out using phthalic acid and monosodium phosphate buffers but, 
although the aluminium could be precipitated quantitatively, there were other disadvantages com- 
pared with the benxoate method. 

A comparison of the well-established ammonia method,’ the succinate method and the benzoate 
method was carried out. Any precipitate which could not be mechanically removed from the walls 
of the beaker was ignored, because it was felt that the complication introduced by dissolving and 
reprecipitating was not warranted. The error occasioned by this procedure was so great with the 
succinate method with amounts of aluminium less than 0.05 mg of aluminium oxide that the method 
became useless. The precipitates were ignited to constant weight at 1250°.6 

TABLE II 

Al taken, 
Al,O, found, g 

8 Of A1~O~ Ammonia Succinate Benzoate 

0.0836 0.0835 
0.0833 
0.0838 

0.0337 0.0332 
0.0331 
0.0335 

0.0167 0.0150 
0.0160 
0.0166 

-_ 

0.0834 0.0840 
0.0827 0.0835 
0.0810 0.0841 

0.0834 
0.0337 
0.0337 
0.0339 
0.0338 
0.0168 
0.0169 
0.0165 
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The results given in Table II show that the benzoate method is at least as reliable as the ammonia 
method and is much faster. 

Effect of beryllium 

It was hoped that the close control of pH obtainable by the hydrolysis of urea in the presence of 
the benzoate buffer would permit the determination of aluminium in the presence of beryllium, 
because the figures quoted by B&tons show that beryllium hydroxide is precipitated at a higher pH 
than aluminium hydroxide. 

Using the method described for aluminium it was found that even at pH 4.3 no beryllium hydroxide 
was precipitated in the presence of benzoic acid and because aluminium hydroxide was completely 
precipitated at pH 3.7 it seemed possible to effect a separation. Using 330 ml of the benzoate buffer 
solution, 3 g of urea, 50 ml of standard aluminium solution, 20 ml of standard beryllium chloride 
solution (equivalent to 0.0360 g of beryllium oxide) and boiling gently for 90 min, the pH rose to 40. 
The precipitate was filtered, washed with 1% ammonium nitrate solution, adjusted to pH 4.0 and 
ignited to constant weight at 1250”. Beryllium remaining in the filtrate was determined by precipi- 
tation with aqueous ammonia and igniting to ReO. 

The ignited aluminium precipitate was fused with sodium carbonate, in which beryllium oxide is 
insoluble. In this way it was shown that OX@38 g of beryllium oxide coprecipitated with the alumin- 
ium. Treatment of the beryllium precipitate in the same way showed that no aluminium was 
coprecipitated, i.e., all the aluminium had been precipitated at pH 40. 

A series of experiments was carried out using various quantities of aluminium and beryllium, but 
keeping the total volume at 400 ml by taking the appropriate volume of buffer solution. 

The results are given in Table III. 

TABLE III 

Amount taken, g Amount found, g 

Al as AlaOs Be as Be0 Total AIBOs Be0 Total 

0.0834 0.0360 0.1194 0.0867 0.0327 0.1194 
0.0834 0.0360 0.1194 0.0872 CO325 0.1197 
0.0834 0.0360 0.1194 0.0854 0.0338 0.1192 
0.0834 0.0360 0.1194 00869 0.0327 0.1196 
0.0834 0.0180 0.1014 0.0864 00179 0.1043 

0.0854 - - 
0.0334 OGWI 0.1234 0.0363 0.0871 0.1234 
0.0334 0.0360 0.0694 0.0350 0.0342 0.0692 
0.0167 0*0900 0.1067 0.0184 0.0891 0.1075 

These results show that, in every case, beryllium is coprecipitated with aluminium and that the 
benzoate and also, of course, the succinate method cannot be used for the determination of aluminium 
in the presence of beryllium. 

It is difficult to explain this coprecipitation of beryllium because the quantity involved appears to 
bear no simple relationship either to the amount of aluminium or beryllium originally present in 
solution but it is reasonably constant at 3 mg. 

Britton found that the titration curve for beryllium sulphate had two distinct curves in the acid 
zone, and that precipitation did not occur until pH 5.7, the start of the second zone, i.e., when more 
than one equivalent of base had been added. The Crst zone showed little change of pH as the amount 
of base was increased. This zone corresponds to the formation of BeSO,.@eOH), and the pH during 
this state does not rise much above 4. Because the weight of beryllium copreci itated with aluminium 

B is virtually constant, it is felt that this is a pH rather than an adsorption e ect and that for some 
reason which is not readily explicable, beryllium hydroxide starts to precipitate as low as pH 3.7, 
i.e., without the formation of the soluble Be*+.Be(OH), species, iu the presence of aluminium 
hydroxide. 

It seems, therefore, that these two elements cannot be separated by any method which relies on 
the precipitation of their hydroxides. 

Department of Chemistry 
Bakersea College of Teihnology 
London S. W.11, England 
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Summary-Aluminium can be determined gravimetrically by the 
homogeneous precipitation of basic aluminium benzoate. The benzoate 
method is more rapid and has other advantages over the basic succinate 
and ammonia meihods. It is concluded that aluminium can never be 
separated from beryllium by any method which relies on precipitation 
of their hydroxides or basic salts. 

Zusannnenfassnng-Aluminium kann durch homogene Fallung von 
basischem Aluminiumbenzoat gravimetrisch bestimmt werden. Die 
Benzoatmethode geht schneller und hat noch andere Vorteile vor 
den Bernsteinsilure- und Ammoniakmethoden. Ahnninium kann 
von Beryllium auf keine Art getrennt werden, die auf der F&lhmg von 
Hydroxyden oder baa&hen Salzen beruht. 

R&snm&On peut doser l’aluminium gravimetriquement par precipi- 
tation en milieu homogene du benzoate basique d’aluminium. La 
methode au benzoate est plus rapide, et a d’autres avantages par 
rapport aux methodes au succinate basique et a l’ammoniaque. On 
conclut que l’ahuninium ne peut jamais bre s&pare du beryllium au 
moyen dune m&ode reposant sur la precipitation de leurs hydroxydes 
ou sels basiques. 
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Sur un principe de colorim&rie en milieu non aqueux-IV: 

L’emploi du 2,4-dinitropl16nol pour le dosage des acides carboxyliques 

(Regu le 8 Juillet 1965. Acceptd le 8 Aout 1965) 

LES esters p-nitrophenyles d’acylamino-acides ont pn%demment et& obtenus* par condensation du 
carboxyle sur lep-nitrophenol en presence de dicyclohexylcarbodiimide. Selon nos es&s,* on accede 
de m&me aux esters 2&dinitrophenyles par action du 2&dinitrophenol sur les acides carboxyliques. 

La presence des deux groupes nitr6.s en me’ta permet par ailleurs une identification wlorimetrique 
en milieu non aqueux. Sur un principe pn%demment enonce,* il est en effet possible, a partir de 
l’acide carboxylique, de proceder ii la formation de l’ester puis, par I’emploi de solvants wnvenables, 
de developper d’embl&e une coloration, sans isolement pr6alable de pester ni &nination de l’exc& 
de reactif. ApreS acylation par le 2&dinitrophenol en nitromethane, et en presence de dicyclohexyl- 
carbodiimide, l’addition d’hydroborure de potassiumt en dimethylformamide dtveloppe une color- 
ation rouge (560 rnp) qui n’est pas observee en l’absence de carboxyle. La loi de Beer Btant satisfaite, 
des dosages sont possibles sur des prises d’essai de l’ordre de quelques centiemes de milligramme 
(Tableau I). 

La reaction est negative avec l’acide formique. Avec les acides essay&s, I’intensite de la coloration 
obtenue est inversement proportionnelle au poids moleculaire. 

Melange ii volumes egaux, prepat% extemporanement, de solution a 0,5 p. cent de 2&iinitro- 
phenol dans le nitromethane et de solution a 5 p. cent dam le meme solvant de N,N’-dicyclohexyl- 
carbodiimide prepark selon Amiard et Heym&s.l 

* Et%ctues avec la collaboration de Melle M. Pepin. 
t Le m6me reactif a ttt utilise pour la colorimetrie des groupes 2,4-dinitroph6nylamin&s.4 
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Summary-Aluminium can be determined gravimetrically by the 
homogeneous precipitation of basic aluminium benzoate. The benzoate 
method is more rapid and has other advantages over the basic succinate 
and ammonia meihods. It is concluded that aluminium can never be 
separated from beryllium by any method which relies on precipitation 
of their hydroxides or basic salts. 

Zusannnenfassnng-Aluminium kann durch homogene Fallung von 
basischem Aluminiumbenzoat gravimetrisch bestimmt werden. Die 
Benzoatmethode geht schneller und hat noch andere Vorteile vor 
den Bernsteinsilure- und Ammoniakmethoden. Ahnninium kann 
von Beryllium auf keine Art getrennt werden, die auf der F&lhmg von 
Hydroxyden oder baa&hen Salzen beruht. 

R&snm&On peut doser l’aluminium gravimetriquement par precipi- 
tation en milieu homogene du benzoate basique d’aluminium. La 
methode au benzoate est plus rapide, et a d’autres avantages par 
rapport aux methodes au succinate basique et a l’ammoniaque. On 
conclut que l’ahuninium ne peut jamais bre s&pare du beryllium au 
moyen dune m&ode reposant sur la precipitation de leurs hydroxydes 
ou sels basiques. 
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de developper d’embl&e une coloration, sans isolement pr6alable de pester ni &nination de l’exc& 
de reactif. ApreS acylation par le 2&dinitrophenol en nitromethane, et en presence de dicyclohexyl- 
carbodiimide, l’addition d’hydroborure de potassiumt en dimethylformamide dtveloppe une color- 
ation rouge (560 rnp) qui n’est pas observee en l’absence de carboxyle. La loi de Beer Btant satisfaite, 
des dosages sont possibles sur des prises d’essai de l’ordre de quelques centiemes de milligramme 
(Tableau I). 

La reaction est negative avec l’acide formique. Avec les acides essay&s, I’intensite de la coloration 
obtenue est inversement proportionnelle au poids moleculaire. 
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phenol dans le nitromethane et de solution a 5 p. cent dam le meme solvant de N,N’-dicyclohexyl- 
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TABLEAU I 

Acides doses 

Prise d’essai, en pg, pour obtenir 
une densite optique de 0,3 en 

cuve de 1 cm 

Acktique 19 
Benxoique 36 
Butyrique 29 
Dehydrocholique 124 
Palmitique 85 
Propionique 24 

Mode opt+atoire 

A la prise d’essai en solution dam 0,s cm* de nitromethane, on ajoute 0,3 cm’ de reactif puis, 
apres homogkneisation et repos pendant 15 mn a temperature ordinaire et a l’obscurite, on ajoute 
3,5 cm* de solution a 0,l p. cent d’hydroborure de potassium dans le dim&hylformamide. Lecture 
immediate a 560 rnp par rapport a un temoin sans acide carboxylique (ce temoin est color6 en vert). 

Centre de Recherches 
Roussel- Uclaf 
Rotnainville (Seine) 
France 

MAURICE Pssaz 
JAROSLAV BUTOS 

Rkun&Les tests d’identification en milieu non aqueux qui ont ete 
prkckdemment d&its (Talanta, 1960, 5, 216; 1961, 8, 556; 1961, 8, 
619) ont et6 etendus au dosage des acides carboxyliques sous forme 
d’esters 2,4-dinitrophenyles. Ces esters developpent, en effet, sans 
extraction prealable ni elimination de l’excb de reactif, une coloration 
rouge par action d’hydroborure de potassium en solvant nitromethane- 
dimethylformamide. Les prises d’essai sont a Echelle de quelques 
centiemes de milhgramme. 

Summary_-The quantitative tests in non-aqueous media which have 
been previously described (Talanta, 1960,5,216; 1961, 8, 556; 1961, 
8, 619) have been extended to the determination of carboxylic acids 
in the form of their 2.4-dinitrophenyl esters. Without either extraction 
or elimination of the excess of reagent, a red colour is developed in 
nitromethanedimethylformamide by using potassium borohydride. 
Determinations are possible on the hundredths of a milligram scale. 

Zusammenfawung-Die friiher beschriebenen (Talanta, 1960, 5, 216; 
1961, 8, 556; 1961,8,619) quantitativen Bestimmungen in nichtwah- 
rigen Medien wurden auf die Bestimmung von Carbonsiiuren als 
Dinitrophenylester ausgedehnt. Ohne Extraktion und Entfemung des 
tiberschtissigen Reagens entwickelt sich mit Kaliumborhydrid in 
Nitromethan-Dimethylformamid eine rote Farbe. Hundertstel Milli- 
gramme kijnnen bestimmt werden. 
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Coulometic reduction of iridium(lV) in percbloric acid media 

(Received 14 June 1965. Accepted 7 August 1965) 

ONE of us has previously reported on the coulometry of iridium1 and noted that fuming of iridium(IV) 
with perchloric acid before coulometry yielded high results when calculated on the basis of a one- 
electron reduction. The results were consistent with the postulate that fuming gave a partial oxidation 
to a state higher than iridium(IV). A later communication to this Journal,* and also published 
elsewhere,* has implied that this conclusion is erroneous, and has postulated on the basis of experi- 
mental work on an unfumed solution that the initial electrolysis product, iridium(III), reacted with 
perchlorate ion in the bulk electrolyte to regenerate iridium(IV). The high results on coulometry 
were then explained on the basis of a secondary reduction process involving this regenerated 
iridium(IV). 

We are currently investigating the nature of the iridium species produced by fuming in perchloric 
acid and we have evidence, supported by other workers, 4-E 
state higher than iridium(IV). 

that fuming gives partial oxidation to a 
In the course of this investigation we have carried out a large number 

of coulometric reductions in the presence of perchlorate ion, never observing steady-state currents 
of the relatively high value upon which the postulate of the secondary reduction process was based. 
We have, therefore, repeated and enlarged upon the work involving this postulate and wish to report 
the results of our experiments. 

EXPERIMENTAL 

Electrolyses were carried out using either a Wenking 61 R Potentiostat or the potentiostat 
previously employed’ and patterned after that of Kelley, Jones and Fisher.’ Electrolysis currents 
were measured with a precision meter. The electrolysis cell was an H-type double diaphragm cell 
similar to that described by Meites.* The working electrode compartment was stirred in as repro- 
ducible a fashion as possible and a continuous stream of nitrogen was passed through the solution 
being electrolysed. The working electrode was either a mercury pool (25 ml, 19.0 cm*) or a cylindrical 
platinum gauze (40 mm x 33 mm diameter) cathode. The reference electrode was a Metrohm 
(Type EA 402 A) calomel electrode tilled with saturated sodium chloride solution. 
of +5 mV v.r. the usual saturated potassium chloride-calomel electrode at 25”. 

It had a potential 
All potentials reported, 

in V, are relative to this saturated sodium chloride-calomel electrode. The central and counter 
electrode compartments of the cell were 8lled with @20M perchloric acid electrolyte and a platinum 
gauze counter electrode was employed. 

Two iridium(IV) stock solutions were used. One solution was prepared by dissolving Na,IrCl, 
@&hard Lot 873) in O.lOM hydrochloric acid. Coulometric titration of this solution showed it to 
conrain 0.526 mg of iridium/ml.~ Spectrographic analysis of the salt showed no appreciable amounts 
of other platinum or base metals. The other stock solution was prepared by dissolving (NI-I&IrCl, 
(Johnson, Matthey and Company Batch 8) in 0.2OM perchloric acid and was found to contain 
0.486 mg of iridium/ml. This solution corresponded cloiely to that used in the previous steady-state 
experiment.$ The perchloric acid electrolyte was prepared directly from Baker Analysed Reagent 
(72%). Linde nitrogen (less than 10 ppm of oxygen) was purified by passage over hot (500”) copper 
turnings, then saturated with water vapour by passage through 0020&f perchloric acid. All other 
chemicals used were of reagent-grade quality. 

For each electrolysis, 80 ml of 0.2OM perchloric acid electrolyte were first deaerated, then pre- 
electrolysed at the appropriate potential. The electrolysis was interrupted, a lO-ml aliquot of the 
appropriate stock solution added and deaeration continued. 
deaeration was deemed complete. 

Electrolysis was commenced when 
If a mercury cathode was employed, the mercury was withdrawn 

from the cell during periods of deaeration when current was not flowing. 
The final currents obtained, both on pre-electrolysis and iridium(IV) reduction, were sensitive to 

impurities, but if normal precautions were taken (double-distillation of mercury, purification of 
nitrogen and carefuldeaeration of the working electrode solution) they were consistently very small 
(<IO PA). 

Absorption spectra of the electrolysed iridium solutions were recorded in the wavelength range 
200-650 rnp on a Bausch and Lomb Spectronic 505 using matched l- and lo-cm quartz cells. 

RESULTS AND DISCUSSION 

Duplicate electrolyses using the iridium(IV) stock solution prepared with perchloric acid were 
carried out on a mercury cathode at -0.35 V. Pre-electrolysis gave background currents of 6 and 
2 PA. Initial electrolysis currents were ~1.5 mA and the electrolysis current, it, decayed smoothly 
over 230 min to steady background currents, ib, of 6 and 3 PA. Plots of log (it - ib) vs. time were 
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linear down to it of 11 and 7 PA indicating a diffusion controlled process. The mass transfer coeffi- 
cient, il (it = i,, lO-at), determined from the slope of the plot had values of 2.18 x lo-’ and 1.88 x lo-& 
se&. 
acid. 

Similar results were obtained using the iridium(IV) stock solution prepared with hydrochloric 

Electrolyses carried out on a mercury cathode at 0 V gave results similar to those obtained at 
-0.35 V, with either stock solution. 

Duplicate electrolyses using the iridium(IV) stock solution prepared with perchloric acid were 
carried out at a platinum gauze cathode at 0 V. Pm-electrolysis gave background currents of 2 and 
1 PA. The initial current of -5 mA decayed to steady background currents of 2 and 1 ,uA within 
70 min. Plots of log (it - ib) us. time were linear down to it of 2 and 1 yA. The mass transfer 
coefficient had values of 9.08 x lo-* and 8.98 x lo-’ set-l. Similar results were obtained using the 
iridium(IV) stock solution prepared with hydrochloric acid. 

In the complete series of electrolyses no 6nal steady-state current of the magnitude previously 
reported (160 PA) was observed although the mass transfer coefficients were similar. All background 
currents were small, reproducible and probably from reduction of the acid electrolyte or trace 
impurities in the electrolyte. 

If there was substance to the claim of a secondary reaction between iridium(III) and perchlorate 
ion, one would expect this reaction to continue in the electrolysed solution on standing. Accordingly, 
spectra of each of the reduced solutions were recorded immediately upon conclusion of the electrolysis 
and at weekly intervals of standing in the dark in the presence of air. The initial spectrum showed 
that iridium(II1) was present and indicated none of the strongly absorbing iridium(IV). The changes 
observed in the spectrum on standing were similar to those reported by Jorgensen0 and are solely 
from the hydrolysis of iridium(II1). 

From the above results one may conclude that the reported secondary reduction process does 
not occur and no steady-state current of the magnitude reportedass exists. 

Ac&nowle&ementr-The authors wish to thank Dr. S. Berman of the National Research Council of 
Canada for performing the spectrographic analysis of the Na,IrCl, used. 

Lush Miller Chemical Laboratories JOHN A. PAGE 
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Toronto 5, Ontario, Canada 

Summary-A previous report that high results for the coulometry of 
iridium(IV) could be explained on the basis of a secondary reduction 
process is shown to be incorrect. 

Zusammeufassuru-Es wird gezeigt, dass ein frtiherer Bericht nicht 
richtig war, der zu hohe Ergebnisse bei der Coulometrie von Iridium(IV) 
mit sekundaren Reduktionsprozessen erkhirte. 

R&ur&-Gn montre qu’un rapport anterieur, selon lequel des 
resultats Bleves trouves lors de la coulometrie de l%idium(IV) peuvent 
s’expliquer en se basant sur un processus de reduction secondaire, 
est incorrect. 

1 J. A. Page, Talanta, 1962,9, 365. 
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PRELIMINARY COMMUNICATIONS 

Titrations of acidic cations in molten nitrates with electrolytically generated 

oxide ions 

(Received 29 July 1965. Accepted 1 August 1965) 

IT is known that a number of metal oxides are sparingly soluble in molten alkali nitrate&l Therefore, 
the corresponding cations must possess acidic properties, according to the Lux definition,’ acting as 
oxide ion acceptors as follows: 

Men+ + n/2 O’- + MeOn/, (1) 

While the acidic properties of non-metallic oxides and oxy-anions have been extensively investi- 
gated by Shams El Din and coworkers (see, for example, references 3 and 4), the only study of acidic 
cations is that of Lyalikov et al.,& who titrated cadmium and lead ions dissolved in molten potassium 
nitrate by adding weighed quantities of solid potassium hydroxide and following the titration 
potentiometrically with a glass electrode as indicator. 

A study of the properties of acidic cations in molten alkali nitrates has been undertaken. In the 
present preliminary investigation, in order to test the feasibility of their acidimetric titration, the 
following cations were examined : Ala+, Be*+, Bi8+, Cd*+, Cop+, Cr*+, Cup+, Fe”+, Hg*+, Mg*+, Mn*+, 
NiP+, Pb2+, iW+. 

An approximately lo-* molal solution of each cation was prepared by dissolving a weighed 
amount of the appropriate nitrate in about 70 g of a molten equimolecular mixture of sodium nitrate 
and potassium nitrate at 240”. The titration assembly was similar to the one previously described.e 
The indicator electrode was a piece of platinised platinum foil, over which oxygen was bubbled. The 
reversibility of the oxygen electrode in nitrate melts has been questioned,4~7 but because it gives 
steady and reproducible potential values, it is well suited for analytical purposes. The reference 
electrode was a silver wire contained in a thin-walled Pyrex-glass bulb filled with a sodium nitrate- 
potassium nitrate-silver nitrate mixture.8 

The solutions were titrated with oxide ions produced by constant current reduction of the solvent 
on a platinum electrode according to the reaction:s 

NOI- + 2e + NO*- + OS- (2) 

The anode was contained in a separate compartment. 6 It should be noted that, because all the cations 
to be titrated (except lead ions) were introduced to the solution as hydrated nitrates, and because no 
effort was made to eliminate water from the melts, the effective titrant is probably hydroxyl ion, 
because the equilibrium of the reaction 

Ha0 + Ox- + 20H- (3) 

probably lies well over to the right. 4 The efficiency of the production of base according to reaction 
(2) was tested by passing a known amount of electricity into a cell containing pure solvent and 
titrating the alkalinity produced after dissolution in water; it was found to be 100 & 2%. The 
nitrite ions apparently do not interfere in the titrations. 

The potential of the oxygen electrode was either measured by a Knick model 35 valve voltmeter 
or recorded by a Sargent model MR recorder; steady potential values were obtained within 34 min, 
except near the equivalence point, when much longer waiting times were needed. 

Among the cations examined, those of aluminium, bismuth and iron(II1) appeared to be very 
strong acids, and partially decomposed the solvent with the production of nitrogen dioxide.lO 
Apparently, they were neutralised in stages, but the titration curves were poorly reproducible; the 
(negative) titration errors were always very large. Beryllium, chromium(111) and copper ions appeared 
to be less strongly acidic, but still gave some solvent decomposition and negative titration errors. The 
remaining cations produced little or no solvent decomposition, and gave well-defined titration curves, 
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with equivalence points in approximate agreement with the quantities introduced. All the cations 
gave insoluble oxides (or hydroxides), with the exception of chromium(II1) and magnesium, the 
basic forms of which were soluble. Aluminium ions gave a precipitate which redissolved in excess 
base. 

Some more quantitative results were obtained for zinc and cadmium ions. Solutions of these 
cations in sodium nitrate-potassium nitrate were prepared by accurately weighing Zn(N0&,.6H,O 
and Cd(N0&.4HI0, which had been recrystallised from water and the composition of which had 
been checked by EDTA titration. The results are summarised in Table I. 

TABLE I 

Number of Concentration range OS-/Mea+ Standard 
Cation titrations (molality) ratio deviation 

Zns+ 5 2 x 10-4 - 2 x 10-a 0.945 0.013 
Cd’+ 5 2 X 10-p- 1 x 10-a 1.008 0@08 

Cadmium ion is a relatively weak acid, giving a total potential drop of about 450mV in the 
titration of a 10-a molal solution, while zinc ion is a stronger acid (potential drop about 700 mV); 
the negative error in the titration of zinc is, therefore, probably caused by a slight decomposition of 
the solvent. Because of their different acidity, zinc and cadmium can also be titrated when present 
together; even in this case, the results obtained were satisfactory for cadmium and low for zinc. 

Acknowle&emertts-The authors wish to thank Professor L. Riccoboni for advice and Dr. C. Ma& 
for technical assistance. This work was supported by the Consiglio Nazionale delle Ricerche (Roma). 

Istituto di Chimica Analitica G. GIORGIO BOMBI 
Universitd di Padova MAIUO FIORANI 
Padova, Italy 

Summary--The feasibility of the titration of acidic cations in molten 
sodium nitrate-potassium nitrate with electrolytically generated oxide 
ions has been tested. Quantitative data are given for the titration of 
zinc and cadmium ions. 

Zusammenfassung-Die Moglichkeit der Titration von sauren 
Kationen in Natriumnitrat-Kaliumnitrat-Schmelze mit elektrolytisch 
erzeugten Oxydionen wurde geprtift. f&r die Titration von Zink- 
und Cadium-ionen werden quantitative Angaben gemacht. 

ResumUn examine la possibilitt de dosage des cations acides en 
nitrate de sodium-nitrate de potassium fondus au moyen d’ions 
oxyde prod&s electrolytiquement. On pr&ente des don&es quan- 
titatives pour le dosage des ions zinc et cadmium. 
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Dichloramine-T in anhydrous acetic acid as an oxidiietric titrant 

(Received 6 September 1965. Accepted 6 September 1965) 

Rsoox titrations in non-aqueous media have attracted only limited attention1 In this preliminary 
communication, we wish to report on the use of dichloramineT (N,N-dichloro-p-toluene sulphon- 
amide, hereafter abbreviated as DCT) as a new oxidimetric titrant in a non-aqueous medium. This 
seems to be the iirst time that a metal-free organic compound is being used as a titrant. The use of 
DCT in non-aqueous media was suggested by the successful use of chloramine-T as an oxidimetric 
titrant in an aqueous medium.8*8 

A 0.2N solution of DCT in anhydrous acetic acid, containing 10% of its volume of acetic anhy- 
dride, is employed for titrimetric work. This solution is found to be stable when kept in a dark- 
coloured bottle with attached automatic burette and precautions for the exclusion of moisture. 

Preliminary work has shown that the DCT solution can be used to determine, simply and 
accurately, such diverse reductants as I-, Fe I+, Sn*+, ascorbic acid, thioglycollic acid, etc., under suit- 
able conditions, employing electrometric and visual indicator methods for detection of the equiva- 
lence point. A systematic study is under way and the details will be published later. Other solvents 
than anhydrous acetic acid, such as acetonitrile, are also being examined as to their suitability. 

Department of Chemistry 
University of Kerala 
Trivandrum-l , Kerala State 
India 

C. G. R. NAIR 
T. JOSE JACOB 

Summa~---Dichloramine-T in anhydrous acetic acid is proposed as 
a new oxidimetric titrant in a non-aqueous medium. 

Zusammenfassuag-Dichloramin-T in wasserfreier Essigslure wird als 
neues oxydimetrisches Titriermittel in nichtwtirigem Medium vorge- 
schlagen. 

R&tmt6-Gn propose la dichloramine T en solution dans l’acide 
acetique anhydre comme nouvelle solution tit&z oxydante en milieu 
non aqueux. 
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LETTER TO THE EDITOR 

Stability of acidified aqueous solutions of cbloramine-T 

SIR, 
I wish to report some observations on the stability of acid$ed aqueous solutions of chloramine-T, 

a reagent that has recently commanded some interest in titrimetric analysis.l-* Although the stability 
of “neutral” aqueous solutions (stock solutions) of this reagent has been extensively examined,’ no 
quantitative studies seem to have been carried out on the stability of the solutions in acid media. 
Such a study was, therefore, undertaken, especially in view of the several oxidimetric back-titration 
procedures which have been carried out employing &lot-amine-T in acid media. 

It is found that decinormal aqueous solutions of chloramine-T may be acidified with sulphuric 
acid (up to an overall acidity of even 3N) and may be kept in tight@stoppered vessels for periods as 
long as 48 hr with only slight deterioration (less than 0.3 %). In a typical experiment, when 2400 
mmole of chloramine-T in a 2.7ON sulphuric acid medium was kept aside for 48 hr, the deterioration 
was only O-21 %. When the acidified mixture is kept in open vessels, there is appreciable deterioration, 
especially when the atmosphere above the liquid is continually renewed by sweeping with an inert gas 
like carbon dioxide, making the vessel “most open”. Under the latter conditions, the deterioration on 
keeping 2400 mmole of chloraminsT in a 27ON sulphuric acid medium amounted to as much as 3 % 
in only 4 hr. When hydrochloric acid is used instead of sulphuric acid, there is appreciable decom- 
position even on keeping the acidified mixture in closed vessels. 

This relative stability of chloramine-T is in sharp contrast to the instability of hypochlorites in 
acid media. The present findings are explicable in terms of the equilibria existing in acidified chlor- 
amine-T solutions as discussed by Bishop and Jennings1 

Department of Chemistry 
University of Kerala 
Trivandrum-1 
KeraIa State 
India. 
16 August 1965 

C. G. R. NAIR 
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FOREWORD 

The Editorial Board and Publisher of TALANTA take pleasure in honouring the 
seventy-fifth year of 

JAROSLAV HEYROVSKP 

by presenting this special issue, which is comprised entirely of invited contributions 
from his former students and associates. 

1059 



Talanta. 1965. Vol. 12. PP. 1061 to 1063. Pergamon Pra Ltd. Printed in Northern Ireland 

J. HEYROVSK? AND THE DEVELOPMENT 
OF POLAROGRAPHY 

P. ZUMAN 
J. Heyrovskf Institute of Polarography 

Czechoslovak Academy of Science-s, Prague, Czechoslovakia 

THE introduction of new techniques often results in sudden changes in the development 
of scientific disciplines; new techniques open quite unexpected possibilities and vistas. 
The introduction of a new technique is rarely a consequence of an isolated observa- 
tion, of the events of a single day, or even of a week. A new technique has its roots, its 
predecessors, in related techniques and often undergoes development at some stage 
after its introduction. However, here the generalities and similarities between the fates 
and progress of various methods come to an end. Some techniques were developed 
in a hurried succession of events, rapidly became important and remained of 
importance--even after the original enthusiasm had somewhat deteriorated. Other 
methods, after initially becoming popular, later slowly (or rapidly) lost this popularity. 
Still others developed only slowly, in a series of successive steps. There are some 
techniques where it would be difficult to name a single originator, and others where the 
author is evident. 

This shows that not only “libelli habent sua fata”, but also techniques. Amongst all 
of these histories, that of polarography is probably unique in one respect, namely in the 
relationship between the method and its originator. 

After making their fundamental discovery, some originators of important tech- 
niques lost either the interest or the energy for further development, which was left to 
others. After they developed the technique in question, others turned to further, 
unrelated projects. 

In contrast, Professor Heyrovskf, who discovered polarography more than forty 
years ago, has never lost an active interest in his method. His personal enthusiasm and 
his choice of similarly enthusiastic coworkers have resulted in the fact that he and his 
research school have been among the leading groups in the field for the whole of the 
time from 1922 onwards. His published work, reviews and lectures have reflected the 
steady growth of interest in the method. Professor Heyrovsky early and clearly 
realised that if he personally did not try to disseminate a knowledge of his method, 
nobody else was likely to do it for him. Thus, because of his unceasing efforts, 
polarography is now rated among one of the five most frequently used analytical 
methods. It can be assumed that, without his determined scientific publicity, polar- 
ography would possibly be one of the “Sleeping Beauties” from the analytical point 
of view-as are, indeed, several other promising physical methods. 

Another reason for the broad acceptance of polarography as an analytical method 
was the fact that Professor Heyrovsky always stressed the importance of an under- 
standing of the physical principles involved. His main interest was to explain the 
observed phenomena, then he let his coworkers work out a quantitative treatment of 
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the theoretical problems. Thus, it would seem that the interest of Professor Heyrovskf 
was more or less academic, but such a contradiction between this academic or “pure 
science” point of view and the practical, applied aspects is only superficial. It was 
just this profound understanding of the basic principles and processes governing 
polarographic currents, which resulted in the wide practical application of the method. 
Applications were more readily predicted and worked out when the necessary 
information regarding the fundamental factors was theoretically based than had it 
been based on empirical observations alone. However, while stressing the importance 
of fundamental research for his immediate coworkers, Professor Heyrovsky clearly 
realised that perhaps the most important role of polarography in the future was to be 
played by analytical and other practical applications. Even though he himself rarely 
worked experimentally on an applied analytical problem, Professor Heyrovsky stressed 
the analytical aspects of polarography in many of his lectures, reviews and books. 
Hence, polarography gives a good illustration of the now well-established rule that 
sound development of an analytical method must always be based on an understanding 
of the underlying principles. 

When we are looking for other reasons for the wide acceptance of polarography, 
we find yet a further contribution by Professor Heyrovsky. In the thirties he had 
started to collect and publish a bibliography of papers dealing with polarographic 
methods. The work is still continued under his guidance; during the last few years 
it has been mainly carried out by his wife, Marie. This huge systematic work has 
made it possible for polarographers all over the world to obtain information about the 
present state of published work on this method much more easily than for most other 
methods. With the increasing volume of the chemical literature during the last decade, 
such a bibliography also plays an important psychological role: it frees the polarog- 
rapher from the fear that he has missed some important papers concerning his own 
work. In this respect polarography with its carefully collected bibliography represents 
a sheltered haven in the present choppy sea of chemical documentation. 

In one other aspect of his work Professor Heyrovsky has shown a foresight which 
has also contributed to the wide acceptance of his method. Nowadays, automatically 
recording instruments are so much a part of the routine equipment of the analytical 
laboratory that we take them for granted and are not at all surprised that the result of 
our analysis is recorded. One of the remarkable qualities of the human mind seems to 
be the tendency to retain only the pleasant memories and to forget the bad ones. It 
would, therefore, seem necessary to recall the situation before World War II, when 
recording instruments were rare in analytical laboratories. At that time, when 
absorption spectra were recorded either by time-consuming photographic methods 
or measured point by point, the polarograph supplied automatically recorded curves. 
It was perhaps the first method to illustrate the first steps towards the ultimate in 
analytical instrumentation, i.e., a black box into which the solution to be analysed is 
poured at one end and a printed result obtained at the other. The ingenuity of 
Professor Heyrovsky and his first coworker Shikata is shown by the fact that their 
basic design, used for the first series of five polarographs produced in 1925, remains 
practically unchanged in all the photographically recording polarographs produced 
nowadays. 

The seventy-fifth year is a time in human life for celebration and expression of 
feelings. Polarographers all over the world think of Professor Heyrovsw with feelings 
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of gratitude and deep respect at this time. Respect for a life full of enthusiasm, for 
seeing clearly his goal, for a life full of modesty, for the valour to resist the evil: 
gratitude for the method he has given us, for his example in scientific life, in relations, 
and in readiness to help others. Those of us who have been fortunate enough to work 
for some time with him will bear the stamp of his personal influence for the rest of our 
lives. 

It was to express the feelings of at least some representatives of the huge family of 
polarographers that this volume was gathered. In order to differentiate the reviews 
included from others which have been published recently, the subject matter of the 
papers has been centred mainly on a discussion of the kinds of substance which are 
amenable to polarographic analysis. Applications ,of polarography to various groups 
of inorganic and organic species, of low and high molecular weight, are discussed. 
Special attention is paid to the application of organic solvents both to inorganic and 
organic compounds, and to applications in molten salts and studies at high pressures; 
some theoretical papers are also included. 

Last, but not least, let us look forward and express all our best wishes to Professor 
Heyrovsky’ for the remaining quarter of his century. 
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POLAROGRAPHY OF ALIPHATIC COMPOUNDS 

HENNING LUND 
Department of Chemistry, University of Aarhus, Aarhus, Denmark 

(Received 25 January 1965. Accepted 14 April 1965) 

Summary_-A review of the polarography of aliphatic compounds is 
presented. 

INTRODUCTION 

A MAJOR advantage of the polarographic method is its selectivity, which often makes 
the determination of a compound in a mixture possible without prior separation. 
The selectivity of the polarographic determination is based on the differences in 
electrode potential necessary for the occurrence of different electrode reactions. In 
order to judge which compounds may be polarographically active and which sub- 
stances may interfere with their determination, a knowledge of the electrode reactions, 
and the factors which influence these reactions, is necessary. 

In the following discussion of the polarography of aliphatic compounds emphasis 
is laid on the nature of the electrode reactions, and examples of compounds under- 
going these reactions are mentioned. In some of the more important applications the 
merits of the polarographic determination compared to other methods are discussed. 
Often, however, no one of several applicable analytical methods is clearly preferable, 
and the choice will depend on the special circumstances or the personal preference of 
the analyst. 

ELECTRODE REACTIONS 

A polarographic reduction consists of a transfer of electrons from the cathode 
to the reducible system coupled with the uptake of the appropriate number of hydro- 
gen ions. The high potential gradient,l about 108 V. cm-l, in the immediate vicinity 
of the electrode polarises the reducible molecule and makes the attack of one or more 
electrons on the reactive centre possible. Although the reaction results in a reduction 
at a certain place in the molecule it is the properties of the whole molecule which 
determines the energy necessary for the transfer of the electrons, Le., the reduction 
potential. The presence of multiple bonds makes the system more easily reducible, 
and aliphatic compounds are, therefore, generally more difficult to reduce than aromatic 
and heteroaromatic compounds. 

Under fixed conditions the electrode potential determines the course of the electrode 
reaction; a more negative potential may make further reduction possible. Other 
factors, however, also influence the electrode reaction and the necessary reduction 
potential. 

REACTION CONDITIONS 

Hydrogen ions are involved in most organic electrode reactions and pH may 
influence not only the reduction potential but also the course of the reaction. The 
change of electrode reaction with pH may be drastic as in the case of isonicotinic 
amidea (in acid solution the amide group is reduced to the aldehyde, whereas the 
pyridine nucleus is reduced in alkaline solution) or slight as in the reduction of 
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androsta-l,4-dien-17/3-ol-3-one,3 which forms different stereoisomeric pinacols in acid 
and alkaline solution. Sufficient buffer capacity is, therefore, necessary to ensure that 
the consumption of hydrogen ions in the electrode reaction does not change the pH 
in the immediate vicinity of the electrode. In non-aqueous, aprotic media the scarcity 
of protons may change the reduction path. The reduction of carbon tetrachloride in 
acetonitrile4 thus yields dichloromethylene, whereas chloroform is formed in most 
media. 

The change in the electrode reaction with pH is often caused by a change in the 
species reduced. If the molecule has protolytic properties the form reduced in acid 
solution will carry more protons than the one reduced in alkaline solution. The 
protonated form is always more easily reducible than the unprotonated one. 

The pH around which the reaction changes from a reduction of the protonated to 
a reduction of the unprotonated form is often not at the pK of the reducible acid. In 
the acid-base equilibrium the more easily reducible acid is removed from the equi- 
librium at the electrode by reduction and the conjugate base combines with hydrogen 
ions to form the acid, which is then reduced. The height of the wave, i.e., the rate of 
the electrode reaction, is thus in a certain pH region determined partly by the rate of 
the recombination reaction at the electrode between the base and protons.” 

This is a special case of the general one where the electroactive species is formed 
in the vicinity of the electrode by a chemical reaction slow enough to be the rate 
controlling step for the over-all reaction. 6 Such waves are called kinetic waves and 
they can be identified as such by their independence of the height of the mercury 
reservoir and their high dependence on the temperature. This heavy dependence of 
the height of the wave on temperature and pH makes, in general, kinetic waves less 
suited for use in a quantitative determination than a diffusion controlled wave. 

The concentration of the electroactive compound may influence the electrode 
reaction. In some instances the reaction involves a slow step before a further reduction, 
and the intermediate may either be further reduced or react otherwise. The non- 
electrochemical reaction is often a dimerisation. The rate of the dimerisation would 
as a second-order reaction increase faster with concentration than the first-order 
reduction.’ The polarographically visible result is that the height of the wave grows 
less with concentration than required by the IlkoviE equations*@ 

The course of an electrode reaction should preferentially be proved by a preparative 
electrolytic reduction at controlled potential, where the products can be identified by 
conventional means. Oftan the occurrence or absence of further reduction waves 
reveals the reduction path, but such evidence is not always reliable. For instance, a 
slow chemical step in the reaction may result in a diffusion from the electrode of a 
product which is then transformed to a reducible compound, which would have 
yielded a further wave in the polarogram if it had remained at the electrode.lO*ll 

In the following survey of types of polarographically reducible, aliphatic com- 
pound these are classified according to the type of bond suffering reduction in the 
electrode reaction. 

CARBON-CARBON BONDS 

Carbon-carbon triple bonds 

Only few compounds containing the carbon-carbon triple bond are polaro- 
graphically reducible. Some derivatives of acetylene-dicarboxylic acid are reduced in 
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two steps, and from the half-wave potential of the second wave the reduction product 
from the diethyl ester was identified as diethyl fumarate.12 This means that a trans 
addition of hydrogen to the triple bond has taken place. In the reduction of the acid a 
dimerisation occurs and from a preparative reduction racemic dimethylsuccinic acid 
can be isolated.12 

Unconjugated acetylenes are not polarographically reducible, but acetylene can 
on reaction with bromine in acetic acid be transformed into the reducible tetrabromo- 
ethane.18 

Carbon-carbon double bonds 

The isolated carbon-carbon double bond is not polarographically reducible under 
ordinary conditions, but by suitable conjugation a reducible system may be formed. 
Conjugation with an electron-withdrawing group, e.g., the cyano, carboxamide, car- 
bethoxy, carboxyl or carbonyl group, renders the system reducible in a convenient 
potential region, whereas electron-donating groups, e.g., an alkyl group, make the 
reduction more difficult. Thus, derivatives of a&unsaturated acids, aldehydes and 
ketones can generally be determined polarographically. This includes compounds such 
as acrylonitrile,14*1s,16 acrylamide,l’ acrylateP and homologues thereof, derivatives of 
unsaturated dicarboxylic acids, such as maleic and fumaric acids,19*20 a&unsaturated 
carbonyl compounds, such as acrolein,21 citra1,22 a- and /?-ionone22 and methyl vinyl 
ketone.% 

The electrode reaction of unsaturated acid derivatives is in general a two-electron 
reduction of the double bond to the saturated acid. In some cases, e.g., acrylamidel’ 
and acrylonitrile, ap the number of electrons in the electrode reaction, n, is found to be 
about 0.2. This low value is explained by a polymerisation of unreduced acrylonitrile, 
in the vicinity of the electrode, initiated by the initial reduction product, the carbanion, 

CH,CHCN. Under certain conditions a reductive dimerisation of acrylonitrile to 
adipic nitrile takes place.26 

The reduction of dimethylmaleic anhydride to racemic dimethylsuccinic acid and 
dimethylfumaric acid to meso dimethylsuccinic acid show that in both cases a trans 
addition of hydrogen to the double bond takes place.12 

The determination of dissolved acrylonitrile in mixtures, e.g., with unsaturated 
hydrocarbons and saturated nitriles, is faster and more selective than an oxidative 
titration or a hydrolysis followed by a determination of ammonia and just as accurate. 
For an analysis of monomeric acrylonitrile in polymeric material the use of N,ZV- 
dimethylformamide as a solvent and tetrabutylammonium bromide as supporting 
electrolyte is very convenient15 because of the high solubility of the organiccompounds 
in this solvent. 

The polarographic determination of a mixture of maleic and fumaric acid is in 
many cases preferable to other methods because it is more selective than the oxidative 
[KMnO,, Ce(IV), Br-Cl], conductometric and acidimetric methods, more accurate 
than the paper chromatographic one and demands less time and material than a 
method based on chemical separation. The polarographic method requires, however, 
a rather strict pH control. aa In the presence of interfering electroactive substances 
it may be necessary to precipitate the acids as their barium salts before the determi- 
nation.19 

The electrode reaction of a&unsaturated carbonyl compounds is a one-electron 
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reduction to a radical which preferentially dimerises at the B-carbon atom to a satura- 
ted diketone, but may form a pinacol when a dimerisation at the /?+zrbon is stericaily 
unfavourable, In methyl vinyl ketone the radical reacts with mercury, thus forming 
di(3-ketobutyl) mercury.*s 

When considering the method of choice for analysis of these compounds it must 
be remembered that some of them, e.g,, methyl vinyl ketone, are rather volatile, and a 
deaeration cannot be performed without special pre~au~oRs.~ With the polaro- 
graphic method for instance, a simultaneous determination of pseudo and &ionone 
and citraP in a mixture is possible, but if the special specificity of this method is not 
required a bromometrie titration may be preferable, 

A carbon-carbon single bond is cleaved by reduction only under special circum- 
stances. The only reported case is in the reduction of 4-cyanopyridine2*27 in alkaline 
solution, where cyanide and pyridine are formed. Here the stability of the cyanide 
ion and the e~~tron-attrac~ng properties of the pyridine ring may be responsible for 
the cleavage. 

CARBON-OXYGEN BONDS 

The carbon~xygen double bond is found in several po~ro~ap~~y reducible 
compounds, such as formaldehyde,as*SB acetaldehyde,” butyraldehyde,sl glyo~al,~~ 
sugars,ss*s4 pyruvic acid,@ diacetyP and dehydroascorbic acid.s7 

Two properties of the carbon-oxygen double bond are of major interest in the 
~olaro~aphy of ~r~nyl compounds, i.e., the reducibility and the ease with which 
it adds nucieophilic reagents. Roughly speaking the two properties are modified in 
the same direction by a substituent, which is understandable because the electron 
can be regarded as a nucleophilic reagent and a reduction thus as an addition of a 
nu~~~phi~~ reagent. 

The reduction of formaldehyde proceeds easily with a half-wave potential ia alkaline 
solution at - 1.6 V vs. S,C.E. Substitution of one of the hydrogen atoms with an alkyl 
group, which is electron donating, lowers the half-wave potential to about - 1~8 V vs. 
S.C.E. Substitution of both hydrogen atoms in formaldehyde with alkyd groups 
lowers the half-wave potential to about -23 V t,s. S.C.E., which can only be measured 
in a solution containing tetra~~~~rnon~urn ions as supporting electrolyte. An 
electron-attracting group, such as the carboxyl or carbonyl group a to a carbonyl 
group, raises the reduction potential, as in pyruvic acid or diacetyl. A hydroxyl group 
at the same carbon atom as the carbonyl group makes the compound unreducible 
unless an electron-at~~t~~g group, e.g,, carboxyl, is ~bstit~ted at the carbonyl 
group, as ia oxalic acid. 

Additions to the carbonyl group influence the polarographic behaviour of carbonyl 
compounds in two ways. One is the reversible addition of water or an alcohol to the 
carbonyf group, thus forming a hydrate or a semiacetal, which is non-reducible. 
~orm~de~yde is very much hydrated, a~e~deh~de less, and acetone is practically 
unhydrated in aqueous solution. In sugars the semiacetal formation is very pro- 
nounced. The presence of electron-attracting groups, e.g., chlorine or carboxyl 
groups, favours hydration of the carbonyl group as in chloral and glyoxylic acid.* The 
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reduction wave of a hydrate-forming carbonyl compound is a kinetic wave, where the 
wave-height is partly determined by the rate of the dehydration. 

Another addition reaction is the acid and base catalysed aldol condensation, which 
is of importance for all aldehydes containing an a-hydrogen atom. The visible result 
of the condensation is a gradual diminishing of the wave-height of the aldehyde; in 
acid solution a wave of an a&?-unsaturated aldehyde may be formed because of a 
dehydration of the primarily formed condensation product. 

A further possible complication in the polarography of carbonyl compounds is 
enolisation.3g The enol-form is more difficult to reduce than the keto-form. 

The electrode reaction of saturated aldehydes is in most instancesS1 a two- 
electron reduction to the alcohols; in some cases a pinacol formation is suspected.3a 
Reduction of oxalic acid@ gives glyoxylic acid, which is partly protected against 
further reduction by the formation of a hydrate. Similarly, diethyl oxalate is reduced 
to the semiacetal of glyoxylic acid ethyl ester.*l 

The determination of formaldehyde by polarography has been found preferable 
in some cases, e.g., in acetic acidzv or in the reaction mixture after the periodate 
oxidation of glycols, 42 but in many instances the calorimetric determination with 
chromotropic acid has advantages.4s 

Pyruvic acid is often preferentially determined by polarography; the choice 
between this method and a photometric one, using the 2,4_dinitrophenylhydrazone 
in alkaline solution or after reaction with salicylic aldehyde, depends on the kind of 
interfering compound present. 

The more difficultly reducible or highly hydrated carbonyl compounds are with 
advantage determined polarographically through their azomethine derivatives. 

Carbon-oxygen single bonds 

The reduction of a carbon-oxygen single bond has been found in aromatic and 
steroidal a-hydroxy- and a-acetoxyketones44*6*11 and in certain compounds such as 
o-benzoylbenzoic acid pseudo ethylester.4s 

CARBON-SULPHUR BONDS 

Carbon-sulphur double bonds 

The carbo&ulphur double bond is more easily reduced than the carbon-oxygen 
double bond. Of aliphatic compounds, carbon disulphide,47,48 dithio-oxamide>r’ 
dithioformic acid41 and cyanothioformamide w have been found to be polarograph- 
ically reducible. 

Carbon disulphide yields in alkaline solution two polarographic waves; the 
electrode reaction of the first wave is a two-electron reduction to dithioformic acid41 
and the second one a two-electron reduction of this compound to hydrogen sulphide 
and an unidentified polymeric material. 41 In acid solution a single four-electron wave 
is found. The electrode reactions of dithio-oxamide and cyanothioformamide have 
not been reported. 

The polarographic determination of carbon disulphide, as such, is impracticible 
because the compound is too volatile for a deaeration of the solvent without loss. It 
is more feasible to let the compound react with a secondary amine and to determine 
the resulting dialkyldithiocarbamate by anodic polarographyl or by spectropho- 
tometry. 
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Curbon-sulphur single bonds 

The carbon-sulphur single bond is reducible in some aromatic t~~y~ates,~*~ 
where the electrode reaction is a reductive cleavage with the formation of cyanide 
ionP or thiocyanate io& and in phenacylsulphonium salts.b4 In the latter case the 
carbon-sulphur bond was cleaved before the reduction of the carbonyl group. In 
aliphatic compounds this kind of reduction occurs at too negative a potential to be of 
analytical value. 

CARBON-NITROGEN BONDS 

Carbon-nitrogen triple bonds 
The carbon-~~ogen triple bond is more difficultly reducible than the carbon- 

nitrogen double bond. No aliphatic nitrile has been reported to be reduced in the 
cyanide group, and the only proved example of a polarographic reduction of a nitriie 
group is the reduction of Ccyanopyridine to 4-aminomethyl pyridine in acid 
solution?s7 

Carbon-nitrogen double bonds 
The carbon-nitrogen double bond is generally reduced at a less negative potential 

than the carbon-oxygen double bond, which makes it possible to determine many 
carbonyl compounds through their azomethine derivatives. Unconjugated ketones, 
for instance, are not normally reducible in the common supposing electrolytes, but 
they can be determined as their azomethine derivatives. Such derivatives are semi- 
carbazones,” different kinds of hydrazone,66*67*68 oximes60~80 and imines formed from 
ammonia,61 n-butylamine,s2 ethylenediaminesS or hexamethylenediamine.8S 

The transformation of a carbonyl group into a stable azomethine compound also 
traps the carbonyl group in a derivative, which is somewhat less apt to hydration, ring 
formation or condensation. 

The electrode reaction of imines is a simple two-electron reduction of the carbon- 
nitrogen double bond to an amine. The oximes and most hydrazones and semi- 
carbazones are reduced in a four-el~tron reduction, where the first step is a reductive 
cleavage of the nitrogen-oxygen or nitrogen-nitrogen single bond.@aM 

Carbon-nitrogen single bonds 
The reductive cleavage of a carbon-nitrogen single bond is only possible under 

special conditions where two el~~on-attracting groups are bonded to the same 
carbon atom. In aliphatic compounds this type of reduction is found in trimethyl- 
aminoacrolein perchlorates and 2,2-dinitropropane. BB In the latter case the reduction 
in alkaline solution produces 2nitropropane and nitrite ion, which also is the first step 
in acid solution. The reaction is here complicated by the reaction between 2-nitro- 
propane and nitrite which forms a reducible “pseudonitrolic acid”. 

CARBON-HALOGEN BONDS 

The reduction of a carbon-halogen bond is important in organic polarography 
because it occurs in polyhalogenated compounds, e.g., carbon tetrachloride,8B chloro-, 
bromo-r0 and iodoform, 2,3-dibromobutane, 89 1,1,1 -~chloro-2-methyl-2-propano171 
and in a-halogenated carbonyl compounds, such as bromacetic acid72 and ch.loral.73*74 
Unsaturated compounds may be transformed into reducible derivatives on addition 
of bromine.le 
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The ease of reduction of a carbon-halogen bond can be judged from its bond- 
energy, the carbon-iodine being the easiest and the carbon-fluorine bond the most 
Odifficultly reducible. The latter has only been found reducible when it is a to a car- 
bony1 gro~p~~*~~ or in an activated trifluoromethyl gro~p.~’ When placed in a ring 
with fixed conformation, a carbon-chlorine bond in the more stable equatorial 
position is more difficult to reduce than when placed in the axial position.76*7s The 
presence of more halogens at the same carbon atom lowers the reduction potential, 
and often a step-wise reduction of the carbon-halogen bonds is found. 

A double bond in an allylic position favours a reduction, whereas a vinylic halogen 
is more difficult to reduce than the saturated halogen compound. This parallels the 
reactivity of the halogen in a polar substitution reaction; in a reduction the electrode 
may be regarded as the attacking nucleophilic reagent. 

The electrode is a “bulky” attacking reagent, and steric hindrance of the attack on 
the reactive centre makes the reduction more difficult, i.e., requires a more negative 
reduction potential. 79 The attack of one electron results in the formation of a halide 
ion and a radical which may dimerises or take up one further electron forming a 
carbanion. The carbanion can be stabilised in different ways. 

The most common way is to abstract a proton from the medium. Such is the case 
in the reduction of methyl iodide to methane ,@ of ally1 bromide to propyleneae and of 
carbon tetrachloride to chloroform and this further to methylene chloride.69 Another 
possibility for the carbanion is to expel a stable anion, which in a polyhalogenated 
compound may be done by elimination of a p-halogen as halide ion. The less negative 
reduction potential generally found for trans vie-dihalogenethylenes compared to the 
cis-compounds 81**2 reflects the easier trans-elimination. A similar behaviour is found 
in polar elimination reactions. This kind of reduction is common in vicinal halogen 
compounds and results in the formation of a double bond; 2,3-dibromobutane is 
thus reduced to butylene, 89 dibromomaleic acid to acetylenedicarboxylic acid12 and 
meso-a, a -dibromosuccinic acid to fumaric acid.ls Also, in the reduction of carbon 
tetrachloride in acetonitrile* the lack of available protons forces the carbanion, formed 
initially, to expel a chloride ion in an a-elimination, thus forming dichloromethylene. 
In some instances competition between an elimination of halogen and a substitution 
with hydrogen may be expected. 

A third kind of reduction route has been found in certain trihalogenmethyl 
derivatives, which in a six-electron reduction form a methyl compound.74*77 

The polarographic analysis of the components in a mixture of organic halogen 
compounds will often be preferable to the less selective methods, e.g., the determination 
of the halide ions obtained by alkaline hydrolysis or reduction of the halogen com- 
pounds, which require a separation of the components before the determination. 

OXYGEN-OXYGEN BONDS 

Compounds containing an oxygen-oxygen single bond are generally polarograph- 
ically reducible. Thus, hydroperoxides,sa*8P peracids*5**6 acylperoxides,s7 ozonides, 
aldehyde and ketone peroxide9 can be determined polarographically. The electrode 
reaction is a reductive cleavage of the peroxide bond to two hydroxyl groups. 

A convenient medium for the polarographic determination of water-insoluble 
peroxides is a 1: 1 methanol-benzene mixture containing lithium chloride.se The 
dialkyl peroxides are reduced at the most negative potentials with E, more negative 
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than -1.0 V vs. S.C.E. in the above mentioned medium. The presence of many 
alkyl groups shifts the half-wave potential to more negative potentials because of the 
electron-donating power of these and their shielding of the reactive centre; di-tert- 
butyl peroxide is thus not reducible in the accessible potential region, Hydroperoxides 
are reduced in the interval -0.6 to -0*9 V vs. S.C.E., and the presence of electron- 
withd~wing groups, e.g., the acyl group, makes diacyl peroxides reducible in the region 
0 to -0.2 V vs. S.C.E. The half-wave potential of an organic peroxide is thus valuable 
in the elucidation of its structure. 

The polarographic technique is often the method of choice for a qualitative and 
quantitative analysis of a mixture of peroxides?7,W-Qa A comparisons3 of this method 
with the commonly used iodometric and stannous chloride dete~inations in the 
analysis of some hydroperoxides showed that the three methods yielded the same 
results when applied to pure materials, but with impure products the polarographic 
technique probably gave more reliable results because it is more specific than the 
chemical methods. 

OXYGBN-SULPHUR DOUBLE BONDS 

The oxygen-sulphur double bond is reducible in some sulphones@ and sulphoxides 
where the electrode reaction is, respectively, a four-electron or two-electron reduction 
to a sulphide. This kind of reduction is unimportant in aliphatic polarography. 

OXYGEN-NITROGEN BONDS 

Oxygen-nitrogen double bonds 

The oxygen-nitrogen double bond is important in organic polarography, because it 
is easily reducible without requiring further conjugation. In aliphatic compounds it is 
found in mono~tro~es and -alkenes,86-87 dinitroalkanes,~ esters of nitriceg and 
nitrous acid,lW N-oxides, N-nitrosamineslol-lW and nitro- and nitroso derivatives of 
urealo and related compounds. 1os-107 All these compounds may be determined 
polarographically; a reduction of the oxygen-nitrogen double bond takes place in 
all the compounds, except in the nitrates, @* the ~-ni~osaminesl~ in alkaline solution, 
and in some dinitro~anes.~ The electrode reaction of alkyl nitrites is not known; 
they are hydrolysed too rapidly for a preparative reduction.41 

Nitroalkanes, in acid solution, are reduced in a four-electron reaction to alkyl- 
hydroxylamines. s6 This wave is well-de%ed and very suitable for a quantitative 
deter~nation of such compounds. The half-wave potentials are in slightly acid 
solution about -0.8 V W. S.C.E. The hydroxylamine formed in the first reduction is 
in slightly acid solution reduced further at a more negative potential to alkylamines. 
In strongly alkaline solution primary and secondary nitroalkanes are transformed 
into the non-reducible a&form, and no polarographic wave is thus seen in this medium, 

The polaro~aphic determination of aliphatic nitroalkanes requires little or no 
separation before the measurement because only a few types of compound are reduced 
at the same potential. Polarography has thus been found advantageous in the determi- 
nation of the toxic constituent of “creeping indigo”, 3-nitropropanoic acid,lM because 
an extract from the plant material could be used directly. Possibly the non-reduc- 
ibility of nitroalkanes in strongly alkaline solution may be useful in their determina- 
tion in a mixture containing interfering compounds. 

The polarographic method does not, however, distinguish primary nitroalkanes 
from secondary ones as some of the calorimetric methods are able to do. 



Polarography of aliphatic compounds 1073 

Compounds with a nitro group at a double-bonded carbon atom are reduced 
somewhat differently. g7 The four-electron reduction in acid solution produces an 
oxime of a saturated aldehyde. At a more negative potential a two-electron wave 
occurs, which was found to yield an alkylhydroxylamine. Generally, an oxime would 
be expected to yield an amine in a four-electron reduction. 

The polarographic behaviour of components with two nitro groups at the same 
carbon atom depends on whether or not a hydrogen atom is bonded to the same 
carbon atom. l,l-Dinitroethaneg8 shows in most solutions two waves; the over-all 
reduction in alkaline solution requires eight electrons and produces acetamide oxime. 
In chloropicrin the reduction probably involves both the nitro group and one or 
more of the carbon-chlorine bonds. 

N-Nitrosamines, in acid solution, are reduced polarographically in a four-electron 
reduction to unsymmetric dialkylhydrazines; in alkaline solution the electrode 
reaction consumes two electrons and an amine and nitrous oxide are formed by a 
reductive cleavage of the nitrogen-nitrogen single bond.lQQ The wave in acid solution, 
which at pH 1 is found at about -0.9 V us. S.C.E., is preferable for a quantitative 
determination of N-nitrosamines. 

Because secondary amines can be transformed quantitatively into N-nitrosamines 
the polarographic determination of these furnishes a convenient and selective method 
of determining secondary amines in the presence of aliphatic primary and tertiary 
amines.lOl Tertiary amines do not interfere, and some nitroalkane or nitrolic acid, 
resulting from a reaction between nitrite and a carbonium ion formed by reaction 
between the primary amine and nitrous acid, can be destroyed by dithionite. Com- 
pounds such as N,N-dialkylanilines may be nitrosated at carbon, but such nitroso 
derivatives are reduced at less negative potentials than aliphatic iV-nitrosamines. 

iV-Nitrosamines have also been determined by ultraviolet spectroscopy and by 
volumetric gas analysis after reduction to hydrazine followed by oxidation to nitrogen; 
however, the polarographic method has been found to be the most convenient.lo2 

With respect to selectivity the polarographic determination of secondary amines 
through their N-nitrosamines compares well with other methods, e.g., the determin- 
ation through the dithiocarbamates formed on reaction with carbon disulphide; most 
methods require a prior removal of primary amines by reaction with, for example, 
salicylaldehyde. 

Oxygen-nitrogen single bonds 

Polarographically reducible compounds containing an oxygen-nitrogen single 
bond include alkyl nitratesP such as butyl nitrate, nitroglycerine,lQQ*l10 pentaerythritol 
trinitrate,ul and derivatives of hydroxylamine like alkylhydroxylamines, oximes,sQ 
amidoximesQs*llQ and hydroxamic acids.lla 

The aikyl nitrates are reduced to nitrite ion and alcohol in a two-electron 
reduction.QQ The amidoximes are reduced to amidines,QQ which may be further 
reducible, and the first step in the reduction of aid- and ketoximes is also a cleavage of 
the nitrogen-oxygen bond .66*86 The electrode reaction of aliphatic hydroxamic acids 
has not been proved, but because p-cyanobenzhydroxamic acid and isonicotinichy- 
droxamic acid are both reduced to the amide,41 which is then further reduced, the 
aliphatic hydroxamic acids are included in this section. 
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Alkyl nitrates are reduced at about -0.7 V us. S.C.E. in neutral, aqueous ethanol; 
the most likely interference would thus be from nitro compounds. The polaro~ap~c 
method has, for example, been found advantageous in the determination of butyl 
nitrate in diesel oil,lla where a 2 : 1 mixture of benzene-methanol with dissolved lithium 
chloride was used as medium, and, combined with spectrophotometry, in the 
determination of pentaerythritol trinitrate in a mixture containing nitroglycerine, 
2-nitro~phenyla~ne and dibutylphthalate.~ 

The determination of aliphatic esters as their hydroxamic acids by polarography 
seems, in most instances, less preferable than other methods. The alkylhydroxyl- 
amines are reducible only in a narrow pH interval and their determination through 
this wave is unlikely to be widely used. Hydroxyla~ne and ~-methy~y~oxyla~e, 
however, exhibit an anodic wave at different potentials in alkaline solution,” and such 
anodic waves are more likely to be of value for analytical purposes. 

SULPHUR-SULPHUR SINGLE BONDS 

A s~phur-s~ph~ single bond is generally reducible, and compo~ds such as 
di-, tri- and tetrasulphides,l16 thiolsulphonates116 and disulphone@ can be determined 
polarographically. Important examples from this group are cystimF and its di- 
sulphoxide,ll* tetramethylthiuram disulphide, llD thioethanolamine disulphidp and 
di~io~yco~~ acid. 

The electrode reaction is in all cases a simple cleavage of the s~phur~ulph~ bond 
with the formation of mercaptans and sulphinic acids. The latter are formed from 
disulphones94 and thiolsulphonates.lle 

The polarographic method is used as a routine together with other methods in the 
qualitative and q~ti~tive analysis of different kinds of sulphur compound in 
naphthasB1 The polarographic determination of a disulphide is especially valuable, 
when the mercaptan is also present.lN 

It is less suited for secondary and tertiary disulphides,12s because their reduction 
potentials are rather negative, so the diffusion plateau of the waves are poorly developed. 

SULPHUR-NITROGEN BONDS 

Sulphur-nitrogen double bonds 
A reduction of a sulphur-nitrogen double bond occurs in sulphilimines. The 

electrode reaction is a two-electron reduction to a sulphide and a s~phona~de, 
which were isolated from a preparative reduction.& 

Sulphur-nitrogen single bonds 
A sulphur-nitrogen single bond, e.g., in sulphonamides, is generally not reducible. 

However, 4,4’-di~iod~o~ho~e is polaro~p~c~y reduciblep’ and the products 
isolated from a preparative two-electron reduction, in slightly acid solution, are 
morpholine and sulphur. Probably a reduction of the sulphur-sulphur bond occurs 
primarily, and the thus formed nitrogen-sulphhydryl compound decomposes. Such 
an instability may explain that no nitrogen-sulphhy~yl compound has ever been 
isolated. 

SULPHUR-HALOGEN BONDS 

A sulphur-halogen bond is reducible in sulphochlorides.lss In some instances the 
electrode reaction is reported to be a two-electron reduction to sulphinic acid,lss*rM 
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but in other cases a more complicated route involving dimerisation and further 
reduction has been claimed.126*126 

NITROGEN-NITROGEN BONDS 

Nitrogen-nitrogen double bonds 

Aliphatic compounds containing a nitrogen-nitrogen double bond are not as 
common as the corresponding aromatic ones. Azomethane, prepared by anodic 
oxidation of N,N’ -dimethylhydrazine in alkaline solution, is reducible in a two- 
electron reduction to NJ -dimethylhydrazine. 41 The two compounds do not form 
a reversible system at the dropping mercury electrode, as their aromatic counterparts 
do, because there is a difference of about 1 V between the reduction potential of 
azomethane and the oxidation potential of N,N’-dimethylhydrazine.” In alkaline 
solution diazirines are reduced to diaziridines. 

Nitrogen-nitrogen single bonds 

The nitrogen-nitrogen single bond is often reducible when a neighbour to a double 
bond. The reduction is thus found in N-nitrosamines in alkaline solutionlo* and as the 
first step in the four-electron reduction of phenylhydrazines, semicarbazones and 
possibly other types of hydrazone in acid solution. 6s In some cases, e.g., the dimethyl- 
glycylhydrazone of a&unsaturated steroids, 67 the height of the wave, which is twice 
that of the one-electron wave of the parent steroid, points to a two-electron reduction. 
The nitrogen-nitrogen bond of diaziridines is reducible in acid solution.“l 

ANODIC WAVES 

The dropping mercury electrode is less suited for oxidations than for reductions 
because the accessible potential region in the positive direction is limited by the potential 
at which mercury dissolves. The oxidation of the mercury anode occurs at a less pos- 
itive potential when the medium contains anions forming insoluble salts with mercury. 

An extension of the accessible potential interval can be made by using a platinum 
electrode; the oxidation of the water is then the limiting process. By working in 
suitable non-aqueous solvents the useful potential region can be extended considerably 
in a positive direction ; for example, compounds as difficult to oxidise as benzenelz7 
yield voltammetric waves at a platinum electrode in acetonitrile containing sodium 
perchlorate. 

Below, only compounds giving anodic waves at the dropping mercury electrode 
are discussed. These may be divided into classes according to the functional groups 
responsible for the electrode reaction. Here a division into oxygen-, nitrogen-and 
sulphur-containing compounds is made. 

Oxygen-containing compounds 

The presence of an “enediol” group, -C(OH)=C(OH)-, makes a molecule subject 
to anodic oxidation. Enediols include compounds such as ascorbic acid,12* reduc- 
tone,129 dihydroxyfumaric acid and dihydroxyacrylic acid. Two electrons per mole- 
cule are involved in the electrode reaction in which is produced an a-diketone. This 
diketone is often hydrated, and the hydrated form is not polarographically reducible. 
The system enediol-a-diketone is thus not polarographically reversible as is the corre- 
sponding aromatic system catechol-o-benzoquinone. 

The most important member of this group is ascorbic acid and because few 
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compounds are oxidised as easily as ascorbic acid this compound can be determined in 
the presence of many different kinds of compounds without prior separation. The 
method is in general more specific than the calorimetric method which responds to 
many kinds of reducing compound. The sensitivity of a calorimetric method is, 
however, often higher than the polarographic one. 

Many nitrogen compounds, such as ammoniamr and some amines,130 show anodic 
waves, where the electrode reaction is a formation of a mercurous salt. Many other 
compounds forming insoluble mercury salts interfere with such a determination. 

Hydroxyla~nes and some hydrazines and hydrazides, aliphatic and aromatic, 
can be oxidised at the dropping mercury electrode. Pheny~ydroxylamine and 
nitrosobenzene form a reversible system, and the anodic oxidation of N,N-dibenzyE 
hydroxylamine produces N-benzylbenzaldoxime and some benzaldehyde,@ The 
electrode reactions of aliphatic hydroxylamines have not yet been proved. 

The anodic reaction of hydrazine at a mercury or oxide-coated platinum electrode 
is dependent on the concentration and produces nitrogen* and ammonia. A similar 
concentration dependence is found in the anodic reaction of isonicotinic hydrazide.2 
NJ’-dimethylhydrazine is oxidised to azomethane,U but the electrode reaetion of 
~,~-dimethy~ydr~e has not yet been proved. 

Both hydroxylamine and ~-me~y~y~oxyla~ne can be determined polaro- 
graphically in a mixture, because their half-wave potentials differ by O-15 V.” Similarly 
NJGdimethylhydrazine or NJ’-dimethylhydrazine can be determined in the presence 
of hydrazine, but the waves of the two dimethylhydrazines overlap too much for a 
dete~nation of the one in the presence of the other. More investigation is needed 
in order to evaluate the possibilities of the polarographic method compared with other 
methods in the determination of hydroxylamines and hydrazines. 

~u~hur-costarring compoernds 

Molecules containing a thiol group or an enolisable thiocarbonyl group give 
anodic waves at the dropping mercury electrode and compounds such as mercaptans, 
e.g., cysteine,131 glutathionU2 and 2,3-dimercaptopropano1,13S dithiocarbamates,lls 
derivatives of thiourea,“* including thiobarbituratesla6 and some thioamides,les may 
be determined pol~o~ap~~y. Carbon sulphide can be determined as a dithio- 
carbamate after reaction with a suitable amine.” 

The electrode reaction consists of an oxidation of the mercury electrode with the 
formation of a mercurous salt. Part of the mercurous salt may be adsorbed on the 
electrode with the occurrence of an adsorption wave. Further complications may 
arise at higher concentrations. 

At a platinum electrode mercapto compounds are oxidised to disulphides at 
a considerably more positive potential. At this electrode, also, sulphides yield 
a voltammetric wave; sulphoxides result from the oxidation.la7 

A polarographic determination of thiol compounds is faster than most methods, 
but may be less accurate; a higher accuracy may be obtained by a polarometrio 
(amperometric) titration. When a determination of both the mercapto compound 
and the disulphide is wanted, the direct polarographic method is often the method of 
choice. 
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Summarising it can be said that the polarographic method is useful in the quantita- 
tive and qualitative determination of many compounds and its proved and potential 
applications are in general not fully appreciated. Polarography is also valuable in the 
study of reaction rates,s as a tool in determination of structures, and for the establish- 
ment of the optimum conditions for electrosynthesis. 

ZnsannnenfassunS-Es wird eine &xsicht tiber die Polarographie 
aliphatischer Verbindungen gegeben. 

R&nn&-On pr6sente une revue sur la polarographie des composes 
aliphatiques. 
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Summary-A review of the applications of polarography in heterocyclic 
chemistry is presented. 

INTRODUCTION 

HETEROCYCLIC chemistry is of the greatest practical importance because it deals with 
many substances playing an important role in biochemical or pharmacological 
processes, such as vitamins, alkaloids, antibiotics or chemotherapeutics. Conse- 
quently, the group of heterocyclic organic compounds must be rather heterogeneous; 
this fact brings about serious complications when attempting a systematic approach to 
the whole group in a textbook or in a review. This is also true with the electrochemical 
or polarographic behaviour of heterocyclics. In the present review the author will use 
the classification of heterocyclic compounds as outlined by A1bert.l 

In the late fifties it was the general opinion that the polarographic behaviour 
of heterocyclic compounds is parallel to that of other organic substances, either 
aliphatic or aromatic, and is modified only by the presence of the heterocyclic ring. 
Essentially this conception is not incorrect, and excellent results have been obtained 
when using it. However, the present state of our knowledge points to the fact that, 
in addition to the above concept, two important factors are operative with most 
heterocycles: the first is the adsorbability of heterocyclic substances on the mercury 
drop, either of the depolariser itself, or of the reaction intermediates and of the 
reaction products. This property is here more conspicuous than with other organic 
compounds, and it results in deforming and complicating of the polarograms. The 
hindrance of the electrode process by the adsorption of the electrode-process partici- 
pants2-* will be shown later. The other factor that affects the wave-form and the value 
of the limiting current is especially characteristic of nitrogen-containing heterocyclics 
(not necessarily depolarisers). It is their function as adsorbed proton donors taking 
part in the kinetics of protonation preceding the electrode process proper.5*6 The 
recombination of depolarisers of this type occurs thus almost entirely in a hetero- 
geneous manner. 

CLASSIFICATION OF HETEROCYCLES 

According to Albert1 the heterocycles are divided into heteroparaffinic, hetero- 
aromatic and heteroethylenic compounds. The heteroparaffinics, i.e., completely 
saturated heterocycles are not very important from the standpoint of polarographic 
investigation, and polarographic reducibility is here rather an exception than a rule. 
For this reason the group will not be the object of the present article, although at least 
the interesting case of polarographic reduction of cytostatic ethyleneimino-p-benzo- 
quinones should be mentioned. ’ The heteroaromatics, i.e., completely unsaturated 

3 1081 
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compounds, may be divided into two groups: r-deficient heteroaromatics (with 
nitrogen as the sole heteroelement and a deficit of n-electrons elsewhere) and TP 
excessive heteroaromatics (with either nitrogen as the sole heteroelement and an excess 
of n-electrons elsewhere, or with oxygen or sulphur as a heteroelement (with or 
without nitrogen agd with an excess of +electrons elsewhere). The r-deficient hetero- 
cycles (e.g., pyridine, quinoline, acridine, pyrazine, etc.) are strongly polarised and 
react more readily than benzene or the parent aromatic hydrocarbon with nucleophilic 
reagents (i.e., the electron uptake is easier). The ?r-excessive substances-mostly five 
membered nuclei-contain the electron-releasing-rystem =CH-NH-CH=. This 
group comprises pyrrole, furan, thiophen, etc. In pyrazole and imidazol the n-excessive 
effect prevails, as well as in the five-membered rings with both sulphur or oxygens atoms 
and nitrogen (for instance thiazole). The heteroethylenics are non-aromatic, unsaturated 
systems, such as various partially reduced di- and tetrahydroderivatives of hetero- 
aromatic systems on the one hand and six-membered oxygen or sulphur-containing 
compounds (y-pyrones, flavones, chromones., etc.) on the other. Regardless of the 
above adsorption effects the kind of heterocyclic ring exerts an essential influence on 
the polarographic behaviour of the substance under investigation. 

POLAROGRAPHIC ACTIVITY AND REVERSIBILITY 

The polarographic activity is due either to the heterocyclic ring itself or to an 
external substituent. In some cases such a separation is rather difficult or even im- 
possible, because the whole system is subject to the electrode process: this may be illus- 
trated by the reduction of 1,2 di(4-pyridyl)ethylene, 3 1,4-bis[pyridyl-4-vinyl]benzene,s 
cyanine dyes” and similar compounds bearing chains of conjugated double bonds in 
conjugation with the heterocyclic ring. Regardless of this uncertainty, conclusions 
may be drawn from the reaction products if they are known or have been isolated. 

As with the polarographic activity of organic substances in general, four possibili- 
ties exist: reducibility, oxidisability, formation of salts or complexes with mercury 
(e.g., with pyridoxthiol, la with barbituric acid derivativeP and uracilss*la) and finally 
formation of catalytic waves of hydrogen evolution. 13.14 This last effect is character- 
istic of nitrogen-containing heterocycles bearing a free electron pair on the nitrogen 
atom which facilitates the reduction of hydrogen ions from the supporting electrolyte. 
Consequently, the quaternary N-alkyl derivatives should be catalytically inactive, but 
before the formation of the catalytic hydrogen wave they are reduced by a single 
electron, yielding a catalytically active product. ls The main subjects of this article 
are, however, the oxidation and reduction processes. 

The ease of reduction of the heterocyclic ring depends on whether it is r-excessive 
or n-deficient. No reports exist on the reducibility of a +excessive five-membered ring. 
In contradistinction to this the T-deficient six-membered rings are readily reducible, 
often in the absence of electron-attracting substituents or without annelation with 
benzene rings. 

The behaviour of pyridine, the simplest compound among the v-deficient 
substances, is not quite clear. Although the reduction at negative potentials has been 
proved, in experiments with periodically changed square-wave voltage, according to 
Kalousek (oxidisable products16 are obtained) no convincing reduction-wave of pyri- 
dine has been published as yet. Unfortunately, no comparable data obtained under 
identical conditions can be found in the literature that would reflect the influence of 
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annelation with further benzene rings, of the increase in the number of nitrogen atoms 
and their mutual position in the ring. A partial insight into the influence of annelation 
may be obtained from Table I (certain differences in the reaction mechanisms of, for 
example, acridine and quinoline, etc., must be taken into account). Other proofs are also 
available. For instance, among the heterocycles containing two nitrogen atoms in the 

TABLEI-POLAROGRAPHIC DATA FOR PYRIDINE-LIKE HETEROCYCLES~~ 

Compound k-1 (8) 

Acridine -1.24 V 188 

Phenanthridine -1.64 V 136 

Quinoline -1.69 V 160 

Benzo[f]quinoline -1*7ov 145 

Eenz[f$soquinoline -1.41 v 76 
-1.78 V 102 

Isoquinoline -1%4V 175 

Pyridine -2.07 V 191 

II = 2; 5 x lo-* M N(C,H,), in 95% dimethylformamide 

-0.325 
-0.518 
- 0.527 
-0.536 
-0603 

-0.576 
-0.841 

same nucleus, the half-wave potential of quinoxalinel* with one more benzene ring is 
about 40 mV more positive.than that of pyrazine. lg The position of the nitrogen atom 
in the ring is also very important for the ease of reduction: thus at pH 4.9 pyrazine is 
reduced at -0.74 V, whereas pyrimidine is not reduced sooner than at -1.09 V; 
unfortunately, no comparable data are available for pyridazine. 

In addition to activity the concept of reversibility in the electrode processes of 
heterocycles will now be considered. 

Pyrazine and quinoxaline are the simplest heterocyclic depolarisers, having two 
nitrogen atoms in a single ring, that behave reversibly at the dropping mercury 
electrode. Their reversibility is in accordance with the general chemical rules on 
electrochemical reversibility. 2o In reversible systems there is no great difference 
between the geometrical structure of the oxidised and reduced forms. This is the case 
with sufficiently long systems of conjugated double bonds. The proton transfer, 
forming a part of the reaction, leads to the formation of OH or NH double bonds that 
very easily undergo exchange with the solvent. Before localisation of the electrons, a 
hydrogen bond between H+ and the free electron pair of the heteroatom of the hetero- 
cyclic ring may occur. The fission of d-bonds, which do not readily exchange (C-Hal, 
C-N, N-O, O-O), is irreversible, as is also the formation of the kinetically stable 
bond C-H or C-C in dimerisations, because these require the localisation of 
electrons. 

Thus, only quinones and, among heterocycles, oxazines, thiazines, etc., are reduced 
reversibly. In some other heterocycles,* there is an additional condition of symmetry 
of the whole system. * Consequently, for example, only the isomers with at least one 4- 
substituted pyridine nucleus behave in a reversible manner. The reversibility becomes 

+ The only exception known as yet is the reversible reduction of l,l’ethylene2,2’-dipyridylium 
dibromide. 
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more pronounced with two 4-substituted pyridine rings. Similarly, pyrazine and 
quinoxaline are reversible depolarisers, whereas pyrimidine and phthalazine are not: 

Reversible depolarizers Irreversible depolarisers 

0 I NL 
?’ 

cl I’ 
N' 

(11) 

i, 

1; 
E 

‘\ li’, N' 

I 

II 

III 

IV 

WI) 

pyrazine 
4,4’-bipyridine 
1,2~1(4-p~Idlne~thyiene 

quinozaline 

(VW 

V pyrisnidine 
VI 2,2’-blpyridme 

VII phthaiazine 

A rather peculiar, most probably reversible system43 is represented by alloxan 
(VIII), alloxantin (IX) and dialuric acid (X). Recent observations confirm the fact 

(VfII) (W (Xl 

that the Er,,values of the reduction and oxidation waves of the above three species 
are essentailly identical and agree with the potentiometric E,-values. However, the 
reduction waves of (VIII) and (IX), the heights of which are but a fraction of the 
oxidation wave of(X), are fully under kinetic control. The rate-controlling reaction 
is probably the dehydration of the hydrated carbonyl at C-5 of alloxan. 

Several polarographic criteria must be taken into account when considering the 
po~ro~aphic reversibility of a given system: (a) the half-wave potentials of both 
forms [(I&& = (&&a] must be equal; (6) the polarographic overvoltage qlf2 
must be equal to zero (v~,~ = E, - E,,, = 0); (c) the slope of the log i/id - i vs. E 
plot must give the number of electrons consumed in the electrode process. 

(b) is verified by comparing the potentiometric and polarographic data on (a) by 
comparison of the half-wave potentials of the polarographic waves for the reduced 
and oxidised form and their mixture, respectively. Polarisation by a periodically 
changed square-wave voltage,* single-sweep methods and constant-current oscillo- 
graphic polarography may be useful when the products of oxidation or reduction are 

* In ~val~t~gth~~~utatorex~rimentsextreme care is necessary bemuse with respect to the 
numerous adsorption and espec*atly capacity effects strong currents may appear after commutation 
that do not correspond to an ekctrolyt~cal process.** 
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unstable. However, the only unambiguous proof of reversibility is given by measuring 
the instantaneous currents (i-t curves) on single drops. In the IlkovilE equationU the 
dependence of instantaneous current on time is given by a sixth-order parabola i = 
cons& t@ (@ GS 116). In irreversible processes this relation is faked on the limiting 
current only; in reversible processes p remains constant on any part of the wave and 

log i 

log i 

id [E = - O.SSV] 

0.69VJ 

Fro, 1 .-Log plot of the current-time curve for 4,4’-bipyridine at PI-I 3.18. (C = 2.5 x 
lo-* M for id and 5 x lo-* M for id/lo). 

equals 0.192 (l/6 + correction for spherical diffusion). In heterocyclic compounds 
this test has been applied for the reduction of pyrazine, 4,4’-bipyridine (Fig. 1) and 
1,2-di(4pyridyl)ethylene. 8 Because of the adsorption phenomena clear-cut curves 
without adsorption prewaves and deformation are seldom obtained, 

In some cases inactive heterocyclic nuclei are made reducible, only their origin- 
ally difficult reducibi~ty is facilitated by introducing a new substituent. This happens 
for example in pyridine-3-carboxylic (nicotinic) acid,as its esters and amide; in such a 
case the effect is observed with electron-attracting substituents. 

The conditions for the polarographic activity of heteroethylenes are the same as 
those for the reduci~~ty of organic substances in general. This means that in partially 
reduced aromatic heterocycles the remaining double bonds (especially :c=N-_) 
under consideration must be conjugated with an aromatic nucleus (e.g., benzene), with 
a sufficient number of conjugated double bonds, or finally with an electron-attracting 
group. Such a reduction can be exemplified with papaverine (XI) and 3&dihydro- 
paverine (XII):X 
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Whereas in (XI) the reduction of the isoquinoline nucleus B occurs under the uptake 
of four electrons not earlier than at - l-95 V [2 % N(CH&OH in 50 % ethanol] and 
a 1,2,3,4-tetrahydroisoquinoline derivative is formed, 3,4_dihydropapaverine (XII), 
must be looked upon as a cyclic imine derived from desoxy~~oin. That is why a 
relatively positive two-electron reduction wave results at - l-52 V in the same medium. 
A similar system concerns the following three alkaloids : emetine (XIII), emetamine 
(XIV) and O-methylpsychotrine (XV): 

0CH3 

n / OCH, 
I 

In this particular case emetine (XIII) corresponds to 1,2,3,4-tetrahydropapaverine and. 
yields no wave, even in solutions of te~a~yla~o~urn hydroxides. Emetamine 
(XIV) is reduced at -2W V; this is in accord with papaverine (-1.95 V). Finally 
O-methylpsychotrine (XV) gives a two-electron reduction wave at -1.57 V under the 
same conditions (3,Cdihydropapaverine at - 1.52 V). 

The second main group of polarographically active compounds among heterocycles 
is formed by the substances in which an external substituent attached to the aromatic 
heterocyclic ring is subject to the electrochemical reaction at the electrode whereas the 
nucleus itself remains unchanged. Essentially, the same types of active group can be 
observed here as in the benzenoid series, with the same conditions for reducibility 
(conjugated double bonds, etc.). However, the ease of reduction (Le., the value of E&)” 
and the general behaviour is in most cases strongly influenced by the heterocyclic ring. 
The differences from the general polarographic behaviour of analogous benzene deriva- 
tives often result from the existence of protonated and basic forms in heterocycles 
(their mutual ratio changing with pH). In the r-deficient heterocycles, there is a deficit 
of rr-electrons on the reducible group as compared to the corresponding benzene 
derivative. Consequently, the electron uptake is rendered easier with rr-deficient 
nuclei and made difficult with rr-excessive rings. For various formyl derivatives with 
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different heterocyclic nuclei the result of this influence is shown in Fig. 2. In a buffered 
solution of pH 6-7 all three isomeric formylpyridines are reduced at considerably 
more positive potentials than that of benzaldehyde, this being in accord with the YP 
*deficient character of pyridine. The rr-excessive 2-formylthiophen and 2-formylfuran 
are reduced approximately over the same E,,,- area as benzaldehyde. The most nega- 
tive half-wave potentials were observed with 2-formylpyrrole. It is known that the 
relative order of n-electron densities in the ring is as follows: benzene < thiophen < 
furan < pyrrole. In 2-formylthiazole, which shows the most positive half-wave 
potential among all derivatives under consideration, the nucleus has areas of both 
r-deficiency and r-excess. The 2-position is most probably r-deficient. In 2-formyl- 
imidazole the insertion of a further nitrogen atom reduces the ?r-excessive nature of the 
nucleus, but the half-wave potential of this compound is only slightly less negative than 
that of 2-formylpyrrole. A very similar sequence is obtained with chalcones resulting 
from the reaction of acetylferrocene with various heterocyclic aldehydes(XVI) :26 

C-CH=cHR 
II 

FP 

0 R = pyridine, thiazole, 
thiophen, pyrrole, 
etc. 

The individual positions on the heterocyclic ring are, of course, not equivalent as regards 
the deficiency or the excess of rr-electrons ; thus, for example, in pyridine the Cderivative 
is reduced at a slightly more positive potential than the 2-derivative (very often their 
El12 are virtually equal) and both these exhibit by far more positive waves than that of 
-the 3-derivative.27 In a similar manner the half-wave potential of 2-formylthiophen 
is more positive than that of 3-formylthiophen. However, just the opposite is true 
for their aldoximes.2s 

In the usual qualitative treatment 29 of six-membered nuclei the nitrogen atom in 
the pyridine nucleus may be looked upon as a strong external substituent and in 
agreement with this concept the 2- and 4-derivatives are reduced at more positive 
potentials than the 3-derivatives. The external substituents attached to an aromatic 
benzene ring exert the following well-known intluence : a shift of EU2 to more positive 
values is caused by -T or -1 substituents (COOH, NO, or Cl, Br, I) and to more 
negative values by +T and +I substituents (OH, NH, OCHa or CH& This effect is 
more pronounced in the ortho (2) and para (4) positions than in the meta (3) position. 
A quantitative treatment by means of empirical equations of organic chemistry will 
be shown later. In contradistinction to Fig. 2, Fig. 3 represents the regions of reduction 
for most pyridine derivatives (pH 4-5). This graph could be applied for the identitica- 
tion of an unknown reducible group on the pyridine ring from its E,,,-value. It is 
evident that, for a known ring, several active groups must be considered. The final 
decision is obtained from further characteristics of the wave, i.e., AE,,,/ApH, n, 
number of waves, etc. 

The third possibility of polarographic activity in heterocycles is the formation of 
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r- r” &HO 

QCHO 

-_N+J - 

-NO2 

-CHO 

-CH =NOH 

-mCHJ 

-CQ% 

-CSNHz 

--CH-CH- 

~zk 

+=Wk 
-CN 

-B, 

--cccIH 

--cOht$ 

-u 

--RF2 

- 

- 

- 

- 

- 

345608M 12v 

J?Iu. 2.-Half-wave potentiats of various 
heterocyclic aldehydes under identical 

conditions (pH 4-S). 

-El/z (vs. SCE) 

FIG. 3.-Reducibility 
of various exterual 
substituents (Eu$ at- 
tached to a pyridine 

ring (pH 4-5). 

insoluble salts and complexes with mercury. This may be through external SH-groups 
(e.g., SH in thiamine) or to some groupings in the heterocyclic ring: NH-CO-NH 
in barbituric acid or in uracil, NH-CS-NH in thiobarbiturates and 4-methyl- 
thiouracil, and NH-CS-S in mercaptobenzthiazole.30 

The catalytic reduction of hydrogen ions in the presence of heterocycles is ascribed 
to nitrogen-containing compounds alone, I* although certain data are available which 
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point to the fact that oxygen-containing heterocycles (chromones)31 also give catalytic 
hydrogen waves. 

Catalytic waves, similar to those obtained with cystine in ammoniacal solutions of 
cobalt@) ions, were found with 5,5-diphenyl-2-thiohydantoin, 5,5-diphenyl-2,4- 
dithiohydantoin, 2-thiocytosine and 2,4-dithiopyrimidine.74 

EMPIRICAL EQUATIONS 

The effects of substituents described, qualitatively, in the above paragraphs on the 
reducibility and oxidisability can be expressed quantitatively by means of empirical 
equations 32 of organic chemistry (LFER). The effects of substitution on the free 
energy change of activation or on the standard free energy change are resolved into 
contributions of polar, resonance and, sometimes, steric effects that are believed to 
be independent of each other. Empirical constants characteristic of these effects for 
each substituent are obtained by comparing the logarithms of rate and equilibrium 
constants of suitable reactions under the influence of substitution. The differences in 
standard redox-potentials of reversible systems are proportional to the standard free 
energy change, and the half-wave potentials of irreversible systems to the change in 
free energy of activation. This enables the use of the above-mentioned constants for 
the polarographic half-wave potentials. The empirical equation in its simplest form, 
denoted as the Hammett equation, reads as follows (only the polar effect is accounted 
for) : 

J%/, = P,T,R * ox = p (0 

This form is used for benzene derivatives with an active group and with ap- or m-substituent; ax is 
the total polar constant. It is characteristic of the nature of the substituent and its orientation or of 
the type of the aromatic system; p,,,x IS the reaction constant (m volts) typical for the electroactive 
group on the nucleus under consideration. It is a measure of the Ella shift caused by a given sub- 
stituent [the difference between the half-wave potential of the substance with the substituent X and 
the reference substance with a hydrogen atom instead of X: A El,s = (E& - (E&x]. The 
positive sign of p,,,x points to the electron-uptake as the potential-determining step and a negative 
sign IS characteristic of an Sal-like or of a radical mechanism. 
only seldom encountered. 

The latter reaction type, however, is 
The following types of heterocycles fit the above Hammett equation : 

1. Het-C,Hd-X; the heterocycle itself is reducible (Fig. 4). 

Example: 

C / !N--c&-x - 
2. R-Het-X; substituent on heterocyclic ring reducible. 

Example* : 
X 

-0 
NOz 

S 

* In five-membered heterocyclic rings some authors use either o9 or u, values, or their arithmetic 
mean. Later papers** recommend the application of a,._~ for five-membered heterocycles with 
a reducible group 

in the side chain R, e.g. and U~_X for the following two cases: 

,ATkR X--[TR and &irR 

X 
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3. X-Ar-Het; substituent on benzene ring condensed to reducible heterocycle. 

Example : 

OH 

4. X-Ar-Het-R; substituent on benzene ring condensed to heterocyclic ring with reducible 

group. 
Example : 

A further equation is the so-called Taft equation: 

AEllS = ~:,a * ax* . (2) 

The meaning of the symbols is analogous wrth the exception that the reference X is CH,. The electro- 
active group is here not separated from the substituent and the steric effects are regarded as constant 
for the series. 

-72 

-7-l 

-7t 

-05 

0 O 
3-CH, W%CO.CH~ 

4 
,\- 2naffyl 

- o-5 0 6 + 0.5 

FIG. 4.-The E,,,-a, plot for various substituted IV-phenylpyridinum salts (a, total 
polar substituent constant) (no correlation for 3-aminoderivative, 2-naphthyl only 

taken from polarographic measurements). 
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The two following types are known for heterocycles: 
1. He&X; substituent on reducible heterocyclic ring. 

Example : 

2. He&-R-X; substituent in reducible chain on heterocyclic ring. 
Example: 

a, coax 
0 

The values of o have been tabulated.32*44 
The above relationships enable both the determination of the heterocyclic ring 

bearing a known electroactive group, and the nature of the substituent on a known 
heterocyclic ring. The second possibility will probably be encountered more often. 

In the application of these empirical relationships to heterocycles (in particular 
those with nitrogen atoms) in addition to the normal restrictions (identical experimen- 
tal conditions, the same transfer coefficient cc and the same number of electrons and 
protons) the adsorptivity of the depolariser and of the reaction products must be 
accounted for. This often results in considerable shifts of half-wave potentials that 
are thus not an accurate measure of the factor in the empirical equations. 

The El/, vs. 8 plots are primary relationships. Similar relationships may be 
obtained between Ells and other quantities, such as frequencies in infrared and ultra- 
violet absorption spectra, and perhaps dissociation constants. The E,,, of the reduc- 
tion waves of thiocyamines are a linear function of the longest absorption bonds= 
and the E,,, us. pK plot of l-hydroxy-2-methyl-l,2,3,4-tetrahydroxyisoquinolines is 
also linear.= 

CORRELATION OF POLAROGRAPHIC BEHAVIOUR 
WITH PHYSICAL CONSTANTS 

During the last 15 years a number of papers have appeared where the correlations 
between the polarographic half-wave potentials and physical properties, calculated by 
quantum-chemical methods, have been investigated. The major part of these publica- 
tions is based on the statement of Maccoll% and Lyons36 that a linear correlation 
exists between the energies of the lowest vacant n-molecular orbitals of aromatic 
hydrocarbons and their E,,,-values. Recently, this method has been extended to 
heterocycles of the pyridine typel’*’ and to sulphur-containing heterocycles. Earlier, 
the treatment proved useful in benzenoid hydrocarbons, cr,w-diphenylpolyenes, 
polyenes and fluoranthenes. The energies were calculated by means of the HMO 
approximation. Some of the nitrogen compounds and their half-wave potentials are 
tabulated in Table I. The correlation is expressed by the following equation:38 

E1,2 = 2.127 k_, - 0.555, (2) 

(or, in reference 39, E,,, = 2.12 k_, - 0.484). 

The energy of the lowest vacant orbital is expressed by the value of the coefficient 
k_, (Fig. 5). The accord of the two independent papers is satisfactory. A similar 
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treatment has been attempted3g in y-pyrone (XVII), y-thiapyrone (XVIII), y-thio- 
pyrone (XIX), y-thiothiapyrone (XX) and cc-thiothiapyrone (XXI). No correlation 

(XVII) (XVIII) (XIX) (XX) (XXI) 

has been found between E,,, and the energy of the lowest vacant orbital in this case. 
However, there is some correlation between E1,2 and the energy of the first intense 
maximum in the electronic spectrum. The disagreement in the former case is quite 
comprehensible, because the whole group of substances under investigation are not 
electrochemically related compounds in contrast to the pyridine-like compounds. 

In addition to the above recent results there are earlier papers dealing with the 
theoretical treatment of relationships between E,,, and the structure. The basic 
concept is similar to that given above. The investigation was a success in the case of 
aldehydes39 of the type C,H,O(CH=CH)e CHO derived from furan (n = 0, 1,2), and 
with methoxyanthones40 and aminoacridines. 41 However, a complete failure has been 
observed with pyridine-aldehydes42 in acid media because of upsetting the proportion- 
ality by the formal positive change on the nitrogen atom in the pyridine nucleus. 
Maccoll’s relation is only valid in alkaline media. 

MECHANISM OF THE ELECTRODE PROCESS 

In correlating the polarographic behaviour of organic substances with their 
physical constants, in determining the rate constants of the electrode process, or in 
deciding about the reversibility of an electrode process, the mechanism of the electrode 

FIG. 5.-Dependence of the half-wave potentials of pyridme-hke heterocycles on the 
energy of the lowest free-molecular orbltal (k,). 

Experimental data and substances l-7 as in Table I. Point 7 deviates. 
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reaction must be studied. This analysis is based on a log i/id - i vs. E plot,46*46 on the 
determination of E,, and of number of electrons. The experimental facts enable the 
the determination of the transfer coefficient u or, possibly, of the rate constant for the 
electrode process. Because of the adsorption of the participants in an electrode process 
caused by heterocycles the dependence of the wave-height and the wave-form on the 
depolariser concentration is of utmost importance. 

The determination of the products formed in the electrode reaction is helpful in 
elucidating the course of a reduction or oxidation process. If the products of the 
polarographic reduction are polarographically active either they can yield waves at 
more negative potentials which make the proof of their formation possible, or if the 
products are unstable or only active at more positive potentials the switch technique 
with periodically changed square-wave voltage (Fig. 6a, b) can be applied. Recently, 
many4’ authors have carried out preparative electrolyses with large-area mercury 
electrodes at a constant potential. The conditions are chosen so as to simulate the 
situation at the surface of the dropping mercury electrode in classic polarography. The 
foundations of this technique were laid by Pasternak4* and Lingane4g between 1940 
and 1950, but it came into general use in the late fifties. Essentially, the method is 
extremely successful and a number of heterocyclic reductions and oxidations have 
been elucidated50 in this way. The present author was able to solve the mechanisms of 
the 4-cyanopyridine51 and 1,2-dipyridylethylene reduction.3s52 In 4-cyanopyridine 
(and, recently, also in 2-cyanopyridine) two different mechanisms were found for acid 
and alkaline solutions, respectively. In acid media the reduction proceeds with the 
uptake of four electrons and the corresponding aminomethylpyridine is formed: 

[C,H,N.CN]H+ + 4e + 4H+ --t [C,H,N.CH,NH,]H+. 

In alkaline solutions reductive fission of the C-CN-bond takes place: 

C,H,N.CN + 2e + H,O -+ C,H,N + CN- + OH- 

and a two-electron wave results. The reducibility of cyanopyridines in contradistinc- 
tion to benzonitrile is rendered possible by the r-deficit in the pyridine nucleus caused 
by the presence of the heterocyclic nitrogen. 

Nevertheless, there may be differences between polarography and preparative 
electrochemical reduction. This is because of different concentrations employed in 
the two methods and to the duration of the electrolysis. 

Thus, the cation of isonicotinic acid53 is reduced up to pH 4 in a single two- 
electron wave and 4-formylpyridine is formed. A dihydro-compound with a partially 
reduced nucleus results at pH-values between 4 and 8. The constant-potential 
reduction gives the same results, but if the reduction is allowed to proceed at pH below 
y pyridine-Ccarbinol is obtained. A similar case is the reduction of isonicotinoyl 
amide in which the resulting 4-formylpyridine is partially protected by hydration 
against a further reduction to the carbinol. The oxidation wave of isonicotinyl- 
hydrazide54 in alkaline media corresponds to a four-electron uptake probably under 
formation of isonicotinic acid. At pH 11.2 the preparative reduction with n = 2 
yields mainly 1,2-di(isonicotinoyl)-hydrazine. In this case the higher concentration of 
depolariser facilitates the reaction of the isonicotinyl hydrazide anion with OH- and 
with the isonicotinoyl cation. 
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I. 4 

/ 
/ 

FIG. 6a.-Proof of electrochemical oxidation of 2,2’-pyridoin to 2,2’-pyridyl by means of 
periodically changed squarswave voltage. 

Phosphate buffer pH 7.5 (50 % ethanol); Curves 1 and 2: 1,3 x lo-* M2,2’-Pyridoin 
Curves 3 and 4: 1.3 x 1O-s M 2,2’-Pyridoin + 9.8 x lo-* M2,2’-pyridyl; Curves 1 
and 3: normal d.c. polarograms; Curves 2 and 4 with periodically square-wave 
voltage (auxiliary potential 0,O v). Each curve starts at 0,O V; 200 mV/absc; us. S.C.E. ; 
s = 1:lOO; f 

re% 
uency 32 Hz; cathodic polarisation. The cathodic wave on curve 2 

corresponds to t e reduction of 2,2’pyridyl formed by the oxidation in the anodic wave 
of 2,2’-pyridoin. The wave on curve 4 results from the reduction of 2,2’-pyridyl both add 
to the solution and formed in the oxidation at the electrode. 

FIG. 66.-Proof of chemical oxidation of 2,2’-pyridoin to 2,2’-pyridyl. Samples taken 
after certain intervals (in 96% ethanol) and mixed with the same volume of barbital 
buffer (pH 7.0); final concentration: 9.4 x IO-’ M depolariser. 

Curve 1: after 15 min. Curve 6: after 120 min. 

Curve 2: after 30 min. Curve 7: after 140 min. 

Curve 3: after 45 min. Curve 8: after 160 min. 

Curve 4: after 75 min. Curve 9: after 180 min. 

Curve 5: after 95 min. 

DETERMINATION OF VARIOUS FORMS IN SOLUTION 

The equilibria of two or more forms of a substance present in solution are very 
often the subject of polarographic investigations. Sometimes the decision about the 
form that prevails in the solution is based on the general behaviour of the depolariser, 
on its comparison with known substances, and is usually empirical. Such a case may 
be exemplified with 2,2’-pyridoin. 47 The substance can exist in solution either in its 
ketonic (XXII) or its endiolic form (XXIII). 
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assumed. In addition one can prove the existence of such systems even when they 
are undetectable by the other chemical or physicochemical methods. Protonated 
forms whose unknown pK-values lie at very high acidities have been found, for 
example, with isoflavones,58 3-phenylsydnonescg, etc. 

A further case of a reaction preceding the electrode process is the dehydration 
of hydrated substances, e.g., the carbonyl groups of numerous heterocyclic aldehydes 

80- 

0 2 4 6 

FIG. 7.-Polarographic limiting 
currents of pyridine-aldehydes as 

a function of pH:- 

curve 1. pyridine-4-aldehyde ; 
curve 2. N-methyl-pyridinium-4- 

aldehyde; 

curve 3. 3-acetylpyridine; 

HU PH 

such as all three isomeric pyridine-aldehydes60*61 (as well as their quarternary N-methyl 
derivatives), imidazol-2-aldehyde, 26 thiazol-2-aldehyde2s and alloxan73 (the last com- 
pound has been described already among reversible depolarisers). The hydration 
protects the carbonyl group against reduction which takes place only after dehydration. 
Because the equilibrium between the two forms is mobile the polarographic current is 
governed by the finite rate of dehydration. Equations, similar to those for the re- 
combination of weak acid anions, have been derived. The pH-dependence of the 
current is the result of general acid-base catalysis of dehydration. In heterocyclic 
compounds this simple mechanism is further complicated by acid-base equilibria 
between the protonated and the basic forms, which differ in their degree of hydration 
(Fig. 7). In general, the cation, because of its unit positive charge, is more strongly 
hydrated than the free base. From the kinetic currents the rate constants of dehydra- 
tion have been computed and from the linear dependence of the expression log Khydr.k, 
and on the acidity function Ho, the mechanism of the acid catalysis as below has been 
proposed : 

+ H+ Hf 

CHO 

The hydration constants defined as Khydr = CcHO/CCH~OH~, may be determined by 
eliminating the kinetic component of the current in impulse polarography (single- 
sweep); the voltage is applied here at a considerable speed (100 V/set instead of 
approximately O*OO3 V/set as in classic polarography). 
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A recent contribution to the problem of hydration of heterocycles solved by 
polarography is based on an entirely different phenomenon. In quinazolines2 the 
protonated nucleus itself is hydrated. Specific acid catalysis is operative in the 
dehydratiation reaction : 

H++ 

In this case the rate constants of dehydration have also been computed. 
The formation of a depolariser from inactive cyclic forms may again be described 

by similar equations to the above dehydration and the rate and equilibrium constant 
are obtained. Such a reaction is assumed to take place in pyridoxalm*w and is hindered, 
possibly sterically, in pyridoxal-5phosphate .l” The hydration of the aldehydic group 
in pyridoxal, however, cannot be ruled out. 

An example of lactam-lactim tautomerism has been found with hydroxy-substituted 
quinoxalines.G Whilst the unsubstituted ring is reduced, probably reversibly, a 
distinct irreversibility is to be observed with 2,3-dihydroxyquinoxaline (XXVII) 
because this compound is present as a dioxo substance (XXVIII) in solution: 

XXVII XXVIII 

ADSORPTION EFFECTS 

Adsorption effects, which recently have become one of the most frequently investi- 
gated topics of theoretical polarography, are extraordinarily pronounced with 
heterocycles, and especially those containing nitrogen. Essentially, adsorption effects 
from the adsorption of the depolariser, of the reaction intermediates or of the final 
products may be observed on the one hand, and those of other surface-active agents 
on the other. The latter phenomenon will only be dealt with in the next paragraph in 
connection with nitrogen-containing non-depolarisers. For the present we are going 
to discuss the adsorption of the depolariser itself, of the electrode reaction inter- 
mediates, or of the final products on the surface of the dropping mercury electrode. 
A very feeble surface excess may in some special cases facilitate the electrode process,@ 
but as yet no processes of such a type have been reported for heterocycles. Much more 
frequent is a strong adsorption which results in an inhibition of the electrolytic process 

4 
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and in a deformation of the polarographic current-potential curves, the appearance of 
adsorption prewaves, shift of the wave to more negative potentials, discontinuities on 
the polarogram, or even irregularities on the limiting current. All this reveals the fact 
that in the absence of surface-active substances one of the three forms mentioned 
above is adsorbed. On the other hand little information is obtained as to which species 
is adsorbed. In order to find this, auxiliary methods must be used. The i-t curves on 
single drops which are a valuable tool in the investigation of the effect of surface-active 
substance@’ on polarographic waves are of little use here; mostly they only prove 
that adsorption has taken place. The distinction is made more easily by means of 
electrocapillary curves and of polarograms with superimposed alternating voltage 
(according to Breye@). The electrocapillary curve (obtained by measuring the time 
necessary for the formation of a certain number of mercury drops) passes below the 
curve of the supporting electrolyte alone if adsorption occurs--i.e., the drop-time is 
shorter-over the potential region where the adsorption occurs. The comparison of 
the electrocapillary curve with the polarogram gives evidence whether the depression 
on the electrocapillary curve takes place before the reduction sets in, or on the limiting 
current where no depolariser can be present at the electrode surface. Even the eventual 
discontinuity observed on the i-E curve appears on the electrocapillary curve (Figs. 8 
and 9). This method lead to the proof of depolariser adsorption, e.g., in 2-benzoyl- 
pyridine,4 or of 1,2-di(4-pyridyl)ethylene,a to the determination of the adsorption of 

5 

t 

4* 6 

492. 

FIG. 8.-Electrocapillary cuNes of 2-benzoylpyridine in O*lM H&$0,: 
0 0.1714 H,,SO,; 
0 lo-’ M 2-benzoylpyridine ; 
l 7 x lo-' A4 benzoylpyridine; 
8 lo-” M benzoylpyridine; Edis potential of discontinuity on the current-voltage 

curve. 



Applications of polarography in heterocyclic chemistry 1099 

E 

FIG. 9.-Current-time curves of 2benzoylpyridine in O.lM HISO, at different potentials 
1O-a M 2benzoylpyridine (1% ethanol); the current-potential curve (right) recorded 
from -0.1 V at l/30 full sensitivity; 100 mV/absc., the current-tune curves recorded at 

curve 1. -0.330 v (s = l/l); curve 2. -0.357 V (s = l/l); 
curve 3. -0.363 V (s = l/1.6); curve 4. -0.366 V (s = l/2.5). 

FIG. IO.-Deformations of the current-voltage curves because of adsorption of the 
reduction product : 

curve 1. lo-* M 4,4’-bipyridine; 50 mV/absc.; from -0.4 V; s = l/100; 
curve 2. 3.33 x 10-8M4,4’-bipyridine; 5OmV/absc.; from -0.4V; s = l/300. 

the reduction intermediate in 2,3,5-trLiodoimidaz01,2 to that of the product in 3- 
acetylpyridinea and 4,4’-bipyridine (Figs. 10 and 11). In an analogous method due to 
Breyer, both the drop-time (in electrocapillary curves) and the alternating current (in 
Breyer’s a.c. polarography) are proportional to the electrode capacity and are lowered 
by adsorption. The method has been applied in benzoylpyridines* and the results agree 
with those by means of the electrocapillary curves. The curves obtained by oscillo- 
polarographic measurements4 (constant current according to Heyrovsky69) in general 
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agree with the two aforementioned methods, but their diagnostic value and evaluation 
is rather limited. The situation is still worse with curves obtained with a stationary 
mercury drop.4 The instantaneous currents on single drops give in some cases, in 
spite of the above reservations, characteristic patterns if the depolariser is adsorbed 
(Fig. 9). The Kalousek switch (as for the investigation of reversibility) is sometimes 
useful. Here the currents influenced by adsorption, and also those due to capacity 
changes,22 give much larger commutated currents of opposite sign than normal faradaic 

2 x IO-A I 
FIG. Il.-Current-time curve for 4,4’bipyridine at pH 3.18. (C = 2.5 x 10m3 M; 

E = -0.95 V; recorded on the foot of the second wave). 

currents controlled by diffusion only. For quantitative evaluation of adsorption, the 
surface excess may be best computed from the electrocapillary curves (the surface 
tension must be expressed in absolute units instead of using t& The method is en- 
cumbered with a rather poor reproducibility in counting the number of drops over a 
certain period of time. The interpretation of most adsorption inhibitory effects is 
essentially based on the concept that the reduction through the adsorbed layer 
(regardless of its origin-depolariser or product) is stopped or proceeds at a smaller 
rate than at blank mercury. Consequently, after the original increase in current, either 
the further reduction proceeds at more negative potentials-the wave is shifted-or 
the substance is reduced only after the potential of desorption of the given substance 
has been reached-a discontinuity appears 

In the preceding paragraph the influence of adsorption on the electrode process 
proper was described. However, to a large extent the electrode processes of organic 
substances are preceded by chemical reactions, mostly protonations. With regard to 
the nitrogen atoms of many heterocycles the protonation must be typical of this group 
of substances. Here again two cases may occur. (a) The substance is a depolariser. In 
this case the kinetic currents due to recombination with protons70 are much higher 
than would correspond to the pH-value of the solution, the pK value of the substance 
and the maximum admissible value of the recombination rate constant kr.‘lB5 This is 
because the concentration of the free base at the electrode is increased by adsorption 
and the recombination reaction proceeds in a heterogeneous manner. Consequently, 
the pK’ values of heterocyclic N-containing compounds are shifted to larger pH-values 
with increasing depolariser concentration.5 (b) The N-containing heterocycle is polaro- 
graphically inactive. Such a substance reacts again as a proton donor (at a suitable 
pH with respect to its pK) and because of its excess at the electrode it either increases 
the kinetic current of recombination with heterocyclic depolariser (Fig. 12) or shifts the 
half-wave potential of the reduction wave of, for example, cr-bromocarboxylic acids,‘l 
or of u-ketocarboxylic acids,5 to more positive values. A quantitative treatment of the 
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former case, the IV-containing heterocyclic base as a depolariser, was attempted by 
~airanovskii.6 

ANALYTICAL APPLICATIONS 

For solving analytical problems of heterocyclic chemistry by means of polarography 
certain rules may be recommended: 
(a) With respect to adsorption and the complications arising from it the work at rather 
low concentrations (2 - 3*10AhQ is advantageous. Thus, even adsorption prewaves 
are still concentration proportional and the concentration limits given by the solubility 
product are possibly not attained (however, cfreference 72). 

, L 

0.5 v 
FIG. 12.-The influence of 4-aminopyridine on the kinetic current of isonicotinic acid 

(lOma M isonicotinic acid; borate buffer pH 1@8; each curve starts at -1.0 V); 
curve 1, 0; curve 5. 3 x lO-S M; 
curve 2. 0.75 X 1O-s M, curve 6. 3.75 x lO-a M, 
curve.3. 1.5 x lO* M; curve 7. 4.5 x IO-* M, 
curve 4. 2.25 x 1O-8 M; 

l(b) The adsorption effects may be eliminated by using non-aqueous solvents, such as 
alcohols, ~,~‘-~methy~o~amide, dioxan, etc. On the other hand, the addition to 
the solution of surface-active agents as maximum suppressors, even of gelatin, may be 
dangerous because of the above influence of N-containing bases. 
(c) The possiblemutualintluencing of the respective waves of two heterocycles must be 
accounted for.“O For this reason separate calibration curves must be plotted for each 
concentration of the other component. 
>(a> The distinction of more heterocycles and their quantitative polarographic determin- 
ation in the presence of each other is a difficult task and the use of oscillopolarography 
[dE/dt = f(E)] and of derivative curves [(difdE = f(E)] is only a partial success. It 
proved useful for example, with isomers.” 
(e) In most cases it is easier and more reliable to separate the components before 
polarographic analysis. In the case of pharmaceuticals paper or thin-layer chromatog- 
raphy has proved extremely useful. 
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Zusannne&ssunB-Es wird eine ubersicht tiber die Polarographie in 
der Chemie der Heterocyclen gegeben. 

R&nnt&-Gn presente une revue sur la polarographie dans la chimie 
des heterocycles. 
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POLAROGRAPHIE DES COMPOSES AROMATIQUES 

J. TIROUFLET et E. LAVWON 
Laboratoire de Chimie Organique G&kale, Dijon, France 

(Recu le 29 fhrier 1965. Acceptd le 26 mai 1965) 

R&m&--On pr&ente une revue sur la polarographie des composts 
aromatiques. 

GENERALITES 

La redaction dune mise au point exhaustive sur la polarographie des composes 
aromatiques apparait au depart assez illusoire, car les recherches polarographiques 
dans ce domaine sont particulierement nombreuses. Les raisons de cette abondance 
tiennent Bvidemment a 1’ int&Ct general de la decouverte de HeyrovsG, mais, dans le 
cas envisage, elles doivent dtre Bgalement attributes a l’importance naturelle et syn- 
thetique de la serie et a la multiplicitt des variantes structurales possibles. 

Notre etude se limitera strictement aux composes presentant au moins un cycle 
benzenique. Nous en excluerons les quinones et les composes aromato1des (h&&o- 
cycles, m6tallodnes derives du cyclopentadiene, tropolones, etc.), bien que ces derives 
presentent souvent un comportement tres voisin de celui des composes benzeniques 
correspondants. Par contre nous y incluerons les m6tallocenes dont I’un des anneaux 
de la structure “sandwich” est un cycle benzenique. 

L’activite polarographique d’un compose aromatique peut resulter de plusieurs 
possibilites : 

(a) Reduction ou oxydation du noyau benzenique lui-mCme. 
(b) Reduction ou oxydation des fonctions lattrales. 
(c) Formation de vagues cinetiques, catalytiques ou d’adsorption liees a la pre- 

sence de la fonction laterale. 

La possibilite (a) se limite en fait a l’etude des carbures aromatiques. 
La possibilite (c) ne peut apparaitre que dans des cas d’espbce qui seront signal&s 

au tours de l’etude des fonctions. 
Par contre l’etude de l’electroactivitt des chaines laterales apparait t&s vaste. 
Si l’on accepte un schema conventionnel, une discussion generale peut envisager les 

deux aspects suivants: 

0 

A 

0 
1. Quelles seront les caracteristiques apportk par le 

groupement phtnyle sur l’electroactivite de A dans le 
derive (I) ? 

(1) 

2. Quelles seront les caracteristiques apportees par X sur 
l’electroactivitt de A dans le derive (IT) ? 
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La reponse a la premiere question revient a comparer un compose C,H,A a toute 
structure RA. Bien qu’aucune regle generale ne puisse &re avancee a priori, les 
mecanismes, done la morphologie des vagues, ne different pas essentiellement en serie 
aliphatique et en s&e aromatique. 

Si l’on considere la position de la vague dans l’echelle des potentiels, la reponse doit 
Ctre beaucoup plus nuancee. En effet l’influence du noyau peut avoir des effets opposes 
selon la nature de la liaison interesste. La reduction des derives halogenes (qui 
entraine une rupture C-Halogbne) sera plus difficile en serie aromatique qu’en serie 
aliphatique. La reduction des groupes NO,, CHO, COR, efc. (qui interesse des chaines 
laterales) sera par contre en general facilitee par l’electronegativite du groupe phenyle. 

Les sequences relatives des E,,, sont nettement plus concordantes si l’on envisage 
des series voisines telles que les divers noyaux aromatoi’des. 

On a en effet montrtl que, pour des derives de formule gentkale RX et pour X = Br, 
CHO, COCH,, CH=CHCOR, NO, et quelques autres fonctions complexes, les E,,, de 
reduction croissent (en valeur absolue) dans l’ordre: 

Thiazole-2 < Pyridine4 < Pyridine-2 < Pyridine-3 

< Thiophene-2 < Thiophbne-3 < Benzene < Pyrrole-2. 

Toutefois de telles sequences apparaissent frequemment inversees, soit par suite de 
changement de mecanisme h l’electrode, soit par suite de l’influence du support fonc- 
tionnel sur les caracteristiques acidobasiques de l’entite reactive. 

L’influence dun substituant sur une fonction ladrale Clectroactive est par contre 
actuellement beaucoup mieux connue. Son etude a fait l’objet de tres nombreux 
travaux au tours de la derniere decennie, et on pouvait d’ailleurs prevoir, a priori, 
l’allure g&kale des lois qui regleraient l’evolution de l’electroactivite de A en fonction 
de X, puisque, dbs 1950, on connaissait deja les influences qualitatives des substituants 
-+ I f M sur les E,,,. 

Une constatation g&r&ale s’impose d’ailleurs pour toutes les correlations entre 
grandeurs physico-chimiques: quand on Btudie deux grandeurs voisines dans une 
serie donnee, la correlation des deux grandeurs reste toujours excellente si le site reac- 
tionnel ne subit pas de modifications immtdiates (par exemple nucleophilicite et 
basicit de la sbie des ions phenates) ; par contre toute correlation s’evanouit souvent 
si on modifle profondement la structure du site rktctionnel (l’ion phenate et l’ion Br 
ont une “nucleophilicik?’ comparable, mais different par un facteur de l’ordre de 10’ 
pour leur basicite). 

Remarquons tout d’abord que la presence de X peut parfois entrainer des effets 
chimiques secondaires influant profondement sur la nature du site electroactif. On a 
montre par exemple que le groupe CHO de l’o-nitro-benzaldehyde etait partiellement 
hydrate (done non reductible), et que, par contre coup, la morphologie de la vague de 
reduction du NO, apparaissait nettement moclifiee. 2 En dehors de ces cas extrCmes, la 
prevision de l’influence d’une substitution sur le q/Z revient 9 discuter cette influence 
sur des grandeurs thermodynamiques (pour les sysdmes reversibles) et sur des grandeurs 
cinetiques (pour les sysdmes irreversibles). Dans tous les cas la discussion doit tenir 
compte des facteurs polaires, des facteurs de resonance et des facteurs steriques. 

Dans le cas des processus irrdversibles, toute etude de correlations et toute conclu- 
sion ne restent valables que si on s’est, au prealable, assure que les m&anismes 
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d’dlectrode Ctaient strictement cornparables. 3 Parmi ces corrt!lations la corrklation 
de Hammett : 

AE,,,X = &,,(X - C,H, - A) - E&H - C,H, - A) = p’u, 

a kttc vkrifike sur de t&s nombreuses stries. 
Des mises au point nombreuses et dt%aillkes,C7 sont parues sur ce sujet au tours de 

la demikre dkennie. D&s 1958 l’un des auteurs4 pouvait r&mir 13 skies de compost% 
aromatiques Ctudiks sous l’angle de la corrklation de Hammett. Les valeurs expkri- 
mentales des p’ pour quelques skies caractkristiques sont indiquks ci-apr&s: 

p’(volts) 

XC,H,CHO . . . . . . . . . . . . . . . . . . 0,35 
XC,H,CH = N NHCSCH, . . . . 0,17 
XC,H,COCH, . . . . . . . . . . . . . . . 0,35 
XC,H,COC,H, . . . . . . . . . . . . . . . 0,25 

XC,H,CC,H,. . . . . . . . . . . . . . . . . 0,08 

kOH 
XC,H,CC,H, . . . . . . . . . . . . . . . . . 0,13 

II 
NNHCONH, 

XC,H,NO, . . . . . . . . . . . . . . . . . . . 0,16 

p’(volts) 

Azobenzknes . . . . . . . . . . . . . . . . 0,13 
D&iv& iodes . . . . . . . . . . . . . . . . 0,40 
Phtalimides . . . . . . . . . . . . . . . . . . 0,24 
Phtalimides 

N. substitukes . . . . . . . . . . . . . 0,26 
Phtalonimides . . . . . . . . . . . . . . . 0,14 

Phtalonimides 
N. substitukes . . . . . . . . . . . . , 0,18 

La constante de rkaction p’ varie kvidemment un peu avec le pH et le solvant et on 
devra se reporter aux publications originales pour conndtre les conditions expkimen- 
tales. 

11 est d’ailleurs possible de relier la constante p’, mesurke par polarographie, a la 
con&ante conventionnelle p utiliske dans la relation liant deux con&antes cinktiques. 
On a? p’ = 2,3p x RT/orn,F. En supposant ncr = 1; p = 2 and u = 0,5 on trouve 
p’ = 0,24 volt. 

Le caractkre g&&al de la corrklation de Hammett en polarographie a BtB signal6 
plus particulikement par Zuman qui notait en 1960, que plus de 500 valeurs de poten- 
tiels de demi-vague vkifiaient cette loi. 

11 est curieux de constater que, si on compare les donnkes cinktiques aux donnkes 
polarographiques, celles-ci sont particulikement “favorisCes” g cet kgard malgrk les 
conditions imposBes thtoriquement pour la vBtication d’une telle corrklation 
(identitk des coefficients de diffusion et des coefficients de transfert pour toute la skrie). 
Ceci tient vraisemblablement au fait que, lorsqu’on passe d’une sCrie ciktique a une 
autre strie, la nature du rkactif varie, alors que, pour toutes les skies polarographiques, 
le “rbactif” (8lectron ou &&rode) reste identique pour toutes les skies. 

L’intCr&t d’une telle gtnkalitk est Cvident: prtkision des Ells, d&termination des 
constantes G inconnues, kparation des diffdrents effects structuraux et Ctude des pro- 
cessus a l’klectrode. A ce dernier point de vue, une valeur de p’ positive peut en effet 
&tre considkke comme un argument pour un processus nuclCophile dtterminant 
(transfert d’dlectron). 

Une valeur de p’ nkgative suggtkerait au contraire un mkanisme oti le transfert 
d’Clectron ne serait pas le processus dkterminant. 
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La g6nnCralit6 de la corr6lation de Hammett souffre toutefois quelques exceptions. 
Deux cas peuvent Ctre signal&: celui des sels de phknyl diazonium p-substitu&s* et 
celui des bromures de benzyle substituBs g. Dans le premier cas les substituants -1 ou 
-M (CO,H ou Br) et les substituants +I ou +M (tels que CH, et OCH,) diminuent 
tous le Eyz. 

Ce rBsultat doit d’ailleurs etre rapprochk d’une anomalie analogue observte au tours 
de la d&omposition des sels de diazonium.1° 

Dans le deuxitme cas on observe de m&me que les E,,, sont abaissks par les deux 
catkgories de substituants -1 ou -M et +I ou +M. Selon Klopman ce r&sultat 
peut s’interprbter en faisant intervenir deux facteurs dkterminants dans la facilite de 
rtduction des d6rivCs halogCn6s. 

1. Formation de la “liaison” entre le carbone et l’blectrode. Ce ph&om&ne, ana- 
logue & la formation d’une liaison entre reactif et nuclCophile, ddpendra de la charge 

60 YBO ’ 
Br---C---/ (e) 

H’ ’ 1 H5 

du centre attaquB et sera directement fonction du pouvoir capteur ou donneur d’un 
substituant tventuel. 

2. Rupture de la liaison C-Br. Ce ph&om&ne ddpendra de la nature de la liaison 
consid&te et Cgalement du pouvoir capteur ou donneur d’un substituant Bventuel, 
mais, cela, d’une faGon inverse & celle envisagke ci-dessus. 

Dans une telle &entualid la relation de Hammett n’est lindaire que dans le cas d’un 
mkcanisme limite: p’ est negatif si la rupture de la liaison est prkpondkrante, p’ est 
positif si le transfert de charge est d&erminant. 

Le cas particulier de l’effet ortho a fait l’objet d’une mise au point d&aillCe de 
Zuman.” Cet auteur a tent6 de d&nir un “glissement polarographique ortho” g&n&al 
et a discutB les manifestations de l’inhibition de r&onance en polarographie. 

Dans ce qui suit, nous envisagerons successivement 1’ClectroactivitG des diff&entes 
chafnes laterales greff6es sur un reste benzhnique. 

Nous ne discuterons pas le cas des carbures benzeniques eux-m;mes. Le comporte- 
ment cathodique des diffkrents carbures aromatiques a en effet &ter6sum6 par Hoijtinklz 
et un travail d’ensemble sur l’oxydation de ces mgmes carbures a Bt& publi6 rCcemment 
par Pysh et Yang. l3 D’autre part nous insisterons plus particuli&rement sur les fonc- 
tions qui, A notre connaissance, n’ont pas encore fait l’objet d’une mise au point 
particulikre. 

DERIVES HALOGENES 

La rtduction d’un composC aromatique halogtn6 donne lieu g6nntralement A une 
seule vague A 2e. Lorsque la molCcule ne Porte pas de substituant acide ou basique, le 
potentiel de demi-vague est indkpendant du pH. 

Le mCcanisme suivant1*s16 permet de rendre compte de cette invariance: 

R-X+ea R. + x- 

R*+e+Hfe RH. 
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Pour des composes analogues, la difficult6 de reduction croit dam l’ordre normal 
I < Br < C1.14 Les d&iv& fluores juxtacycliques ne sont pas reductibles, m&me dans 
un electrolyte support a base d’ions ammonium quaternaires. On a cependant observe 
une vague de reduction du fluor pour les trifluoromethylbenzenes dans la dimethyl- 
formamidela et en milieu aqueux.2s 

L’influence des substituants a surtout CtC examike systematiquement pour les 
derives iodb, en raison de leur facilite de reduction. Lorsque la molPcuIe Porte un 
suhtituant acide ou basique (CO,H, NH,, OH), E,,, n’est independant du pH qu’en 
milieu acide et basique. 11 varie dans la zone intermCdiaire17*18 et cette variation est 
vraisemblablement attribuable a la recombinaison forme basique-proton.1s*20 

Les iodo-benztnes substitues verifient l’tquation de Hammett21 et des correlations 
ont BtC Ctablies entre les potentiels de demi-vague et diverses grandeurs de la chimie 
thBorique.22-24 

L’effet des substituants sur le potentiel de demi-vague a Bgalement fait l’objet de 
recherches dans les series des polychloro et polybromobenztnes,25 des naphtaltnes 
monohalogen@ et du p-fluoroiodobenzbne. 27 Lors de la reduction de l’o-dibromo et 
de l’o-chlorobromobenz8ne,2* on a suggere la formation intermediaire du benzyne. La 
polarographie des derives halog&% aromatiques a fait l’objet dune mise au point par 
Zuman.30 

L’etude de la reduction polarographique de sels de diphkryliodonium substitues a 
conduit a proposer le m6canisme:31*32 

1” vague: IGR+ e*tiR 

2” vague: R?R+2e+H+-+RH+RI 

3” vague: R?R + 4e + 2Hf -+ 2RH + I-. 

ALCOOLS AROMATIQUES ET DERIVES 

La rkduction polarographique de la fonction alcool ne peut en general apparaitre 
dans la region accessible. Toutefois quelques exemples d’electroactivid ont Cte signales 
dans des cas bien particuliers. Cette possibilite est toujours attribuable a des conditions 
structurales favorables. Par exemple, on a signal9 la reduction d’un ester d&iv6 du 
p-methoxymandelonitrile (I) selon: 

CH,O 
-0 

/ \ -CH-CN + 2e + H,O 
- 

I 
OCOC,H, 

-+ CH,O 
-0 

/ \-CH,CN + C,H,CO,- + OH-. 
- 

0 (H) 

Cette activite resulte probablement de l’influence cumulative de l’effet (-1 -M) 
du CN qui facilite l’attaque “nucleophile” de l’electron et de l’effet du groupe 
p-methoxy qui stabilise la structure benzylique intermtdiaire. 
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On a dgalement suggC&Y que la r&iuction anormale du ph~nylac&ylcarbinoP 
pouvait s’interprdter selon le m&canisme admis pour les hydroxycitones: 

OH H 

I I i I 
-C-C==0 + 2e + 2H+ --f -C-C==0 + H,O. 

I I 

L’influence de la stabSit& des carboniums sur ~~lectroa~ti~t~ apparait dans le cas 
du triph&ylcarbinol. Wawzonek et a1.86 ont en effet montrb que les triph&ylcarbinols, 
en solution dans l’acide m&hane sulfonique anhydre, donnent des sels de triphhnyl- 
carbonium rkductibles en triphdnylm&hanes. 

L’~~y~r~~~ anodique de nombreux alcools ~nzy~ques a Ctk &udiCe par Lunds7 sur 
micro&ectrode de platine dans l’ac&onitrile en prksence de perchlorate de sodium. Le 
dMv6pmethoxyE (II) prksente deux vagues (- 1,22 et - 1,64 V) et la deuxi&me vague 
appara.B & un potentiel t&s voisin de celui p&sent6 par l’ald6hyde anisique (- 1,63 V) 
correspondante. D’autre part il est possible d’isoler l’aldkhyde anisique a l’&at de 
dir&rod,4 ph~ny~ydrazone dans les prod&s d’oxydation de II mais uniquement en 
prdsence d’un accepteur de proton tel que la pyridine. Ces constatations ont conduit a 
proposer le m&a&me suivant pour la premibre vague: 

CH:, -CH,OH --8_ CH,OH 

-=+ CH&= 
- 
0 

-2H+ 
-CH,OH __* CH$== - 0 =c---;; -01 - I 

La seconde vague correspond vraisemblablement a l’oxydation ultCrieure du d&iv6 
carbonyE. Un exemple particuli&rement inGressant d’oxydation d’un glycol a Lstt! 
observe par Kemula er al. 38 A pH > 8 le benzopinacol est oxydh en benzophhnone sur 
Electrode 1 goutte @I,,, = -0,58 V dans NaOH O,lZIQ Le m&ax&me propod fait 
intervenir I’ion benzopinacolate: 

Ph Ph 

\ / 

Phi!::‘, 

- 2e -+ 2PhCOPh + H+ 

et l’auteur a mis en evidence la be~oph~none form&e. C’est un des rares exemples 
connus d’oxydation polarographique avec rupture d’une liaison C-C. 
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DERIVES ORGANOMETALLIQUES ET 
ORGANOMETALLOIDIQUES 

Les d&iv& ph&nyhnercuriques pksentent deux vagues k 1 e chacune. La premiere 
vague conduit au radical C!,H,Hg qui est dim&&able en (C,H,),Hg et Hg et reste 
adsorb6 g l’klectrode en provoquant des irr@ularitCs sur le palier de diffusion. Ce 
phCnom&ne a t% BtudiB par observation microscopique et trace des courbes i - t. Le 
deuxieme stade a &tB attribu6 d la rupture de la liaison C-Hg:3g 

GH5Hg+ +e C,H,Hg +e+Hf_ C,H, + Hg. 

L’importance des phCnom&nes d’adsorption a &tB confirmke par le track des courbes 
Clectrocapillaires de l’hydroxyde de phCnylmercure40 et on a montrk rkemment que la 
morphologie de la premibre vague dup-chloromercuribenzoate s’interprkte facilement 
dans l’hypothbse d’une autoinhibition. 

La dkroissance de la vague de l’acidep-chloromercuribenzo1que et de ses d&iv& a 
BtC utiliske pour la dktermination des groupes SH c1247. Plusieurs travaux ont Bgalement 
BtudiC les d&iv& arylmercuriques: sulfures de bisalcoyl et bisarylmercure,4s o-chloro- 
mercuriph~no14D et phCnylmercuriamides.50 

Les chlorures de triphknylselenonium et telluronium et les chlorures de tkraphknyl- 
stibonium, arsonium et phosphonium ont BtB ktudiks par Matsuo.61*62 Le chlorure de 
triph&yltelluronium prksente en particulier un polarogramme a 2 vagues (E,,, = -0,77 
et E,,, = - 1,lO). La hauteur de la premibre vague varie linkairement avec la concen- 
tration et sa position est inddpendante du pH. Le processus de la reduction est 
d’ailleurs compliqud par des phCnom&nes d’adsorption.51 

Le dibenzyl et le diph6nyls&noxide (en solution dans un mClange benzkne, eau, 
methanol) ont Ct6 polarographiCs par Evans et Woodbridges qui proposent un pro- 
cessus a 2e: 

Ph,SeO + H,O + 2e -+ PhSePh + 20H-. 

L’acide phknylarsonique a Ctk &udiC par Maruyama et Furuya.64 
Des 6tudes polarographiques et chronopotentiom&riques sur &e&ode de platine 

ont montrc5 que l’ion t&raphknylborate prkente une vague d’oxydation a 2e dans 
l’ac&onitrile.” Le nombre apparent d’&ctrons trouv6 par coulomCtrie sous potentiel 
contr616 varie de 1,02 (c = I,0 x IO-3 a 1,8 (c = 8,9 x 1O-5). Cette variation 
indique qu’un processus chimique secondaire utilisant l’un des prod&s de la rdduction 
consomme de l’ion t&raphCnylborate et les auteurs ont propok le mkanisme suivant : 

(C,H,),B- - 2e -+ (C,H&,B+ + C,H,C,H, (A) 

(C,H,),B+ + H,O - W,H,),BOH + H+ 09 

(C&&B- + H+ - (C,H&,B + C&I, (Cl 

W&J3B + 0,502 - G&)2BWJ% PI 

Le deficit observC pour la valeur de n provient de la disparition de l’ion (C,Hd,B- 
selon (C) sous l’action des ions H+ form6 en (B). L’analyse critique des diffkrents 
r&ultats confirme cette hypoth&se.e*Ss 
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Dam la s&e des m&allodnes du type arene on a signa1667-6Q que le dibenzenechrome 
donne une vague anodique reversible: 

(C,H&Cr+ + e + (C,H&Cr. 

Un substituant methyle deplace la vague vers les potentiels negatifs. 
Une etude polarographique cornpa& 6o des c&ones derivees du benzenechrometri- 

carbonyle (BctH), du ferroctne (FcH) et du benzene a montre que les E,,, se classaient 
(en valeur absolue) dans l’ordre: 

Bet COR < C,H,COR < Fc COR. 

Cette sequence montre que le radical Bcti est plus electronegatif que le radical 
phenyle et ce resultat est en bon accord avec les proprietes chimiques connues du 
benztnechrometricarbonyle. 

PHENOLS-ANILINES ET DERIVES 

Les premieres observations systematiques sur Z’oxydation polarographique des 
phenols ont et6 faites par Gaylor et aLB1 sur electrode de graphite et Hedenburg et 
Freiser‘j2 sur electrode de platine. Le E,,, anodique se situe en effet au-dela de + 0,3 
volt (Hydroquinone + 0,4 V, phenol + 0,9 V, environ, ii pH 1,2) et la vague anodique 
ne peut Ctre observee sur le mercure. 

Le courant de diffusion est proportionnel a la concentration totale de phenol et 
l’analyse de la vague donne n = 1. On a proposeB2 le mecanisme: 

C,HsOH F C,H,O- + H+ 

C,H,O- - e w lent C,H,O. 

Les E,,, anodiques des phenols et des anilines substitues en m&a et en para verifient 
convenablement la correlation de Hammett et il y additivite des o,63 mais on observe 
les deviations habituelles pour les derives disubstituts ortho. 

L’oxydation anodique des amines et des phenols aromatiques a Bgalement 6th 
Btudi&e par chronopotentiometrie. 64 Dans le cas des anilines la courbe E,,, = f(pH) 
presente une cassure correspondant au pK*. Plusieurs autres types d’electrodes ont 
et6 utilises pour l’etude de l’oxydation des amines.65-B7 

Walker et Adams ont signal6 l’utilisation de la polarographie a courant alternatif 
pour l’etude de diverses anilines. 68 La methode facilite l’ttude des mecanismes a 
l’electrode en autorisant la detection de faibles quantites de produits rtactionnels. 

La nature des produits d’oxydation des amines a 6ttC precisee dans le cas du derive I 
qui conduit & la diimine IPs 

H,N-o-NH--Q-OCH:, 

(1) 
+ HN=o=Na--OCHa + 2H+ + 2e. 

(II) 
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Les sels de Wurster (HX, RN = C,H, = NR, HX) qui sont en general les produits 
intermediairies d’oxydation des p-phenylenediamines ont ettc CtudiCs eux-memes sur 
divers types d’electrodes. Ces derives doivent &re stabilisCs en solution aqueuse par 
addition de methanol et d’acide acetique, Le derive t~tram~thyl~ B I’azote presente 
deux vagues a le.‘O 

Signalons enfin que les sels d’anilinium ont et6 polarographies dans l’act%onitrile 
(E,,, = - 1,00 V pour le 2,Edichloroanilinium).‘r 

DERIVES SULFURES 

Acides sulfoiques et d&iv& 

L’acide benzenesulfonique et l’acide m&a-benzene disulfonique ne sont pas reduc- 
tibles a l’electrode B gouttes,72 mais les acides naphtalenes sulfoniques donnent une 
vague de reaction du noyau 72 dont la nature cinetique a et6 discut&. par Levin.73 
Les chlorures d’arenesulfonyles ont et6 etudies par Mairanovskii et Neiman,‘* 
Urabe et Yasukochi,75 Ceriiislk et Blaiej,76 Umano” et Horner et Nickels0 
Mairanovskii et Neiman ont propose le mecanisme: 

RSO,CI + 2e- - RSO,- + Cl-. 

Urabe et Yasukochi ont montre que, en solution aqueuse et sous atmosphere d’azote, 
l’hydrolyse du groupe SO,CI est negligeable si l’on fait la mesure immediatement aprbs 
la mise en solution. I1 indique l’influence des substituants sur les E,,, et propose les 
m~anismes : 

RSO,Cl + 2H+ + 2e - RSO,H + HCI 

RSO,Cl + 3H+ + 3e - O,SRSO,SR + HCI + H,O 

RSO$l + 5Hf + 5e - 0,SRSSR + HCI + 2H20. 

Umano a pu isoler dans Ies produits de reduction l’acide sulfinique, le disulfure et le 
thiosulfonate. Les valeurs suivantes indiquees par Horner et Nickel montrent l’infl u- 
ence de la structure sur b/Z (volts E.C.S.; dioxane 75%) 

PhS&R 
R= F Cl Br 

E l/2 -I,57 -0,13 -0,07 

RS02Cl 

R = C,H, pMeC,H* o-MeC,H, p-CIC,H, p-AcNHC,H& 

E l/2 -0,13 -0,135 -0,125 -0,lO -0,ll 

Les esters des acides sulfoniques PhSOaR donnent une seule vague a 2e, mais l’intro- 
duction d’un atome de chlore dans le noyau produit une scission de la vague de Pester.‘* 

lupines et ~~oxydes 

Les sulfones sont reductibles mais les mecanismes de reduction proposes dans la 
litterature ne concordent pas. Mairanovskii et Neiman’* ont signal6 que les sulfones 
presentant un groupe aryle donnent un polarogramme & deux vagues. 11s attribuent la 
premiere vague a une reduction a 4e: 

RSO,R + 4e + 2H,O - RSR + 4OH- 

5 
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et la deuxieme a la dkcharge de I’hydrogene provenant du sulfonium forme dans la 
reaction : 

RSR + H,O --t [RSHR]+ + OH-. 

Par con&e Levin et Shestov72 et Drushel et MilleFg admettent une reduction B 
2e avec formation d’acide sulfinique et de benzene (n = 1,85 par coulometrie sous 
potentiel control@ 

C,H,SO&,H, + 2H,O + 2e -+ C,H,SO,H + C&H, + 2OH-. 

Ce mecanisme est semblable a ceIui presente dans la reduction par le sodium 
metallique dans le toluene bouillant : 

2C,H,SO,C,H, + 2Na -+ 2C!,H,SO,Na + C&H&H,. 

Une vague de reduction a &;tB observee pour le diphenylsulfoxyde, Ph,SO, a 
-2,2 v.*o 

sutures, di~fures et sels de ~~o~i~ 

Les sulfures mixtes d’alcoyle et d’aryle donnent des uugues anodiques sur &&rode 
de platine dans le melange nitrobenz&ne-m&bano1.81 On a egalement &udie la vague 
de reduction de (C,H,S),Hg.s6 

Les disulfures aromatiques ArSSAr se r&luisent i~~versiblement en thiophenolsE4 

ArSSAr + 2H+ + 2e + 2ArSH. 

Les E,,, indiques en milieu hydroalcoolique a pH 0 sont les suivants (E,,s E.C.S., 
alcool isopropylique ii 40 “/,> : 

ArSSAr 

Ar= C,H, p-GH&Ha p-C,H&l P-WWH, pGH,-C,H* 
E l/2 -0,108 -0,111 -0,22 -0,lO -0,21 

Shinagawa et i~l.~ ont propose une reduction a 4e (Er12: -1,5 V) pour l’ion tri- 
phtkylsulfonium. Ce resultat n’est pas en accord avec la nature des produits isoles 
anterieurement dans une reduction macroscopique.84 

~~cyanates et t~io~enza~ide 

L’etude de divers thiocyanates a montre que seuls les thiocyanates aromatiques sont 
polarographiquement actifs dans un domaine facilement accessible (C,H,SCN, 
- I,50 V; C,H,CH,SCN, - 132 V en solution hydroalcoolique de LiCl N).85 

La discussion de la valeur exp&imentale trouvee pour n {n = 1,226 pour C,H,SCN) 
a conduit les auteurs a proposer le micanisme: 

PhSCN + e -+ PhS* + CN- 

2PhS + Hg -+ (PhS),Hg 

(PhS),Hg + 2e -+ PhS- + Hg. 
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Le thiobenzamide (I), le thiobenzanilide (II) et le thiobenzomorpholide (III) 

CHs-CH, 

/ \ 
C,H,CSNH, C,H,CSNHC,H, C,H,CSN 

\ /” 
CHs-CH, 

(I) 0 (III) 

presentent des vagues cathodiques et anodiques etudiees par Lund.s’ 

I II III 

Er,, cat. (pH: 3,55) -122 -1,14 -1,23 

E,,, an. (pH: 10,6) -0,33 -0,33 -1,54 

1115 

L’analyse des produits obtenus par reduction ou oxydation sous potentiel control6 
a permis d’etablir le mkanisme: 

&H&N + HgS s C,H,C-NHs $ &H&H-NH,+. 

II I 
S SH 

Nous signalerons enlin, dans le domaine des d&i& sulfur&, que la methode 
polarographique a et& utilisQ pour etudier l’equilibre entre le thiobenzoylac&ate (IV) 
et la forme thioenol (V)s* 

C,H,CCH,CO,C,H, + CBH,C=CHCO,C,Hs. 

II I 
S SH 

(Iv) 01 

DERIVES CARBONYLES 

Les aldehydes et les c&ones aromatiques se reduisent generalement en deux stades. 
Le premier stade, qui correspond en milieu acide ou alcalin a une vague a le conduit 
a un radical libre susceptible de se dimeriser ensuite en pinacol:ss~aO~~~lOO 

C,H,COR + e + H+ + C,H,dHOR % pinacol (milieu acide) 

C,H,COR + e + C,H,COR- dim._ pinacol (milieu al&in). 

Le radical peut d’ailleurs se reduire en donnant naissance en milieu moyennement 
acide a une seconde vague a le: 

C,H,dHOR + e + H+ -+ C,H,CH,OR. 

Les deux vagues sont confondue en milieu neutre. 
Divers travauxs1*n2 ont conduit a preciser le mecanisme de la protonisation. 

L’etude de l’intluence de la dimerisation du radical sur les vagues polarographiques a 
permis de conclure en particulier a la reversibilite du premier stade de la reaction.s”e6 

L’influence des substituants a ete t5tudike systematiquement.s7*e8*104~1~ En general, 
l’equation de Hammett est applicable aux potentiels de demi-vague.9Q*101 Certains 
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substituants (OH, NH,, CN) modifient profondement le polarogramme: la reduction 
se fait alors en un seul stade a 2e pour tous les pH .9s Dans plusieurs cas (phtalal- 

lo2 dehyde et o-nitrobenzaldChydelo3) on note des anomalies typiques attribuables a des 
phenomenes d’hydratation du carbonyle. 

Le comportement polarographique d’aldehydes et de &tones aromatiques a Cgale- 
ment et6 6tudiC dans la dim&hylformamide.g1~107~10s 

La reduction polarographique de c&ones substitutes sur le carbone en cc s’effectue 
generalement avec rupture de la liaison substituant-carbone: 

C,H,COC(RR’)Y + 2e + H+ -+ C,H,COCRR’H + Y-. 

On observe systematiquement ce mecanisme lorsque Y est un halogene, un groupe 
cyan6 ou un substituant de la forme OR, OCOR, ONO,, SR ou SCN.lo9 Ce mecanisme 
est d’ailleurs generalisable au cas de la reduction des o-piperidino et pyridinoadto- 
phCnones.l1° 

La methode polarographique a CtB employee, paralklement a la spectrophoto- 
metric ultra-violette, pour prkciser la structure de l’Amphenone B.lll Signalons enfin 
dans cette serie une etude systtmatique des thiobenzophtnones.lo6 

DERIVES DE CARACTERISATION DU CARBONYLE 
(d&iv& azotCs du type RR’C=NA) 

En milieu acide, les oximes,112,115.114.117*131 les phenylhydrazones,115*117*131 
les semicarbazones116~117*131 et thiosemicarbazones l15~r17 derivees des aldehydes aroma- 
tiques se reduisent generalement en une vague a 4e: 

RR’C=NA + H+ e [RR’C=NA]H+ 

[RR’C=NA]H+ + 4e + 3H+ + RR’CH-NH, + AH. 

Certains resultats ont d’ailleurs conduit a proposer une reduction en deux stades, 
avec formation intermtdiaire de l’imine :120*131 

[RR’C=NA]H+ + 2e + 2H+ + [RR’C==NH]H+ + AH 

[RR’C==NH]H+ + 2e + 2H+ -+ RR’CH-NH,+. 

En milieu neutre, la hauteur de cette vague decroit et le polarogramme presente une 
allure caracttristique en forme de S renverst. r12 Cette morphologie singulitre peut 
s’interpreter en faisant appel a une modification des conditions interface-solution.l12 
On peut envisager en particulier une reaction de protonisation en surface, la forme 
neutre etant adsorbQ.115s116 

En milieu alcalin, la reduction Porte sur la forme basique de la molecule et dans les 
electrolytes supports usuels, les oximes presentent encore une vague a 4e. Par contre 
les thiosemicarbazones se rtduisent alors en une vague a 2e, avec formation dune 
hydrazine substitute .l15 Pour les phenylhydrazones et les semicarbazones. la vague 
n’apparait pas avant la reduction de l’electrolyte support. 

Pour les semi et thiosemicarbazones derivees d’acetophenones substituees, la reduc- 
tion a toujours lieu avec intervention de 2e. I19 Certaines oximes substituees se redu- 
isent en deux vagues a 2e, la premiere vague correspondant a la reduction en imine.120 

En milieu ammonium quaternaire, les polarogrammes des formes syn et anti des 
oximes sont differents.121-125 
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Les polarogrammes de diverses phCnyhydrazones, semi et thiosemicarbazones aro- 
matiques en milieu alcalin ont CtC interpr& dans l’hypothkse d’un dquilibre entre 
plusieurs formes tautom&res.12@-130 

ACXDES AROMATIQUES ET DERIVES 

Dans la sBrie des acides aromatiques ne prt%entant pas d’autres fonctions rkduct- 
-ibles que la fonction acide, quelques auteurs ont BtudiC lWectroactivit6 de l’acide 
benzolque et de ses d&iv& substitu6, 
d&nie (E,,, = -2,39 V).l= 

Seul l’acide salicylique semble dormer une vague 

Les don&es relatives B l’acide benzojique lui-mbme ne sont pas concordantes13eJss 
*et la vague de rdduction Cventuelle semble difficilement accessible dans les conditions 
habituelles. Par contre, l’acide phtalique a fait l’objet d’&udes d&ail&s. Cet acide 
peut presenter plusieurs vagues observables en faisant varier la valeur du pH de la 
solution. La premi&re vague prisente un caractere cinktique. L’origine du courant 
cin&ique a t%6 discutbe par divers auteurs. Le travail de Furman et Bricke+ suggCrait 
le mkcanisme : 

HPh- + %I+$ HzPh 

H$h + 2e + 2EI+ + H,Chd 

(H,Ph = acide o-phtalique, H,Chd = acide tram cyclohexadi&ne-3,5 dicarboxy 
lique- 1,2). 

Mais les donndes de Ryvolov8 et Harm5 ls5 militent plutiit en faveur d’une pr&ac- 
tion faisant intervenir un “superacide” phtalique H3Phf: 

H,Ph + H+$ H,Ph’- 

H,Ph+ + 2e + H* -+ H,Chd. 

BuckI% a d&tern& par spectroscopic la con&ante de “superacidit6” K = [H,Ph]. 
fHf]/[H3Ph+]. 11 a de plus montrt: que la variation, par rapport ?t la force ionique, de la 
constante de vitesse apparente de protonisation indiquait que la charge de l’entitd 
rdductible &it positive, ceci en analysant l’effet y selon Gierst et Hurwitz et Matsuda 
@sultats polarographiques et chronopotentiom~t~ques). 

La plupart des d&iv& phtaliques sont eux-m&mesBlectroactifs. Cette6lectroactivitC 
a BtB signalee tout d’abord sur le phtalimide. I87 Dans ce MS la faciliti: anormale de 
rkduction doit dtre attribuCe A la structure cyclique (c$ d&iv& orthocondens&). Mais 
les d&iv& non cyclisCs sont dgalement facilement rdductibles. En particulier b diamide 
phtalique, l’acide amide et son esterZ3* et les ester phtaliques13s prdsentent des vagues 
facilement accessibles. Dans ce dernier cas on observe une vague B 4e: 

CO,R CHO 

/ / 
C&I, - C,H, 

_c H 1”“; 

\ \ 
CO,R CO,R 

6 4\co/o* 

On trouve d’aiLleurs dans la littkrature de nombreuses applications analytiques de 
1’8ectroactivit6 des d&i& phtaliques : caract&isation et dosage des phtalates,1d@-14z 
des esters des d&iv& phtaliques d’amino acideslm et surtout des phtalimides. 
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Le cas des acides aromatiques nitres et des acides c&ones aromatiques est signal& 
dans l’etude des fonctions correspondantes. 

NITRILES-AMIDINES-AMIDOXIMES 

Le mtkanisme de la reduction des nitriles aromatiques a et6 etudie en detail par 
Rieger et ses collaborateurs. lu Cet auteur indique les E,,, suivants pour quelques 
d&iv& caractkistiques (solvant : DMF, se1 de fond: perchlorate de tetra-n-propyl- 
ammonium, polarographe a 3 6lectrodes): 

Pfemibre vague Dew&me vague 

E 119 n E 118 n 

GI-WN -2,74 1 - 
CIHI(CN~ -2,12 -2,76 z 
C,H.(cN)fl -2,17 

: 

CIH,(CN),P -1,97 3f2 --2664 
2 

T 
FGH@P -2,69 
HO,CCeH,CNp -1,19 1 -2,53 -i- 

La discussion des don&s polarographiques et des spectres E.S.R. des radicaux 
organiques obtenus par reduction a conduit les auteurs a proposer les m6canismes: 

C,H,CN + e + [C,H,CN]- 

C,H,(CN),o + ee [C,H,(CN),o]’ (1 ere v.) 

W%(W,~l T + e z [C,H,(CN),o]- (2 &me v.) 

I [C&H&N&] 8H_ C,H,CN + S- + CN-. 

Les influences structurales ont et& 6tudiCes sur les trois series (C,H,J(R’)C=C(CN)- 
CO,C,H,, (C,H&R’)C=C(CN), et (C,H&R’)WHCN. Les derives diphenyl6s 
R’ = C,H, presentent deux vagues a le. Pour les autres d&ivts, on n’observe qu’une 
seul vague d&nie.1”6 

Les amidines aromatiques correspondant aux acides conjugues (I) et (II) sont. 
Clectrorkhuztibles. 

Par Bectrolyse sous potentiel contr816, on a obtenu respectivement le dichloro-2-4 
phenol a park de la dichloro-2-4 phenoxyacetamidine et la benzylamine a partir de la 
benzamidine.l’B Ces deux rksultats suggerent deux m6canismes differents: 

NH, NH 

A 
0 CHOCHC’ 6 5 

2\ 

+ 2e --f C,HsO- + CH,C 

\ 
NH, NH2 

NH, 

/ 
(IL) CtIH6C + de + 3H+ + C6H6CH2NH2 + NH,. 

\ 
NH, 
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NOH 

1 
Les benzamidoximes aromatiques ArC sont egalement &ctror&luctibles. 

\ 
NH, 

Elles donnent une vague B 2e (El/s = - I,25 V pour le derive non substitut a pH 4) 
mais le mkanisme de reduction n’a pas Cte pr&cisC.147 

DERIVES NITRES 
Les d&iv& nit&s aromatiques presentent en g&r&al les deux vagues de reduction 

&assiques correspondant respectivement a la formation de phtnylhydroxylamine et 
d’amine.14* L’oscillopolarographie A variation linkaire de tension a permis de mettre 
*en evidence la formation de composes intermediaires.16* Le nitrobenzene a egalement 
fait l’objet d’etudes par polarog~phie a tension alternative su~mpos~~~@,l’o 

Le mecanisme de la reduction correspondant a la premiere vague a don& lieu ir, de 
nombreux travaux. Ces etudes ont permis de mettre en evidence, en presence de sub- 
stances tensioactives, un premier stade de reduction conduisant A la formation rever- 
sible d’un anion radicalaire:151-187 

C,H,NOs + e + [C,H,NO&. 

Ce mecanisme permet de rendre compte de l’apparition d’une vague a le dans la 
dimethylformamide et l’acdtonitrile. 15*~15* La presence du radical a Bte vc=kifike dans ce 
dernier milieu par resonance paramagnetique &ctronique.nJo*161 

L’influence des substituants sur ia reduction du NO, a ete tres &ulitk; les poten- 
tiels de demi-vague obeissent en general a l’equation de Hammett.161-nu 

Dans certains cas, la presence du substituant se traduit par une anomalie du polaro- 
gramme. En particulier, la p-nitraniline et l’o- et le p-nitrophenol ne suivent pas le 
m&a&me habitue1 et se reduisent en une seule vague A 6e. Ce compo~ement particu- 
lier est dQ a la transformation de la ph~nylhy~oxylamine form&e au premier stade en 
une forme quinoide facilement reductible .la8 Ce mecanisme a et& v&it% par chrono- 
potentiom6trie,160 et l’expression mathematique du courant polarographique a Cte 
calculee recemment.14s Le comportement particulier du trinitrobenzene est lie ii, 
~apparition de formes acinitrees .x66 La scission de la vague a 4F de ~~-nitrobe~~d~- 
hyde a ettc attribuee B une hydratation du carbonyle et a fait l’objet dune etude 
chronopotentiometrique. lBB La scission de la vague des acides nitrobenzoSques en 
milieu alcalin ne peut Ctre identifiBe a une vague cinetique classique de recombinaison 
ion-acide. Cette impossibilite a Cte signalke tout d’abord lors dune discussion sur la 
valeur des &,2.163 L’origine de la scission a et& pr&k!e r~cemment.16T La scission 
correspond & une inhibition du stade irreversible de la reaction par une substance 
tensioactive (alcool, gelatine); cette inhibition n’est sensible que sur la base conjuguee 
de l’acide15’ 

( 

HO&--Z-NO, $% HO,C-Z--NO, 2 HO&-Z-NHOH + HsO 

1’ vague H+ 
II 

-O,C-Z-NO B 2 -O&-Z-NO,- --f processus non inbibe 

2” vague (processus inhibe) I_ 4g+ + -O,C-Z-NHOH + H,O. 
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La vague normale de dissociation due a la recombinaison ion-acide n’apparait que 
dans le cas de l’acide o-nitrobenzojique 15’vw7 et des acides nitrophtaliques.174 

Plusieurs composes nit& aromatiques ont Cte etudicis dans l’acide acttique171 et 
dans S04H,172 et on doit noter en&s dans cette serie une revue d’ensemble de Stradins.17s 

DERIVES C ET N NITROSES 

Le nitrosobenzene et les nitrosonaphtalenes forment avec les hydroxylamines cor- 
respondantes des systemes redox reversibles. La vague polarograp~que de reduction 
du derive nitrose ou d’oxydation de ~hydroxyl~ne correspond a 2e:176-177 

C,H,NO + 2e + 2H+e C,H,NHOH. 

Le produit de la rkiuction est done ~hydroxyla~ne comme pour les d&k% 
nitres. 

L’introduction de certains substituants (OH, NH,) en position ortho ou para modi- 
fie le polarogramme. La reduction du p-nitrosoph6no1177*178 ou de l’cr-nitroso-& 
naphtoP70 conduit directement a l’amine correspondante avec consommation de 4e. 
Ce comportement est dQ, comme en s&e nitree, ala transformation de ~hy~oxyl~ne 
en une forme quinoIde facilement reductible , *177 I’expression mathematique du courant 
cinetique resultant a pu &tre calculBe.180 

L’cc-nitroso-b-naphtol a ete particulikement Btudie, en raison de son emploi en 
analysef7e~1s2*183 et la litterature indique egalement une etude sur la N-nitroso l-naphtyl- 
hydroxylamine (n~ocupferron).186 

Les derives N-&roses des amines aromatiques secondaires presentent, selon le 
milieu, une vague irreversible ii 4e ou 2e. la4*la5 La reduction a lieu selon le m&a- 
nisme:ls5 

RR’~OH~ + 4e + 4H+ + RR’NNH*+ + 2HsO (milieu acide) 

2RR’NN0 + 4e + 3H20 + 2RR’NH + N,O + 40H- (milieu neutre ou basique).. 

La polarographie des derives n&o&s a fait l’objet d’une mise un point.lal 

DERIVES AZOIQUES ET DIAZOIQUES-PHENYLHYDRAZINES 

Le systtme trans-azobenzbne-hydrazobenzene est reversible A l’electrode a goutte 
entre pH 2 et 6. ls7 La reversibilite du systeme depend de la concentration et ce resultat 
paraPt lie h des ph~nom~nes d’adsorption. lss I1 existe une difference sensible entre les 
potentids de den&vague du cis et du trans- azobenzen&97 et la cinetique de la trans- 
formation d’une forme en l’autre a CtB Btudiee polarographiquement.188 

L’influence des substituants a fait l’objet de divers travaux;190-193 l’equation de 
Hammett’s applique aux E,,,. 194*1Q5 Divers colorants azo’iques ont CtB &udies.196 La 
reduction de ~Erichrome Violet B console 4e et conduit B des anilines substitu~es.lg7 

Les sels de diazonium derives d’amines aromatiques presentent 2 vagues de reduc- 
tion.198-201 La premiere vague correspond a une reduction A le, avec formation d’un 
radical libre qui rdagirait avec le mercure. 2oo--202 Les resultats concernant la deuxieme 
vague ne sont pas concordants. Certains auteursls8 indiquent un processus a 1 faraday, 
d’autres un processus B plusieurs faradays.199*zo2 Le s phenomenes d’adsorption doivent 
d’aikurs jouer un role preponderant dans ce cas.202 
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La phenylhydrazine et ses derives p-methyl&, p-chlore etp-nitre donnent une vague 
anodique bien definie. On a trouve pour n une valeur de 3,6 et les auteurs ont suggere 
que l’oxydation ne conduit pas au se1 de diazonium ou 21 la diimine mais correspond a 
la formation dun compose complexe avec le mercure. La vague est d’ailleurs compli- 
q&e par des reactions avec le mercure mais les potentiels de demi-vague des derives 
substitues verifient Kquation de Hammett.203 

CYCLES ORTHO-CONDENSES SUR UN 
NOYAU BENZENIQUE 

Cette rubrique merite d’etre citee dans une analyse d’ensemble sur la polarographie 
des composes aromatiques car l’analyse polarographique a ete utilisee systematique- 
ment et avec SW& pour suivre de nombreuses cinetiques chimiques, plus particuliere- 
ment les cinetiques de cyclisation ou d’ouvertures de cycles ortho-condenses. L’effet 
de la cyclisation a souvent ett6 signale en spectroscopic. En polarographie le seul effet 
de la cyclisation n’est pas suffisant pour deplacer sensiblement le potentiel de demi- 
vague. Mais si la cyclisation entraine une tension ou une conjugaison la difference 
entre le compose lineaire et le compose cyclique peut devenir considerable. Le cas du 
phtalimide est particulierement typique. Le phtalimide donne en effet des vagues nette- 
ment definies pour des potentiels respectifs de -0,67 V (pH = 0) et - 1,33 V (pH = 12) 
alors que la vague du benzamide n’apparait qu’a - I,86 V dans l’iodure de dtrabutyl- 
ammonium. Des etudes systematiques204 portant sur les succinimides, les maleimides, 
les phtalimides, les phtalonimides, les homophtalimides et leurs produits de conden- 
sation ont montre que: 

(a) Les composes b-dicarbonyles heterocycliques du type I sont reductibles dam le 
domaine accessible si les deux carbonyles sont conjuges avec une double liaison ou lies 
a un cycle aromatique soit directement soit par I’intermediaire d’un carbone non sature 
(conjugaison directe ou croisee). 

(b) En general la vague disparait aprbs ouverture du cycle. 
Le mtcanisme de la reduction du phtalimide a ete discutt par Tirouflet et ak205 et 

Ryvolova .206 L’electrolyse sous potentiel controlt conduit a l’hydroxyphtalimidine2”C 
et l’evolution de la morphologie de la vague en fonction du pH milite en faveur du 
mtcanisme : 

Phtalimide + e + H+ -+ radical libre 
+e+H+ 

- Hydroxyphtalimidine 

H+ 
iT 

radical protonise 5 Hydroxyphtalimidine 

Les derives N-substitues du phtalimide presentent un comportement analogue et les 
E,,, des derives substitues dans le cycle sontjusticiables de la correlation de Hammett.205 

Les possibilites d’analyse polarographique dans les differentes series signalees ont 
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et6 utilis6es pour etudier la cinetique de l’hydrolyse des phtalimides N et C-substi- 
tuCs.20s*209 Elles ont permis de deceler et d’analyser systematiquement le phenomene 
“isocin6tique”.207 

Tous les cycles or&o-condenses presentant un groupe carbonyle et un oxygene 
directement branches sur le cycle aromatique sont egalement electroactifs. Les premi- 
eres don&s systematiques sur ces d&iv& ont et6 rassemblees par Kolthoff et 
Lingane.210 Depuis cette publication, des etudes systematiques ont permis de p&iser 
l’influence des donnees structurales et les mkcanismes. Ces etudes concernent les 
aurones,211 les isoflavones,212 les xanthones, 218 les chromannones214 et les chro- 
mones.214*215 La serie des chromannones doit d’ailleurs btre mise en parallble avec celle 
des o-hydroxychalcones par suite de la transformation reciproque de ces composes. 
Les El,, apparaissent toujours (en valeur absolue) dans l’ordre: 

o-hydroxychalcone < chromone < chromannone 

Le dosage des o-hydroxychalcones en presence de chromannones se fait au mieux 
par polarographie classique. Par contre pour deceler la chromannone en presence de 
chalcone, il est souvent avantageux de s’adresser a la polarographie oscillographique a 
courant impose. 21s*217 L’influence des increments de structure est nettement plus 
marquee pour les o-hydroxychalcones que pour les chromannones et, si l’on utilise 
l’analyse polarographique pour &parer deux chromannones, on aura toujours inter& 
a transformer au prealable la chromannone en chalcone pour dilater la gamme des 
incrCments.21s C’est d’ailleurs l’analyse polarographique qui a permis de faire l’etude 
thermodynamique et cinetique de l’equilibre o-hydroxychalcone ti chromannone en 
fonction du pH et des parametres chimiques.216*21s 

Summary-A review of the polarography of aromatic compounds is 
presented. 

Zusamme&ssun~-Es wird eine %rsicht iiber die Polarographie von 
Aromaten gegeben. 
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Zusammenfassung-_Es wird eine ubersicht tiber die Polarograpbie 
von Cl&men und iihnlichen Substanzen gegeben. 

EINGEHENDERE polarographische Untersuchungen iiber Chinone sind erst seit etwa 
20 Jahren erfolgt, obwohl dieses Gebiet durch potentiometrische Analysen vorbereitet 
war. Zuniichst schien es, da13 seitens der Polarographie keine wesentlich neuen 
Erkenntnisse zu erwarten wlren, doch zeigte sich in den letzten Jahren, da13 tiber die 
bekannten bielektronigen “NormalChinone” hinaus spezielle Chinonderivate mit 
besonderen Eigenschaften existieren. Welche Aussagemiiglichkeiten die moderne 
Polarographie hiertiber machen kann, sol1 in der folgenden Ubersicht an charak- 
teristischen Beispielen erlautert werden. 

CHINONE IN WASSRIGEN Lt)SUNGEN 

Normal-Chinone und ihre Substituentenabh&gigkeiten 

Typisch fur chinoide Gruppierungen in Normal-Chinonen ist im allgemeinen der 
reversible Austausch von zwei Elektronen und zwei Protonen. Die Erfahrung lehrt, 
da13 reversible Redoxreaktionen an das Vorhandensein von konjugierten Heteroato- 
men (N;O)l gebunden sind. Das Chinonmethan O==C,H,=CH, z.B. verhalt sich 
irreversibel, weil ein Wasserstoffatom an einem C-Atom angelagert werden mul3, 
iihnlich wie bei Ketonen oder Aldehyden. 

Zwischen der oxidierten und reduzierten Form liegt der Oxidationsstatus des 
Semichinons. Die Semichinonbildungskonstante K, resultiert nach 

[&I2 
K, = [QWQI 

(1) 
. 

worm Q die chinoide Komponente, QH das Semichinon und QH, die reduzierte 
Form bedeuten. 

Der Maximalgehalt von QH in Prozent (S,) beim Halbstufenpotential ist nach 
dem Massenwirkungsgesetz mit K, verkntipft nach : 

s =100.1/K, 
M 

2+fi 
(2) 

Bei K, = 1 (QH = 33,3 %) fallen beide Halbstufenpotentiale zusammen. Erst ab 

K, = 16 (entsprechend 66,7x QH) beginnt die deutliche Aufspaltung der Kurve 
in zwei einelektronige Teilstufen mit Ellr und Es,& K, -c 1 bedeutet, da13 das Potential 

der Reaktion Q + QH2 bereits positiver liegt, als das der Reduktion Q + QH, und 
die ideale Stufe wird registriert. 

1127 
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Die pH-abhtingigen Redoxpotentiale (bzw. Halbstufenpotentiale) der beiden 
Teilsysteme weisen daraufhin, da13 basische Semichinone in saurer LBsung und 
umgekehrt, dab Semichinone saurer Natur in alkalischer Losung, als Salze in hijheren 
Konzentrationen zu finden sind. 

Weitere Substitution der H-Atome am p-Benzochinonkern z.B. mit Methyl- 
gruppen, vergr6Bert den Wert von K,. Beim Durochinon (Tetramethylbenzochinon- 
(1,4)) liegen bereits nennenswerte Konzentrationen an Semichinonen im Gleichgewicht 
vor. Stabilisierenden Einflul3 auf die Semichinonbildung zeigen im besonderen 
organische LiSsungsmittel, die sorgfaltig von Wasserspuren befreit worden sind. 
Hieraufwirdim Abschnitt Chinoneinnichtw&ssrigeu Liisungsmittelneingegangenwerden. 

I J 

p - Benzochmone 

I,4 - Naphthochmone 

I I 
Dlphenochinone 

I J 
9,lO-Anthrachmone 

I 
0.2 

I 

0 

I I 

-0.2 -0,4 

El/,. V(scel 

I I 
-05 -08 

1 

&IB. l.-Potentialbereiche der Halbstufenpotentiale substituierter Chinone; Halb- 
stufenpotentiale (gegen ges&t. Kalomelelektrode) bei pH w 7. 

Kinetische Untersuchungen von Vetter2 auf der Grundlage von Uberspannungs- 
messungen an Festelektroden k&ten, da13 die beiden Durchtrittsreaktionen nachein- 

ander ablaufen. Hierbei ist es ohne Bedeutung, ob das Semichinon QH in 
nachweisbaren Gleichgewichtskonzentrationen auftritt. In jtingster Zeit wurden 
diese Ergebnisse an der Tropfelektrode bestatigt.3 

In sauer Lbsung (pH < 5) vollziehen sich nach Vetter beim p-Benzochinon z.B. 

die Durchtrittsreaktionen mit den protonisierten Formen (QHf und QH,+), im 
neutralen und alkalischen Milieu tauschen die nichtprotonisierten Formen (Q und 

QH) die Elektronen an der Elektrode aus. 
Betrachtet man den ersten Schritt der Reduktion, so erfolgt chemisch gesehen 

eine Aufspaltung der C=O rr-Bindung, die such bei der Ketonreduktion zu gleichar- 
tigen Zwischenprodukten (C-Radikalen) ftihrt. Die elektrochemische Reaktionsarbeit, 
die gleich der freien Enthalpie ist, liegt urn so niedriger, je schwacher die n-Bindung 
durch Mesomerie- und Induktionseinfltisse ist und je hoher die Mesomerieenergie der 
entstehenden Verbindung liegt .4 Verlangerte Konjugationssysteme, wie sie in den 
Dipheno- und Stilbenchinonen der Fall sind, verkleinern die r-Bindungsenergien der 
C=O Gruppe, d.h. die Halbstufenpotentiale weisen positivere Werte auf (grGSere 
Redoxpotentiale), als die entsprechenden Benzochinonderivate (s. Abb. 1). 



Polarographie chinoider Verbindungen 1129 

Wird eine C=C Doppelbindung des Benzochinonkerns durch Anellierung in das 
benzoide Konjugationssystem des zweiten Ringes einbezogen, so erhiiht sich die 
Bindungsordnung an der Ketogruppe. Wiederholt man die Anellierung, gelangt man 
zu den Anthrachinonen, deren HSP wiederumkleiner(negativer)sind als entsprechende 
Derivate der Naphthochinone. Diese Wechselwirkungsanderungen erklaren teilweise 
die Lage der Reduktionsbereiche im Schema der Abb. 1. Die Ausdehnung der Zonen 
iiber die Potentialwerte bestimmen die Wechselwirkungseffekte der Substituenten. 
Bei der Aufklarung von Konstitutionsformeln, z.B. in der Antibiotikaforschung, ist 
eine polarographische Untersuchung besonders dann vorteilhaft, wenn aus dem 
chemischen Verhalten Hinweise auf eine Chinonstruktur existieren.5 

Neben der IR-Aufnahme ist die Potentiallage eine Stiitze fi_ir die Struktur des 
Grundkiirpers, wenn die elektrochemische Methode unter einigermahen normalen 
Liisungsmittel- und pH-Bedingungen eingesetzt werden kann. 

Ausfiihrliche theoretische Berechnungen am 7-r-Elektronensystem von Chinonen 
auf der Grundlage der LCAO-MO-Methode wurden von Koutecki und Mitarbeiter$ 
durchgefiihrt. Die Redoxpotentiale liehen sich gut mit den sogenannten “bizentrischen 
Lokalisierungsenergien” (Atomlokalisierungsenergien der beiden sauerstoffbindenden 
Zentren) korrelieren. Aber such die den Resonanzenergien entsprechenden Werte, 
sowie die Differenzen der +Elektronenenergien der Chinone und Hydrochinone’ 
zeigen die erwartete Proportionalitat. 

Es wurden such eine ganze Reihe Beziehungen zwischen Halbstufenpotentialen 
von Chinonen und experimentellen oder berechneten spektroskopischen Daten 
gefunden,4*6**s4s so z.B. zu den langwelligsten Anregungsenergien, den untersten 
vakanten Energieniveaus, den Orbital-Energiedifferenzen, sowie den Wellenzahlen der 
Charge-transfer-Komplexbanden (Abb. 2) und den Wellenzahlverschiebungen bei Aus- 
bildung vonwasserstoff briickenkomplexen. 

Substitution der Chinongrundkijrper beeinflul3t je nach Art und Stellung der 
Substituenten die Elektronenverteilung im Molekiil und damit such an den polaro- 
graphisch aktiven Zentren, was eine Halbstufenpotentialverschiebung zur Folge 
hat. Systematische Durchmusterung vieler Halbstufenpotentialwerte durch 
Zuman$ fuhrten zu linearen Freien-Enthalpie-Beziehungen. 

Die Verschiebung des Redoxpotentials E,, oder Halbstufenpotentials E1,2 ist 
proportional der Anderung der Logarithmen der Gleichgewichtskonstanten der 
substituierten (Kx) und nichtsubstituierten Verbindung (KH) : 

41~ - In ~xlJ& (3) 

wobei In K mit der Freien Enthalpie AG durch die bekannte Beziehung : AG = - RT 
In K verkniipft ist. 

Die modi&zierte Hammettgleichung fur p-chinoide Systeme formuliert Zumans 
folgendermafien : 

A&I, = ~n,p--CI, ax (4) 

Hierin bedeutet plr,p_-Ch die Reaktionskonstante, die die Empfindlichkeit der n-Elek- 
tronen des p-chinoiden Systems gegeniiber den Substituenteneffekten ausdriickt, 
und cx die Substituentenkonstante nach Taft, die eine MaBzahl fur den Einflub des 
Substituenten auf die Elektronendichte am Reaktionszentrum darstellt. Ungesat- 
tigte Verbindungen, wie es die Chinone sind, enthalten in der Substituentenkonstante 

6 
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50- 

E, [Vgegen sciJ 

ABB. 2.-AbhZingigkeit der Energie der langwehigsten Charge-transfer-Bande bei 
Chinonkomplexen von den Redoxpotentialen der Chinone (in Acetonitril gemessen). 
Komplexe mit: (A) Hexamethylbenzol in CC&; (B) Pyren in CHICIs; (C’), (D) 
Tetramethyl-pphenylendiamin (C) in C+lohexan, (0) in CH&l,. Vgl. [S]. (I)-(3) 
9,10_Anthrachinon substituiert mit: (I) H; (2) l-OH; (3) l,gdiOH; (4)-(6) 1,4- 
Naphthochinon substituiert mit: (4) H; (5) ZOH; (6) 5-OH; (7) 9,1CLPhenanthren- 
chhron; (8) 1,2-Naphthochinon; (9)-(X3) 1,4Benzochinon substituiert mit : (9) H; 
(IO) CH,; (II) 2,5-diCHll; (12) Cl; (13) 2,6diCl; (14) 2,5-diCl; (13) triCl; (16) 

tetraC1; (17) tetraBr; (18) (2,3-diCl, 5,6_diCN). 

ABB. 3.-Abhi%ngigkeit der Halbstufenpotentiale substituierter 9,10-Anthrachinone 
von der Summe der Substitutionskonstanten (Burp). Die Halbstufenpotentiale wurden 
unter Verwendung von lOo/gger H,SO, in Eisessig gemessen und als relative Verschie- 
bungen gegentiber der nichtsubstituierten Verbindung aufgetragen (&?&)x. Reak- 
tionskonstante pn,p-oa = +0,14 V (die schwarzen Punkte sind nicht mit zur Ermitthmg 

von p herangezogen worden). Vgl. 191. 
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neben dem induktiven Effekt, mesomere Anteile und man mu13 genauer schreiben 

A&, = P:,~-CQJX’ + P:,-CIPX~ (5) 

Nimmt man an, dal3 p&ch = pf$_-Ch ist, vereinfacht sich Gleichung (5) zu: 

A&/, = ~,,~-cd+? + ax”) (6) 

In erster Naherung kann man den a,_, -Wert verwenden, weil dieser (im Gegensatz 
zum om_x -Wert) den mesomeren Effekt der Aromaten mit enthllt. Damit kiinnen , 
wir Gleichung(6) dahingehend vereinfachen, da13 wir nun schreiben 

A%, = Pa,p-Ch %-X (7) 

ubereinstimmende Ergebnisse wurden hin und wieder such gefunden, wenn 
fur einen ortho-Substituenten ein Wert eingesetzt wird, den man aus (crp_x + a,_&/2 
ermittelt hat. 

Der Effekt mehrerer gleichartiger oder verschiedener Substituenten 11Bt sich in 
den meisten Fallen durch Summation der einzelnen Substituentenkonstanten erfassen. 
Vladimircev und StromberglO haben etwa 50 Naphthochinonderivate polarographisch 
untersucht, die in 2- und 3-Stellung jeweils substituiert waren. Aus der sehr um- 
fangreichen Arbeit geht unter anderem hervor, da13 in der Regel die AdditivitPt 
der Substituentenkonstanten im Bezug auf die Korrelation zu den Halbstufenpoten- 
tialen giiltig ist. 

In oben erwiihnter ArbeitlO fehlen jedoch die quantitativen Beziehungen, wie sie 
spiiter von Zuman aufgestellt wurden,O doch geht aus den Werten und der Diskussion 
bereits hervor, in welcher Weise Substituenten iiber den induktiven Effekt als 
Elektronendonator oder-acceptorgruppen die Reduktion entsprechend erschweren 
oder erleichtern. 

Abbildung 3 zeigt eine graphische Darstellung der von Starka und Mitarbeiternll 
gemessenen Halbstufenpotentialverschiebungen in AbhUgigkeit von der Summe 
der Substituentenkonstanten (Qx). 

In Tabelle I ist die Halbstufenpotentialverschiebung substituierter Anthra- 
chinone gegeniibergestellt, wenn z.B. anstelle von Wasser als Lbsungsmittel 50 %iges 

TABELLE I.-VERXHIEBUNG DER HSP SUBSTITUEUER ANTI-IRACHINONB 
IN 0,lN NaOH/H*O UND IN 50% ~JTHANoL/H~O (vgl. [9]) 

Substituent 
&I)H, v 

WasSer 50 % khan01 

l-SOII- +0,01, +0,01 
2-so,- +0,07, +0,01 
l-O- -0,03, -0,05 
2-0- -0,13, -0,19 
1,2-di O- -0,19* -0,23 
1,4-di O- --w% - 
1,8di O- ---o,@% - 
2,6di O- -0,280 -0,42 

Athanol verwendet wird. Die Anderung der Aciditat des Mediums geht in die 
Reaktionskonstante P*,~ __Ch ein, so da13 die Abweichungen durch die ge?inderten 
polaren Effekte des Lijsungsmittels resultieren (Solvatationseinfltisse). 

Substitution am Benzolring bei bi-, tri- und polycyclischen Systemem hat in der 
Regel einen kleineren EinfluB auf die Verschiebung des Potentials. 
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Neuere Bestimmungen von Aktivierungsenthalpien und-entropien haben gezeigt, 
da13 die Annahme konstanter Aktivierungsentropien innerhalb einer , Verbindungs- 
klasse selten zutrifft. Wahrscheinlich sind hier Solvatationseffekte im Spiel, die bei 
einer Anderung des Substituenten sehr betrachtlich beeinfluBt werden kiinnen. Darin 
sind Abweichungen und Nichtadditivitat von Substitutionskonstanten zu einem 
nicht geringen Teil begriindet. 

Ein der Gleichung(3) entsprechender Zusammenhang zwischen Halbstufenpoten- 
tialen und Reaktionsgeschwindigkeitskonstanten: 

B AE,,, = A log k (8) 

konnte mehrfach bei verwandten chinoiden Substanzreihen experimentell bestatigt 
werden (vgl. Kapitel Katalytische Hydrierungen). 

ABB. 4.-Strom-Spannungs-Kurve der Anthrachinon-1,5-disulfon&ure mit Hilfe der 
station&en Quecksiibertropfelektrode nach Vogel registriert. 4 * 1O-4 M Depolarisator, 
40 % Isopropylalkohol, pH 7. (I) Kurve von 0,O V bis - 1,0 V; (2) Kurve von - 1.0 V 

bis 0,O V. NCE; 200 mV/Absz., Empf. 1 : 3. Vgl. [37]. 

Chinone mit besonderen Adsorptionseigenschaften 

Im allgemeinen macht sich such bei schwerliislichen Chinonen keine auffallende 
Deformation der zweielektronigen Stufe bemerkbar. Bisher kennen wir nur einige in 
1-Stellung substituierte Anthrachinone, die sich in saurer Losung durch unregelmafiige 
Vorstufen12*13 von denen mit gleichen Substituenten in 2Stellung betrachtlich unter- 
scheiden. Wegen der Form ihrer zyklischen Polarogramme am stationaren Tropfen 
(Abb. 4), mu13 man sogar von “irreversiblen Chinonen” sprechen, da der Oxidations- 
peak sich urn ca. 0,5 V positiver ausbildet. Nach unserer Vorstellung liegt die Ursache 
in den besonderen Adsorptionseigenschaften des Hydrochinons, in welchem die 
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benachbarten Substituenten -SO,-, -OH, -NH, durch Wasserstoffbrticken 
fixiert werden. In diesen quasi Vier- oder Ftinfring-Systemen verlauft die Reoxidation 
gegentiber freien Hydrochinongruppen erschwert, wozu such die schwerlosliche 
Deckschicht des Hydrochinons beitragt. 

Chinone im Gleichgewicht 

Hierunter sollen Chinone oder Hydrochinone verstanden werden, die in Losung 
im Gleichgewicht mit einer anderen Form, etwa einem Tautomeren, stehen. 

Tautomerie-Gleichgewicht: 2-Hydroxy-Anthrahydrochinonanion und 2-Hydroxy- 
Oxanthronanion. Da die Gleichgewichtseinstellung nur in alkalischer LGsung14 zu 
verfolgen ist, sind Dissoziationsformen daran beteiligt: 

dH 6 

QHP CH,O- 

Der Reaktionsstart erfolgt durch rasche pH-Erhiihung einer 2-Hydroxy-Anthra- 
hydrochinonltisung oder nach schneller katalytischer Reduktion (Pd-Sol-Wasser- 
stoff15) des 2-Hydroxy-Anthrachinonanions im gewtinschten pH-Bereich. Die 
Gleichgewichtseinstellung(9) erfolgt so langsam, da8 DiffusionsstrSme von QH,O-und 
CH20- gemessen werden bei einer Halbstufenpotentialdifferenz von etwa 0,66 V 
(Abb. 5). Die Anderung der Stufenhijhen erfolgt symmetrisch und das Tautomerie- 
Gleichgewicht zwischen den Hydroxyanthronformen und den Hydrochinonen 
erreicht bei pH 10 (etwa dem pK,-Wert des Dissoziationsgleichgewichtes QH,OH + 
QH,O-) ein Maximum (Abb. 6). 

Obwohl bei diesem Tautomerie-Gleichgewicht keine kinetischen GrenzstrSme 
auftreten, ist seine vollstandige Analyse nur mit Hilfe der Absorptionsspektroskopie 
moglich. 

Kette-Ring-Gleichgewicht bei 2-[Hydroxy&hylamino]-benzochinonen. Ein inter- 
essantes Betltigungsfeld fur polarographische Untersuchungen aller Speziahich- 
tungen 18--20 bieten die Gleichgewichts-Chinone, von denen nahezu 20 Vertreter vom 
Typ Q bekannt sind, die im mittelschnellen Gleichgewicht mit den Chinolformen C 

0 

-N-CH&H,OH (10) 

stehen. Charakteristisch ftir diesen Typus ist die positive reversible Stufe der Form Q 
und die urn 0,s V negativere irreversible Stufe der Form C. Bei kleiner Gleich- 
gewichtskonstante K,= [Q]/[C] z.B. im Falle R1 = R2 = H, Rs = CH,, we& die 
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ABB. 5,Polarographische Verfolgung der Glei~~icht~~~~~g zwischen dem 
~~y~~~on-~on und dem Oxanthron-Anion. 2 - UP M 2-Hydroxyanthra- 
hydrochinon, B&ton-Robinson-Puffer pH 8,20x Lsopropyhdkohol, 40”. (I) Reduk- 
tionsstufe des Anthrachinons; (2) nach Red&ion durch Palladiumsol, Kurve 
registriert nach: (2) 0; (3) 10 Min.; (4) 20 Mm.; (5) 30 Mm.; (6) 40 Min.; (7) 50 
Mm. (5-7 bei nahezu erreichtem Gleichgewicht). Galvanometernullinie eingezeichnet. 

Kurven von 0,O V, 200 mV/Absz., NCE., Empf. 1 : 15 Vgl. IS]. 

PH 
Aerr. 6.-Abhiingigkert der Tautomerisi~n~konstante KF = O~~on/Ant~~ydr~hinon 

vom pH-Wert. Par pH 8 Werte bei: 0 25’; A 35”; 0 45”; n 55”; (> 65”. Vgl. [15]. 
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niedrige Stufe der Form Q einen kinetischen Grenzstrom auf, dem sich in wll3riger 
Lijsung ein (nichtwirbelndes) kinetisches Maximum iiberlagem kann (Abb. 7). 
Die Analyse dieser vorgelagerten Reaktion ist nicht nur mit Hilfe der Absorptions- 
spektroskopie zur Bestimmung der K,-Werte mdglich, sondern such aus der Fre- 
quenzabhgngigkeit der PeakhShe von Wechselstrompolarogrammen nach Breyer 
15I3t sich ein &Wert ermitteln, z.B. : 

4 RI AC r$] AH &$] AS[Cl] 

R1 = R* = H, Rs = CH, 2,8 * 10-a 3,3 * 10-Z 2,l 529 12 
R’ = Ra = H, R8 = CH,CH,OH 50 - 10-2 I 40 * lo- 2 I I 0,3 4,2 I 12 

Aus den Gleichungen fiir kinetische Striime bei vorgelagerten Reaktionen resultiert 
das Produkt kK, und nach Einsetzen erhllt man Tautomerisierungsgeschwindigkeits- 
konstanten der GrSDenordnung 

k+ M Is1 und k w 100 rl, d.h. 

es handelt sich urn eine mittelschnelle Reaktion (Abb. 8). Die fluoreszierende 
Komponente C ermiiglicht eine zweite unabhiingige Bestimmung von KP und 
dariiber hinaus Riickschliisse auf das Halbstufenpotential des angeregten Molekiils.22 
Es handelt sich hier also urn ein Beispiel eines Problemes, das man vorteilhaft 
kombiniert polarographisch und spektroskopisch untersuchen kann. 

ABB. 7.-Strom-Spanmmgs-Kurven verscbiedener Gleicbgcwichts-Chinone 4 - lOA M 
2-[Hydroxyiithylamino]-benzochinon, Britt;onr;lson Mer pH 7, 40 % Isopropyl- 

(I) R’ = R’ = CH,, R” = H; (2) R’ = R’ = Ra=CH8; QR’=H,R*=R*= 
CHI; (4) Rl=R*=H, R”=C,H,; (5) Rl=R*=H, R*=CH*. Kurven ab 

0,O V, NCE, 200 mV/Absz., Empf. 1 : 20 Vgl. [15]. 

Chinone mit mehreren Akzeptorgruppen 

Neben einer Chinongruppe die einer zweielektronigen Elektrodenreaktion ent- 
spricht, kiinnen weitere Chinongruppen im Molekiil vorhanden sein (in Polychinonen) 
oder andere elektroaktive Gruppen, die ihrerseits Elektronen austauschen k&men. 

Polychinone. Mehrere Benzochinonkeme sind miteinander verkniipft in (11 a) 
oder (11 b) und kijnnen vier oder mehr Elektronen aufnehmen.= Das Dichinon (1 la) 
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ABB. 8.-pH-AbXngigkeit der Strom-Spanrmngs-Kurven des 2-pihydroxygthyl- 
amino]-benzochinons. 

4- 10ea M Benzochmon, Britton-Robinson-Puffer, pH: (I) 2; (2) 3; (3) 4; (4) 5; (5) 
6; (6> 7; (7) 8; (8) 9; (9) 10; (JO) 11; (II) 12; (12) 0,l M NaOH. Kurven (I)-(X)) 
ab 0,O V, (II) turd (12) ab -0,2 V, NCE, 200 mV/Absz., Empf. 1: 30. (I)+), (II) und 
(12) nur die Chinonstufe vorhanden, (5)+0) die kinetisch begrenzte Chinonstufe 

geht durch ein Maximum. Vgl. [15]. 
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verursacht in wH13rigen PufferlGsungen nach eigenen Erfahrungen zwei gleichgrofie 
Stufen. Polychinone vom Typ (llb) weisen mehrstufige Polarogramme auf, die zu 
einem Teil durch stabile “Multiradikale” bedingt sind. Potentialverschiebungen 
riihren von der gegenseitigen Beeinflussung der Ringsysteme her, wobei Wasserstoff- 
briicken zu den Karbonylgruppen eine Rolle spielen. 

k’thylenimino-Chinone. An einem Chinonkern kSnnen bis zu vier lithylenimino- 
gruppen vorhanden sein, von denen jede nach dem gleichen Schema irreversibel 
gespalten wird := 

9H +,A-& 

Z’JH, + 2e- + lH+ + 
(12) 

Ab pH < 10 zeigt sich bei etwa - 1 V die katalytische Welle dieses Vorganges auf 
dem Polarogramm und erreicht bei vollstHndiger Protonisierung einen Grenzwert 
(Abb. 9). Gleichzeitig macht sich eine zeitliche Abnahme ihrer HGhe bemerkbar 
infolge hydrolytischer Spaltung der Ringe26 (vgl. Abschnitt Hydrolysen), was mit 
einer ausgeprggten cytostatischen Wirkung im Zusammenhang steht. 

&B. 9.-Die Stufen von 2,5-Bis-@thylenimino)-3,6-bis-(n-propoxy)-ben- 
zochinon-(1,4) bei hbheren pH-Werten. 

4 - IO-&M Chinon, Britton-Robinson-Puffer pH: (I) 7; (2) 7,s; (3) 8,9. 
Kurven ab 0,O V, NCE, 200 mV/Absz., Empf. 1: 20. Die Atbyleniminostufe 

sinkt ab. Vgl. [15]. 

Chinolin-Chinone. Die als Cytostatika neuerdings bekannten Chinolin-Chinone 
vom Typ (13) weisen nach der reversiblen Chinonstufe eine irreversible Stufe bei 
1,02 V auf und hgufig daran anschlieBend noch katalytische Wellen (Abb. 10). Die 

(13) 
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Ursache der mehrelektronigen irreversiblen Stufe diirfte in der Elektronenaufnahme 
an dem heterozyklischen Ftinfring zu suchen sein.2s 

r”” 
3 

L 

ABB. IO.-Strom-Spannungs-Kwen von 2-(2’-qrI_dyl)-S-~-~ph~ot~~l~,9- 
Chinon. 

3 * IO-‘ M Chinon (13) in Phosphatpuffer pH ‘7,O bei Qu~ks~~~h~terh~he H = (I) 
89 cm; (2) 64 cm; (3) 49 cm; (4) 36 cm. Kurven ab. 0,O V, NCE, 100 mV/Absz., Empf. 

1: 50,20” (nach Horn). 

CHINONE IN NIC~TW~SSRIG~N L~SUNGSMITTELN 

Auf Grund besonders guter Lijsungseigenschaften einiger organischer Ltisungs- 
mittel nimmt die Zahl der Untersuchungen in reinen organischen Liisungsmitteln 
allgemein und zum Zwecke der K&rung von Elektrodenprozessen im Speziellen 
St&dig zu. 

In den meisten Fallen ist das Solvens eine schwiichere Siiure, als das Wasser und 
fiir Pufferungszus%tze ungeeignet, d.h., dal3 elektrochemische Redoxreaktionen mit 
Protonenaustauschvorg;ingen unkomplizierter ablaufen werden, als in w5iDrigen oder 
teilw%&igen Systemen. 

Die am ~~gsten benutzten organischen ~sun~~ttel sind Acetonitril, N&V- 
Dimethylformamid und das Dimethylsulfoxid. Als wasserHhnliche Liisungsmittel 
finden such Ameisen-oder Essigsaure Verwendung. 

Als Grundelektrolyten werden in der Hauptsache sehr leicht losliche Salze wie 
Tetraalkyl-Gove-perchlorate oder Alkaliperchlorate verwendet. 

Nach Hoijtink2“~ unterscheiden sich die Redu~onsm~hanismen in protonen- 
reicheren Me&en grundsltzlich von denen in protonenarmen. Fiir zweielektronige 
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Reduktionen diskutiert Hoijtink27*2s zwei Mechanismen, die Given, Peovers**m und 
Koitho~l an Chinonen best~ti~en, In was~r~h~chen Solventien gilt folgendes 
Schema : 

Q+e-+Q- (14) 

Q-+HD+QH+D- (15) 

QH+e-+QH- (16) 

QH-+HD-+QH,+D- (17) 

Kann das Produkt Q--das Radikalion des ersten Reduktionsschrittes-protonisiert 
werden, dann findet die weitere Reduktion des Radik~~schenproduktes beim 

gleichen Potential statt, weii die Elektronenaffinitit des Radikals QH im allgemeinen 
gr68er ist, als die des Ausgangschinons Q. 

Urn den EinlluB von Wasserstoffionen auf den Redoxvorgang studieren zu k6nnen, 
gibt man saure organische Substanzen, wie Phenol oder Benzoes%re, als Protonen- 
donatoren hinz~.~~ 

Die Merkmale der Anderungen von Polarogrammen mit Erhiihung der Pro- 
tonenkonzentration sind in 5 Hauptgruppen zusammengefaht worden: 

(a) die 1. Stufe wiichst auf Kosten der 2. bis diese verschwindet, 
(b) eine neue Stufe entsteht zwischen der 1. und 2. Stufe und wgchst auf Kosten 

der 2., 
(c) die Stufenhiihe wlchst an, begleitet von Potentialverschiebungen, 
(d) die 1. Stufe bleibt unverandert, die 2. verschiebt sich nach positiveren 

Potentialen, 
(e) eine neue positivere Stufe entsteht und wachst auf Kosten der beiden anderen. 
Die Deutung aller Erscheinungen ist mit dem angegebenen Mechanismus moglich. 
In Acetonitril, N,N-Dimethylformamid oder Dimethylsulfoxid ohne Protonen- 

donator vereinfacht sich das Schema: 

.Q+e--+6- (1. Stufe) (18) 

Q- + e- -+ Q2- (2. Stufe) (1% 

Weiterhin spielen sich eventuell folgende langsame Reaktionen ab : 

Q2-+I!IA+QH--$-A- (20) 

QH-+-HA-+QH,+A- (21) 

Die den ersten Reduktionsschritt zum Teil begleitende geringe Protonisierung 

von Q- durch das Lasungsmittel und seine Disproportionienmgs- und Dimerisierungs- 
reaktionen bewirken, daB die 1. St&e gr@er als die zweite im Polarogramm erscheint. 
AuBerdem wurde die 2. Stufe als irreversibel gefundenP wenn man z.B. in Dimethyl- 
sulfoxid mit 0,lM Tetratithylammoniumperchlorat polarographiert. Gibt man 
successiv einen Protonendonator, wie 0,OlM HCl oder Wasser hinzu, dann verschiebt 
sich die 2. Stufe nach positiveren Potentialen, bis nur noch eine Stufe mit einem 
Maximum beobachtet werden kann. Die resultierende Stufenhbhe entspricht der 
Summe der beiden Einzelstufen vor der Zugabe eines Protonendonators. 

Durochinon LB. gibt in Dimethylsulfoxid zwei Stufen mit (Er& = -0,73 V und 
(-E,,& = - 1,53 V gegen SCE, von denen die erste als reversibel identifiziert wurde. 



1140 H. BERG und K. KRAMARCZYK 

Die zweite Stufenhiihe war kleiner als die 800 mV positivere und ihr Grenzstrom nahm 
mit Negativierung des Potentials ab. 

Eine Chinon/Hydrochinon-Elektrode reagiert nur in Solventien reversibel, 
welche sauer genug sind, urn eine schnelle Reaktion der konjugierten SBure mit dem 
Semichinonradikal zu garantieren. In Dimethylsulfoxid ist die Chinhydronelektrode 
nicht mehr als pH-Elektrode zu verwenden. 

Vom Hydrochinon ist im Dimethylsulfoxid keine anodische Stufe zu erhalten. 
Wawzonek und Mitarbeitera2 nehmen an, daB eine Oxidation an der tropfenden 
Quecksilberelektrode nur stattfinden kann, nachdem das Hydrochinon ionisiert 
vorliegt. 

Als Bezugselektrode wird such in reinen organischen Losungsmitteln meistens 
die wal3rige gesattigte Kalomelelektrode verwendet, wobei am giinstigsten eine 1N 
KNO,-Agar-Brticke dazwischengeschaltet wird (weniger gut eignet sich eine gesattigte 
KCl-Brticke). Man kann mit einer 1N KNOa-Briicke in Dimethylformamid auf 
1 mV reproduzierbar tiber Stunden und Tage messen, nachdem die Drift in der 
Anfangsperiode beendet ist.30 

E, VOl+S VS SCe 

ABB. 11 .-Strom-Spannungs-Kurven von Anthrachinon bei Gleichspammng (DC) 
und Wechselspamnmg (AC). 

Anthrachinon in Dimethylformamid bei 25”. Grundelektrolyt: 
- 0,l M N(C,H,),ClO,; - - - - - 0,03 M LiC104 mit 0,07 M N(CIIHI)ICIOP; 

- - - - 0,l M LiClO+ 

Interessant ist der EinfluB des Leitelektrolyten auf die Potentiallage der Stufen in 
wasserfreien Solventien. Polarographiert man z.B. Anthrachinon bei 25°C in Di- 
methylformamid mit 0,lN (C,H,),NClO, als Leitsalz, so erhalt man zwei urn etwa 
700 mV auseinanderliegende Stufen (s. Abb. 11). Halt man die Ionenstarke konstant, 
indem man einen Teil des Ammoniumsalzes durch LiCl ersetzt (0,03N LiCl + 
0,07N (C,H,),NClOJ, so positivieren sich beide Halbstufenpotentiale, wobei die 
Verschiebung fur das doppelt negativ geladene Hydrochinonanion wesentlich grSl3er 
ist, als fur das Semichinonanion. Verwendung von O,lNLiClO, bewirkt erneute 
Positivierung der Stufen, wobei die zweite durch den Lithiumionenzusatz reversibel 
wird, wie aus den AC-wechselstrompolarographischen Kurven hervorgeht. Es mu8 
eine Komplexbildung zwischen Hydrochinonanionen und Lithium-Kationen einge- 
treten sein, die jene weitgehenden Anderungen bedingt. Es zeigte sich eine signifikante 
Abhlngigkeit der Halbstufenpotentialverschiebung vom Kationenradius. 



Polarographie chinoider Verbindungen 1141 

Die Neigung zur Ionenassoziation Hndert sich mit der Struktur der Chinone. 
Das schwach basische Chloranil z.B. assoziiert nicht als Semi~hinon mit Li-Xonen. 
Die Ladungsdichte des Chinon-Anions konzentriert sich in der Hauptsache am O- 
Atom und es findet nur dann Komplexbildung statt, wenn durch starke elektro- 
statische Wechselwirkung mit Alkali-Ionen die Solvathtille aufgebrochen werden kann. 

In Acetonitril-L~sungen ist die Komplexbildungstendenz grol3er, als im Dimethyl- 
formamid, was aller Wahrscheinlichkeit nach auf die niedrigere Solvatation der 
Kationen zuriickzufiihren ist. 

Die Gleichgewichtskonstante K fur den Anthrasemichinon-Ionen-Komplex : 

Li+ + & + Li+(i- (22) 

in Dimethy~ormamid lie@ etwa bei 39 und deutet auf ein schwaches 1: 1 Assoziat hin. 
Das doppelt negative Anion ist mit drei Li-Kationen zu einem starken 1: 3-Kom- 

plex assoziiert. Die Neigung zur Komplexbildung sinkt in folgender Reihe Li > 
Na > K > N(&H,), > N(C,H&.SO 

Aten und Hoijtink 53 fanden an aromatische~ Ko~enwasserstoffa~onen dann 
reversible Reduktion in der ersten Stufe, wenn das Potential nicht negativer als 
-1,5 V lag. Entsprechendes kann fur Chinonreduktionen gesagt werden, wobei 
Peover - 1,4 V gegen SCE als Grenze angibt. 

Donator-~ptor-Komplexe werden in reinen organischen L~s~gs~~eln, und 
deshalb vor allem auf s~ktroskopischem Wege untersucht. Die Elektronendona- 
toren: Hexamethylbenzol, Pyren, Benzpyren USW. zwingen dazu, als Solvens ftir 
Donator-Akzeptor-Komplexe mit Chinonen die bereits erwshnten Losungsmittel 
sowie Dichlormethan, Cyclohexan und Tetrachlorkohlenstoff einzusetzen. Es ist van 
groDem Interesse, die Ele~onenaffiit~t der Chinon-A~ptoren unter ~hnlichen 
Bedingungen angeben zu konnen. Die Ionisationspotentiale der Donatoren sind 
relativ gut untersucht worden, w;ihrend experimentelle Parameter der Elektronen- 
affinit5ten weniger bekannt sind.= 

Ihre Kenntnis ermoglicht das VerstHndnis fur die StabilitZit der Komplexe, wenn 
eine quantitative Aussage in dieser Beziehung gemacht werden solI. In~amolekulare 
H-Brtickenbindungen, wie sie z.B. bei einigen cc-Hydroxy-Chinonen auftreten, 
bewirken eine erhiihte Elektronenaffinit&.35 

Eine Abhiingigkeit der einelektronigen Reduktionspotentiale (El,&, von den 
Energien der berechneten untersten freien Molek~lorbitale zeigt Abb. 12. 

Es kann abschliel3end festgestellt werden, da8 die Polarographie eine bequeme 
Methode zur Messung der I-Elektronen-Potentiale in nicht-protonenaktiven Liisungs- 
mitteln darstellt. Gesttitzt werden kijnnen die Ergebnisse der Gleichstrom-Polaro- 
graphie bequem durch Anwendung der Wechselstrommethode. 

CHINON-REAKTIONEN 
Katalytische Hydrierungen 

Als polarographisch weitgehend indifferenter Wasserstoffdonator eignet sich 
Platin- oder Palladiumsol mit Schutzkolloid in Wasserstoffatmosp~re,~6 Nach 
eingehendem Studium der Mikroheterogenkinetik in Ab~n~gkeit von der Katalysat- 
orkonzentration, dem Liisungsmedium und der Temperatur wurde die lineare 
Freie Enthalpie-Beziehung 

log k, - log k,’ = B(AE; - A&) (23) 
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ABB. 12.-Abh%ngigkeit des Halbstufenpotentials der ersten Chinonsstufe in Aceto- 
nitril von der Energie des untersten unbesetzten Molekiilorbitals, berechnet nach (a) 

Kuboyama und Co) Pullman. 
(I) 9,10-Anthrachinon; (2) 1,4-Naphthochinon; (3) 9,10_Phenanthrenchinon; (4) 
1,2-Naphthocbinon; QpBenzochinon; (6) 1,8-Diphenochinon; (7) 1,2-Benzochinon; 
(8) 1,4-Anthrachinon; (9) ZMethyl-naphthochinon; (10) 2-Hydroxy-naphthochinon 

(in Dimethylformami d); (II) 2-Amino-1,4-naphthochinon (vgl. [35’J). 

E,,2, volt 
ABB. 13.-Abh%ngigkeit der Reduktionsgeschwindigkeit von der Konstitution (4 * lo-* 

M Akqtor, 3,9 * 10-‘ M Pd, Phosphatptier pH 7, bei 25”). 
(I) Benzochinon; (2) Phenylbe~~mon; (3) Toluchinon; (4) o-Xylochinon; (5) 
p_Xylochinon; (6) 2,5-Bis(methyl-#LoxyUhyl)amino-benzoction; (7) Morpholino+ 
methyl-Won; (8) 2-Benzyl-(/?-oxy8thyl)aminobenzochinon; (9) Durochinon; 
(IO) 2-Methyl-@chlor&thyl)amino-5-methylbenzochinon; (II) Diiithoxybenzochinon; 
(12) 2,5-Bis-@oxyirthyl-amino)-benzochinon; (13) Phenanthrenchinon; (14) Naphtho- 
chinon; (IS) Anthrachinon-2-sulfontiure; (16) l-Hydroxyanthrachinon; (17) 
2-Hydroxyanthrachinon; (18) Antbracbinon-2,6_disulfons&re; (19) Anthrachinon-l- 

sulfonsiiure; (20) Anthrachinon-1,5-disulfonsPure. (Vgl. 1371). 
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untersucht.s7 In G1.(23) bedeuten k’ = k, [Pd] summarische Reduktionsgeschwindig- 
keitskonstanten und B eine Symmetriekonstante, AE = El,, - E,,. Die Potential- 
ditferenz zwischen dem Halbstufenpotential des Chinons und dem Oberfl%henpoten- 
tial des Palladiumsolpartikels &dert sich am stsirksten mit dem pH-Wert. Das 
wirkt sich im Diagramm log k’ iiber ElIa hlufig im SteigungsmaB der Kurve aus. 
Ftir den Vergleich der Substituenteneinfliisse m&en daher alle Akzeptoren einer 
Reihe das gleiche SteigungsmaB aufweisen. Abgesehen von reversiblen Farbstoffen 
wurden bisher zwei Chinon-Reihen (E Pd = const.) untersucht (Abb. 13) : 

Die Benzochinonreihe mit B = 1,9 V-l weist die kleineren Reduktionsgeschwin- 
digkeiten im vergleichbaren Potentialbereich auf. Stiirkere Abweichungen kiinnen 
von den komplizierteren Teilvorggngen (Adsorption) bei der mikroheterogenen 
Katalyse gegentiber der Homogenreduktion herriihren. Die Anthrachinonreihe wird 
gekennzeichnet durch B = 2,7 V-l. ‘Ausnahmen bilden stark adsorbierbare Chinone 
mit Substituenten in 1 und- 1,5Stellung. 

Der Aussagewert von Gleichung (23) besteht in folgendem: Die Reduktions- 
geschwindigkeit weiterer Akzeptoren la& sich nach ihren Halbstufenpotentialen 
voraussagen. Signifikante Abweichungen deuten auf Besonderheiten in Konstitution 
oder Reaktion. 

Hydrolysen 

Hydrolytische Verilnderungen in der Seitenkette kiinnen nur das Halbstufen- 
potential der Chinongruppe und in geringem Mal3e die Stufenhiihe veriindern. Als 
typisches Beispiel sol1 die der polarographischen Reduktion Zihnliche Ringspaltung 
eines 2,5 Bis-Athylenimino-Benzochinons (1,4)(vgl. &yZenimino-Chinone) geschildert 
werden. Allgemeine SIure-Basen-Katalyse last die Folgereaktion: 

k, 

b 
09 (Cl 

aus, wobei (B) und (C) negativere Stufen als (A) verursachen (Abb. 14). Aus ihren 
zeitlichen hderungen errechnen sich kl und kl’, welche eine Analyse des Misch- 
Absorptionsspektrums erm6glichen.86 

Die Chinone mit Drei- und Vierringen lassen sich nicht mehr in ihren Stufen- 
reaktionen verfolgen. Dennoch vermag die Polarographie ihre Reaktionsftigkeit 
(Reduktion und Hydrolyse) such in Zellsuspensionen zu studieren. Die Instabilittit 
der Ringe mit steigender Protonenkonzentration ist nicht ohne Bedeutung fti den 
cytostatischen Mechanismus, 38 da die Krebszelle einen niedrigeren pH-Wert aufweist. 
Wahrend der Ringspaltung in der Zelle konnen Enzymgruppen blockier?. werden. 
Das Produkt (C) zeigt eine relativ hohe Stabilitgt und erst in stark saurer Losung 
werden die N-Bindungen am Kern hydrolysiertse 
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Photochemische Verriiderungen 

Photochemische Veranderungen von Chinonen sind spektrophotometrisch verfolgt 
worden, jedoch wurden Untersuchungen in dieser Richtung sehr selten unter Anwen- 
dung der polarographischen Methode publiziert. 

ABB. 14.-Hydrolyse der &hyleniminoringe von 2,5-Bis-@thylenimino)-3,6-bis- 
(n-propoxy)-benzochinon-(1,4). 

5 * 1O-4 M Athyleniminochinon, Acetatpuffer pH 5,6, bei 25”. Registrierbeginn nach: 
(I) 50; (2) 115; (3) 180; (4) 240; (5) 300; (6) 360; (7)420; (8)480; (9) 540 Minuter. 
Kurven ab -0.2 V, Mercurosulfatelektrode; 100 mV/Absz., Empf. 1: 30. Vgl. [25]. 

Poup@’ beschaftigte sich mit den Reaktionsmoglichkeiten des p-Benzochinons 
und fand, da13 diese Substanz, im Tageslicht polarographiert, im mereine geringe 
Menge Hydrochinon enthalt. Diese Photolyse stellte er bei Modellexperimenten zu 
photodynamischen Untersuchungen fest. Folgende Reaktion setzt ein: 

H ; (A) + 0) + (2% 

(A) 03 W) (D) 

Das Hydroxybenzochinon-( 1,4) verbirgt sich zuerst im oberen leicht schragen Anstieg 
der Chinonstufe und wird erst nach liingerer Bestrahlung als wenig negativere Stufe 
sichtbar. 

Mit dem 2-Methylnaphthochinon ftihrte Asahi41 eine Reihe Bestrahlungsversuche 
mit Licht zwischen 300-450 nm durch. Ohne Sauerstoff reagiert es, wie bereits am 
p-Benzochinon-Beispiel gezeigt, zum 2-Methyl-1,4-Naphthohydrochinon mit geringer 
H,O,-Bildung als Nebenprodukt. 

In Gegenwart von 0, entsteht aus dem Reduktionsprodukt wieder das Aus- 
gangschinon (als Nebenprodukt erneut H,O,), doch lauft die Reaktion dann weiter 
zum 2,3-Epoxy-Chinon, welches einmal photochemisch zum Phthiocol isomerisieren 
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kann (entsprechend dem 2-Hydroxy-p-benzochinon) und andererseits zu zwei iso- 
meren Dimeren (26A) und (26B) zu polymerisieren vermag: 

(A) 
(B) 

Die beiden Produkte wurden wie alle anderen in kristalliner Form gewormen 
und eindeutig identitiiert. 

Besonders die dimeren Formen dienten erneut als Ausgangssubstanz zu weiteren 
photochemischen und polarographischen Experimenten. 

Brockmann und Mitarbeitef12 fanden die photochemische Dehydrierung des 
chinoiden Dianthrons (26C) bzw. des Helianthrons (26D) zu Mesonaphthodianthron 
(26E), wobei Ringbildung unter Abspaltung von 4 bzw. 2 Wasserstoffatomen eintritt. 
Die Reaktion verlauft schnell und fast quantitativ. Unter aeroben Bedingungen wird 
der abgespaltene Wasserstoff zu H202 gebunden. Bei anaeroben Bedingungen ver- 
Iauft die Reaktion ebenfalls, es tritt eine intermolekulare Dehydrierung ein. 

Die Reaktionsgeschwindigkeit wurde als konzentrationsunabhangig gefunden, 
so daI3 man ein unbestsindiges RingschluBzwischenprodukt (F) annehmen muI3, 
welches dann durch ein zweites Helianthronmolektil zum Naphthodianthron dehy- 
driert wird. 

t 

03 CD) 

(26) 

+@I+ (27) 

7 
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Aus der Erniedrigung des polarographischen Grenzstromes in AbhZingigkeit 
von der Bestrahlungsdauer wurde die Geschwindigkeitskonstante k fti die Photo- 
dehydrierung nach der Beziehung k = 2,3/t log i,li, bestimmt, wobei i, die Stufenhahe 
vor der Bestrahlung und i, nach der Bestrahlungszeit t bedeuten. Auch hierbei war 
k von der Konzentration unabhlngig, wie es Brockmann4* bereits feststellte. 

ABE. 15.-Anthrachinon-2-sulfonskkve als photodynamischer Sensibilisator 6 - lo-& M 
Anthrachinon-2-sulfonslure, 0,41 M Glycerin, Isotonalpuffer ohne Glukose, belichtet. 
Kurve ab 0,O V, NCE, 100 mV/Absz., Empf. 1:50 A. Vgl. [45]. Stufen: I Chinon, II 

HsOB; III Glycerinaldehyd. 

Am Cytostatikum Bayer E 39, dem 2,5-Bis-(athylenimino)-3,6-bis(n-propoxy)ben- 
zochinon-(1,4), ist die photolytische Reaktio# in alkalischer Liisung durch 
oszillopolarographische- und Gleichspannungsregistrierung, neben absorptionsspek- 
troskopischen Messungen, verfolgt worden. 

Die Photolyse wirkt hierbei im Sinne einer beschleunigten Hydrolyse, wobei ein 
Teil der Ausgangssubstanz zum Hydrochinon reduziert wurde. Beide Athylenimi- 
noringe werden geiiffnet, so da8 im wesentlichen die gleichen Zwischen- und 
Endprodukte entstehen, wie bei den hydrolytischen Reaktionen.2S 

Eingehender wurde die Photoreduktion und Reoxydation von Anthrachinon- 
sulfonsauren im Hinblick auf folgenden photodynamisch aktiven Brutto-KreisprozeS 

(28) studiert Die daraus hervorgehenden Produkte GH und H,O, wirken cytostatisch 
(Abb. 15). 
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0 OH 

t ! 
+ 0, + H@, 

Bei methylsubstituierten Benzochinonen konnte eine Beziehung zwischen Quan- 
tenausbeute der Photoreaktion und Halbstufenpotential aufgefunden werden, die 
ein Kardinalproblem der Photo-Polarograpbie seiner Losung niiher bringen hilft.” 
Dabei konnte erneut gezeigt werden, dab die Tropfelektrode direkt in der Be- 
strahlungskiivette vorteilhaft fur Quantenausbeute-Bestimmungen einzusetzen ist. 

Summary-A review of the polarography of quinonoid compounds 
is presented. 

R&?um6-On presente une revue sur la polarographie des compos6s 
quinoniques. 
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Summary-A review of the polarography of proteins and its analytiml 
aspects is presented. 

INTRODUCTION 

THE position, shape and height of the observed polarographic waves of proteins 
depends on the composition of the electrolysed solution, to which a certain amount of 
protein has been added. Depending on the composition of the solution, two different 
kinds of polarographic protein wave can be distinguished.l*a In both cases the 
waves obtained correspond to the evolution of hydrogen at the surface of the dropping 
mercury electrode, at a decreased hydrogen overvoltage brought about by the cata- 
lytically active groups of proteins; the hydrogen ions are supplied to the electrode 
process by acidic components of the supporting electrolyte. 

In buffered solutions, preferably between pH 6 and 10, even at very high dilutions, 
proteins show distinct polarographic waves at potentials closely preceding those from 
the electrolytic reduction of alkali metal cations (Fig. 1).5-6 This led to naming this 
type of protein wave apraenatrium wave. If, in the buffer solution used, the concen- 
tration of the acid component is kept constant, the height of the praenatrium wave 
is limited merely by the concentration of protein present in solution.3 Thus, in special 
cases, certain individual proteins can be determined on the basis of a calibration curve 
obtained with the protein concerned. 6 However, because waves of a similar nature 
are also caused by some other organic compounds,7-9 which similarly cause the 
catalytic evolution of hydrogen at a decreased overvoltage, this kind of protein 
wave is not, in general, suitable for a reliable determination of proteins. 

A more specific polarographic effect with proteins is observed, if, in addition to the 
buffer components, the supporting electrolyte contains cobalt or nickel salts.‘O The 
most convenient composition of such solutions suitable forpolarographicinvestigation 
of proteins proved to be O*lM ammonium chloride in O*lM ammonia solution contain- 
ing I04Mcobalt(II) or 10-3M hexamminecobalt~I1) chloride. After the limiting diffu- 
sion current, corresponding to the reduction of cobalt(U) ions in the presence of various 
proteins, has been reached, a characteristic double wave appears. The height of this 
wave is also related to the concentration of protein added to the solution (Fig. 2). 

NATURE: OF POLAROGRAPHIC WAVES OF PROTEINS 
IN BUFFERED SOLUTIONS OF COBALT SALTS 

As mentioned above, even this second kind of polarographic wave of proteins 
results from the catalytic reduction of hydrogen ions supplied to the electrode by 
acidic components of the buffered solution. In contrast to the praenatrium wave, 
the catalytic reduction of hydrogen ions in the presence of cobalt ions is shifted by 
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Fro. I.-The dependence of the height of the praenatrium wave on concentration of 
egg-white:- 

Curve 1: Borate-carbonate buffer of pH 10. 

Curves 2-8: To 10 ml of this buffer, O.l-ml portions of egg-white, diluted ten times 
with physiological solution of sodium chloride, were added. 

The curves start from -1.4 V; full-scale sensitivity is 250 PA. 

d 

6 

d 

7 

?- / 

FIN. 2.-The dependence of the height of the protein double wave on the concentration 
of serumalbumin(the supporting electrolyteisO~lMNH,Cl, O.lMNHa, 0401MC0Cl~). 

Curves l-7: 0,4,8,20,40 and 80 mg% of serum albumin. 
The curves start from -0.8 V; full-scale sensitivity is 75 ,uA. 

about 400 mV towards positive potentials and the corresponding protein wave shows 
a characteristic two-humped shape, which coalesces into a single wave with a rounded 
maximum in excess of ammonia (Fig. 3). 

Although the mechanism of the electrode process concerned has not yet been 
explained in detail, there is no doubt that it is a complex of cobalt@) ions with 
protein molecules which plays a decisive role in this peculiar polarographic effect. 
If cobalt(X) ions are blocked with strong complexing agents, the protein double-wave 
disappears completely .llsls A further necessary condition is the presence of sulphy- 
dry1 or disulphidic groups in the protein molecule.1*10*13 Proteins not containing 
these groups are polarographically inactive, and among the natural amino acids only 
cystine and cysteine show waves of a similar nature in buffered cobalt solutions 
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FIG. 3.-The dependence of the height of the protein double wave on the concentration 
of ammonia (concentration of serum albumin is 0.02%; supporting electrolyte is O*lM 
NH,CI, OGOlM Co(NH,),Cl, with varying concentrations of ammonia: full-scale 

sensitivity 75 ,cA):- 
Curve 1: no NH*, Curve 4 : 0.25M NH,, 
Curve 2: O~OIMNH,, Curve 5 : 05M NH,, 
Curve 3 : 0*1&f NH,, Curve 6: 0.75&f NH,. 

4 3 2 I 

FIG. 4.-Polarographic effects of protein, cystine and cysteine in buffered cobalt(I1) 
solution (full-scale sensitivity 50 PA):- 

Curve 1: OXlO16M CoC&, O*lM NH&l, 0.1M NH, alone; 
Curve 2: solution as 1 but containing 2 x 10-5M cysteine; 

Curve 3 : solution as 1 but containing 1O-6M cystine; 
Curve 4: solution as 1 but containing UStimes diluted blood serum 

(Fig. 4). 13,14 Recent preliminary experiments have shown that the introduction of 
sulphydryl groups into the molecule of polarographically inactive gelatin gives rise 
to catalytic double-waves with the same features as those from natural proteins 
containing cystine or cysteine nuclei.16 

Cobalt complexes with cysteine through the ionised sulphydryl groups;16 therefore 
it is to be expected that, after the electrodeposition of the metallic cobalt from the 
complex, the ionised sulphydryl groups take up protons from the acid component 
of the solution. These protons, supplied to the electrode process through the 
sulphydryl groups, are discharged at a decreased hydrogen overvoltage. 
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To explain the latter fact, it is assumed that the co-ordination bond to the sulphur 
anion remains preserved even after the deposition of cobalt. This bond, which has 
the character of a chemisorption bond, can then facilitate the proton reduction 
caused by the adsorbed sulphydryl groups. Thus, the corresponding limiting current of 
the catalytic wave depends on the amount of sulphydryl groups adsorbed on the 
electrode surface and is controlled by the recombination rate of these groups. Their 
enhanced catalytic activity is obviously connected with their foregoing participation 
in the co-ordination bond with cobalt(I1) ions in the solution. If cobalt deposited at 
the surface of a steady mercury drop electrode is accumulated by electrolysis and 
EDTA is then added to the electrolysed solution to bind cobalt(II) ions into a firm 
complex, no catalytic effect of cysteine or proteins appears.12 Here the mere contact of 
sulphydryl groups with metallic cobalt is catalytically ineffective. This also explains the 
fact that in the presence of hexamminecobalt(II1) ions cystine or cysteine show a weak 
catalytic effect which is more than lOO-times smaller than that observed with cobalt@) 
ions.lrJ* The stability of the hexamminecobalt(II1) ions evidently hinders the forma- 
tion of a complex with these amino acids in solution. Such complexes cannot be 
formed until the reduction of the hexamminecobalt(III) ions to the unstable hexam- 
minecobalt ions has commenced at the electrode surface. Under these conditions 
only a small amount of the complex is formed, which then accounts for the weak 
catalytic effect. 

In the case of proteins which show almost the same catalytic effect in the presence 
of hexamminecobalt(III) ions as with the cobalt(II) ions, the formation of a complex 
with the freshly reduced hexamminecobalt(III) ions on the electrode surface obviously 
proceeds more easily than in the case of cysteine. 2 This is probably because of the 
considerable adsorption of proteins in the electrode interphase, where the accumula- 
tion of protein molecules might facilitate a rapid formation of the complex with 
bivalent cobalt ions produced by the electrode process. 

A common characteristic feature of all these catalytic waves is the variation of 
their heights with the concentration of proteins as well as of cystine or cysteine.10B13 
The increase in height is not linear with respect to the concentration concerned, but 
tends to a limit which depends on the nature of the substance examined. In the case 
of proteins, the height of the double wave at its maximum value is roughly propor- 
tional to their cystine contents. This is illustrated by the following series: pepsin < 
bovine albumin < chymotrypsin < insulin < trypsin, in which the maximum height 
of the double wave increases with increasing content of cystine in the individual 
proteins.ls 

A chemical modification of the disulphidic or sulphydryl groups in the protein 
molecule is followed by the disappearance of the catalytic wave. This was found after 
treating insulin with performic acid which oxidises its disulphidic groups to sulphonic 
groups or after the carboxymethylation of the reduced disulphidic groups of insulin 
with iodoacetate.20 S-sulphonation of the disulphidic groups in insulin with sulphite, 
however, does not lead to the loss of polarographic activity, because the foregoing 
electroreduction of the S-sulpho bonds supplies the sulphydryl groups just as in the 
electroreduction of the disulphidic groups.2’J 

A similar behaviour is observed with simple sulphydryl and disulphidic com- 
pounds. Thus, cysteine rapidly loses its catalytic activity in the presence of iodoace- 
tam, whereas that of cystine under the same conditions remains uninflucnced.l* 
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Similarly, as with insulin the S-sulphonation of cystine brings about its original 
catalytic activity. 2o In addition to cysteine, catalytic waves are also obtained with 
cysteamine,21 and thioglycolid3 and thiopropionic22 acids as well as with their di- 
sulphidic forms. The waves appear at potentials at which the second part of the 
protein double waves takes place. They have a typical shape, mostly with a rounded 
maximum and are readily observed at very low concentrations (down to 10-7M) of 
the compounds mentioned above. 

The magnitude of the catalytic effect, which is different for the individual sulphy- 
dry1 compounds, seems to be related both to the nature of the other functional groups 
taking part in the co-ordination bond and to their position on the carbon chain with 
respect to the sulphydryl group. Thus, a decreasing catalytic effect was observed in 
the following series :13*21*ss thioglycolic acid, cysteine, cysteamine > /?-thiopropionic 
acid. This series suggests that the formation of five-membered chelates brings about 
favourable conditions for giving rise to the highest catalytic currents, probably as a 
result of the high stability of these chelates. The steric conditions of the sulphydryl 
groups can also be of importance, e.g., erythrophenylcysteine gives a greater catalytic 
effect than the threo-epimer.= 

The nature of the bonding and structure of the complexes of proteins with cobalt 
are not fully understood, although there is no doubt about their existence; it follows, 
at least, from the analogous polarographic effects due to proteins and to their free 
cystine or cysteine nuclei. In view of the complicated structure of the protein molecule, 
it is not very surprising that the shape of the polarographic wave of protein differs 
somewhat from that of cystine or cysteine. Previous attempts to explain the two- 
humped shape of the protein wave as being due to the catalytic activity of some other 
amino acids in the protein molecule2s-27 or to the globular and linear structure of the 
polypeptides 28 did not provide sufficient evidence. It seems more likely that this 
peculiar shape results from the adsorption of the protein molecules at the electrode 
surface where they promote, in the adsorbed state presumably, the evolution of 
hydrogen from the sulphydryl groups. This might account for a partial shift of the 
catalytic protein wave towards positive potentials, so that the primary electrode 
process could then take place in two steps. 

APPLICATIONS OF THE POLAROGRAPHIC PROTEIN TEST 
IN BUFFERED COBALT SOLUTIONS 

The height and the shape of the polarographic double-wave of proteins varies 
more or less with the concentration of all the individual components of the buffered 
cobalt solutions. 

Role of the cobalt ion 

At a suitable concentration ratio of ammonium ions and ammonia, providing the 
electrolyte solution with an adequate buffer capacity in respect of the electrolytic 
uptake of the ammonium ions, the height of the protein double wave increases with 
the increasing concentration of the cobalt(X) or hexamminecobalt(II1) ions in the 
form of a parabola-like curve (Fig. 5). 2e*30 The height of the wave appears to be 
proportional to a power of cobalt concentration with an exponent which is somewhat 
less than one and varies within close limits for individual proteins. In solutions 
containing hexamminecobalt(II1) ions the protein wave is usually slightly higher than 
in solutions of cobalt(II) ions at the same concentration.” 
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Role of the bu$er components 

When ammonium ions, functioning as proton donors, are in excess the height of 
the double wave is limited both by the concentrations of the cobalt ions and of the 
protein. However, it becomes controlled by the rate diffusion of the ammonium ions 
towards the electrode as soon as the concentration of ammonium ions in the bulk falls 
below the limit required for the wave to reach maximum height at the given concentra- 
tion of cobalt salts and protein .loe31 Thus, below this limit a decrease in the height 
of the protein double wave with decreasing concentration of ammonium ions was 
observed?0*31 

FIG. 5.-The dependence of the height of the protein double wave on the concentration 
of cobalt(I1) ions. The supporting electrolyte consists of 0*1&f NH&l, O*lM NH, and 

varying amounts of CoCl,:- 
Curve 1: O~OOOSN, Curve 2: @OOlN, 
Curve 3: 0902N, Curve 4 : 0*003 N, 
Curve 5: 0904N, Curve 6: 0*005N. 

The concentration of the human serum is 0.17 %; full-scale sensitivity is 40 PA. 

In addition to supplying protons to the catalytic electrode process, the ammonium 
ions, together with ammonia, control the pH of the solution. Any change in their 
concentration ratio brings about a shift in the dissociation equilibria of the acidic and 
basic groups in the protein molecules which, in turn, affects the degree of complex 
formation with cobalt as well as the extent of their adsorption on the electrode surface. 
The coalescence of the protein double wave into a single wave and a considerable 
increase in the height of the latter in excess of ammonialo appears to be the result of 
the effects considered. It is important to know that similar polarographic effects are 
observed when in an ammonia buffer of pH about 9 or 10, the ammonium ions are 
replaced with glycine32 or with some other amino compounds. 

The polarographic protein test, from the qualitative point of view, is common for 
all types of protein with cystine or cysteine nuclei. Thus, its application to quantita- 
tive analysis is mainly limited to samples containing either a single type of protein or a 
protein mixture possessing a constant composition. 

EfSect of denaturation of proteins 

Another characteristic behaviour of proteins has to be considered when carrying 
out the polarographic test, i.e., the effect of structural changes in the protein under 
investigation. The mildest changes of this kind are induced by denaturation of the 
proteins. These changes consist in the stretching of polypeptide chains after the break 
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down of certain intramolecular bonds responsible for the original structure of the 
native protein molecules. This internal rearrangement in the protein molecule is 
accompanied by the liberation of a part of the disulphidic or sulphydryl groups which 
was masked inside the native molecule. This process which has been shown to occur 
by other methodP can also be clearly demonstrated by the changes in the polaro- 
graphic protein wave. 

For example, if the serum proteins are dissolved in a slightly alkaline solution 
(0*2M potassium hydroxide) a distinct increase of the protein double wave with time 
is observed (Fig. 6). 34 After reaching the maximum, the height of the wave begins to 

0 5 IO Is’ 20’ 65 

FIG. 6.-Alkaline denaturation of proteins in serum: dependence of the height 
of the double wave on the denaturation time. 0.5 Ml of serum, 05 ml of water and 
0.25 ml of 1M KOH were mixed. After the given time intervals, 0.1 ml of the sample 
was diluted with 20 ml of cobalt(I1) solution and polarographed (full-scale sensitivity: 

decrease. A similar effect takes place if native serum proteins are exposed to ultra- 
violet radiation.S*36 This increase in the height of the wave, especially of its second 
hump, indicates that during the denaturation process the disulphidic or sulphydryl 
groups together with the other ligands become much more readily available for complex 
formation with cobalt than in the native proteins. The subsequent decay of the height 
of the wave corresponds to a slow coagulation of proteins because of a decrease in 
their solubility after the denaturation. However, this behaviour, which is typical of 
the serum albumin, is not common to other proteins. With y-globulin, for example, 
only a slow decay of its double wave is shown.37 

Denaturation test 

The alkaline denaturation of serum proteins proved to be of practical use in de- 
tecting more or less pronounced differences between normal and certain pathological 
sera. The primary objective was a diagnostic test for cancer.38 

On direct comparison of the polarograms of the native and carcinomatic sera in 
buffered cobalt solutions only a slight difference was observed : the carcinomatic sera 
showed somewhat lower waves. However, when the sera were treated with dilute 
alkali hydroxide before electrolysis, the wave from normal serum always showed a 
larger increase than the wave due to carcinomatic serum (Fig. 7). In this way the 
difference between the two sera could clearly be distinguished. 
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Digestion test 

A similar difference is found if the sera are treated with pepsin in dilute solutions 
of hydrochloric acid .38*3g The higher protein waves in the normal sera, in comparison 
with car~inomatic sera, indicate a higher content of polarographica~y active groups 
liberated through denaturation or peptic cleavage; accordingly, in the hydrolysates 
of carcinomatic sera, less cystine was always found than in the hydrolysates of normal 
sera. The ratio of the cystine content in the sera examined was practically the same 
as the ratio of the heights of the protein waves. 

FIG. 7.-The course of the atkaline denat~ation of normal and carcinomatic serum:- 
Curves 1,3,5 and 7: normal sewn, 

Curves 2,4, 6 and 8: carcinomatic serum. 
O-75 Ml of O*lM KOH and 0.5 ml of serum are mixed and after the given time intervals 
0.05 ml of the solution is diluted with 10 ml of buffered cobalt(I1) solution (full-scale 

sensitivity : 50 PA). 

In the course of the examination of different pathological and normal sera it was 
soon ascertained that these polarographic tests are not specific for cancer, because 
other disorders, especially acute inflammations, open tuberculosis and febrile diseases 
in general, showed a similar deviationin the height of the protein wave.3Q Nevertheless, 
the experience concerning the polarographic behaviour of proteins exposed to 
denaturation or to the action of different proteolytic enzymes has provided further 
possibilities for the investigation of individual protein fractions after their separation 
from biological fluids or for estimating the proteolytic action of different enzymes 
present in this fluid under normal and pathological conditions. 

Electrophoretic fractions 

In order to obtain information about the distribution and polarographic proper- 
ties of the individual protein components in blood sera, paper electrophoresis was 
used.@**l After electrophoreti~ separation on ~atman paper No. 1 at pR 8.6 the 
paper was dried and cut into four strips with separated fractions of albumins and 
cc-, j3- and y-globulins. These strips were then eluated separately in physiological 
sodium chloride solution and the polarographic wave was recorded for each sample 
under standard conditions (Fig. 8). In this way certain shifts in the distribution of 
albumins, a-, 8- and y-globulin, which in some cases are characteristic for different 
pathological states, can be ascertained. This mode of procedure has shown that the 
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decrease in the total height of the double waves observed with pathological blood sera 
is mainly due to the decrease in the albumin content. In contrast to malignant and 
febrile diseases, an increase in the content of the /3- and y-globulin fractions and a 
simultaneous decrease in the a-globulin fraction was ascertained in the case of severe 
hepatitis; in contrast, acute inflammations are accompanied by an increase in the 
a-globulin fraction with a simultaneous decrease of albumins. 
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PIG. 8.-Electrophoretie-polarographic record of the proteins in blood serum: 
(a) native proteins, (b) denaturated proteins. Albumin is diluted three times with 

respect to the other protein components. 

If the paper strips with separated protein fractions are eluated in dilute alkaline 
hydroxide, the individual effect of denaturation on these fractions can be distinguished 
(Fig. 8). When working with normal sera the largest increase in the height of the 
protein double wave is shown in the albumin and a-globulin fraction. If the same 
procedure is applied to pathological sera, the increase in the height of the respective 
protein waves takes place to a smaller extent. This fact leads to the conclusion that in 
pathological states the protein molecules in these fractions undergo some qualitative 
changes, which consist probably in a decrease of the content of the polarographically 
active sulphur groups. 

The denaturation effects were also examined pol~ographi~~y on spinal fluids.40*” 
Whilst patholo~cal sera give protein waves which are generally lower than those of 
the normal sera, the pathological spinal fluids are characterised by an increase in the 
height of the corresponding protein wave. Moreover, pathological spinal fluids 
(e.g., tubercular or basilar meningitis) when treated with dilute alkali hydroxide show 
a greater increase in the height of the protein wave than the normal, whereas with 
serum proteins opposite denaturation effects are observed. This different behaviour 
of blood sera and spinal fluids in the normal and pathological states is mainly due to 
albumins, which evidently have different natures and properties in the two body 
liquids. 
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Miscellaneous biological materials 

Other analytical applications of the polarographic protein test cover a very broad 
field and cannot be discussed here. They involve the estimation of proteins in urine, 
transudates, exudates, milk, stomach and duodenal juice, sweat, salivas, tears, plant 
extracts, etc.4a 

The protein test was found useful in controlling the purity of the virus of tobacco 
mosaic. This virus in the pure state shows only the first part of the double wave 
(Fig. 9).& However, the non-virus protein present as impurities, exhibits the whole 
double wave, the second hump of which disappears if the virus is first purified. In 
this way protein impurities in amounts as low as O-2 % can be ascertained. 

I .oo 0.75 0.50 0.25 0.10 o*oo 

FIG. 9.-Polarograpbic analysis of a mixture containing 5.2 mg/ml of pursed tobacco 
mosaic virus protein and various concentrations of non-virus protein (BP). The 
supporting electrolyte is 0401MCo(NH,),ClS, O*lM NH&l, O.lM NHI; temperature: 

0" ; full-scale sensitivity : 25 !cA. 

Eflect of proteolytic enzymes 

Another type of application was directed towards the estimation of the activity 
of different proteolytic enzymes. It is known that the products of proteolytic cleavage 
also exhibit catalytic waves, which can attain larger heights than those of the original 
protein. Thus, the proteolytic effect can be followed polarographically either in the 
presence of the original protein or, preferably, after precipitation with sulphosalicylic 
acid, when the protein degradation products are soluble. The polarographic examina- 
tion of the respective filtrates enables one to obtain the catalytic waves from the 
proteolytic products only. The increase of these waves with time is then directly 
related to the proteolytic activity of the enzyme concerned. The first investigations 
of this kind were carried out on albumin proteolysed with pepsin in the pH range of 
about 2-3, where pepsin reaches its optimum activity.44 

The fact that various proteolytic systems are active at different pH regions enabled 
a distinction to be made between the three proteolytic systems present in the blood 
sera.45 Normal sera were acidified to certain pH values and incubated at body 
temperature for 24 hr. After precipitation of the serum proteins with sulphosalicylic 
acid, the polarographic examination of the filtrates revealed catalytic waves corre- 
sponding to the degradation products in samples where pH values were maintained 
in the following regions: 2-3, 3-4.2, 5.5-7.0. The proteolytic cleavage of serum 
proteins in the first and second region is because of the presence of pepsin and kathep- 
sin, respectively. The nature of the third “enzyme” was not identified. 

This finding has been applied to the polarographic comparison of the proteolytic 
activity of pepsin (Fig. 10) and kathepsin in sera and in spinal fluids under normal and 
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different pathological states .41l46 With patients suffering from pernicious anaemia 
(Fig. lo), stomach ulcers or cancer, a decreased proteolytic activity of pepsin from 
the decreased content of pepsinogen in serum was observed. An increased proteolytic 
activity of the kath~sin system was found with patients seeing from infectious 
hepatitis. 

In spinal fluids only the proteolytic activity of the kathepsin system was detected, 
whilst the presence of pepsinogen in the normal spinal fluids was not observed.*1 
The penetration of this enzyme into spinal fluids from blood is connected with certain 

&al conditions. _ 

FIG. lO.-Polarographic determination of pepsinogen in normal blood serum (left) and 
in the serum of a patient suffering from pernicious anaemia (right). The serum was 
analysed after the given time intervals (hr) of ~ncu~tion (37”) in an acidic medium 

(fuU-scale sensitivity : 90 PA). 

Filtrate test 

It has already been mentioned that the decomposition products of proteins, 
soluble in s~phosa~~y~c acid, can be estimate pol~o~ap~~~y in the respective 
filtrates after precipitation of the original proteins. The polarographic examination 
of sulphosalicylic filtrates has been applied to blood sera in order to determine some 
degradation products of the serum proteins which may be present, and differences in 
their contents between normal and pathological sera.1*2*38 Distinct differences have, 
in fact, been found; a higher content of these products was observed in those patho- 
logical sera which show a decrease in the total height of the protein double wave in 
comparison with normal sera after alkali denaturation or partial peptic cleavage. 
This proves that the increased protein wave in filtrates is also characteristic for the 
sera of patients suffering from cancer, tuberculosis, inflammation and febrile diseases. 

The filtrate test was found advantageous for clinical purposes because it is more 
reproducible and the differences between normal and pathological sera are more 
pronounced than with the former test. It was originally assumed that the serum 
filtrate waves were caused only by the degradation products of serum proteins. This 
view was mainly supported by the fact that an arbitrary increase of these waves can 
be induced by treating normal or pathological sera with pepsin. Electrophoretic 
analysis of the proteinic substances concerned revealed, however, the presence of at 
least three protein fractions*’ in sulphosalicylic filtrates which noticeably contribute 
to the rise of the filtrate waves.48 These compounds contain a sugar component and 
thus have the character of mucoproteins or glykoproteins.*s Great attention was 
paid to the mucoprotein known as serum mucoid or orosomucoid, present in higher 
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concentration than the other filtrate proteins, all of which are increased in a similar 
manner to those pathological cases where the filtrates waves are increased. The 
isolation of this mucoprotein was accomplished by salting out with ammonium sul- 
phatesO or alternatively by alcoholic fractionation 61 of the blood plasma. It contains 
about 40% of sugar, its isoelectric point is on the acid side (p1 M 2) and it has a 
molecular weight of about 44,000. The orosomucoid appears in the a,-globulin 
fraction and corresponds to the acid a,-glycoprotein. In accord with the low cystine 
content (0.5 %) it shows relatively low polarographic protein double waves as compared 
with those of the rest of the proteinic substances, present in the filtrates.‘s 

I 2 3 ‘4 5 6 
FIG. 11 .-Filtrate protein waves of different sera (full-scale sensitivity : 50 ,uA) :- 

Curve 1: Status febrilis, Curve 2: Ca hepatis, 
Curve 3 : Ca ventriculi, Curve 4: normal serum, 
Curve 5 : Cirrhosis hepatis, Curve 6 : Thrombophlebitis acuta. 

The polarographic effect of all these substances can be considerably enhanced by 
adding an excess of ammonia to the buffered cobalt solution. This solution also has 
the advantage that the differences between normal and pathological sera are more 
clearly distinguished (Fig. 11). 

Procedure for diagnostic filtrate test 

In applying the polarographic filtrate test for diagnostical purposes the following mode of pro- 
cedure proved to be the most suitable. Add O-4 ml of fresh blood serum to 1 ml of O*lM potassium 
hydroxide solution and allow to stand for 45 min. Precipitate the proteins at room temperature by 
the addition of 1 ml of 20% sulphosalicyhc acid. After 10 min filter the precipitate through a hard 
filter paper and add 0.5 ml of clean filtrate to 5 ml of buffered hexamminecobalt(II1) solution (lo-*M 
in 0.1 M ammonium chloride, 1 M ammonia). Compare the increase in the height of the wave of the 
pathological filtrate with the height of the wave from the normal filtrate. Because the latter is subject 
to slight fluctuation it is beat to take the average of the wave heights of several samples of normal sera. 
Any increase in the filtrate wave over the normal limit indicates the need for a careful clinical examina- 
tion of the patient. 

Disregarding the non-specificity of the filtrate test, the main interest in clinical 
practice is directed towards its application for the diagnosis of cancer. The extensive 
statistical material available shows that the height of the filtrate wave increases 
appreciably during the progress of the malignant disease. In early stages the filtrate 
test is very often inconclusive in that the respective height of the wave overlaps with 
the upper limit of that of normal sera. A surgical or successful therapeutic interven- 
tion is followed by a decrease in the filtrate wave, which returns to its normal limit, 
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provided that the attack of the organism by metastases has not commenced. The 
start of recidivism is always accompanied by a new increase of the filtrate wave. Thus 
a repetition of the test at regular intervals provides a useful indication of the effective- 
ness of a cure. 

The course of various non-carcinomatic diseases can be followed during the 
therapeutic treatment in a similar manner. In contrast to inflammations, tuberculosis, 
pneumonia, nephritis, ulcers, festering or necrotic processes, a decrease of the filtrate 
wave under the normal limit takes place with patients suffering from infectious 
hepatitis or cirrhosis of the liver (cJ Curve 5, Fig. 11). In this respect the filtrate test 
is specific for liver disorders, especially where liver parenchyma is severely damaged.62 
The decrease in the heights of the filtrate waves below the normal limit in liver dis- 
orders appears to be related to a deficiency of glycoproteins caused by damage to the 
liver parenchyma where glykoproteins are assumed to be formed. 

Some of the pathological protein effects shown by sera can also be observed with 
urine. However, this biological fluid is less suitable for polarographic examination in 
clinical practice because the quantitative changes in the composition of urine can 
fluctuate over very wide limits. In spite of this, the heights of the filtrate wave obtained 
both with serum and urine, in those pathological cases where the filtrate wave is 
increased, were found to be roughly parallel. ss A considerable increase of the titrate 
wave in urine was observed with patients suffering from burns. The increase in the 
height of the filtrate wave in this case is clearly correlated with the degree and extent 
of the burnt tissue. 

CONCLUSIONS 

In conclusion, it has to be mentioned that the literature dealing with the investi- 
gations in the field of polarography of proteins, and especially with the clinical appli- 
cations, has become very extensive. Therefore, only the essential features of the 
problem have been outlined here in order to give the reader necessary information 
about the theoretical and practical aspects of the subject. 

R&urn&On pr&ente une revue sur la polarographie des proteines et 
ses aspects analytiques. 

Zusanune&ssung-Es wird eine Ubersicht tlber die Polarographie von 
Proteinen tmd deren analytische pspekte gegeben. 
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Snmm~--A review of polarography in polymer science is presemted. 

INTRODUCTION 

POLAROGRAPHIC techniques are useful for determination of monomers, impurities in 
monomers, catalysts and end groups in polymers. It is spoilt to be able to 
compare the number of end groups in a polymer with the number expected from the 
mechanisms of polymer reactions and to determine impurities, which may greatly 
affect the degree of polymerisation and the properties of the polymer formed. 

Applications of polarography in polymer science will be discussed, with emphasis 
on the contribution of the present authors. Hence, the present review is comple- 
mentary to other views or books1 which discuss the problem from a more general 
point of view. 

ANALYSIS OF MONOMERS 

Styrene, ~-methylst~ene and ~-me~ylstyrene contain conjugated double bonds 
which give a single reduction-wave useful for quantitative methods. Similarly, 
acrylonitrile and ally1 methacrylate can be determined polarographically. Because 
vinyl esters, such as vinyl acetate and vinyl butyrate, are not reduced directly, it is 
necessary to determine the acetaldehyde produced by saponification of the vinyl 
ester. This may be carried out in a solution containing te~methyla~oni~ 
hydroxide as a supporting electrolyte. Linear dependence between the height of the 
acetaldehyde wave and vinyl acetate concentration has been found.* 

In another method use is made of addition compounds formed by unsaturated 
organic compounds and a mercuric salt. The mixed solution of rne~~~1) acetate 
and methanol, described by the following equations, is especially useful: 

OCHa 

Hg(OCOCH& 4 C&OH ;1 H 
/ 

\ 
+ CH,COOH 

0COCH8 
OCH, 

H’ 
& 

+‘c=c~+‘c-c/ 

OCOCH, ’ ’ C&I 8 &&OH,’ 

Two waves are observed on the polarogram of vinyl acetate, containing mercury(H) 
acetate, methanol and sodium nitrate as a supporting salt; the first wave (at about 
4-0.35 V) correponds to the reduction of mercury and the second wave (at about 
-0.35 V) to the reduction of the mercury addition compound of vinyl acetate. The 
height of the mercury wave is inversely proportional to the concentration of vinyl 
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acetate, and the height of the more negative wave of the mercury addition compound 
of vinyl acetate is directly propo~ional to the concentration of vinyl acetate. The 
wave of the addition compound is not influenced by the presence of acetic acid, 
acetaldehyde and crotonaldehyde, which occur in technical vinyl acetate. Also, the 
same method can be applied to the determination of styrene, vinyl butyrate and ally1 
alcohol3 

ANALYSIS OF IMPURITIES IN MONOMERS 

Small quantities of impurities present in monomer can act as inhibitors or chain 
transfer agents in the polymerisation process. They affect the polymerisation reaction, 
reduce the degree of polymerisation and impart some active groups to the polymer 
produced. For example, as impurities in technical vinyl acetate, acetic acid, acet- 
aldehyde, crotonaldehyde, acetone, monovinyl acetylene and divinyl acetylene are 
present. Among these impurities, acetic acid and acetone hardly show any influence 
on the polymerisation reaction. On the other hand, acetaldehyde reduces the degree 
of polymerisation by a chain transfer reaction, and introduces a carbonyl group into 
the polyvinyl alcohol formed. The presence of crotonaldehyde reduces both the rate 
of polymerisation and the degree of polymerisation. Monavinyl acetylene and 
divinyl acetylene greatly retard the polymerisation reaction, even in very small 
amounts.4 Some examples to the polarographic determination of these impurities are 
now discussed. 

Crotonaldehyde 

The determination of crotonaldehyde in the presence of other aldehydes present 
in vinyl acetate is difficult when other methods are used, but it can be easily carried out 
polaro~aphic~y by diluting the sample in a methanol solution. Of the waves of 
crotonaldehyde at various pH (Table I), the waves in the acidic region are most 
suitable for analytical application.5 

TABLE I.-EFFECT OF pH ON THE ~LARCKBAM OF CRO~ONALDEHYDB 

pH %a, v us, S.C.E. id, pA Buffer solution 

1.90 -0.98 0.724 Siirensen 
3.12 -1.06 0.685 

4.19 -1.11 O-633 

5-09 -1-19 0.508 

I 

MeIlvaine 

7.85 -1.42 0.453 
988 -1.48 0.108 SBrensen 

CHSOH, 50%; crotonaldehyde,O* 418 mM; Temp.: 
25”. , mW* tV = 0.785 mg*/s.sec-V*. 

Diuinyl acetylene 

Divinyl acetylene gives reduction waves in 75 % dioxan.s Dimethylformamide, in 
which vinyl acetate is easily soluble, with a tetralkylammonium salt as a supporting 
salt is also suitable. In 100% dimethy~o~amide, divinyl acetylene yields waves at 
- l-74 V and -2-22 V. In a 25 % dimethylforma~de -75 % vinyl acetate system, the 
second wave mentioned above is obscured, but the first wave is well-defined and can 
be used for the quantitative determination of divinyl acetylene in technical vinyl 
acetate.’ 
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ANALYSIS OF CATALYSTS AND ITS APPLICATION 

In 50 % ethanol containing 0*50M tetrabutylammonium iodide, 2,2’-azo-bis-iso- 
butyronitrile shows a wave proportional to concentration with a half-wave potential 
of - 1.34 V ZX. S.C.E. The rate of decomposition of this compound can be followed 
both in the absence and presence of p-cblorobenzenesulpbinic acid.s 

Waves of benzoyl peroxide can be applied to studies of the mechanisms of redox 
catalysts.9 Generally, the determination of reducing agent in the presence of oxidising 
agent and z&e versa, is difficult. Polarograpbic analysis of such mixtures is possible 
if a kinetic current, e.g., in the case of the reaction between iron@) and hydrogen 
peroxide, does not appear. 

Polarographic curves obtained with a sample of a redox catalyst containing benzoin, 
benzoyl peroxide and iron(I1) enabled us to carry out a simultaneous determination 
of all components. The results obtained indicate the fo~ation of radicals by the 
following reactions : 

POOP + Fez+ -+ PO. + PO- + Fe3+ 

2Fe3+ + BzH, -+ 2Fe2+ + Bz + 2H+. 

where POOP is benzoyl peroxide, Bz is be&l, PO* is a radical and PO- an ion. 
The reaction between dipbenyla~ne and benzoyl peroxide is also a redox system 

and proceeds as follows: 

(G,H,),NH + U-WW2 + (C,H,)2N* + C,HSCOO* + t$H,COOH. 

To verify the above mechanism, the presence of tet~phenylhydr~ne has been proved 
through its reaction with nitric oxide to give N-nitrosodipbenylamine, which can be 
determined polarographically : 

APPLICATION TO STUDIES OF CHEMICAL STRUCTURE OF POLYMERS 

Carbonyi group in polyvinyl alcohol 

Although the carbonyl groups in ~lyvinyl alcohol have been dete~ined by their 
reaction with 2,4-dinitropbenylhydrazine,1° spectropbotometrically and by a chemical 
method,ll no definite conclusions have been reached. We have developed a method 
for the micro quantitative determination of carbonyl groups in polyvinyl alcohol by 
polarography based on the reaction of ~~ophenylhy~~ine with the carbonyl groups. 
Because polyvinyl alcohol is water-soluble and the polarograpbic reduction-wave of 
the nitro groups of the dinitrophenylhydrazones formed is very high, the sensitivity 
of the method developed is high. The suggested method of determination of the 
functional groupings is one of the few suggested for analysis of high polymer com- 
pounds. 

In order to compare the polarographic bebaviour of nitro groups bound to a high 
polymer with that of nitro groups of low-molecular compounds, the wave-heights of 
polyvinyl alcohol hydrazone before and after hydrolysis were compared. The wave 
of the unhydrolysed polyvinyl alcobolhydrazone was recorded at pH 5-6, and that 
of the wave of the hydrolysate at pH O-8 (Table II). A preliminary experiment bad 
shown that the wave-height ofp-nitrophenylbydrazine alone was not changed in the 
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acid range. On the other hand, in the present experiment (Table II), the wave-height 
of polyvinyl alcohol hydrazone after hydrolysis was twice that before hydrolysis. 
The wave-height of nitro groups, which are bound to a high polymer, is hence lower 
than that of the nitro groups in the low molecular compounds. This may be caused 
by either the difference in the diffusion coefficient or the lowering of the number of 
nitro groups accessible to reduction. Hence, because it would be dif%cult to calibrate 
and evaluate the waves for high polymeric material, it is recommended that the 

TABLE II.--~~LAxIGRAP~~~ MM- 
OF WAVES OF POLYVINYL ALCOHOL 

HYDRAZONE BEFORE AND AFTBR HYDROLYSIS 

Polyvinyl alcohol, g. I-’ pH id, PA 

874 5.4 0.386 
5.83 5.4 0.257 
2.88 5.4 0.126 
8.74 0.8 0643 
5.83 0.8 0.428 
2.88 0.8 0.208 

Temp. = 25°C; ma/s.tlls = 0.94 mg*a. 
se&+/a 

fragment bearing the group to be determined is separated from the polymer before 
the polarographic determination. 

The recommended procedure for the determination of the carbonyl groups in 
polyvinyl alcohol follows : 

To 100 ml of a 5 % aqueous solution of polyvinyl alcohol, adjusted to pH 5-6 by addition of a 
Walpole buffer solution, add 0.2 g of pnitro 

e 
henylhydrazine and allow the mixture to stand at 30” 

for 2 days. Precipitate polyvinyl alcohol (P A) from the aqueous solution by adding an excess of 
methanol, wash with methanol in a Soxhlet extractor for 1 day, then dry. Dissolve the polyvinyl 
alcohol and p-nitr 

? 
henylhydrazone in 1M hydrochloric acid to make a 1% solution, and hydrolyse 

at 30” for 2 hr. D ute the hydrolysed solution with Sarensen buffer solution (pH 1.2) to twice the 
volume and determine the free pnitrophenylhydrazine polarographically. 

When vinyl acetate is polymerised, acetaldehyde is considered to act as a chain 
transfer agent. Vinyl acetate was polymerised in the presence of acetaldehyde and the 
amount of carbonyl groups in the resulting polyvinyl alcohol was determined (Table 
III). The mole % content of carbonyl groups in the polyvinyl alcohol obtained is 
markedly increased when the vinyl acetate is polymerised in the presence of acetalde- 
hyde. The chain transfer reaction of acetaldehyde can, therefore, be formulated as 
follows : 

NCH,-CH. + CH&HO + 4H,--CH, + CH,CO* 
I I 

OCOCH, OCOCHs 

CH,CO. + CH, = CH + CH,COCH,-CH* 

A COCH, A COCH, 

Double bond in polyvinyl acetate 

From investigationP_ls of the branching of polyvinyl acetate it can be deduced 
that polyvinyl acetate molecules are branched because of the chain transfer reactions 
between a polymer radical and either a monomer (I), or a polymer molecule (II) in 
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TABLE III.-EFFBX OF ACETALDEHYLZ ON THE NUMBER OF CARBONYL GROUPS IN 

POLYVINYL ALCOHOL 

Carbonyl group 
Polymerisation 

CH&HO, % time, ntin Conversion, % PAa* PA* 

mole % 
per polymer 

molecule 

00.25 
120 27.0 4050 2590 0.027 0.7 
200 28.0 1850 1590 0.072 1.1 

0.50 28.0 1140 1130 0.105 1.2 
140 27.0 620 630 0.177 1.1 

Polymerisation conditions: purified vinyl acetate containing 0.015% of acetaldehyde; poly- 
merisation temperature, 56.5”; bulk polymerisation with 0.1% of benzoyl peroxide catalyst. 

l Degree of polymerisation. 

the polymerisation reaction. The methyl group of the acetyl group in polyvinyl 
alcohol appears to be the principal site of the transfer 

; + CH,--CH + H + CHg=CH 
I I 7- 

0COCH3 OCOCHS OCOCHs COCH- 
Sapotication 1 &COCH, (1) 

HOOCCH- 

CH____ 

_____CH saponification --T---I I 
t OH OH OH 

AC 
I-I+-- 

OCHS 0 OCOCHg 
I 

HOOC_____ 
I 

co OH 
I 

CH, 

1 
-OCOCHg 

w 

If this mechanism is correct, it follows that polyvinyl acetate obtained from monomer 
transfer reaction must include a double bond, and polyvinyl acetate obtained from 
the monomer and polymer transfer reactions must possess a carboxyl group. 

Wheelerr determined the number of double bonds in polyvinyl acetate by the 
iodine monochloride method. The numerical average of the degrees of polymerisation 
was estimated by determination of the double bond end groups. The correlation 
between these values and intrinsic viscosities was in good agreement with osmotic 
and viscosity measurements. 

We found that double bonds in polyvinyl alcohol can be determined polaro- 
graphicallyls by measurement of the residual perbenzoic acid after the reaction between 
double bond and perbenzoic acid?’ 

\ 
r-C’ + C H :OOH + &-CL 

/ \ 6B I I 
OH OCOC,H,. 
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Polarographic curves of perbenzoic acid in a mixture of acetic acid, benzene and water 
(75: 10: 15, v/v) with 0.25M ammonium nitrate as a supporting electrolyte, showed a 
good reduction-wave at about 0 V. Its wave-height was found to be proportional to 
the concentration for concentrations of perbenzoic acid lower than 2 x 10-4M. The 
reactions between polyvinyl acetate and perbenzoic acid were carried out in benzene 
solution, and the solution allowed to stand at room temperature in the dark for 2 days. 
After the end of the reaction, the residual perbenzoic acid was measured polaro- 
graphically. By this procedure, the content of double bonds in polyvinyl alcohol 
prepared under various polymerisation conditions was determined (Table IV). 

TABLE IV.-CONTENT OF DOUBLE BONDS IN POLYVINYL ALCOHOL PREPARED UNDER 
VARIOUS CONDITIONS 

Catalyst 
Catalyst concentration, % Conversion, % PAC Double bond, mole % 

AZN* 090.5 10 5620 0.025 
AZN* 0.005 40 7420 0.02 
AZN* @005 52 9120 0.015 
AZN* oXul2 13.5 6160 0.025 
BPOt 0.01 31 8120 0.021 

Bulk polymerisation, 60” 
* AZN = 2,2’-azo-bis-isobutyronitrile 
t BP0 = benzoyl peroxide 

Under the usual condition of polymerisation (bulk polymerisation at about 609, 
radical chain transfer to monomer is predominant. Therefore, polyvinyl acetate 
should have a double bond as the end group. By kinetic analysis, the relationship 
between conversion and double bond content (DB) is given by 

WV -= 
ax 

where a is the initial monomer, X the percentage conversion and Cm the chain transfer 
constant of monomer. From the results in Table IV, Cm was calculated to be 2.5 x 
10-4. This value is in good agreement with that estimated from the determination 
of the carboxyl group in polyvinyl alcohol. From these results it may be concluded 
that the acetyl group in polyvinyl acetate is the principal site of branching. 

Carboxyl group in polyvinyl alcohol 

If the chain transfer occurs at the methyl group of the acetyl group in polyvinyl 
acetate, polyvinyl alcohol obtained by saponification of polyvinyl acetate should have 
a carboxyl group as end group. The concentration of carboxyl groups in polyvinyl 
alcohol could be determined by electroconductivity titration.l**le In an alternative 
polarographic method the determination of carboxyl groups is carried out by treating 
polyvinyl alcohol with calcium acetate. Calcium bound on the polyvinyl alcohol is 
then determined polarographically by use of 4-6M aqueous ammonia containing 
zinc-EDTA complex as supporting electrolyte. The carboxyl groups in polyvinyl 
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alcohol formed by bulk and solution polymerisations were measured by this method 
(Tables V and VI). 

According to the kinetic analysis, the relationship between conversion and carboxyl 
group content (-COOH) is given by 

(COOH) 

aX 

where a is the initial concentration, X is the percentage conversion, Cm is the chain 
transfer constant of monomer and Cp is the chain transfer constant of polymer. The 

TABLE V.-POLYMERISATION CONDITIONS OF VINYL ACETATE AND DEGREE OF 

POLYhiERHATlON OF POLYVINYL ACETATE AND POLYVINYL ALCOHOL OBTAINED 

Polymerisation 
method 

Catalyst Polymerisation Conversion, 
Catalyst concentration, % temperature, “C % PAC PA 

Bulk AZN* 000.5 
Bulk AZN* 00X 
Bulk AZN* 0.005 
Bulk BFQt 0.06 
CH,OH 30% 

solution BPOt 0.05 
CH.OH 30% 

soiution ’ - BPOt 0.04 

* AZN - 2,2’-azo-bts-isobutyronitrile 
t BP0 = benzoyl peroxide 

60 12 6310 4320 
zr 52 9120 4295 

90 24550 3170 
60 93 16600 3055 

60 51 - 1400 

60 790 - 1530 

TABLE VI.-CARBOXYL GROUP CONTENT OF PoLyvINn ALCOHOL 

FA COOH content, mole % -COOH, per polymer molecule 

4320 0.028 1.21 
4295 0.031 1.33 
3170 0.046 1.45 
3055 0.055 1.68 
1400 0.033 0.46 
1530 0.066 1.01 

constants Cm and Cp, calculated by using the above relation, were Cm = 2.6 x 1O-4 
and Cp = 1.4 x 1O-4 (at 60”). 

1 ,ZGlycoE grouping in poIyvinyl alcohol 

The 1 ,Zglycol grouping in polyvinyl alcohol can be determined polarographically20 
by measurement of the residual periodate ion after the reaction between polyvinyl 
alcohol and periodate (Table VII). 

An Arrhenius plot of log A against l/T, where A is the 1,2-glycol molar fraction, 
gave A = O-12 exp (-127O/RT). This is in agreement with the value observed by 
Flory. 

The cross-linking reaction of polyvinyl acetate was carried out in methanol, 
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solution with benzoyl peroxide as a source of radicals. The cross-linking from the 
abstraction of the tertiary hy~o~e~ atom in the polymer tit 

was found by the d~e~~ation of l,%giycol and the viscosity measurements 

TAXER VII.-POL YWJUWRON CONDRIONs OF VINYL ALCOHOL AM) 1,2-QLYCOL 
CONXWT OF FOLWXNYL ALCOEOL 

Palymerisatioa. 
temperature, “C 60 60 50 45 45 30 

catalyst AZ+%* AZW A.ZW AZ%* BPUP A.zw 
Benz&n 
FeclS crSA;t: 

Conversion, % 90 SO 20 61 35 54 

Palymerisatian 
degree of poly- 3170 1690 4850 2770 2380 3350 
vinyl akxhol 

1,2Glycol 
content, male % 1.87 1.86 I*79 Is66 1 A74 1.51 

* A2X = ~2”-azo-his-isobutyronlt~e. 
f 3P0 = benzoyl peroxide 

As has been described above, the palarograph is an effective instrument for studies 
in the field of polymer science. It is expected that it can be applied to other problems 
than those reported in this review* 

* S. Usami, 3. Ukida and T, Kmninami, GWR+ @@a P&ww~ (T’kyo& 19X%,10,466. 
fi S. Usami, &pan Amdyst, 1%1,10,1102. 
* M, Von Stackrelberg and S. Stracke, 2. X%&cwhem., 194!& 53,118. 
1 S. Usami, Jap Analyst, 1960,S 216. 
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* J. Ukida, G. Takayama and T. Kominami, Chem. High Polymers (Toyko), 1954,11,233; J. Ukida 
and S. Imoto, ibid., 1955,12,235. 

s J. Ukida, Chem. High Polymers (Tokyo), 1953,10, 352, 358,371 and 381. 
lo C. S. Marvel and G. E. Inskeep, J. Amer. Chem. Sot., 1943,65,1710. 
I1 J. T. Clarke and E. R. Blout, J. Polymer Sci., 1946,1,419. 
I* I. Sakurada and R. Inoue, Chem. High Polymers (Tokyo), 1950,7,211. 
Ia T. Ohsugi, Chem. High Polymers (Tokyo), 1949, 6,460. 
1’ 0. L. Wheeler, S. L. Ernest and R. N. Crozier, J. Polymer Sci., 1952, 8, 409; 0. L. Wheeler, 

E. Lavin and R. N. Crozier, ibid., 1952,9, 157. 
I6 G. V. Schulz and D. J. Stein, Mokromol. Chem., 1962,52,1,249. 
I6 S. Imoto, J. Ukida and T. Kominami, Chem. High Polymers (Tokyo), 1957,14,380, 384. 
IT I. M. Kolthoff and T. S. Lee, J. Polymer Sci., 1947,2,206. 
I* I. Sakurada and 0. Yoshizaki, Chem. High Polymers (Tokyo), 1957,14,284,339. 
Is M. Matsumoto and T. Eguchi, ibid., 1958, 15,83. 
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Summary-Areviewof theapplicationof polarography to co-ordination 
chemistry is presented. 

INTRODUCTION 

POLAROGRAPHY of co-ordination compounds reflects to a certain extent the general 
trend which has been encountered with co-ordination chemistry in the past decades : 
after a relative stagnation in the period up to the second World War an unusually 
fruitful period, which started in the fifties, followed. Conditions for this vigorous 
development obtained much earlier, but a stimulus was necessary. This came from 
the intensive atomic-energy research during and subsequent to the second World War. 
Equally important was the recognition of the role of co-ordination compounds as 
catalysts of industrially important chemical processes; this led to an increased support 
of research in the corresponding fields. From the point of view of the research itself 
the progress was made possible by both the purposeful application of physical theories 
(especially quantum mechanics) to classical inorganic chemistry, and by the de- 
velopment of new preparatory techniques and use of modern physico-chemical methods. 
Techniques of measurement are used in modern co-ordination chemistry to describe 
the individual compounds and their properties as completely and systematically as 
possible with experimental parameters from which it is possible to verify and improve 
theoretical relationships. The data obtained by various physico-chemical methods 
can be divided into two groups: static and dynamic. The static ones, which are 
obtained by measuring spectra of all kinds, magnetic susceptibility, electric dipoles, 
refraction, etc., are in general available to a much larger extent than the dynamic 
quantities, which express the reactivity and kinetic properties of the substances. 
Polarography, although it is in principle a dynamic method, was generally used, up to 
the forties, to yield static data, e.g., complex formation constants and the number of 
ligands in some simple substitution labile complexes, and also served in most cases as 
an analytical method. The following of kinetic parameters was limited to relatively 
slow homogeneous reactions (with half-lives of the order of min to hr) where polar- 
ography served again as an analytical method for determining the time-variable 
concentration of some electroactive reaction component. Only in the late forties, with 
the discovery of kinetic currents by Brdiiika and Wiesner (for review* see 1*2) and 
later with the elaboration of the exact theory of transport processes,2*3 was it possible 
to exploit fully the dynamic character of the polarographic method for quantitative 
determination of kinetic parameters, both of electrode processes and rapid chemical 

* Because of the large number of original papers only review papers and monographs, where 
the citations of the original papers can be found, are referred to m the Introduction to this paper. 
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reactions occurring in the neighbourhood of the electrode. Thus, polarography in its 
present state represents one of the few methods which provides data in both groups 
and has changed from being predominantly an analytical method to a physico- 
chemical method suitable for solving problems of general chemistry. This feature is 
much appreciated by co-ordination chemists, who need still more quantitative experi- 
mental data to solve the increasing number of problems. Thus, in the past decade 
an increasing attention has been paid to the application of pol~o~aphy to co-ordi- 
nation chemistry and the results obtained have been recently reviewed by VlEek.* 

NATURE AND SCOPE OF THE METHOD 

The polaro~aphi~ activity of the substances studied is dependent on their ability 
to undergo oxidation-reduction changes at the electrode in the attainable potential 
range. In the case of co-ordination chemistry this requirement is nearly always 
fulfilled because the compounds usually contain metals, and very often transition 
metals which can exist in several oxidation states. Moreover, the oxidation reduction 
changes are not limited to the central atoms; a number of ligands can be reduced or 
oxidised at the electrode. Thus, polarographic activity of co-ordination compounds 
is common. 

A further typical feature of polarography is, as already mentioned, that it is a 
dynamic method in contrast to static electroche~c~ methods. The dynamic character 
of polarography is based on the fact that by impressing a certain potential to the 
electrode all equilibria existing in the solution are perturbed at the electrode and 
several processes start which tend to re-establish the disturbed equilibria. The nature 
and rate of these processes, both electrochemical and chemical, influence the shape 
and position of the polarographic current-voltage curves. Thus, as soon as the 
substance examined appears to be electroactive, i.e., can be reduced or oxidised at 
the electrode, there is a possibility of obtaining from the corresponding polarographic 
curves information about the nature of and the mechanism and rate of processes 
within the examined system, under given conditions. 

PROCESSES WHICH CAN BE FOLLOWED BY POLAROGRAPHY 

Reactions which can be followed from polarographic curves can be divided into 
three following three groups: 

(1) electrode reactions; 
(2) chemical reactions occurring close to the electrode surface and caused by 

perturbation of the chemical equilibria of the system by the electrode reaction; 
(3) homogeneous chemical reactions occurring in the bulk of the solution which 

are not infiuenced by the electrode reaction. 
The fourth process, which accompanies all polarographic processes, is diffusion 

and for polarography it is characteristic that at least two of the mentioned processes 
proceed at the same time, e.g., the electrode reaction and diffusion, or electrode reaction, 
diffusion and a stationary state between the diffusion and a chemical reaction occurring 
in a thin layer at the electrode surface. Thus, when following the polaro~aphic curve 
the current corresponding to different potentials might be controlled alternately by all 
of the mentioned processes. From the kinetic point of view polarography is the 
oldest of the so-called competition methods5 for following rapid reactions. The 
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competitive processes occurring in polarography may yield static data (e.g., concen- 
tration determined from the maximum diffusion flux of the electroactive substance) 
or dynamic data (e.g., rate constants of chemical reactions from kinetic currents). 
Therefore, a detailed analysis of the polarographic curves and their relationships 
enable us to obtain a number of data of both static and dynamic nature. 

In the following sections these processes will be discussed in more detail and 
which kind of information in the field of co-ordination chemistry can be obtained 
in the individual cases will be shown. 

Electrode Reaction 

The electrode reaction is a fundamental polarographic process. During this 
reaction one form of the redox couple is consumed and the other one generated so 
that at the electrode the concentration distribution and equilibria undergo a disturb- 
ance, which induces further processes. The most simple case is that in which one of 
the forms present in the solution exchanges electrons with the electrode and is thus 
converted into the other. In general, an opposing reaction is possible as well so that 
the electrode reaction can be expressed as 

Ox + ne 
k, 

- Red 
57 

(1) 

The rate constants of the electrode process, & and ke, are usually considered to be 
exponentially dependent on potential 

anF (E - E”) 1 and ke = ke” exp (1 - a)nF (E - E”) 
RT 

RT 1 
where ke” is the standard rate constant. Any redox system may be characterised by 
the standard redox potential, E”, which is a thermodynamic quantity determining the 
oxidation-reduction power of the system, and by the standard rate constant keo to 
which both rate constants ke and k-e are equal at the standard potential: 

E=E”; ke=k-e=ke=’ (2) 
The rate constant keo is a kinetic quantity which determines the shape and position 
of the wave with respect to the standard potential. The general equation of a polaro- 
graphic wave corresponding to the reduction of the oxidised form of the redox 
system is given by the expression 

(id - i)/i = exp [nF(E - E”)/RT] + (l*14/keo)qD/t1 exp [anF(E - E”)/RT] (3) 

Now two limiting cases can be distinguished according to the value of the rate 

constant ke”. If ke” is sufficiently high so that the expression k,‘z/t,/D 3 1, the 
second right-hand side term in equation (3) can be neglected and the Heyrovskf- 
Ilkovi5 equation is obtained, 

(id - i)/i = exp [nF(E - E’)/RTj (4) 

which expresses the shape of the polarographic curve corresponding to a reversible 
electrode process. In this case the half-wave potential differs from the standard redox 
potential E” of a true redox-system (both forms in the solution) only by the term 

(RT/nF) In mti which is, in most cases, negligible. 
If, on the other hand, the value of the rate constant ke” is lower than about 



1176 J. MASEK 

2 x 1O-2 cm.sec-l (dimension of the heterogeneous rate constant) the second right- 
hand term of the above equation is no longer negligible and the half-wave potential 
is measureably shifted to a more negative value and the wave is less steep. Processes 
in which E” - E1,2 > 150 mV are called totally irreversible and the shape of the 
polarographic curve is expressed by the relation 

E 4 E” + (RT/cmF) In 0.87 ke”tl 112D-1’2 + (RT/cmF)ln [(i - i)/i] (5) 

Both from the reversible and irreversible processes some data important in co- 
ordination chemistry can be obtained. 

Reversible systems 

Strictly speaking, the simple reversible processes of co-ordination compounds are 
limited to substitution inert complexes, which are not in mobile equilibrium with 
their ligands. Because the reversible processes are governed only by the thermodynamic 
requirements of the Nernst equation, no kinetic data can be obtained from the 
shape and position of the corresponding polarographic waves. 

From the reversibility of the electrode reaction of a complex particle some qualita- 
tive conclusions can be drawn as regards the structure of the oxidised and reduced 
form. A reversible process can be expected for substitution inert complexes in which 
the oxidised and reduced forms possess identical atomic configuration and differ only 
by one electron in a vacant stable orbital in the oxidised form. Some examples of 
complexes fulfilling these conditions are given in Table I. 

TABLE I.-EXAMPLES OF RWERSIBLB ELECTRODE PROCESTES OF COMPLEX IONS 

Reaction 
Electron structure of form 

oxidised RdUced 

[Cr(CN)$- + e = [Cr(CN)$’ d’d’d1[DgSP8] dsd’d’[D’SP*] 
[Fe(CN),la- + e = [Fe(CN)$- d*dBd’[DzSP8] dadPdP@YSP8] 
[RuO,l + e = [RuO,]- d”DP d1D4 
[NbCl,]- + e = [NbCl$- d”dod”[D?3P8] d’d”do[DPSP*] 

Substitution labile complexes can also be reduced reversibly and in these cases the 
substitution equilibria are usually very mobile and proceed much more rapidly than 
the diffusion process. The most simple case of such a behaviour is that in which a 
single complex with the ligand X is in mobile and reversible equilibrium with the 
metal ion, which is reversibly reduced to the metal: 

meM’++ nX 

0 (I) 
M 

(Here, and in the following, single arrows + denote a chemical reaction, and double 
arrows + and e an irreversible and reversible electrode reaction, respectively; IZ is 
the number of ligands and z the charge of the species; in complex particles, for the 
sake of simplicity, no charge is indicated.) Because both the chemical and electrode 
reaction are rapid and reversible a reversible diffusion-controlled wave is obtained of 
the same height and shape as with free metal ions but the half-wave potential is 
shifted towards the more negative values. From this shift the stability constant of the 
complex and the number of ligands, i.e., the composition of the complex can be easily 
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computed. As an example, the classical case of reduction of the biplumbite ion, 
HPbOs-, in strongly alkaline solution can be quoteda*’ from a great number of other 
cases in which the complexity constants and composition of the complexes were 
determined (see, for example,s-ls). 

If the reduced form, instead of metal, is a metal ion in a lower oxidation state 
forming a complex with a different number of ligands X than the oxidised form, a 
similar shift of the half-wave potential with the ligand concentration is observed. 
From this shift, however, only the difference in the ligand number of the two forms 
and the ratio of the corresponding stability constants can be evaluated. 

Similarly, if the rapid chemical equilibrium or the overall electrode process is 
combined with the uptake of protons, which is the case, for example, if the complexing 
agent is an acid or if reduction of organic ligands occurs, then the number of protons 
involved can be evaluated from the shift of the half-wave potential with pH. 

Frequently, more complicated systems are encountered in which a stepwise 
complex formation occurs; this implies that several complexes can exist in the 
solution. In general, these systems also can be analysed polarographically. Thus, for 
systems of the type 

kl k, ks 
M=+~----L MX+ MX,-- . . . . . . . . . . 2-q 

ii (11) 

the graphical method by De Ford and Hume 2o has been applied successfully several 
times21m2’ for calculating the stepwise and overall stability constants of the individual 
complexes and the composition of the highest complex. If the reduced form is a set 
of complexes of the metal in a lower oxidation state then, for the determination of one 
set of the stepwise stability constants, the other one must be known independently. 
In all these cases, in which the electrode reaction is reversible, it cannot be decided 
which of the complexes present in the solution reacts directly with the electrode. 

In some cases the same information can be obtained from other static methods, 
e.g., potentiometry or spectrophotometry, but often even then polarography can be 
preferred because it is very easy to handle and yields highly reproducible results. 
The same applies also to determination of the standard redox potential of reversible 
systems. This quantity can be obtained potentiometrically, but in cases in which one 
of the forms of a redox system is unstable or cannot be prepared polarography is very 
convenient. 

As an example of the use of standard redox potentials for drawing conclusions 
about the structural parameters of co-ordination compounds, the method for deter- 
mination of the composition of molecular orbitals in certain compounds will be 
mentioned. This method is based on the fact that substitution of the co-ordinated 
ligand causes a shift of the half-wave potential of the complex, similar to substitution 
of the free ligand but to a lesser extent. From this lowering of the effects, 
the nature of the highest occupied orbital and localisation of the corresponding 
electron in the reduced form can be estimated. Some substitution inert complexes, 
like dibenzene-chromium, react with the electrode as a whole and the orbital from 
which the electron is removed during the oxidation can be regarded as a molecular 

9 
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orbital, 4, formed by linear combination of atomic orbitals of the individual com- 
ponents 

# = CrY, + C#J!z (6) 

where yl is the eigenfunction of the central atom and pZ that of the ligand, and 
cl, c2 are the mixing coefficients. Now for the electron affinity, E, of the oxidised form 
one can write 

E = - J r#*H+ds (7) 

where H is the one-electron Hamiltonian. The electron affinity is related to the stand- 
ard redox potential of the system by the relation 

nFE” = E + TAS’ + K (8) 

When following the behaviour of a series of related compounds formed, for example, 
by a suitable substitution of the ligand, it can be assumed that the entropy term and 
the constant K in (8)will not change, so that for two members of the series it follows that 

nF(E,” - E,“) = .sr - .s2 (9) 

Hence, it is seen that the standard potential and thus also the polarographic half-wave 
potential of the reversible system is a function of the molecular orbital and therefore 
must have properties of both atomic orbitals. From the shift of the half-wave potential 
with substitution the mixing coefficients can be estimated. In the case of dibenzene- 
chromium it was foundss that in the highest occupied orbital of the complex a 10-15 % 
electron transfer occurs between the central atom and the aromatic rings, the pre- 
vailing portion of the electrons being localised at the chromium atom. 

Irreversible processes 

If the electrode process is irreversible the scope of obtainable information is 
broadened, because in this case the rate of the electrode reaction can be measured with 
high accuracy from the relation 

k,” = 1.14 D* t,-* exp [anF(E* - E”)/RT] (10) 

which follows from the equation of the totally irreversible process. Moreover, as 
will be seen later, in systems analogous to II, the species reacting directly with the 
electrode can be determined, provided that the electrode process is irreversible. 

The study of electron-transfer reactions by measuring the rate of the electrode 
process has several advantages against the study of homogeneous electron-transfer 
reactions in solutions. Firstly, in the electrode reaction the substance examined 
always reacts with the same partner, i.e., with the electrode, the properties of which 
can easily be held constant. Further, an electrode, the potential of which changes 
gradually, represents a redox agent of just the necessary redox strength so that the 
reaction with various compounds is always performed under thermodynamically or 
kinetically identical conditions. 

The irreversibility of the electrode process is caused by the slowness of the overall 
electron exchange between the electrode and the depolarising particle. The elemen- 
tary act of the electron transfer proper is, however, governed by the Franck-Condon 
principle according to which this process proceeds quicker than the vibration of atoms 
in the depolariser. Hence, it follows that it takes place without any energy exchange 
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with the neighbourhood, i.e., adiabatically, and that the process must have practically 
zero activation energy. For this reason the slowness of the overall process must 
consist in a slow preformation of the particle to an energy state in which it can react 
with the electrode. The activation energy of this preformation can be determined 
directly from polarographic data~e~30 and depends on several factors, the most impor- 
tant of which are connected with the electronic structure of the depolarising particles. 
The study of the relations between the rate of the electrode reaction and the structure 
of the depolariser, even if it is still at the beginning, belongs to one of the most inter- 
esting fields of application of polarography in co-ordination chemistry. Thus, in a 
series of structurally related complexes there exists a direct proportionality between 
the activation energy of the electrode process and the frequency of the first absorption 
band.31 From this it follows that the activation energy of the electrode reaction, 
within the given series of complexes, is the smaller the lower is the excitation energy 
of the complex particle; in other words, the preformation activation energy is propor- 
tional to the difference between the ground state and excited state of the complex. 
The transition state in which the complex particle is able to undergo an activation- 
energy-free electron transfer need not be a spectroscopic excitation state because the 
transition state is formed, at least partially, under the influence of the strong electric 
field of the electrode. As regards the particle itself, the ligand field strength plays an 
important role, which explains the effect of a hetero-ligand facilitating the electrode 
reaction. 

TABLE II.--coMPARISON OF ELECTRODE AND SUBSTITUTION REACTIONS OF SOME COMPLEXES WITH 

DIFFERENT CONFIC3URATION OF THJ3 OXIDISED AND REDUCED FORMS 

Reaction Electrode 
reaction 

Electron structure of form 

oxidised reduced 

Substitution 
inert-labile 

[Cr(CNS),J*- + e 
= [Cr(CNS)s . as]*- + CNS- 

IFe(O + e 
= [Fe(Ox)s . aqJ*- + Ox*- 

[CrCls . aq,]+ + e + 2HsO 
= [Cr. a,.$+ + 2 Cl- 

ICU(NH~)~I*+ + e 
= [CuCNHs)s]+ + 2NHs 

slow 

rapid 

slow 

rapid 

d’d’d’[D’SP*] d’d’d’d’[DSIMD] 

d’d1d’d1d’[SP8D’] dPdld’d’d’[SPsD’l 

d’d’d’[D’SPs] d’d’d’d’[DWD] 

d*d*d’d*d’[SPsD] d’dad4dsd*[SP] 

i-i 

l-l 

I-i 

I-1 

Another parallel exists between the rate of the electrode reaction and that of the 
substitution reactions in complexes. This parallel is qualitatively shown in Table II, 
which represents some redox systems with different configuration of the components. 
It is seen that when the electrode reaction is rapid the complex is substitution labile, 
whereas the substitution inert complexes yield slow electrode reactions. This phenom- 
enon is explained by the assumption that a substitution reaction proceeding by the 
S,2 mechanism can be rapid only if in the complex a vacant orbital is available to accept 
the electron pair from the ligand. 3a If it is not, a rearrangement in the electron 
configuration must take place, the activation energy of which is governed by the same 
factors as in the electrode reactions1 These are, of course, rather simplified 
concepts and for a quantitative evaluation of all the observed phenomena in this field 
more experimental material is still needed. 

Useful data can be obtained from a study of irreversible electrode reactions of 
substitution labile complexes which are in rapid equilibrium with the ligands. Thus, in 
system in which only one of the set of complexes undergoes an irreversible electrode 
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reaction, scheme (III), the composition of this particular complex MXk and the rate 

k, M”+ -- Ir2 
k, 

MX-- MX, . . . . . . -klrMXk . . . . . . -MXn (III) 
1 

products 

constant of the electrode reaction can be determined .a3-36 Under suitable conditions 
also the stepwise stability constants and ion-pair formation constants can be deter- 
mined from the irreversible polarographic waves. Thus, for example, it was found that 
the complex cations [Co(NH3)J3+ and [CO(NH~),NO~]~+ in a sulphate medium react 
with the electrode in the form of ion-pairs with the sulphate anion and from polaro- 
graphic data the equilibrium constants of the ion-pair formation were determined.4n37 

Chemical Reactions at the Electrode Surface 

The second type of reaction which can be followed polarographically is a chemical 
reaction which proceeds in a thin layer at the electrode surface. These reactions occur 
if one or both forms of the redox system form chemical equilibria which are disturbed 
by the electrode reaction, or, if the product of the electrode reaction is unstable in the 
given medium and reacts chemically either itself or with some components of the 
medium. These reactions are generally of great inportance for following, quantita- 
tively, rapid reactions of co-ordination compounds, for tracing unstable intermediates 
and for determining the mechanism of reactions of co-ordination compounds. 

According to their situation with respect to the electrode reaction these reactions 
can be divided into three groups: 

(a) reactions preceding the electrode process; 
(b) reactions parallel to the electrode process; 
(c) reactions following the electrode process. 

Accordingly, reactions of group (a) concern the depolariser whereas those of groups (b) 
and (c) concern product of the electrode reaction. In some more complicated cases in 
a given system, several of these reactions can proceed at the same time. The applica- 
tion of polarography for following rapid chemical reactions of groups (a)-(c) in co- 
ordination chemistry has been reviewed several times14~36*38 and so only the basic 
principles together with some representative examples will now be given. 

Reactions preceding electrode process 

The most simple case of the first group can be represented by the following scheme 

k, 
I,‘AL*B (IV) 

ka 
K=+l 

2 

i.e., an electroinactive species I is in equilibrium with the electroactive substance A 
which undergoes the electrode reaction yielding the product B. The equilibrium is 
shifted to the inactive form I. The electrode reaction plays here the role of a factor 
which disturbs the equilibrium 1~ + A and thus causes a chemical reaction at the 
electrode surface, which tends to re-establish the disturbed equilibrium. If the 
conditions are such that the rate of the reaction is sufficiently rapid to proceed during 
the time of electrolysis, i.e., in work with the mercury dropping electrode during the 
drop-time, and is at the same time slower than the diffusion of the substance I to the 
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selectrode, then a polarographic wave is obtained the height of which is governed by 
the rate of the chemical reaction. Therefore, the limiting current is denoted as kinetic, 
and is lower than would correspond to the maximum diffusion flux of the substance 
I and higher than corresponds to the diffusion of the equ~ibrium concentration of the 
substance A. From the relative height of the kinetic wave the rate constants k, and k, 
of the chemical reaction can easily be computed providing the equilibrium constant 
K is known. The range of the rate constants which can be evaluated in this way is 
from about 102 to 1W l.mole-l.sec-l. 

From the kinetic waves the rate constants can be calculated for different rapid 
reactions of co-ordination compounds, like complex formation and dissociation, 
monomerisation and dimerisation, recombination of weak acids as ligands, etc. 

As an example, let us consider scheme (V), which has the following properties: 

M-----MX-MX, o. . ..MX.. . or. I%+$-+ MX,.....MX, 

SF 
ka 

(V) 
products 

In the set of complexes M . . . . . Mx, all equilibria are perfectly mobile except for 
that between the complex MX,_, and Mx, which is established with a limited rate. 
The complexes MXQ . . . . . MX;, are electroinactive and the set M . . . . . MX, may 
be regarded as electroactive for the case that the electrode reaction is reversible. 
There are, in principle, two ways of obtaining information about the system, viz., 
from the corresponding dependences of the relative height of the kinetic limiting- 
eurrent,55Q8--48 or from the half-wave potential of the kinetic wave.Qs-36,40*43 From the 
former analysis the rate constant k, (and/or kJ may be evaluated.40-42 Both ways 
may serve for the determination of the composition of the highest complex (n) and 
~of the complex by the dissociation of which the electroactive species is formed (p). 
From the half-wave potential of the kinetic wave the complexity con~n~*Q,~,~ may 
be evaluated as in the case of all equilibria being perfectly mobile, and, in addition, 
providing the electrode reaction is irreversible, the composition of the complex 
reacting with the electrode (2) and the corresponding rate constant of the electrode 
reaction (keo) may be dete~ined. 

In this way the rate constants of a number of complex reactions have been deter- 
mined and the mechanism of several reductions and oxidations of complexes were elu- 
cidated, e.g., in the case of nitrilotriacetic acid and cyanide complexes of cadmium,QQ-41 

42 ethylenediamine complexes of cobalt, EDTA complexes of manganese and lead,&*46 
etc. 

Reactions parallel to electrode process 

The second class of chemical reactions taking place in a thin layer at the electrode 
are those which can be represented by the following scheme: 

A-B 

tl 
X 

The substance A is reduced or oxidised at the electrode with the formation of the prod- 
uct B and this reacts with some component X of the medium yielding again the original 
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substance A. This cyclic regeneration of the depolariser, A, causes a polarographic 
current which exceeds the current corresponding to the simple electrode reaction of A 

to B and which is the higher the greater is the rate of reaction between B and X. 
These currents are called catalytic because the depolariser A is steadily being regener- 
ated. From the relative height of the catalytic limiting current the rate constant of the 
reaction between B and X can be evaluated .l**’ Numerous systems have been found, 
which react according to the mentioned scheme (VI) and in which the rate constants 
of the redox processes have been obtained from a study of catalytic currents. As. 
examples the following oxidation reactions may be quoted: 

Fe(I1) + Hs02,** Fe(II)-triethanolamine + Ha02,4s 
Fe@)-triethanolamine + NH,0H,60 Ti(III)-oxalate + C10s-,61 
Ti(III)-oxalate + NH,OH,6* U(III) + N0s-.6S 

This kind of reaction is also suitable for studying the role of co-ordination com- 
pounds as homogeneous catalysts of chemical redox reactions. Let us consider as an. 
example two substances A and B which do not react together under normal conditions. 
Now if one can find a redox system such that the substance A catalyses the electrode 
reaction in one direction and substance B in the opposite direction, i.e. 

Ox r Red Ox a Red 

f I (VII) 
A B 

then the redox system is a homogeneous catalyst of the reaction between A and B. On’ 
the basis of polarographic studies of this kind a number of catalytic systems using 
low valency metal complexes as catalysts have been found recently.64--68 Thus, chloro- 
form is not reduced by sodium borohydride but a small substoichiometric addition of 

FWdhvh12+ causes a vigorous reaction in which the whole amount of chloroform is 
reduced. The overall reaction mechanism is obvious: Co(H) in the dipyridyl com- 
plex is reduced by NaBH, to Co(I) which is able to reduce the chloroform with the 
formation of Co(I1). A similar catalytic action was found with chromium(I) tris- 
dipyridyl, vanadium(I) tris-dipyridyl, cobaltocene, pentacyanocobalt(I1) and its 
reduced solutions.@j,M 

A partial cyclic regeneration of the depolariser is represented by the case of 
dismutation of the product of the electrode reaction which can be visualised by the 
scheme 

2aC 
(VIII): 

The scheme (VIII) operates in the reduction of uranyl ion, which is reduced to the 
quinquevalent state undergoing a disproportionation (dismutation) to quadrivalent 
species and sexivalent again. From the increase of the corresponding wave the rate 
constant of the dismutation can be evaluated.67-s0 

Reactions consecutive to electrode process 

To the group of chemical reactions following the electrode process belong those 
reactions in which the product of the electrode process is inactivated: 

k- 

A N B--I (1X> 
k+ 
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,i.e., the substance A reacts at the electrode to form a substance B, which undergoes a 
chemical reaction giving rise to an electroinactive product I. It is obvious that the 
polarographic wave can be influenced by the reaction B ?r I only if the electrode 
process is reversible or irreversible with only a smatl overvoltage.81 The inacti- 
vation reaction does not influence the limiting current nor the shape of the polaro- 
graphic wave but causes a shift of the half-wave potential from which the rate constant 
of the reaction B -+ C can be computed. 

A more general case of the type (X) is often encountered 

MOXZI 

0 

MR -- MuX -M&.....M&_-l +___. k+p + MuXp . . . . . M,Xn (X) 
k-R 

with reduction of a substitution inert complex MoXn, the reduced form of which 
is substitution labile and the complex MRXr undergoes an inactivation reaction 
leading to inactive complexes Mu . . . . . MrrXr,_,. From the dependence of the shift 
of the half-wave potential on the ligand concentration the composition of the complex 
(p) undergoing the inactivation reaction can be dete~in~. An example of such 
behaviour is the reduction of tris-ethylenediamiaeobalt(III) ion.& 

In many cases several of the chemical reactions occurring at the electrode surface 
are combined with one or more electrode reaction steps leading to a great variety of 
possible reaction schemes .p In these more complicated cases it is sometimes impossible 
to determine the exact values of the co~esponding rate constants. However, it is 
nearly always possible to deduce from the polarographic behaviour of the system 
the mechanism of the reactions which the system can undergo, and this is most 
valuable information which can hardly be obtained by any other method. 

Ifontogeneoths Reactions 

The third type of reactionwhich can be followed polarographically is a homogeneous 
reaction in solution, with half-life times of the order of min to hr. These reactions 
have nothing to do with the electrode reaction and polarography serves here only as a 
suitable analytical method. Therefore, in general, polarography is not a specific 
method for following these reactions, but even so it can be recommended for several 
reasons, among which the most important are: the possibility of following the 
concentration changes of several components of the system at the same time, high 
accuracy of the direct record, very easy evaluation of the results because the measured 
quantity (the limiting diffusion current) is directly proportional to the concentration 
of the followed substance, the possibility of following the systems in media of extreme 
acidities (e.g., up to concentrated sulphuric acid) and the high activity of components 
of the systems under investigation. 

In conclusion it should be emphasised that the reaction schemes mentioned in the 
preceding columns form only a minor part of reaction mechanisms of coordination com- 
pounds which can be solved polarographically (for more detail see reference 4). Also, by 
enumerating the main types of reaction which can be followed by this method, it was 
not possible to exhaust all the possibilities of the method for solving problems of 
co-ordination chemistry; each system has its specific features which can be used 
for obtaining a certain kind of information and many of which could not be 
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mentioned in this review. On the other hand, there are also certain limitations to 
the applicability of polarography in co-ordination chemistry. One of the most serious 
ones is the necessity to work in the presence of an excess of indifferent electrolyte which 
excludes work in non-polar solvents in which the salts serving as indifferent electro-~ 
lytes are insoluble. This difficulty might be sometimes overcome by using mixed sol- 
vents. In some cases also, polarography is the method of choice b:cause, in principle, 
the same information can be obtained by other methods, and in these instances one 
must resolve which method is the most suitable. In general, it would be wrong to 
use polarography in cases where other methods are more convenient. The aim of 
the present review is to indicate by some illustrative general examples that there are 
many areas of co-ordination chemistry where polarography is more suitable than any 
other method and can yield a large amount of information. 

Znsammenfassnng-Es wird eine Ubersicht tiber die Anwendung 
der Polarographie in der Koordinationschemie gegeben. 

R&t&-Gn pr&ente une revue sur l’application de la polarographie 
a la chimie des composes de coordination. 
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R&sum&On prkscnte une revue sur la polarographie de8 polyanions. 

PROPRIETES GENERALES 

QUOIQUE relativement peu nombreux, les travaux sur la polarographie des polyanions 
ont souvent abouti a des conclusions contradictoires, que l’on doit sans doute attri- 
buer a la complication des mecanismes, mais aussi il la meconnaissance des proprietes 
de ces composes. Aussi, une revue rapide de celles-ci nous semble indispensable pour 
les composes ayant fait l’objet de recherches po1arographiques.l 

Formation et constitution 

Isopolyanions. L’acidification des sels de polyacides faibles donne en principe un 
se1 acide, ou l’acide faible lui-meme: 

P0,3- + H+ + POdHa-. 

Cependant, de nombreux systemes ne se cornportent pas aussi simplement; ainsi, 
l’acidification mod&e des tungstates et molybdates conduit aux paratungstates 
(ou molybdates) renfermant plusieurs atomes W ou MO 

6WOd2- + 7H+ + HW80a15- + 3H,O 
7MoOh2- + 8H+ + Mo,02QB- + 4H,O 

les ions simples HW(Mo)O,- ne se manifestant que transitoirement ou dans des 
conditions t&s speciales. 

Une acidification plus pousde conduit a d’autres polyanions; on a pu mettre en 
evidence H W 0 3 6 a13- dans la s&e tungstique, alors que chez les molybdates les 
espbces semblent en plus grand nombre, ce qui complique leur etude, car leurs 
domaines d’existence se chevauchent (ce qui se traduit, entre autres, par l’absence de 
points d’equivalence nets lors du titrage potentiometrique du se1 neutre par un 
acide fort). 

L’addition d’unegrande quantite d’acide pourra conduire ii l’acide correspondant 
sous forme condensee (tel H2M040r3, et non H,MoOJ, ou precipitee (cas des tung- 
states). Pour un excks suffisant, on peut former des cations simples (tel VO,+ pour les 
vanadates) ou condenses comme celui (vraisemblablement HMo,O,+) rencontre dans 
le “reactif molybdique”, et Cgalement des complexes comme la “chlorhydrine 
molybdique” Mo(OH),Cl,, qui existe en milieu HCl concentrt. 

En ce qui concerne leur structure, ces polyanions s’edifient par condensation des 

* NOTATIONS-AS potentiels E+sont don&s par rapport B l’electrodea calomel saturke, en ne figurant 
pas leur signe lorsqu’ils sont negatifs. Nous designerons par c la concentration de l’espkce 
reductible, h la hauteur des pahers, et n, exprime en Faradays, la hauteur de chaque vague 
particulibre. 

1187 



1188 P. SOUCHAY 

radicaux acides simples attendus, avec elimination d’eau, conduisant a des liaisons du 
type W-O-W. Les rayons ioniques de w6+, MO”+, Nb5+, sont sufbsants pour 
qu’ils adoptent la coordinence octaedrique (type WO&, l’union se faisant par mise en 
commun d’atomes 0, done de sommets ou a&es; le rayon plus faible de V5+ permet 
seulement une coordinence de 5 (bipyramide triangulaire ou pyramide carree). 

Enfin, les atomes coordines eux m8mes se disposent assez simplement les uns 
par rapport aux autres: chez les hexaniobates, par exemple, les Nb, au centre 
d’octaedres NbO,, se placent eux-memes suivant les sommets d’un octatdre. 

H&!ropolyanions. Au lieu de se faire, comme prtctdemment, entre radicaux de 
mCme nature, la condensation peut s’effectuer en presence d’un ion &ranger: tout 
en s’un~ssa~t, les radicaux se groupent autour de “l’atome central” correspo~dant B 
cet ion pour dormer un Wteropolyanion, que l’on denomme par le rapport du nombre 
de radicaux a l’atome central 

P04H2- + 12WO,“- + 23H” + [P0,(WO&Z]3- + 12H,O. 
(Anion phospho-12-t~gstique) 

Les composes de la serie 12 constituent une classe t&s caracteristique et homogene, 
oti l’on peut remplacer W par MO (et dans une certaine mesure par des elements 
voisins), et faire varier la nature de l’atome central (As, Si, Ge, B); cependant, les 
elements de nombre d’oxydation superieur & 5 (Te 6+, I’+) ne donnent que des series 6. 
Les series 9, qui n’existent qu’avec P w- et As5+, ont un comportement voisin de celui 
des series 12; la cryoscopic et les rayons X montrent qu’on doit leur attribuer une 
formule double, soit: 

La condensation peut aussi s’effectuer en presence d’un compose posstdant 
plusieurs groupes OH : diacide (oxalique) acide-alcool (tartrique), polyalcool (man- 
nite), polyphenol (pyrocatechine). Contrairement a ce qu’on fait parfois, nous ne 
pensons pas qu’on puisse ranger ces composts parmi les heteropolyanions, dont la 
definition reste, au moins au sens primitif, assez Ctroite. Le rapport des #nstitu~ts y 
est peu Cleve, si bien qu’aucun ne joue le role de groupe central, d’autant plus que les 
rapports peuvent s’inverser par exemple chez las molybdomalates, oti l’on connait les 
2 series MO : (acide malique) = 2 : 1 et 1: 2. 

Beaucoup d’entre eux sont dune stabilitc comparable ou superieure a celle des iso 
et heteropolyanions veritables; aussi, avant d’adopter les conclusions sur le com- 
portement polarographique de ces derniers dans des tampons tels que ceux au citrate, 
convient-il de se demander dans quelle mesure ils ne s’y trouvent pas decomposes. 

Cas des m&atangstates. En se placant dans des conditions un peu differentes de 
celles 06 l’on obtient les isopol~ungstates ordinaires, on a prepare des sels du type 
4WO,M,O, denommes “metatungstates”. 11s sont t&s voisins des derives phos- 
pho(silico)-l%tungstiques, auxquels les etudes de structure ont attribue des constitu- 
tions du type [P(W,O,&]s- a tel point qu’on peut obtenir avec ceux-ci des cristaux 
mixtes; l’acide correspondant, loin de presenter les caracteres de l’acide tungstique 
ordinaire (en particulier insolubi~t~), se rapproche des ~2-h~t~ropolyacides. Pour 
tenir compte de cette analogie, COPAUX proposa de tripler la formule, et d’ajouter 
1 H,O de constitution, soit : [H,(W30,0),]6-. 

On remarquera, qu’en ne tenant pas compte de Peau de constitution, cette formule 
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est double de celle de H3W80213- envisage precedemment, et dCnomm6 “ion p 
metatungstique”; on admettait que le passage de l’un a l’autre ne pouvait avoir lieu 
facilement, mais des recherches en tours permettent de penser que la transformation 
y m&a + m&a est possible dans certaines conditions, quoique lente. 

Propri&& des polyanions 

Action des acides. Pour les isopolyanions, cette action a deja CtC envisagee (Voir 
Isopolyanions). 

Les heteropolyacides classiques sont forts; en presence d’un acide fort, ils sont 
extractibles a l’ether en donnant une couche liquide trbs dense, renfermant sans doute 
des composes oxonium. 

Alors que les composes tungstiques sont tres resistants ir l’action des acides forts, 
ceux de MO le sont beaucoup moins, surtout l’acide phospho-12-molybdique: la 
decomposition conduit a PO,H, et au derive molybdique simple, en l’occurence le 
cation : 

[P0,(Mo03),,]” + 9H+ + PO,H, + 6HMo,O$. 

Par deplacement d’equilibre, la concentration en H+ restant constante, la dilution 
favorise cette degradation, d’ailleurs reversible, au moins dans le cas de P et Ge. 
Ainsi, a une acidite de 0,3A4, 13 % d’acide germanomolybdique sont degrades pour 
c = 0,1/12 et 70% pour c = 0,01/12, B cette derniere concentration, la degradation 
est totale a une aciditt 0,644. Les acides silica -12 et phospho-9-molybdiques sont 
beaucoup plus resistants, et de plus, la vitesse de degradation est plus faible (quelques 
jours sont ndcessaires pour atteindre la valeur finale); neanmoins aux acidites plus 
fortes que 2M, la degradation est rapide aux faibles valeurs de c. Ces faits ne semblent 
pas avoir CtC pris suffisamment en consideration dans les etudes polarographiques. 

Action des bases. Les isopolyanions, trait& par les ions OH-, redonnent les ions 
simples de depart par un processus inverse de celui de leur formation, si bien qu’aux 
pH > 7 ou 8, ils n’existent plus (cependant, les poly-niobates et tantalates cristallisent 
mCme en milieux trb al&ins, l’acide precipitant d&s que l’alcalinite diminue). Les 
2 reactions opposees donnent lieu a des tquilibres reversibles et rapides pour les 
molybdates; chez les tungstates et vanadates, ils sont parfois tr6s lents dans le sens de 
l’alcalinisation. 

La degradation des hettropolyanions sous l’action des ions OH- est encore plus 
facile : celle des phospho-molybdates (et tungstates) apparait vers pH 1,5-2 

[P0,(W03),,]a- + ions OH- + [PO&V03),J7- + ions tungstiques 

en donnant des ions de la s&e 11, et des isopolyanions se trouvant, bien entendu, 
dans l’etat ionique qu’ils doivent adopter au pH ou a lieu la reaction. 11 s’ensuit que 
les triacides correspondants, dans leurs courbes de titrages potentiometrique et 
conductimttrique, ne donnent des points d’tquivalence que pour la formation de 
l’ion 11, soit 7 equivalents de base au lieu de 3, ce qui a longtemps intrigue les chimistes 
sur ces “acidit&’ anormales. 

Les autres hettropolyanions se degradent a des pH plus ClevCs (3,545 suivant 
les cas), soit en series 11, soit directement en constituants, sans passage par une 
serie intermediaire (silicomolybdates). 
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On notera un comportement voisin pour les series 9, qui se degradent en series 
84 [(PO&(WO$,,]lo- vers pH 4. 

Enfin, les series 11 et 84 se degradent a lenr tour en constituants de depart, a des 
pH > 4,5-7 suivant les cas, les composes de W &ant plus resistants que ceux de MO. 

Certains de ces processus sont reversibles, l’acidification des constituants redonnant 
les heteropolyanions, mais ce n’est pas toujours le cas: l’acidification des melanges 
phosphate-tungstate, quelles que soient leurs proportions ne conduit jamais aux 
composes des series 9 (ou 8$), la s&e 9 prenant naissance dans des conditions t&s 
~rtic~~es (con~ntrations &levees, tem~~ture Be&e, grand exces de PO,HJ. 

Cas d’isomtfrie. Lors de la preparation des acides silica-12, boro-Utungstiques, 
on obtient 2 isomtfres dont l’un est toujours plus abondant que l’autre, sans qu’on 
connaisse exactement les conditions reglant leurs proportions; la decouverte de 
l’isomkie chez les phospho 9 tungstates est plus rkente; les proprietes des 2 formes 
sont extremement voisines. 

De telles isomeries furent plus difficiles a mettre en evidence chez les composes 
molybdiques, oh la transformation de la forme instable en l’autre doit btre plus rapide 
les equilibres &ant plus mobiles. Le ler cas a tSte dkouvert par STRICKLAND chez 
les si~comoly~a~s : aussit& sa fo~ation a partir des constituants (silice et moly~ate 
en milieu acide), l’acide silicomolybdique n’est pas sous sa forme habituelle (dite a) 
mais sous une forme @ plus absorbante dans le visible, et qui, en milieu aqueux, se 
transforme assez rapidement, et completement en forme cc. Plus recemment 
SKERLAV a pu montrer que dans un melange eau-alcool a 50 % cette transformation 
etait stoppee, et utilisant ces observations, nous avons pu preparer /I pur et cristallise, 
par precipitation avec ClO,H concentre. Nous avons d’ailleurs pu constater que 
l’isomere p de STRICKLAND dbs sa formation, renfermait une proportion notable 
de M. 

Dans le cas des pol~ungs~tes, nous avons mentionne les relations m&a- 
p metatungstates qui ne constituent pas exactement une isomk-ie puisque la con- 
densation en W n’est pas la meme. Par contre, on a pu constater, que les proprietb 
des solutions de paratungstates, recemment preparees par acidification de WOd2-, se 
modifiaient avec le temps, une certaine proportion manifestant une rkactivite beaucoup 
plus faible, en particulier avec les ions OH-, et H,O,, ce qui a conduit a considerer 
qu’il existait 2 ions 6- HW,O,, denommes A et B. Le ler, plus reactif, existe dans les 
solutions rkemment acidifiees, le 28me dans les solutions preparees h partir de 
paratungstate de sodium solide; les 2 categories de solutions tendent, avec le temps 
vers le mZme &at d’equilibre (environ 50% des 2 formes). 

Les produits de rhiuction. Les plus caracteristiques rksultent de la substitution, 
dans la structure des polyanions, de certains atomes par des atomes de valence 
inferieure; elle se traduit par l’apparition de colorations intenses. 

On peut les obtenir par melange, darts des conditions de pH determinees, des 2 
etats de valence.3 On a pu air& mettre en evidence, chez les pol~olybdates, 3 series 
dkivant du type hexamolybdique, par substitution de 2,3 et 4 MO*+ sur les 6 par Mo5+. 

Degrt de substitution 2 3 4 
pH optimum de formation 1,2 3 4 
Couleur bleu brun-rouge brun-jaune 

Chez les polyvanadates, les derives sont encore plus nombreux et l’on a pu mettre 
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en evidence 6 series r&mltant de la substitution progressive de V*+ a VW dans la 
structure de l’ion d~ava~adique V1e0,s6-; elles se forment toutes entre pH 4 et 65; 
en milieu leg&rement alcalin n’existe qu’une seule s&e 

E Q16Hls- 

probablement a type h~ovana~que. 
Cependant, le meilleur mode de prkparation, pour le but qui nous prGoccupe, 

semble la reduction electrolytique, car ses conditions sont celles qui se rapprochent le 
plus de celles de la polarographie. Dans tous les cas oti elle a et& effect&e, nous en 
ferons &at lors de l’etude polarographique. 

REDUCTION DES ISOPOLYANIONS 
Les vanadatesd 

Dtfnombrement des vagues. On a releve 4 types de vagues, mais elles n’apparaissent 
pas simultanement dans tout l’intervalle de pH (Fig. 1) 

i 
FIG. 1 

-E 

-A pH < 3, on observe les vagues a et d (courbe 1); dans cette region, on rejoint 
la zone acide, oti V est a Mat de cation VO,+ et non d’anion et dont le comportement, 
assez simple, a et& bien etudie par ailleurs. 
-A pH > 3, a commence a se winder en 2 vagues a et b (courbe 2), cette derniere 
n’apparaissant pas en presence de KC1 concentr&, ou si c < 0,5 . 10-3. 
-A pH > 5, b en fonction de E, atteint un maximum, et retombe ensuite B un 
minimum; elle est alors suivie de I’apparition de c (courbe 3). 
-Le maximum (comme le ~nimum) de a + b dkoit lorsque le pH augmente 
(courbe 4), si bien qu’a pH > 9, settles c et d subsistent (courbe 5). 

Dans tous ces milieux, et a pH < 10, la somme a + b + c est constante, et 
correspond au passage V5+ + V*+. 

On a trouve pour Al, entre pH 5 et 8, et pour c - 10-s: 

ELla = 0,148 pH - 0,937 
et pour c: E,J~ = 0,120 pH - 0,080 

valable entre pH 5 et 12, ces valeurs restant les m&mes pour c = 10-s et c = 0,l lO9, 
mais changeant avec la force ionique. 

Quant a d elle eziste dam tous ces milieuz, et est sensiblement le double de la 
somme precedente, ce qui correspond a: 

vrv --t vu 
avec EG, = 0,133 pH + 064 
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valable entre pH 5 et 75 et pour c - IO*; au-de% de pH 8, la pente en fonction 
de pH devient ne~ement plus faible. 

Nature des vagues. c et d sont des vagues de diffusion; la l&e est utilisable en 
analyse entre pH 8,5 et 9,5, car elle est bien definie, et non accompagnee de a ou b; 
la 2eme est utilisable Cgalement, si des ions g&ants se trouvent darts la region de c, mais 
elle n’est bien d&&e qu’en tampon borique : a et b sont des vagues d’adsorption, car 
le rapport h/(hauteur du reservoir)O+s est constant, et d’autre part, h, pour a, tend a 
devenir constant lorsque c croit ; enfin la gelatine les deprime et la saturation en 
camphre supprime b et reduit a A 60% de sa valeur. 

Elles sont dues a l’adsorption d’anions fortement charges* a E plus positif que 
le 0 ~lectro~p~laire (c’est a dire E < 0,5 en vertu des conventions faites) ceux-ci 
se desorbent au-de18 de 0,5 V, et Ie courant decroit mais E continuant d croitre, la 
reduction par diffusion a lieu, d’ou l’apparition de c. A pH < 5, Ells de c se trouve 
dans la region plus positive que 0,5 V, et l’on passe du processus d’adsorption Zr 
celui de diffusion sans changement apparent, si bien que c n’est pas discernable de 
a ou b.5 

L’action des substances adsorbables s’explique aistment, tel le camphre, qui 
ddforme la courbe Blectrocapillaire entre -0,l et - 42 V. Quant a KCl, il la deforme 
aux E plus negatifs que -0,2 (ou il se trouve alors plus adsorb& que V), ce qui explique 
qu’il inhibe b sans toucher & a puisque leurs El,% sont situ& de part et d’autre de 
cette valeur. 

La dualite de a et b s’expliquerait par la formation dune couche d’un produit 
de reduction insoluble qui d&s qu’elle serait devenue suffisante (ce qui aurait lieu aux 
alentours de c = 0,5 10-s) interdirait la penetration des esp&ces a l’electrode; on 
rend compte ainsi du fait que a subsiste settle au-dessous de cette concentration 
et que son palier tende vers une Iimite au-dessus. Au-deli de -0,2 V, cette couche 
se detruirait et le courant d’adsorption atteint sa plenitude dormant b. 

Comportement en milieu alcalin. A pH > 10, d s’accroit aux d&pens de c (courbe 6) 
qui finit par disparaitre a pH > 125, ce qu’on explique par une transfo~ation 
progressive des ions pyro HVO,2- en ions ortho-vanadiques VO,3-; ces derniers, en 
raison de leur hydratation, seraient moins rtductibles, mais le phenomene aurait lieu 
en un seul stade V5+ + vB+, qui co’inciderait avec le stade V4+ --t Vs* de l’ion pyro. 

Les observations de Schmid et Reilley* conduisent a une interpretation un pcu 
diff&ente:en milieu 134 NH,Cl + 6M a~o~aque, ils obtiennent une seule vague 
jusqu’a c N 0,5 1O3; au dela apparaissent 2 vagues, mais la l&e ne depend plus de c; 
la forme de leurs courbes i-t permet de conclure a la formation, ?t la surface de la 
goutte, d’un produit insoluble ou fortement tensio-actif (hydroxyde inferieur?). Par 
contre, les courbes i-t de la 2eme vague sont normales, la substance inhibitrice ayant 
et& soit reduite, soit devenue non absorbable. 

Les molybdates7 

~i~ie~x acides. Dam ces milieux, Mow se trouve a S&at de cations ou de com- 
plexes chlorhydriques ou sulfuriques ; quoique notre etude soit consacree aux 

* On sait que ce sont des dtbavanadates HVIQOasS- ?I pH 3,5, et mktavanadates V,O,t-(et non 
VO,-) & pH 5-7. Au-dessus, apparaissent des espkes moins char&s (HVO,*-). 
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polyanions, il est necessaire d’y connaltre son comportement. Quoi qu’un peu 
differents, puisque les complexes n’y sont pas les memes les comportements en 
milieux HCl et H&SO, presentent les m&mes caract&istiques essentielles; now 
~hoisiro~s le premier de ces milieuxB car les vagues y sent plus distinctes. On peut 
mettre en evidence, au maximum, 3 vagues (c N 104).* 

I a un E1/2 voisin de 0,05; son palier de depart n’est generalement pas visible en 
raison de l’empietement de la vague anodique de Cl-; sa hauteur correspond a 
le-, au moins pour c I 1w3. 

III a un Eilz correspondant exactement a celui obtenu lors de la reduction des 
solutions de Mos+ (de 0,70 a 0,60 lorsqu’on passe des aciditts 0,l il 1M) 

II existe seule avec I aux alentours dune acidite de 1M (au dessus de 2M, elle se 
confond avec I en un processus k 3e-); elle correspond alors au passage en 
MO*; lorsque l’acidite dkoit III apparait et s’accroit aux depens de II, 
leur somme restant constante (Exemple : courbe 1 Fig. 2 : c = 0,8 103 Milieu : 
0,lM HCl). 

Les recherches que nous avions faites a l’epoque, completees et r&is&es par celles 
en tours laissent penser que II est due a la reduction en Mo3+. Le fait qu’elle n’atteigne 
pas la hauteur voulue aux faibles acidids, s’explique par une reaction du Mosf form& 
a l’electrode sous une forme t&s reactive (A), qui reagit en partie sur Mea+ diffusant 
vers l’electrode, pour dormer MO 5+. Comme celui-ci n’est pas rkductible au palier de 
II, on n’atteint pas la hauteur correspondant a 3e-, qu’on obtient par contre au palier 
de III, oti la rhduction de Mo5+ est possible. 

Puisque III est presque inexistante aux alentours dune acidite l&4’, ceci prouve 
que la reaction de Mos+ (A) sur Mea+ est suflisamment lente pour que ce dernier arrive 
a l’tlectrode sans avoir reagi avec MO 3+. Par contre, si I’on effectue une electrolyse 
en se plapnt au palier de II, MO a+ forme a l’electrode retourne a l’interieur de la 
solution, ou il peut reagir sur MO e, et l’on n’obtient, en definitive, que du MO@-, 
comme nous I’avons constate. 

Lorsque l’acidite decroit, la reaction de Mos+ sur Moe+ est favorisee, puisque II 
diminue. 

HaightlO a op&e a de plus faibles c (0,0875 lOa), et a pu obtenir II pratiquement 
seule dans 0,3M HCl; l’analyse de cette vague lui fait conclure a un mecanisme a 
2e-, done au passage en Mo4+, et Ellz obeit a la relation: 

E l,z = 0,080 - 0,12 log (H*) - 0,035 log (Cl-). 

Cette conclusion semble &tre verifiee par l’existence de vagues catalytiques: on 
sait qu’en presence de certaines substances a caracttre oxydant (H,O, anions per- 
chlorique, nitrique) pourtant non rtductibles au potentiel oh l’on opke, les vagues de 
reduction de MO*+ (ou Ww) en milieu acide sont fortement accrues. De telles “vagues 
catalytiques” sont dues a la reoxydation par ces substances, dune des valences 
inferieures, qui rdgenere le stade 6 [voir par exemplelr; pour l’action mutuelle de 
MO++ et W6+ voirle]. 

On a pretendu voir la une preuve de la formation de Mo4+ au long de la vague II, 
qui jouit de cette propriCte en se basant sur le fait que les formes chimiques de MO@ 
et Mo3* ne reduisent pas d’elles-miZmes ces anions oxydants. En realite, le Mo3+ 
que nous pensons se former au niveau de la vague II, est vraisemblablement une forme 

10 
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tres reactive (que nous avons denomee “A”) qui, si elle ne disparait pas par reaction 
secondaire (avec Mo6+ ou un anion oxydant) se transforme rapidement en l’une des 
formes chimiques usuelles (rouge, verte ou brune) de Mos+ moins reactives. 
D’ailleurs, alors que la surtension de H+ n’est pas affectte par la presence de MoS+ 
chimique, elle est fortement diminuCe par celui issu de la reduction de Mo6+ en 
solution.D De plus, des recherches en tours nous montrent qu’il se forme bien 
du Mo4+ lors de la rtfduction de MoS+ au depart mais que la vague dune solution 
de Mo5+ n’est pas altCrCe par la presence de l’ion C104-, ma&e cette formation de 
Mo4’ 70 

Milieu peu acide non-tampon&. 11 est certain que l’ion MOODY- n’est pas reduc- 
tible, mais que les polyanions le sont. Schwing13 a montre qu’une solution de MoO,~- 
acidifiee donne, pour un rapport acide/Mo < 1,14 une hauteur de vague proportion- 
nelle a la quantitt d’acide ajoutee; or, par ailleurs, on a pu montrer que cette zone 
correspondait a la formation de l’anion paramolybdique Mo,0za6-.14 

Grasshoff et Hahn15 ont, de meme, constate que la reduction apparait, a pH < 5, 
en 2 stades peu distincts, d’a peu p&s m&me hauteur, qui 21 pH < 4,5 se r6unissent 
en un seul. Les courbes obtenues par tous ces auteurs (milieu 0,lM KC1 c - lo*) ont 
une forme trts BtalCe probablement parce qu’elles ne sont pas obtenues en milieu 
tampon& si bien que les vagues sont difficiles a discerner et que seul le palier de la 
derniere est mesurable. Ce palier croit, lorsque le pH diminue, jusqu’a pH 3, puis 
decroit legerement ensuite; en son maximum, le processus correspond a 3e-. 

En milieu nitrique (Na,MoO, 10 -a dans NaNOs W2 acidifie par HNO$ on a 
observe un comportement voisin;16 cependant la valeur maxima apparait a pH 2,15 
et se maintient constante jusqu’a 152; au dessous, le palier s’eleve fortement, et 
lineairement avec le PH. 11 semble que les conditions soient alors propices a la 
reduction catalytique des ions nitrate. 

Milieupeu acide tamponnk. La reduction de Moe+ exigeant vraisemblablement des 
protons, il est plus avantageux de l’effectuer en milieu tamponne. Dans son travail 
precedemment cite Schwing a montre qu’en tampon adtique @H 4,6), la hauteur est 
proportionnelle a la concentration globale en MO. Ceci s’explique si l’on sait que les 
ions Mo,0M6- seuls reductibles, et en equilibre avec MoO,~-, se forment rapidement a 
partir de ces derniers; grace a cette circonstance, et au fait que le tampon constitue 
une importante reserve d’ions H +, le courant n’est plus limit6 que par la concentration 
globale en MO. 

Le comportement de MO 6+ dans de tels milieux semble complique; on y observe 
au maximum 3 vagues comme en milieu acide, mais elles sont souvent moins distinctes : 
-un fait important concerne I ; on a constate, a pH 1,3 et jusqu’ii. c - 0,5 103, que 
sa hauteur est proportionnelle a c, et correspond a le-; au-dela de 10-9, la hauteur 
de I reste constante, fait qu’on rapprochera de celui observe pour les vanadates, mais 
les agents suppresseurs ont peu d’effet sur cette vague. 
-A pH 1,3, la somme I + II + III est proportionnelle a c jusqu’a c -4,10a, et 
correspond a 3e-; au-de18 de 5,10-3 elle correspond a des valeurs plus faibles; le 
rapport III/(1 + II) ne depend pas de c, et est de l’ordre de 2/3.l’ 

Lorsque le pH croit, les hauteurs relatives des vagues restent pratiquement 
inchangees aux alentours de c - 10-5; aux c plus Clevees, les phenomenes, plus 
compliquts, sont B l’etude. Les valeurs de EU2 lorsque pH croit de 1,3 a 4,6 varient 
de 0,32 a 0,60 (vague II) et 0,68 a 0,92 (vague III). 
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Les tungstates 

M&atungstates en milieu acide. En milieu d’acidite instisante, We+ correspondant 
aux espkces ordinaires ne peut Ctre Ctudie, en raison de la precipitation d’acide 
tungstique; en milieu HCl > 8M, on observe 2 vagues correspondant aux stades 
successifs : W6+--t Ws+ -+ W+, la derniere double de la premibre.ls Pour l’ion 
metatungstique (voir Cas des metatungstates) H,(W,0,,,),6-, stable a toute acidite, 
la vague W6+ + Ws+, plus negative que celle du tungstate, se partage en realite en 3 
vagues tres distinctes corespondant a 2,4, 12e- (pour 12W); EIlz = 0,26; 0,33; 0,52 
dans 8M HCl. 0,35; 0,47; 0,60 dans 1M HC1.ls Quant a la vague Cquivalente a la 
2eme vague du tungstate, on l’observe bien en milieu acide, mais elle decroit lorsque 
l’acidite diminue; dans 1M HCl elle correspond sensiblement a n = 1 (au lieu de 2) 
ete he devient nulle dans 0,l M HCl. 

Afm d’elucider la nature des produits form&s, on a effectue des electrolyses; on 
remarque : 
-Que contrairement a de nombreux heteropolyanions, on peut aboutir jusqu’au 
stade Wf (36e-) sans destruction du type, car la reoxydation redonne bien l’ion 
metatungstique, alors que dans le cas contraire il se serait pkipite de l’acide 
tungstique. 

On a pu mettre en evidence et caracteriser par leurs spectres les composes a 21,26, 
31 et 36e- en milieu 5,103 en W. 
-Qu’en milieu plus concentre (50 . lOa), le produit correspondant a la l&e vague a 
2e-, dont l’equivalent est bien connu chez les autres heteropolyanions, apparait, 
colore en bleu intense. Cependant, il se dismute rapidement, aux faibles pH, en 
compose a 6e-, rouge, beaucoup plus resistant a l’oxydation par pair, et metatungstate. 
Par contre, en milieu alcalin sa stabilite est beaucoup plus grande, il est stable meme 
dans 1M NaOH, contrairement au metatungstate qui conduit 21 WO,2-. 

De mbme, quoique l’existence du compose a 4e- se manifeste sur les polarogrammes 
obtenus en milieu acide, on n’a pu le mettre en evidence par Clectrolyse, sa dismutation 
&ant encore plus rapide que celle du compose a 2e-. Par contre, sa stabilisation en 
milieu alcalin est certaine, car en alcalinisant une solution ClectrolysQ au stade 
4e- en milieu acide (ou il est manifestement dismute) on obtient une solution bleue, 
de spectre caracteristique, appartenant a ce stade. 
-Qu,on n’a pu obtenir jusqu’ici de produit reduit au stade 12e-, quoique, celui-ci 
apparaisse tres nettement sur les polarogrammes. La vague correspondant ne 
s’annule completement que pour la formation du compose a 21e-. Quant a la derniere 
vague, elle ne s’annule completement que pour la formation de compose a 36e-. 
Dans ces solutions fortement reduites, apparait unevague anodique vers Ov., croissant 
lorsque le degre de reduction augmente; une 2eme vague plus negative que la 
prkcedente (0,8 V) apparait au-de18 de 24e-, et correspond, d’aprbs sa hauteur a une 
reoxydation partielle. 

Zsopolytungstates en milieupeu acide. Parallblement a ce qu’on a pu constater pour 
MO, seuls les polytungstates sont rtductibles, et particulierement l’ion H3W,0Z13-, 
Si nous introduisons du tungstate dans un tampon ackique de pH N 4, zone vers 
laquelle se forme un tel ion, le polarogramme atteint son allure finale au bout d’en- 
viron 2 heures; il comporte 2 vagues de 1 faraday chacune (pour 6W), mais qui ne 
sont bien distinctes qu’entre pH 2,8 (0,36 et 0,65 V) et 4,6 (0,62 et 0,80). Au-dessus, 
leur hauteur decroit progressivement lorsque le pH s’eleve, car apparait l’ion HW60215- 
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(voir Zsopolyanions), beaucoup moins facilement rtductible, ce qui nous a permis 
l’etude de l’equilibre correspondant. Contrairement a ce qui a lieu pour les poly- 
molybdates, en effet, les reactions de deplacement des equilibres avec les ions H+ ou 
OH- ne sont pas rapides, si bien que mdme en milieu tamponne, les hauteurs sont 
proportionnelles aux concentrations des especes reductibles et non au W total. 

Dam la zone de pH favorable a l’obtention des vagues de HsW,02rs-, nous avons 
constate, a peu pres aux memes potentiels, que les metatungstates presentaient leurs 
vagues a 2 et 4e- (pour 12W), *a1 des travaux en tours montrent que les vagues plus 
negatives du m&a apparaissent aux E plus Clew%; ce n’est pas le cas pour HsW,0,r3- 
oti l’on est g&r6 par la dtcharge de H,, dont la surtension semble abaissee par cet ion, 
plus que par le mttatungstate. 

Contrairement a ce que nous pensions tout d’abord, il semble qu’a la longue 
l’ion HsWBOzra- se transforme en m&a, car les solutions vieillies de plusieurs semaines 
et acidifiees se comportent comme du m&a.2a 

Nous avons commence l’etude des prod&s de reduction sur large catode de 
mercure, les autres conditions &ant celles de la polarographie. En se placant au 
palier de la l&e vague, la reduction s’arrbte apres passage de 1 faraday; le polaro- 
gramme presente alors une partie anodique importante, mais inferieure a la l&e 
vague du produit non red&, quoique la hauteur totale soit conservee. 

En se placant au palier de la 2eme vague, on ne s’arrete pas au passage de 2 
faradays (2W rtduits sur 6) sans doute parce que le produit a 2e- se dismute facilement, 
donnant naissance a du produit moins rtduit, qui continue a subir la reduction. Les 
vagues obtenues sont irr@ulieres, mais lorsqu’on atteint le stade B 4 faradays, le 
polarogramme prtsente a c&e dune partie catodique peu importante, une partie 
anodique composte de 2 vagues de hauteurs egales, et parfaitement distinctes. Jusqu’a 
environ 5 faradays, le polarogramme change peu mais un precipite apparait dans la 
solution. Ces phenombnes font l’objet d’etudes plus pousstes. 

Cas de MO 

REDUCTION DES COMPLEXES 

Complexes avec acides-alcools. a3 Le comportement en milieu tartrique a 6te Btudie 
par Parry et Yakubik. 25 A pH 2 et avec une concentration en complexant de O,likf, 
on obtient 2 vagues a 0 22 et 0,52 la demiere double de la lbre, ce qui permet de 
supposer les &apes: 

Mo6 --f Mos + Mo3. 

Le 2eme palier diminue legerement lorsque E croit, mais le maximum obtenu n’est 
pas du type ordinaire, car la gelatine abaisse la hauteur du palier en accentuant la 
decroissance du courant, et le camphre sature le supprime. Ceci laisse supposer 
qu’il doit y avoir adsorption pour que la reduction ait lieu, l’accroissement de E 
provoquant une faible d&sorption, si bien que tous les ions parvenant a l’tlectrode ne 
sont plus adsorb& et reduits. Neanmoins, l’influence de la temperature et de la 
hauteur du reservoir montrent que l’adsorption elle-mCme est controlee par la 
diffusion. 

A pH > 2, E1/2 croit, la 28me vague est abaissee considtrablement et devient ma1 
deffnie, si bien qu’elle est a peine discernable a pH > 4; en milieu neutre, il n’y a 
plus de reduction. 



Pour le dosage, on se placera en&e pH $5 et 2,3; il est possible mame en presence 
de 250 fois la quantite de W; les ions CrS +, Nis+, Co@, MS+ n’interf&ent pas. Le 
Fes* se reduit nettement avant; il n’est danc pas g&ant s’il ne se trouve pas en 
excks 20 fois sup&ieur, sinon on en reduira la majeure partie par SUs; CuS+ ne gene 
pas jusqu’a un exe&s 10 fois superieur; par contre, V donne 3 vagues dont la derniere 
perturbe le dosage, 
-Meites% a Ctudie le milieu citrate de sodium lM a pH 7; on obtient une vague bien 
form&e (J& = 0,927) correspondant a tm processus a 2e”“, comme l’auteur le v&ifie 
par coulomkrie et titrage am~rom~~ique par V*: c’est la premiere fois que la 
valence 4 est mise en evidence de faGon aussi nette. 

W ne donne rien, ce qui permet le dosage de MO en presence de celui-ci. 
La vague presente un leger maximum, qui disparait si le citrate est seulement 

@&US mais W peut alors gker s’il est en forte qua&it&; en&n, le rapport k/c d&wit 
Iorsque c augmente ce qu’on attribue a une polymkisation croissante des composes 
form&. 

c, 10-a moles/l. 0,025 0,264 2,5 

Rapport 8,45 8,l 65 

-Ces milieux ont t%tB appliques au dosage de MO dans divers &chantillons, en 
particulier aciers, e7 Aprbs attaque oxydante, on ajoute du bisulfite pour faire passer 
Cr, V, Mn, a l’etat de cations, puis de 1”acide citrique; la solution qui doit &tre 
environ 0,lM en H,SO~, et 0,5M en a&de citrique (ou tartrique) est pas&e sur 
khangeur #ion prklablement rind a 0,5&& acide citrique, qui retient les cations 
g&ants. Les polarogrammes presentent 2 vagnes (OX07 et 0,43), la 2eme double de 
l’autre : utiliser la l&e si c > 0,l. 10d, sinon la 2eme, mais celle-ci est influenck 
par W, (le courant limite continue & croitre avec E au lieu de rester parallele au courant 
residnel); la proportionate i - c a lieu entre 41 fO” et 5 lO3; les ions ClCQ- et 
NO,- donnent des vagues catalytiques, 

Pour les dosages dans les roches et minerais,as aprbs attaque par NhOs + NaOH, 
on dose en milieu citrate ou tartrate ajust a pH 6; on trouve peu d’interferences. 
On observe 2 vagues; l’auteur attribue la l&e (0,3 V) a une substance gkkante, ou 
ft un ler stade de reduction. C’est sans doute cette derniere interpretation qui est 
correete, mais dans ce cas, les observations ne concorderaient pas, en milieu citrique, 
avec celles de Meites. 

Ce point est &wide par le travail plus recent de Grasshoff et Hahn,ls qui opkrent 
~~~ralernent a e - 105, mais ant fait varier le pH dans d’assez larges limites, E&e 
pH 6 et 8, on observe bien la vague signalbe par Me&es mais qui, au-de18 de pH 6 
decroit lorsque le pH augmente (a pH > 8, elle a completement disparu). 

Cette vague (denommte III) decroit egalement a pH < 6 au profit de 2 autres. 
(1 et II), si bien que vers pH 4 elle a entierement disparu, alors que I et II ant atteint 
leur hauteur d&nitiveY qu’elles conserveront aux pH < 4 sauf II, qui p&en& un 
faible minimum entre pH 2,5 et 4; on a v&Sit, entre pH 1,8 et 2,4, que I et II Ctaient 
bien controlees par la diffusion. 

Les auteurs ont represent8 les variations de E;lz avec le pH (a teneur constante en 
citrate)9 et les variations avec la ~n~ntration en citrate (a pH constant); I ne 
depend pas de cette dernike, tandis que pour II, EzB varie lin&airement avec le log, 
de cette concentration.31 
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On a fait des essais de reduction dune solution 10 . 1O-3 i potentiel corm-i%, pH 2, 
acide citrique 0, IM en presence de KCl, a 0,3 et 0,7 V (potentiels des paliers de I et II). 
Les polarogrammes des solutions en tours de reduction montrent que I et II decroissent 
parallelement m&me si l’on se place seulement au palier de I. Dans les 2 cas, on 
aboutit au stade 4 (coulometrie); les solutions brun-jaune ou brun rouge ont des 
spectres qui different nettement dans les 2 cas. 

Enfin, l’emploi d’un milieu citrique a Cte envisage pour le dosage de MO dans les 
aciers, selon un mode operatoire peu different de ceux deja indiqu6s:29 attaque de 
l’echantillon par HCl en presence de KClO,, precipitation de Fe(OH), par NaOH en 
presence de Na$O, (l’adsorption de celui-ci sur le prtcipite permettant d’eviter celle 
du molybdate); une partie du filtrat est neutralisee a la phtaleine, et on lui ajoute une 
solution d’acide citrique. Polarographier ensuite; operant sur Og5 environ, on peut 
effectuer plus de 20 dosages en 8 heures.30 

Compost5 avec les complexons. Faisant suite a d’autres travaux,32 le comportement 
de Mo6 en presence d’acide ethylene-diamine-tetracttique (E.D.T.A.) a Cte CtudiC par 
Pecsok et Sawyer. 33 En solution 0,52. 10m3 en MO et 4 . 1O-3 en E.D.T.A. on observe, de 
pH 2,5 a 4,5,2 vagues (reversibles d’apres les auteurs) de h decroissante lorsque le pH 
augmente, mais la lbre dCcroPt plus rapidement que la 2eme, si bien qu’elle a disparu 
a pH > 4,5, alors que la 2 &me disparait a pH > 7. L’accroissement de concentration 
en E.D.T.A. augmente les vagues, preuve du peu de stabilite des complexes (des 
essais preparatifs montrent que le complexe obtenu vers pH 4,5 contient 2 MO par 
E.D.T.A.) 

A pH 2,5, les 2 vagues ont des Eli, de 0,33 et 0,58 ; la pente E,,, = f (pH) indique 
l’intervention de 2H+ par MO it pH < 4,5 et *H+ a pH > 4,5 (la preuve n’a pas CtC 
faite que la reduction conduise au stade MoV). 

Ces resultats montrent que le dosage de MO necessite des conditions bien deter- 
mintes en ce qui concerne le pH, la concentration de l’E.D.T.A., et la force ionique; 
si elles sont respecttes, le courant est proportionnel a centre 0,02 . 10” et 1,3 . lOa. 

Des methodes de dosage en milieu E.D.T.A. ont et6 mises au point: l’effet de 
Ca2+ (qui lui aussi est complex& par l’E.D.T.A.) a Bte &tudiC.54 Sinyakova et Glinkina,% 
etudiant divers complexons, trouvent que l’E.D.T.A. donne les meilleurs resultats. 
Pb, Zn, V et W n’interferent pas, alors que Fe 3+ et Cu2+ font decroitre h; Habrcetl” 
trouve egalement que Cu2+ g&e le dosage dans les aciers. Cependant, Pressle?’ 
pense que Bi et Cu peuvent &re doses en mbme temps que MO dans les minerais: 
on attaque par HNO,, Bvapore a set et reprend par HCI pour tliminer SiO,; ajouter 
ensuite de l’ammoniaque pour precipiter Fe et Al, et porter a pH 5 dans un milieu 
tampon adtique-E.D.T.A. 
-L’Ctude en milieu nitriloacetique a et6 effectuee par Manning, Ball et Menis, surtout 
en polarographie dCrivCe.38 

Alors qu’a pH 4 on observe 2 vagues ma1 definies, en concordance avec des 
observations ant&ieures,% de pH 2 ii 3,5 apparaissent 4 vagues bien definies (0,22; 
0,33; 0,47; 0,63); leurs hauteurs respectives varient avec le pH, par contre, Er12 
varie peu. 

Les hauteurs et Ella ne varient pas avec la concentration en reactif lorsque 
celle-ci varie de 0,015 a 0,25 (du moins a pH 3, oti l’on a effectue la majeure partie des 
essais), pourvu qu’elle soit en fort exds (plus de 100 fois) par rapport a MO. 

Quoique leur etude soit faite dans un but analytique, leurs observations sont 
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interessantes : la reduction coulometrique au ler ou 2eme paliers donne quantitative- 
ment MoS+, ce qui prouve que les 2 premieres vagues sont dues a la reduction Moe+ -+ 
MO” de 2 especes Mo6+ en equilibre mobile; MoS+ ainsi form6 se reduit a un Elj2 
correspondant a la 4&me vague, qui represente done le processus de reduction Mo5+ + 
Mo3+. La coulometrie montre Cgalement que Moe+ est reduit en Mo4+ au 3e palier; 
cependant la spectrophotometrie et la polarographie montrent qu’on est alors en 
presence de Mob+ + Mo3+, preuve d’une dismutation complete du Mo4+ ainsi form& 
Au 4&me palier, la reduction de Mob+ en Mo3f ne se fait pas avec un rendement en 
courant de 100%; par contre, la reduction directe de Moe+ est quantitative. Les 
2 especes de Mo3+ obtenues en partant de MO” ou Mo6+ ont des caracteristiques 
differentes la l&e ne presente ni maximum d’absorption ni vague anodique, la 28me 
posdde une vague anodique ma1 d&inie (0,33) et s’oxyde rapidement B I’air. 

L’application analytique consiste dans le dosage de MO dans les oxydes mixtes 
Th-U renfermant environ 3 % de U et moins de 1% de MO, car la vague de U (0,23) 
est bien s&pa&e de la derniere vague de MO. Les interf&ences sont constituees par 
C$+, Cu2+, Sn4+, Ni2+, mais 100 ,ug de ces ions (et 500 ,ug de Few) peuvent etre 
tolCrCs en presence de 70 ,ug de MO. 

Cas des autres tflkments 

Vanadium. 11 offre peu de particularites interessantes. V5+ en milieu oxalique a 
& etudie par Lingane et Meites, *30 a p H 4,6 et 7,6 les polarogrammes ont une allure 
voisine de ceux obtenus en l’absence d’oxalate; d’ailleurs, en ce qui concerne pH 7,6 
l’oxalovanadate est vraisemblablement scinde en ses constituants.40 

En milieu E.D.T.A., acide ou faiblement basique, on observe 2 vagues corre- 
spondant aux Ctapes Vs+ + V4+ ---t vZ+; la Ike presente un minimum explicable de 
facon analogue a celui des vanadates (voir Les vanadates); ?t pH > 9,5, on observe une 
seule vague V6+ + V2+ (~1,22 V B pH 9,55).41 

Tungstene. Dans les precedentes conditions, W ne donne pas de vague, car ses 
complexes sont trop stables,& mais an accroissant l’acidite, ou choisissant d’autres 
milieux, on obtient des vagues de W, mais prt%dCes de celles de MO. 

C’est ainsi qu’en milieu oxalique 0,2M, en presence de gelatine a 0,005 % et pH 
0,5-l on obtient une vague reversible a le- (E1,2 = 0,62, ne dependant pas de la 
concentration en oxalate entre 0,05 et 0,5), et proportionnelle a c entre 1,2 . lo3 
et 16 . 10m3. Les ions Ni2+, Mn2+, C13+, Cd+ ne gkent pas (le dernier est precipite), 
mais NO,- (vague catalytique) et V doivent dtre absents. 

Fe3f et Mo6+ peuvent dtre d&erminCs dans la mtme solution: Mo6+ precede W 
en donnant 2 vagues; la ltre est amoindrie par la presence de W, mais la somme des 
2 reste constante. Sus’ic44 constate tgalement la presence de vagues en milieu oxalique, 
avec Elr2 variant de 0,s ilO, lorsque la concentration d’acide oxalique varie de 0,Ol 
(pH 3) a 0,4 (pH 0,75). La hauteur croit avec la concentration d’acide oxalique, mais 
est bien inferieure a ce que pourrait donner un processus a le-. La proportionalite 
courant-c (testee en milieu 0,l) n’a pas lieu a c < 2,5 . lOa. 

Niobium. Les polyniobates ne sont stables qu’en milieu alcalin, mais n’y donnent 
aucun polarogramme; comme l’acide prtcipite d&s que l’alcalinit6 diminue, les etudes 
doivent alors Ctre effect&es en milieu fortement acide46*46, mais les composes presents 
ne rentrent pas dans la categoric des polyanions), ou en presence de complexants.46*47 
-En milieu E.D.T.A. les etudes ne peuvent ttre faites qu’entre pH 2,5 (au-dessous, 
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l’acide E.D.T.A. precipite) et 6 (au-dessus, le complexe se detruit avec precipitation 
d’acide niobique). 

On obtient 2 vagues (E,,, = 0,609 et 1,015 a pH 3,05 en milieu E.D.T.A. 0,lM); 
la l&e est reversible a pH < 3,2 comme le montrent sa pente et la polarographie B 
vague carrte; elle correspond au passage : Nbs+ -+ Nb4+; on peut l’utiliser au dosage 
de concentrations allant de 5 a 500 mg/l. ou (a l’aide de la vague carree) de 0,l a 5 mg/l. 

La 2eme vague est le mieux visible vers pH 5, quoique g&e par celle de H,; 
elle correspond au passage Nb4+ -+ Nb3+, car la reduction Clectrolytique a 1,5 V donne 
une solution brun-orange de Nb3f. 
-Le milieu citrique semble le plus favorable a la polarographie de Nb5+, mais des 
solutions de stabilite convenable ne peuvent Ctre obtenues qu’a partir de Nb metallique. 
On n’obtient alors qu’une seule vague ayant mtmes caractbres que la l&e vague dans 
l’E.D.T.A., utilisable dans les mtmes zones de concentration en Nb, mais dans un 
intervalle bien plus grand d’acidite (pH 6 a SO,H, 2&I, avec une concentration en 
acide citrique de 0,4 a 2M); E1,2 varie de 0,75 (pH 0) a 1,13 (pH 4). 

Aux fins analytiques on recommande une solution 2M a pH 1; Mn, Ni, W, 
Cr, Fe n’interferent pas, mais Sb, Ti, et de fortes quantites de MO g&rent. 
-En ce qui concerne les milieux oxalique et tartrique, les resultats sont moins nets, 
et divergent avec les auteurs, ce qu’on doit peut-&tre expliquer par le mode de mise 
en solution de l’acide niobique. Ainsi, en milieu tartrique, Ferrett et Milnef16 
donnent une vague vers 1,OO V a pH 1,5 (par rapport 9 une anode de mercure dans la 
solution), tandis qu’ Elsonq7 trouve 1,93-2 V a pH 4,7-7. De m&me, les premiers ne 
trouvent rien en milieu oxalique, ainsi que pour Ta en milieu tartrique, alors qu’Elson 
donne respectivement 1,52-1,53 de pH 1,2 a 5,5 et 1,56-1,58 a pH 2,8 ou 5.Bs 

Vague.9 catalytiques 

Rappelons (voir Milieux acides) qu’elles ont conduit B envisager l’existence de la 
valence 4 chez MO et W. En raison de leur pouvoir complexant, l’addition d’acide 
oxalique ou acides-alcool doit tendre a les diminuer. 

D’apres l’importance de cet effet, suivant la concentration d’acide oxalique on en 
a deduit, pour W (l’oxydant &ant H,O,) la nature et la constante d’equilibre des 
composes oxalo-tungstiques. 4n On remarquera que ce n’est pas la methode la plus 
directe qu’on puisse utiliser, et que, d’autre part, dans le calcul de la constante 
d’equilibre, on a suppose les composts tungstiques non complexes, a l’etat de WO,H,, 
alors qu’ils sont manifestement polytungstiques (voir Zsopolyanions). 

De plus, le stade de valence inferieur &ant responsable de l’amplification des. 
vagues, il semble logique que ce soit la formation de complexes ri partir de celui-ci (plutbt 
que du stade 6) qui influe sur l’effet observe; Zahnov et Robinson en ont deduit la 
composition et les constantes des complexes correspondants avec les acides tartrique- 
et citrique.50 

En ce qui concerne l’acide oxalique, les mCmes auteurs constatent que les phtno- 
mtnes se compliquent par la reduction catalysee de l’acide oxalique lui-m&me; aussi 
ont-ils Ctudit le comportement des solutions molybdiques-oxaliques en l’absence de 
toute autre substance rtductible, et pensent prouver cette reduction. En realitt, dans 
les conditions ou ils se sont places (concentrations 0,8 . 10e3 en Mo6+, 0,l en HCl) la 
reduction de Mow en l’absence d’oxalate se fait au stade 3, mais en 3 vagues (Fig. 2 
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courbe 1). En presence d’oxalate, elle n’a plus lieu qu’en 2 vagues, parce que le 
mCcanisme n’est pas le meme (Fig. 2 courbe 2), mais la hauteur totale reste inchangee, 
mCme en presence dune concentration en acide oxalique aussi forte que 0,2&f, preuve 
que celui-ci n’est pas reduit; les auteurs s’etant places en A au palier de la 2e vague, 
on observe bien une croissance de celle-ci, mais la dernitre en est diminuee d’autant. 

RBDUCTION DES HETfiROPOLYANIONS 

Composb tungstiques 

Les premieres recherches ont tte effect&es par Souchay, en vue de preciser, par 
analyse, les Cquilibres entre les divers heteropolyanions, ou entre ceux-ci et les 
isopolyanions (voir ci-dessous); cependant, les fortes c utilisees a cet effet compliquent 
l’etude, lorsqu’on desire interpreter le m&a&me de reduction (faible pente des courbes, 
forte influence de l’electrolyte &ranger), quoique les phenomenes restent les memes; 
nous ferons &at des recherches plus rtcentes. 

i 

-E 

FIO. 2 

Compost3 de la s&ie 12. Pour l’acide phosphotungstique, a pH 1 et c = 0,Ol 
(en W), Kennedy a observe 3 vagues controlees par la diffusion (I& = 0,218 ; 0,448 ; 
0,695), les 2 premieres, bien distinctes, sont Cgales, la S&me, Cgale A la somme des 2 
autres, est suivie de tres pres par la d&charge de H+.51 

Par Blectrolyse a potentiel control6 (0,30 V) l’auteur trouve que la Ike correspond 
a n = 2; s’il en est ainsi, l’electrolyse au niveau de la 2eme (056 V) devrait consommer 
4 faradays, alors qu’il n’en trouve que 2,2-2,5. 

Nous avons refait des essais analogues sur l’acide silicotungstique, parce qu’il 
presente une stabilite suptrieure a celle du precedent en milieu peu acide, mais nous 
avons verifit qu’a pH < 1,5 le comportement etait le mcme (c = 1 . lo-5 A 8 . 10-3). 
Nous avons constate que pour les 2 premieres, Q2 ne varie pas avec le pH et qu’a pH 
suffisamment Blevt (-4) une 48me vague apparait alors Cgale B environ 6 fois la 
premiere; les El,2 sont alors: 0,24; 0,48; 0,90; 1,03. 

La comparaison avec les vagues des metatungstates (voir Mhatungstates en milieu 
acide) et le titrage des composts reduits montrent que les 2 premieres vagues corres- 
pondent chacune a n = 1, d’oh n = 2 pour la 38me et 6 pour la 4&me. 

Le. polarogramme de la solution bleu-intense rtduite au stade le- montre un 
deplacement parallele aux ordonntes; la l&e vague est devenue entierement ano- 
dique, mais elle a diminut de 40 a 25 % suivant le milieu (0,5M HCI ou tampon acetique 

PH - 4). 
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Celui de la solution gris-bleu reduite au stade 2e- montre egalement une translation, 
les 2 premieres vagues sont devenues anodiques; la l&e est encore plus diminu6e 
que precedemment, tandis que la 2Bme n’a d&u que de 10%. 

Ces faits laissent supposer une certaine reversibilite, probablement compliquee 
par des phenomenes d’electrode; ceci est confirm6 par les resultats de Kennedy, qui, 
en portant E en fonction de log i/(iD - i) obtient une petite de 67-70 mV pour les 
2 premieres vagues, et 35 mV our la 3eme. 

En effectuant la reduction au palier de la 38me vague, les phenomenes ne sont pas 
aussi simples que preckdemment ; comme le constatait Kennedy, la reduction se 
poursuit au-de18 de 4 faradays. Tant que ce stade n’est pas atteint, on remarque que 
la 38me vague n’est pas entamee, et qu’elle reste catodique; par contre, il apparait 
une vague supplementaire, vers 0 V (milieu 0,5 HCl) ou bien les 2 vagues anodiques 
s’accroissent (tampon acetique). Au-delzl de 4 faradays, la 3eme vague passe pro- 
gressivement dans la region anodique; sa partie catodique disparait vers 10 faradays. 

La basicite des heteropolyacides a souvent Bte remise en questionsa; on a pen& 
la determiner en mesurant la hauteur de la vague de H+ dans leur solution. Cette 
methode doit btre accueillie avec prudence, car la vague de Hf &ant pre&dee de 
celles des produits de reduction, c’est la basic&e de ceux-ci qu’on risque de mesurer; 
de plus, on sait qu’ils catalysent la decharge de H,. D’ailleurs les resultats obtenus 
varient avec la nature du se1 de fond; la potentiometrie a resolu cette question dune 
faGon plus sQre.l 

La remarquable insolubilite des sels d’heteropolyacides et de bases organiques 
a permis l’emploi de ceux-ci pour le titrage amperometrique de nombreux alcaloldes, 
colorants, et derives analogues.* 

A&es compos&. En tampon de pH sufikamment &eve (>5 pour le derive de Si, 
>2 pour le d&iv6 de P) apparaissent les derives des series 11 (voir Action des buses) 
caracterises par la disparition des 2 premieres vagues pr&%demment d&rites, ce qui 
a permis d’etudier le passage de la serie 12 a la serie 11 ? 

ions 12 + ions OH- --+ ions 11 + tungstates. 

Inversement, les ions 11 ne sont pas stables en milieu acide, et r&g&r&rent les ions 
12, suivant une reaction du type: 

ions 11 + ions H+ + ions 12 + SiOz 

sans le cas des silicotungstates. 
Cette derniere reaction a lieu lentement, et dans une zone de pH plus basse que la 

prkedente; par contre, elle a lieu rapidement, et dans la m8me zone, si l’on ajoute 
WO,Na, ou du paratungstate A (voir Cus d’isomhie); cette plus grande facilite 
s’explique par le fait qu’on passe directement de l’ion 11 a l’ion 12 en Ikant un groupe 
tungstique supplementaire, ce qui exige un remaniement moins profond. Par contre, 
l’ion paratungstate B, moins reactif, n’accroit pas cette facilite de passage, ce qui a 
permi@’ d’etudier l’equilibre ion para A + ion para B, puis l’equilibre de ceux-ci avec 
WOd2-. 11 su5t d’introduire un certain volume de solution qu’on Btudie dans une 
solution de silica-11-tungstate vers pH 3,5, oti la transformation en silica-12 est 
possible en presence de WOZ- ou para A, mais non en leur absence et de mesurer, 
B 0,4 V la hauteur de palier du silica 12, proportionnelle a la teneur en ions WOd2- 
et para A. 
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De la m&me fagon, la disparition de la vague des d&ivds de la serie 11 a permis de 
suivre la d~~adation de ceux-ci dam un domaine de pH plus &eves (^;7-8), en 
leurs constituants. 
-Le polarogramme de la serie 9 a 6t(! obtenu par Kennedy, qui obtient une seule 
vague a 0,6 V; ce resultat est en d&accord avec les observations anterieures de 
Souchay, qui obtenait des courbes rappelant celles de la s&e 12, mais avec des Erra 
moins Blew%, car il est bien connu que les composes 9 sont plus reductibles que les 
autres. Reprenant actuellement ces travaux, nous constatons que la vague a 0,6 V est 
bien pre&dee dune double vague plus positive mBme que celle de la strie 12, si au 
milieu utilise par Kennedy (0,lN HaSO,) on ajoute une quantite suffisante d’un autre 
electrolyte (0,5&f NaCl). 

Compost+ molybdiques 

GtWraWs. Les etudes effectutes concernent presqu’ exclusivement les series 12, 
l’atome central &ant P Si, ou Ge s*-Comme nous l’avons fait remarquer (voir 
Fropri~t~~ Genkrales) les milieux utilises sont souvent tels que ce n’est pas l’ion, mais 
ses prod&s de degradation, ou de reaction avec les constituants du tampon, dont on 
observe le polarogramme. 

Ainsi, Boltz, de Vries et Mellon,% en tampon acttique obtiennent pour l’acide 
phosphomoly~ique ii pH 4,6 une vague propo~ionnelle a c (0,57 V) mais dont h 
depend de la concentration en KC1 ajoute, et a pH 3,5, 2 vagues (0,6 et 0,9 V) pro- 
portionnelles B c, mais ma1 definies. 11 semble bien qu’a ces pH on ne soit plus en 
presence de la serie 12, mais de la serie 11; ce fait a d’ailleurs Cte utilid par SouchayeoBss 
pour Ctudier les Cquilibres entre ces 2 series, ainsi qu’avec la s&e phospho-2$- 
moly~que.~ 

Citons de meme les recherches de El Shamy, Issa et Barakat, ou un grand nombre 
de milieux choisis sont soit trbs acides, soit trop peu acides, ou complexants.s7 

De plus, on a pu constater par d’autres methodes, que la reduction de ces composes, 
en bleus red&s, a lieu, au moins au debut, par stades de 2e-, 4e-; etc. . . (pour 
12 MO) et que la reduction totale a lieu par passage 51 l’etat Mo3+, soit 36e-. IX semble 
que, malgre leur importance theorique, les premiers soient souvent passes inaperws en 
polarographie, d’autant plus qu’ils ont lieu a des E t&s positifs ob le mercure reduit 
la solution; c’est pourquoi il faut avoir recours B l’electrode de platine tournante 
pour les Ctudier. (voir ci-dessous). 

Rt!duction sur dlectrode de mercure. Les acides silica- et germano-molybdiques 
ont Cte etudits par Hahn et Grasshoff. 5s Les essais effectues en tampon citrique 
donnent, pour le premier (pH - 2,5) 3 vagues, dont celle du milieu seulement (0,35 V) 
est attribuable & l’anion silicomolybdique, car les 2 autres s’accroissent par addition de 
molybdate. 11 faut done penser que dans un tel milieu, ~h~t~ropolya~on est par- 
tiellement decompose, la presence de citrate favorisant, Cvidemment, cette decom- 
position; des constatations analogues ont ete faites pour le derive de Ge (pH - 3,6) 
qui presente 5 vagues. 

Par contre, l’afbnite de ces composes pour les solvants oxyg&n% (voir ether en 
(voir Action des ucides) explique que l’addition de methyl-ethyl-c&one les stabilise, si 
bien que, dans le cas du derive de Ge par exemple, on n’observe plus que 2 vagues 
(0,29 et 0,55 V) non alter&es par addition de molybdate. Pour ce dernier anion, en 
particulier, les auteurs ont Btudie les meilleures ciconstances de formation (action de 
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la temperature, du pH, du temps) ainsi que la proportionnalitt entre h et c; l’emploi 
de l’oscillopolarographie, dans des buts analytiques, est envisage. 

Le cas de l’acide phosphomolybdique a Ctt trait6 par les memes auteurs;@’ les 
concentrations sont voisines des pr&cCdentes, cependant la 2tme vague est moins nette 
(mais la l&e est proportionnelle a c pour des concentrations en P comprises entre 
3 et 30 ,ug par ems), et la stab&t6 moins grande, ainsi qu’on le savait ; l’influence 
des divers facteurs (pH, exces de molybdate, temps, electrolytes &rangers, tem- 
perature) a et6 Ctudiee soigneusement. 

Independamment des inconvenients d0s a l’emploi du mercure, le nombre de 
faradays intervenant dans les processus de reduction est ma1 precise; enfin, dans le 
cas des ions silicomolybdiques, aucune comparaison n’a CtC faite entre les isomkes 
de Strickland. 

En ce qui concerne une telle isomerie, la question a ete envisagee par Kemula et 
Rosolowski,*l qui supposent l’existence de 3 formes: GC et p a rapport Mo/Si = 8, inerte 
polarographiquement, et y, a rapport Mo/Si = 12, qui se forme a chaud seulement, 
reduite en tampon formique, et seulement en presence de butanol. Les auteurs 
assimilent leurs formes B et y respectivement aux formes b et a de Strickland. 

Les essais sur electrode de platine que nous d&irons ci-dessous confirment 
l’existence des 2 formes a et b de Strickland, (a l’exclusion de toute autre), donnant 
lieu a des polarogrammes bien caracteristiques. 

Applications analytiques. Les proprietts que possedent ces anions, d’&tre facilement 
reductibles et de donner avec les bases azotees des sels t&s peu solubles, ont &tC 
frequemment utilisees en analyse; pour s’en tenir a la polarographie, signalons: 
-Le dosage de la silice ou des silicates faciles a solubiliser (par exemple SiO, dans 
MgO ou MgCO,) en milieu 1M en NH,NO, + 0,2M en HNO, (P et As s’eliminent 
dans ce milieu ZL 1’Ctat de sels NHa des heteropolyanions correspondants insolubles). 

Ce pro&de a Cte adapt6 pour le dosage de Si dans les alliages d’aluminium:8S 
attaquer 50 mg d’alliage par NaOH concentree, (dans une capsule de platine), reacidi- 
fier par 1M HCI jusqu’li pH N 1,5, puis ajouter 5 cma de reactif molybdique (prepare a 
partir de 10 g NaeMoO, 2 H,O, 72 cm3 1M HCl et complete a ll.), et reajuster le plus 
exactement possible a pH 1,6; laisser une nuit, puis ajuster a 100 cm3. Ensuite, 
p&lever 5 cm3 de cette solution qu’on complete a 25 cm8 par une solution support 
(306 cm3 de tampon citrique selon Sorensen + 77 cm3 1M HCI + 40 cm3 methyl- 
ethyl-c&one, completer a 1 1.); polarographier entre 0,3 et 0,6 V. Etalonner avec des 
teneurs connues en silicate; l’emploi de l’oscillographie est envisage. 
-Le dosage, par difference, des phosphates (milieux biologiques en particulier;g4 
la prise d’essai, contenant 1 a 2,5 . lOA g de P est introduite dans une fiole de 50 ems; 
ajouter 2 cm3 de HNO, (obtenu en ajoutant 1OOcms d’eau a 120cms de HNOa 
concentre) et 30 cm de solution de NH4N0, a 400 g/l., chauffer 2135” et ajouter 1 ems 
de paramolybdate d’ammonium a 31 g/l. ; laisser 15 min le precipite se former et 
completer a 50 cm3 par la solution de NH,NO,. Au bout de quelques heures, polaro- 
graphier; on ttalonnera en portant la decroissance de la vague en fonction de la 
teneur en P. 
-Les titrages amperometriques per precipitation: par example pour P, on utilise une 
solution d’oxine et paramolybdate d’ammonium dans HCl; on introduit a la micro- 
burette le phosphate B titrer, et le point final est determine amperometriquement; 
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cependant, en ce point, 7% du MO utilis6 demeure en solution, si bien qu’un 
Btalonnage est n6cessaire.66 

Cette m&hode a Ct.6 perfection& par Hahn et Wagenknecht pour le dosage de 
P, Si, Ge, As? ap&s transformation en h&Cropolyanion, on se place en tampon 
glycocolle g pH 2-2,5, et prtcipite par des quantitbs croissantes de nitron, en solution 
titrbe, jusqu’g disparition de la l&e vague; un excts de molybdate ne perturbe pas 
le dosage. 

Ainsi, pour le dosage de Si dans un alliage d’aluminium, l’attaque et la prdparation 
de la solution pour polarographier sont voisines de celles indiqudes pr&demment. 
Introduire 10 cm3 de prise d’essai dans 40 cm3 de tampon au glycocolle & pH 2,5, 
d&a&er, et titrer par une solution de nitron 0,0025M en se placant & 0,05 V. On peut 
ainsi doser 0,22-0,50x de Si sur une prise de 50-100 mg g f2% p&s. 

RLduction sur blectrode de platine .67 Nous avons choisi l’acide silicomolybdique, 
parce qu’il est plus stable que les autres, et prCsente un cas d’isom6rie bien 6tabli. 

Le polarogramme de la forme a stable, A c = 10m3 en MO, et dans 0,5M HCl 
pr6sente 3 vagues 6gales de n = 2 (+0,27; +0,13 ; 0,03 V), suivies de la d6charge de 
H, (vers 0,25 V); elles ne seraient pas visibles a l’blectrode g gouttes. La pr&sence de 
molybdates ou Mo6f n’est pas g&ante, car ils ne sont pas polarographiables g 
l’Clectrode de platine. 

En opkrant sur l’isomkre p instable, obtenu suivant la m&hode de Skerlak (2), 
le polarogramme a mcme forme, mais les I& sont nettement diffhrents (+0,33; 
+0,24; 0,lS); cette diffbrence a permis de montrer que l’isomtre /? p&par6 selon 
Strickland6* renfermait une proportion notable de a; lorsqu’on laisse 6voluer les 
solutions de ces 2 Cchantillons, on aboutit au polarogramme de a seul. 

La figure 3 montre les polarogrammes d’un Cchantillon de j3, selon Skerlak (a) et 
d’un Cchantillon de cc (d); (b) reprCsente un Bchantillon de /I suivant Strickland (en 

V 

Fro. 3.-Transformation Acide B(-a) + Acide a(d) (b) et (c) Acide p 
partiellement tranforme. 

&alit6 mklange de cc + /?); (c) est un Cchantillon de Strickland 6~01~6 (done enrichi 
en a) qui, au bout d’un temps suffisamment long donnerait (a). 

Les prod&s de rCduction, bleu intense, des 2 isomhres, ont 6th pr$arb par 
rtduction Clectrolytique, et la spectrophotomdtrie met bien en Evidence, en milieu 
HCI, les degrbs de reduction & 2 et 4e-. 

Leurs polarogrammes se deduisent par simple translation paralltle ?I l’axe des 



1206 P. SOUCHAY 

ordonnees; par exemple, pour 4e-, les 2 premieres vagues sont devenues entibrement 
ano~ques; les Erra restent inchanges, ce qui prouve Ia parfaite reversibihte du 
systkme, et Ieurs valeurs sont identiques a celles mesurees statiquement % l’cflectrode 
de platine, ce qui suppose un equilibre rapide. 

Quoiqu’apparaissant sur les polarogrammes, le compose B 6e- ne peut &tre obtenu 
en milieu acide, oti il se decompose, mais seulement au-dessus de pH 4: son polaro- 
gramme montre, comme on devait s’y attendre, 3 vagues anodiques en tampon acide. 

Nous avons dit que l’interpr&ation des polarogrammes sur l’electrode de mercure 
pouvait &tre rendue difficile en raison de l’attaque du metal. Les derives rdduits a 4e- 
n’ayant pas cet inconvenient, nous avons pens5 qu’une comparaison de leurs polaro- 
grammes avec les 2 sortes d’electrodes serait f~ctueuse; la Fig 4 montre les r&ultats 
a pH 4,6: 
-dans une l&e zBne (+0,4-O V), seul le platine permet d’obtenir la vague d’oxydation 
n=2-+n = 0 (z&e A) 
-dans une 2eme zone (B) allant de 0 B 0,6 V et oh I’on observe les vagues anodique 
n =4-n = 2etcatodiquen = 4 --t n = 6, les courbes obtenues avec les 2 electrodes 
se superposent, si les sensibilites sont convenablement ajustees. 

FZC. 4.-Marographie de l’acide ct n= 4 
A-Pt electrode, 

B-Pt et Hg electrodes, 
C-Hg electrode. 

-Au-de& de 46 V (cette limite est ramenee vers 0,3 V en milieu acide) le platine 
devient inuti~sable B cause de la decharge de H+, et seul le mercure convient. On 
obtient 2 vagues dont la signification est actuellement ii. 1’6tude: la derniltre corres- 
pondrait a une reduction totale en Mo3+ accompagnee dune degradation, et celle qui 
la pr&Sde, B des &apes plus reduites de l’heteropolyanion. 

En milieu plus acide (pH < 2,5) ces courbes sont dkalees vers la gauche, et les 
3 premieres vagues se retrouvent dans la zane A; seules apparaissent, sur electrode 
de mercure, les 2 dernieres, conformement aux observations des autres Auteurs. 

Les autres cas d’isomerie chez les composes molybdiques sont plus difficiles a 
mettre en evidence que pour le derive de Si car I’un des isomeres est encore plus 
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instable, mais en agissant sur les conditions operatoires (temperature, addition de 
solvant) la polarographie nous per-met de le mettre en evidence. 

De telles etudes sont particulierement interessantes, car elle montrent que les 
produits de reduction de l’isomere instable peuvent au contraire Ctre stables, et que 
l’ordre de stabilite peut mbme s’inverser. 

CONCLUSION 

La presente etude montre que de nombreux points restent a tclaircir dans le 
comportement polarographique des polyanions, mais que nous disposons dune 
technique efficace pour l’etude de cette importante classe de composes, 
produits de reduction. 

et de leurs 

Zusannnenfassung-Es wird eine Ubersicht tlber die Polarographie von 
Polyanionen gegeben. 

Snnnnary-A review of the polarography of polyanions is presented. 
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INORGANIC POLAROGRAPHY IN ORGANIC 
SOLVENTS 
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Summary-A review of inorganic polarography in organic solvents is 
pXWlted. 

INTRODUCTION 

INVES~GA~ON in non-aqueous media is today one of the most attractive themes in 
polarography. During the last decade, this area has been energetically developed by 
many authors in spite of the difficulties in experimental techniques and of the lack 
of both theories and basic electrochemical data in the field concerned. Among the 
non-aqueous solvents studied, the organic solvents have varied considerably in their 
characteristics. Because the latter solvents are relativeIy easy to handle experimentally, 
many important experimental and theoretical investigations have been carried out 
in them. Inorganic polarography in organic solvents is suited not only for the 
analysis of such inorganic substances as are precipitated or hydrolysed in aqueous 
solution, but also for the theoretical study of non-aqueous electrolyte solutions. It 
has also been a necessary preliminary investigation for establishing the experimental 
bases for organic electrochemical studies in non-aqueous media; the solvents, sup 
porting electrolytes, reference electrodes, etc., are usually examined and fixed, using 
relatively simple inorganic compounds as electroactive species. 

The present review covers the articles on inorganic ~laro~aphy in organic 
solvents published in recent years together with some related electrochemical papers. 
Previously published reyiew~27~28~34C.44~88.71,82b.88a,Q4 will be helpful in obtaining com- 
plete coverage of the field. It seems, on the whole, that the organic solvents used in 
non-aqueous polarography are generally, increasingly, limited to a few favoured 
solvents, such as acetonitrile and ~,~-dimethy~o~amide, although the efforts to 
discover new solvents are still continuing. The variety of supporting electrolytes 
developed in the pioneering studies also seems to be decreasing in number to some 
conventional salts, e.g., lithium perchlorate, tetraethylammonium perchlorate and 
tetrabutyla~o~um iodide, which are now commer~i~y available in sufhciently 
high purity. As far as instrumentation is concerned, recent developments on auto- 
matic iR-drop compensators1-a~48~48~~*~7~ will be increasingly more effective in making 
non-aqueous polarographic potential measurements easier and more accurate. 

SUMMARY OF PUBLISHED LITERATURE 

Tables I to V summa&e the literature of the last several years on the organic 
solvents, supporting electrolytes and inorganic substances investigated, 

It is evident from the tables that organic nitrogen compounds have been pref- 
erentially used as solvents. The electron donative nitrogen in these compounds 
results in a high dielectric constant and in a high solvation energy for binding to metallic 
ions. Such properties enabie an electrolyte to dissoIve and to dissociate sufficiently for 

1211 
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TABLE I.--INORGANIC POLAROGRAFWY IN ORGANIC NITROGEN-CONTAINING SOLVENTS 

Solvent 
Physical Refer- 

COllStRlltS ences Notes 

Ethylene- 
diamine 

mp 11.0, 34a 
bp 117.0, 79a,d, 
E 12.9, 79e,f, 
/.J 1% 80 
q 1.725, 
d 0.891 

75 

Ag, Mg, Ba, 
Ca, Sr, Zn, 
Ti, Fe, Pb, 
Au, Cd, Nb, 
Tl, Zr, Cu, Li, 
Na, Cs, Rb, 
N&s K, 0, 

Ag, Hg, T1, 
Pb, Cu, H, 
Cd, 2% Cs, 
K, Na, Li, 0% 

EtNNOI Cell design; validity of 
NaNOI, 
LiCl 

Ilkovic eqn.; effect of 
coexistent anions; 
maximum suppression 

LiCl 
NaNOI 
BupNI 

Review on electro- 
chemistry in ethylene 
diamine; effects of ion- 
pair formation and 
solvation; reference 
electrode design 

Morpholine bp 128.9, 35, 79a Pb, Cd, Ni, BaNI 
E 7.33, Ba, K, Na, 

Maximum suppression 

d 1.002 (20”) Li, Zn, Cr, 
Bi, Ca, Ti, 
Rb 

Pyridine mp -41.8, 13 
bp 115.6, 
E 12.3, 
#lb 2.20, 
?j 0.945 (20”), 
d 0.9728 

Tl, Pb, Zn, Al LiCl Cell design; reference 
LiNOI electrode design; con- 
Bu4NI trolled potential 

electrolysis also used 

84 HIS%, 
HPyrNG 

LiCIOI Constant potential 
electrolysis also used 

Formamide mp 2.6, 7 Cr, Mn, Fe, NaCIOl - 
bp 210.5, Co, Ni, Cu, Et,NCIOI 
E 109.5, Zn, Cd 
p 3.37, 
17 3.302, 
d 1.1292 

N-Methyl- E 182.4, 
formamide /-J 3.8. 

(NMF) 7 1.65 

37 Tl, Cd, Pb KNOIl Formamide, NMF, DMF, 
water and mixtures of 
pairs of these, were used; 
effects of solvent 
composition 

N,N-Dimethyl- mp - 61, 
formamide bp 153.0, 

@MF) E 36.7, 
7 0.796, 
d 0.9445 

31,59 - - Fundamental investi- 
gations 

6 Li, Na, K, Bu,NI 
Rb, Cs, Ba, NaClO, 
Sr, Ca, Co, 
Cu, Ni, Zn 

N-Methyl- 
a&amide 

(NMA) 

mp 29.5, 83a 
bp 206, 
E 165.5 (40”) 
1 3.019 (40”) 
d 0.942 (40”) 50 

Cd, Pb, Oz 

Tl, Cu, Ot 

EtdNBr Preconditioning of mercury 
pool electrode; maximum 
suppression 

EtlNCIO, Maximum suppression 
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TABLE I (cont.) 

Solvent 
Physical Refer- Depolarisers supporting 

constants ences studied electrolytes Notes 

N,WDimethyl- mp -20, 65 Tl, Pb, Cd, NaClO, Reference electrode 
a&amide bp 165.5, Zn design; maximum 

(DMA) E 31.8, suppression 
/4 3.79, 
q 0.92, 
d 0.943 (20”) 

Acetonitrile 
(AN) 

mp -45.7, 
bp 81.6, 
& 37.5, 
/J 3.37, 
7] 0.345, 
d 0.7768 

92a H, K Me,NBr Effect of water content 

52a Li, Na, K, Bu,NI - 
Rb, NH,, Ca, Et,NBr 
Sr, Ba NaCIOI 

Et,NClO, 
52b Ag, Cu, Mn, Controlled potential 

Ni, Eu, Yb, electrolysis and volt- 
Sm, Co, Fe, ammetry with rotated Pt 
Cr, Be, Mg, electrode also used 
Al, Y, La, 
Pr, Nd, Gd, 
Zn, Hg, Cl, 
Br, I 

70a Li, K, Na, 
Ca, Sr, Ba, 
Al, Mn, Cr, 
Fe, Co, Zn, 
H, Cu, Tl, 
Cd, Pb, Sn, 
Ag, Hg, 

Bu,NCIOI Reference electrode design 

70b Ia, MedNIs, 
NaI 

LiClO, Rotated Pt electrode; 
effect of heterocyclic 
amines 

14 HCIO1, HBr, EhNCIO1 Effect of acidity 
HCI, HnSOd, NaCIOI 
08 KSCN 

54 Th EtpNC104 - 

91 H, Cl04 NaCIO, Pt electrode; electrolytic 
preparation of HClO, in 
AN 

5a,b - LiCIOI Applicable voltage 
range at Pt electrode 

61 - - Various AgNOJAg 
reference electrodes 

67c Ni EtlNC104 Chlorocomplexformation 

55 TiCI,, TiI, Et,NClO, Effect of anions; con- 
Et&NC1 trolled potential elec- 
Et,NBr trolysis and conductivity 
Et4NI measurements also done 
EtaNSCN 
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TABLE I (cont.) 

Solvent 
Physical Refer- Depolarisers supporting 
constants ences studied electrolytes Notes 

Isobutyro- 
nitrile 

(IBN) 

mp -715 16 
bp 103.9, 
E 2@4 (24”), 
/.J 3.6, 
d 0.773 (20”) 

Li, Na, Mg, EtNClO, Maximum suppression 
Co, Ni, Cu. Bu,NI 
Ag, R, Rb, NaCIOI 
Cs, Tl, I, 08 

Propionitrile mp -91.9, 6Oa,b Li, Na, Mg, Et,NCIOI Effect of nitrile solvents;. 
bp 97.1, Ca, Sr, Ba, data in acetonitrile 
6 272, Cr, Mn, Fe, 
d 0.783 (21”) 

compared 
Co, Ni, Cu, 
Zn, Cd, Ag 

Acrylonitrile mp -82, 
bp 77.3, 
E 38, 
d 0.806 (20”) 

Benzonitrile mp -13, 
bp 190.7, 
E 25.2, 
rj 1.24, 
d 1.010 (15O) 

Phenylaceto- mp -23.8, 
nitrile bp 234, 

E 18.7, 
d 1.015 (18”) 

Nitromethane mp -28.5, 93 
bp 101.3, 
& 35.7, 
/J 3.17, 
5~ 0.684 (15”), 
d 1.1312 

Fe, II Me,NCl 
LiCIOl 
NaCIOl 

Chronopotentiometry 
with Pt electrode 

mp = melting point, “C; bp = boiling point, “C; E = dielectric constant; ,u = dipole moment; 
q = viscosity, cp; d = density, g.cm-‘; Me = methyl; Et = ethyl; Bu = butyl; AcO = acetate. 
Physical constants are referred to 25°C unless otherwise stated. Ionic charges have been omitted. 

TABLE II.-INORGANIC POLAROGRAPHY IN ORGANIC OXY- AND HYDROXY-TYPE SOLVENTS 

Solvent 
Physical Refer- 
constants ences 

Acetone mp -95.4, 15 
bp 56.2, 
E 20.7, 
p 2.72, 
r] 0.337 (15”), 
d 0.7851 

Acetic an- mp -73.1, 62 
hydride bp 140.0, 

E 20.7, 

DepoLuiers Supporting 
electrolytes Notes 

Op, Na, R, Et,NClO, Effect of water content 
Rb, Mg, Cd, 
Cu, Ag, PG 
Nd, Sm, Eu, 
Cd, Tb, DY, 
Ho, Er, Tm, 
Yb, I, H 

- NaClO, Chronopotentiometry 
with Pt electrode; 
fundamental 

P 2% 
q 0.971 (W) 79a, 80 Tl, Pb, Sn, 
d 1.0691 (30”) Ti 

- - 
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TABLB II (cont.) 

Physical Refer- 
Solvent constants ences 

I%opo*y SuPpor%I 
electrolytes Notes 

Methanol mp -97.5, 23 Ti, Zr LiCl Water-methanol mixture 
bp 643, was also used. 
E 32.6, 
p 1.66, 43 S NaACO 
q 0.545, NHIAco 

Effect of Ag, Cd, Cu, 

d 0.7868 
Hg, Pb, Zn 

Ethanol mp -114.5, 
bp 78.3, 
E 24.3, 
#u 1.68, 
q 1.078, 
d 0.7851 

92b H, K 

18 Pr 

Me,NCl 

LiClO, 
LiCl 
LiBr 

Effect of water content 

Effect of anions 

Formic acid mp 8.3, 69a,b Bi, Sb, Pb, HCOONa Reference electrode 
bp 100.7, Sn, Cd, Tl, HCOOH 
8 58.5 (16”), Zn, In, Ni 

design 
KC1 

p 1.19 (22”), etc. 
q 1.966, 
d 1.2133 

Acetic acid 
:; :z, 

12a,b Tl, Cd, Cu, LiCl Reference electrode 
U, Pd NaAcO 

E 6.2 (20’), NHIACO 
design; maximum 

/A 0.83, HsSO. 
suppression 

r] 1.314 (lso) 
d 1.0437 

For,abbreviations see footnotes to Table I. 

TABLE III.-INOROANIC POLAROGRAPHY IN mNEOU.9 ORGANXC SOLVENTS 

Solvent 

Dimethyl- 
sulphoxide 

(DMSO) 

Physical Refer- 
constants ences 

=gg=rs Supporting 
electrolytes Notes 

mp 18.4, 34d, 36, Li, NH,, K, Et,NNOs 
bp 189.0, 79c, 80 Na, Rb, Cs, EtNClO, 

Cell design 

E 46.7, 
c1 39, 

Sr, Ba, Mg. 
Ca, Sb, Zr, 

q 1.96, Hf, Ti, Nb, 
d I.096 Si, Pb, Tl, Cd 

79b Rb, Cs, % Bu,NI Reference ion 
Et.N, PriN. 
Cety1- 
pyridinium 

34e, 81 Cr EtdNClO, Complex formation; 
reversibility; maximum 
suppression . 

20a,b Al, Be EtaNClO, Acetylacetone was added 

21 Sop, HCl, CO, 
HpS, POCls, - - 
CBH6POCla 
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TABLE III (cont.) 

Solvent 
Physical Refer- Depolarisers Supporting 
constants ences studied electrolytes Notes 

22a NOs EtdNCIOI - 

53 HISOd, HCI, NaClO, Fundamental; rotated 
NaHSO,, EtdNCIOI 
EtaNHSO, 

Pt and rotated Hg pool 
electrodes also used 

Co, Ni, Na, 
Oa 

- 34f Mn, Cd, K, - - 
Ti, Al, Fe 

2Oc, 22b HCl - - 

For abbreviations see footnotes to Table I. 

TABLE IV.-INORGANIC POLAROGRAPHY IN ORGANIC MIXED SOLVENTS 

Solvent system References 
Depolarisers 

studied Notes 

Benzene-methanol 51 Co, Cu, Fe, Pb, Mn, Ni, Zn Detn. of metal driers 

Acetonitrile-water 87 

88b 

88c 

AS, Cu, Tl 

Tl, Cd 

Tl, Rb 

Effect of solvent composi- 
tion on limiting current 
intensity and half-wave 
potential 

Acetone-water 

Dioxan-water 

64b 

82a 

H 

Tl, Cd 

Methanol-water 64a H 

82a 

38 

Tl, Cd 

02 Detn. of 0. 

Ethanol-water 64b 

82a 

H 

Tl, Cd 

Effect of solvent com- 
position 

lla,b U - 

Isopropanol-water 

Butanol-water 

82a 

64b 

Tl, Cd 

H 

Effect of solvent com- 
position 

Glycerine-water 33 Cd, Zn Effect of medium viscosity 

Chloroform-methyl 
cellosolve-water 

29, 30 BI, Sb, Cu, Tl, Pb, In Polarography preceded by 
extraction 

Benzene-pyridine 46,47 S 
-methanol-water 

For abbreviations see footnotes to Table I. 

Detn. of free sulphur; a.c. 
polarogaphy 
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TABL.E V.-INORGANIC WLAROORAPHY IN LIQUID AMMONU AND LIQUID SUL.PHUR DIOXIDE 

Solvent 

Ammonia 

Physical Refer- Depolarizers Supporting 
constant3 ences studied electrolytes Notes 

mp -77.7, 39 NH, NaClO, At -77°C; rotated Pt 
bp 33.4, electrode used 
E 22 (-33”), 
ct 1.44, 76 Tl, Pb, Cu, NH.1 At 25”C, 10 atm; 
r] 0.65 Cd, Zn apparatus for high 

pressure polarography 

LiCIOI- 42 Pb, Cd, Zn - Oscillographic polarog- 
ammoniate raphy also used 

19 Zn - - 
Liquid at 25°C 
and even higher 

N&NO,- temperatures; 63 Cd, Tl, Pb, - 
composition 

Oscillographic polarog- 
arnmoniate Cu, Zn, Sb, raphy also used 

depends on Sn, IO,, 1% 
temperature. CN, S, MnO4, 

HzOa 

NaI- 
ammoniate 

83b Pb - Many kinds of 
armnoniates reviewed 

Sulphur 
dioxide 

mp -72.7, 24 KCl, KBr, - Fundamental; vacuum 
bp -10.2, KI, NH,SCN line apparatus and cell 
E 12.4 (22”), design; Pt electrode also 
7 0.429, used 
d 1.46 (-10”) 

Benzoyl chloride (34b) and phosphorus oxychloride (79a) have been examined but seemed rather 
too reactive for polarographic use. 
For abbreviations see footnotes to Table I. 

polarographic purposes. Similar conditions can be assumed in the case of the sulphur 
in dimethylsulphoxide, which is another very promising solvent for polarography. 

It is also evideqt from the tables that many kinds of element give polarographic 
waves in organic solvents (most conspicuous are the alkali, alkaline earth and 
lanthanide metal ions) whose polarography in aqueous media has been unsatisfactory. 

Liquid ammonia and liquid sulphur dioxide must be classified as inorganic sol- 
vents; however, becausethefactors in their use are almost the same as those for organic 
solvents, they are listed in Table V. Recent investigations in some ammoniates are 
attractive. 

POLAROGRAPHY IN A SPECIFIED SOLVENT 

When the investigation is limited to a specific solvent, the experimentally observed 
phenomena should not be essentially different from those in water, although the 
actual electrochemical behaviour may be markedly different. The low dielectric 
constant of most organic solvents compared with water and their different chemical 
properties are important influences. Many metal ions, which form stable complexes 
in aqueous media, are so strongly solvated in some organic solvents as to preclude 
other types of complex formation, e.g., in ethylenediamine,75 in some formamides, 
in acetonitrile,62b~66~70~~86~87 in formic acideBb and in dimethylsulphoxide.34e~s3~s1 Ion- 
pair formation74~76 and complex formation 18~34e~55~67c~79e between depolariser and 
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supporting ions are enhanced in media of low dielectric constant. On the other hand, 
a trace of water, which is often present in organic solvents because of the difficulty 
of complete dehydration, sometimes significantly affects both half-wave potential 
and diffusion-current constant; in some combinations of solvent and solute ion, a 
trace of water in the solvent preferentially solvates the ion, e.g., polarographic 
studies on hydrogen,14~84a~bJ0*~Qz*~b manganese, cobalt and nickel,1b~1e~17~62b~70* and 
conductometric studies on calcium and chloride.7* The factors mentioned may 
appreciably influence electrostatic attraction effects and chemical equilibria in the 
electrolyte solution, which influence the experimental techniques and the theoretical 
arguments necessary for polarography in organic solvents. 

Reference electrode and potential measurement 

Establishment of a satisfactory reference electrode has been one of the most difhcult 
and important problems for experimental polarography in organic solvents. A polaro- 
graphic reference electrode should be reproducible and constant in potential, as well 
as reversible and of sufficient capacity to maintain a relatively constant potential in 
spite of the equilibrium shift resulting from the reaction caused by the polarographic 
electrolysis current. Calomel and silver-silver halide electrodes familiar in aqueous 
media are often ineffective in many organic solvents; the solubilities of calomel and 
the silver halides are enhanced by complex formation;31*70a calomel may also undergo 
disproportionation. In addition, reaction rates may be small in such media and the 
total electrode process may become appreciably irreversible. 

Many reference electrodes, whose applicability in individual solvents has been 
confirmed experimentally, have been investigated. Several of such reference elec- 
trodes are listed in Table VI. Many of the reference electrodes developed for 

TABLE VI.--POLAROGRAPHIC REFERENCE ELECTRODES IN OROANIC SOLVENTS 

Solvent Solution Metal References 

Ethylenediamine LiCl (sat. or 0*25&f), ZnCl, (sat.) Zn (sat. aaa.), Zn* 75 

Pyrtdine AgNG (LM) Ag 13 

N,N-Dimethyl- 
acetamide 

NaCIOI (sat.) Hg 65 

Acetonitrile MqEtNCl (sat.), AgCl (sat.) Ag 70a 

AgNO, (0.1 or O*OlM) Ag 61t 

Formic acid 

Acetic acid 

AgNO, (0.1 or O~Olkf), 
LiClO, (0.1 or 0.5M) or 
Et,NCIOI (0.1M) 

AgCIOI (O.lM), NaClO, (05M) 

Quinhydrone (OGOSM), 
HCOONa (0.25M) 

LiCl (sat.), Hg& (sat.) 

Ag 

Ag 

Pt 

Hg 

69a 

12a 

* Saturated, two-phase zinc amalgam. 
t Various types of AgNO,/Ag reference electrode used for polarography and potentiometry in 

acetonitrile. 
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potentiometric studies in non-aqueous so1ution4~8~26s~b~26,40 may be helpful for designing 
electrodes for non-aqueous polarography. 

In the attempt to avoid the dithculties and uncertainties involved in the use of a 
reference electrode in non-aqueous solution, the aqueous calomel electrode has been 
used as a reference in many non-aqueous investigations. However, in this case, 
another uncertainty due to the liquid junction potential is introduced into the po- 
tential measurements. Because the behaviour of the liquid junction potential between 
aqueous and non-aqueous solutions is generally unknown, much care is necessary both 
for stabilising the junction potential and for avoiding contamination of the solvent 
by the water. 12a~34a~62a~66~~0a Obviously, a liquid junction potential is also involved 
even if a reference electrode in the same non-aqueous solvent is used, but this situation 
is essentially the same as in the case of the contact of two aqueous so1utions.7o8 

The recently developed automatic iR-drop compensators1-3*4*~4s~68~73 seem to 
have made it possible to use reference electrodes of smaller capacity, which may be 
more easily devised, because these compensators use a three-electrode system with 
scarcely any current flowing through the reference electrode. It should be noted, 
however, that these devices may not be able completely to compensate the iR-drop 
occurring in a medium of very high resistance, e.g., 10 kilohm-cm specific resistance 
or greater,” which may be encountered during polarography in organic solvents. 

Half-wave potential 

Electrolytic reduction of mercury-soluble metals is fundamental as well as com- 
mon in inorganic polarography. When such a polarographic reaction proceeds 
reversibly in aqueous medium, the half-wave potential of the system is expressed 
by the following equation, which assumes that the activity of the mercury in the 
dilute amalgam is unity, 

RT 
El,, = E + nF In &i = 

d 
(l)* 

There are no reasons that prevent this familiar equation from serving for polarog- 
raphy in a non-aqueous medium, provided that the process is still polarographically 
reversible and that E,O, fi and Dt are defined with respect to the solvated ion in the 
given solvent. Consequently, other theoretical treatments derived from equation (1) 
should all be valid.70*S81 In these cases, all potential values of the indicating electrode 
are referred not only to the reference electrode used (including the liquid junction 
potential) but to the solvent involved. 

Because the interionic attraction is large in solvents of low dielectric constant, the 
influence of supporting electrolyte on polarographic waves must be significant. 
Even if complex formation is not involved, the anions of the supporting electrolyte, 
assuming a cationic depolariser, may associate with both the supporting and the 
depolarising cations. This problem in respect of the reversible amalgam-forming 
process has been treated74’76 in a manner analogous to that for complex formation 
in aqueous polarography. The activity of the depolarising metal ion, M”+, which is 
also being solvated in a given solvent and forming the potential-determining redox 

+ In this review, the symbols employed in equations have usual meanings, unless otherwise noted. 
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couple with the metal amalgam, was stoichiometrically calculated by assuming the 
step-wise ion-pair association equilibria 

{Mn+,jX-)(n-3)+ + X- + {Mn+, (j + l)X-}(n-j-l)+, j = 0, 1,2, . . . (2a) 

where the activity of the supporting anion, X-, is expressed in terms of the degree of 
association of u&univalent supporting electrolyte in the solvent. When the dielectric 
constant of the solvent is sufficiently low and the concentration of supporting elec- 
trolyte is sufficiently high, both the supporting electrolyte and the depolarising ion 
are present predominantly as the final associated forms, which may be neutral species. 
Then, the final expression derived for the half-wave potential can be written as 

RT El12 = Eao + nF In f~x,l%cr, _ RT 
f&G zln 

K,(C,qdi’2 
&A-) i/a ’ 

j=n (2’3 

where Kj and Ksx are the association constants of the depolarizing ion and the 
supporting electrolyte, respectively. 

In a specific solvent containing a specific supporting electrolyte, the half-wave 
potential becomes more negative with increasing magnitude of K, and with increasing 
concentration of the supporting electrolyte, C,,. The appearance of equation (2b) is 
quite similar to that of the equation for complex formation in aqueous solution, as 
might be expected on the basis of its derivation, and reduces to equation (1) on intro- 
ducing the condition of no ion-pair formation for the depolarising ion, i.e., j = 0. 
Whether ion-pair or complex formation would predominate may depend upon the 
relative co-ordinating ability of the solvent molecules compared to that of the 
supporting anion. 

In organic solvents, the reversibility of an electrode process is sometimes pre- 
*U served by the formation of a stable complex, however, it usually decreases. The 

existing theoretical treatments of irreversible process can also be employed in non- 
aqueous studies under the same conditions as described for the case of a reversible 
process. Rate constants and activation energies have been evaluated for some pure 
and mixed solvents.82b*Q4 

Limiting d@aion current 

The validity of the IlkoviE equation has often been examined and verified for many 
organic solvents,12bss4a 

id = I(nCtD~/2m~3t1k (3) 

In solvents of low dielectric constant, interionic attraction may appreciably alter the 
ionic diffusion coefficients as compared to those in water. In conductivity studies, 
conductivity in non-aqueous solvents is treated in terms of the theory for concentrated 
solutions.26 This principle may be introduced into the tracer-diffusion theory,72 
which treats the diffusion of an ion in trace amount coexisting with a large amount 
of indifferent ions. Then, the following expression can be derived for the polaro- 
graphic diffusion coefficient :s% 

Di =“Di 
z zea 

1 - ( - A - (1 - d&J]] -= OD,[l - A] 
3ekT 1 + KlZ 

(4) 

where OD, denotes the diffusion coefficient of the ionic species at in&me dilution, 
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z, the ionic valency, e the electronic charge, k the Boltzmann constant, and K/ 

(1 + ~a) is the familiar factor for interionic attraction effect. The term d(uJ, which 
is composed of the valencies and mobilities of all the ions concerned, is very compli- 
cated in its general form, and a useful expression can be obtained only for a solution 
containing three ionic species, two of which originate from the supporting electrolyte. 
In addition, if all of the ionic valencies and mobilities are equal in absolute value, 
the term d(uJ becomes a constant of 0.5. 

The effect of the concentation of supporting electrolyte on the diffusion co- 
elhcient can be estimated by equation (4) through the calculation of the ~/(l + KU) 

value.87 Equation (4) involves only the relaxation effect of the supporting ions on the 
diffusing ion, and is coincident, in appearance, with the equation left after deleting 
the electrophoresis term from the ionic conductivity equation under the similar 
restriction as to ionic species. Only at in&rite dilution does the rela~ons~p 

OD< = 7 
z, Fa (5) 

become valid. 
However, the above treatments are apparently not satisfactory when any appreci- 

able ion-pair or complex formation equilibrium exists in the solution. 

COMPARISON OF POLAROGRAPHIC DATA 
OBTAINED IN DIFFERENT SOLVENTS 

If a series of polaro~ap~c studies are made under the condition that only the 
solvents are different, the discrepancy between the data obtained is considered to 
be primarily due to the variation of such factors in the solvents as dielectric constant, 
viscosity and chemical reactivity. When the depolariser and the supporting electrolyte 
are also changed, their properties may also affect the results obtained. Many 
investigators have been interested in comparing the results obtained in different 
solvents; this is frequently one of the principal objectives in studying non-aqueous 
polarography. In fact, the discussion on preferential solvation or complex formation 
by solvent molecules described in the previous section is tacitly based upon comparison 
of behaviour in different solvents. For example, the polaro~ap~c behaviour of 
inorganic substances has been purposely compared in formamides (and their mix- 
tures),37 in nitriles,60a*b in organic solvents9 and in aqueous organic solvent mixtures 
of various Composition,33,37,64a,b,s2a,92a.b, where the effects of the above-mentioned 
factors are discussed. It is relatively easy to get reasonably comparable current values 
in different media; u~o~unately, this is not the case in respect to potential, which 
must be specified with respect to a universal reference potential. 

Determination of comparable potential values in dt@erent solvents 

There is no general agreement as to a reference electrode, whose potential (vs. 
solution) is constant (i.e., the same) in all solvents. Potential values in different 
solvents, measured against a specified reference electrode, e.g., aqueous S.C.E., include 
a variety of junction potentials between each solvent and the reference electrode, so 
that the potential values actually cannot be reasonably compared. The liquid junction 
potential between aqueous and non-aqueous solutions may at times exceed O-15 V. 
However, some ex~-the~odynami~ methods have been suggested for estimating 
or cancelling the liquid junction potential. 
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Analogous to the Pleskov treatment for comparing standard electrode potentials 
in different solvents, the half-wave potential for reversible processes involving rubid- 
ium or potassium ion has been assumed in the past to be constant in different 
so1vents,17*7Qb~Q2c strictly speaking, at zero ionic strength. This first approximate con- 
ception is supported by the facts that (a) these ions are almost chemically inactive 
and (b) both their relatively large size and minimum charge cause such small solvation 
energies in any solvent that the influence of the solvation change on their half-wave 
potentials may not be significant. On this basis, the use of caesium or some 
quaternary ammonium ion has also been suggested.‘Ob By measuring the half-wave 
potentials of such a reference ion in different solvents against a specified reference 
electrode, the difference between any two junction potentials, if they are stable and 
reproducible, can be estimated as the potential difference between the corresponding 
half-wave potentials. Otherwise, by adding the reference ion to the test solution and 
measuring the potential difference between the coexistent waves, one can get a half- 
wave potential for the species of interest referred to the half-wave potential or, if 
converted, to the standard potential of the reference ion. In this case, neither the 
potential value of the reference electrode nor the reproducibility of the junction 
potentials causes any problem, provided only that they are stable. 

Pleskov’s pioneering work was subsequently corrected for the changes in solvation 
energy of the rubidium reference ion. *6 The difference of the solvation energies in 
two solvents is related to the difference of the corresponding standard potentials : 

(&o)2 _ (&o)l = (*GJ2z;(*GJl 
* 

where the ionic salvation energies are obtained by dividing the solvation energies 
of the salt by the Born-Latimer semi-empirical method. It was concluded that the 
standard potentials of rubidium in some organic solvents differ by O-05 to 0.11 V 
from that in water. This correction approach was introduced into the determination 
of the half-wave potential of thallous ion in acetonitrile-water mixtures.88c 

All of the above treatments, however, refer to rather ideal conditions and are only 
approximately valid for real solutions, e.g., reference ion co-ordinated with solvent 
molecules or other solute ions. Microscopic factors such as the structure of the 
solvent and the dielectric constant in the vicinity of the ion, which must appreciably 
influence the solvation states and the standard potentials in real so1ution,26c,32 are 
not considered. Consequently, recent studies on the utility of some organometallic 
compounds as reference substances seem more realistic and promising, because, in those 
compounds, the metal atom, which forms a potential-determining redox system, is 
protected from solvent molecules by the organic residues and its charge transfer in 
the electrode process is minimum, with the expectation that the solvation energy and 
its variation in different solvents should be sufficiently small to maintain the constancy 
of the standard potential and of the half-wave potential as well. For example, 
ferrocene and cobaltocene have been recommended as reference substances in com- 
paring standard potentials in different solvents,s1 and the use of 4,7-dimethyl-l,lO-phe- 
nanthroline-ferric perchlorate as a reference permitted measurement of the junction 
potentials between aqueous and non-aqueous so1utions.67a~b The reversibility of the 
electrode processes for many related and analogous organometallic compounds in 
organic solvents has been shown.10~41*6*~*e,W 
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Comparison of half-wave potentials 

For a reversible amalgam-forming process, the standard amalgam electrode 
potential is related to the usual standard potential as follows: 

E,O=E,O+E,+--&n R= fad l Ga =EMo+A (7) 
aHe8at 

All of the factors collected into A of equation (7) are defined independently of the elec- 
trolyte solution. When the system is transferred from solvent 1 to solvent 2, an 
expression for the difference in the half-wave potential can be derived by applying 
equation (1) and equation (7): 

(E& - (El,& = (Enao>% - (EMo)I + g In g - $ In $$ (8) 
1 1 

In equation (8), all of the potential values must be corrected for the junction potentials 
and must be referred to a common standard. If the ratios of the activity coefficients, 
which must be also defined with reference to a common standard, and of the diffusion 
coefficients are near one, the difference in the half-wave potentials simply equals that 
of the standard potentials. Then, introducing the Born equation 

-AG, = N$ (1 _ ‘) 
& (9) 

i 

into equation (6) and assuming the effective radius, r,, to be unchanged, the 
following expression is obtained 

(E& - (&,2)r w (EM% - (EM% w g (+ - ‘) (10) 
f a El 

which indicates a linear relationship between the half-wave potentials and the re- 
ciprocals of dielectric constants of the solvents concerned. A similar relationship 
derived from the difference of half-wave potentials for two coexistent waves has 
been studied in a&o&rile-water mixtures.88b 

The Born treatment shows, in principle, that the solvation change caused by 
changing dielectric constant largely affects the half-wave potential. The effect of 
such solvation on half-wave potentials has been investigated,Q*s28 and the positive 
shifts of half-wave potential caused by reducing the dielectric constant of the solvent 
has been frequently described. However, the applicability of the linear relationship 
given by equation (10) proved to be rather limited. In such cases, the chemical properties 
of the depolarising ions2* and of the solvent,BOP*b the steric effect of the solvent mole- 
culels and the viscosity of the solvents7 suggested in the last term of equation (8), were 
taken into consideration. 

The quotient of the magnetic susceptibility divided by the ionic radius (x/r) has 
been suggested as a factor governing the shifts of half-wave potential on changing 
solvents.s This quotient must be an essential factor in ion-pair and complex forma- 
tion. Actually, a linear relationship was found between the quotients for several 
metal ions and their shifts in half-wave potential per unit of dielectric constant. 

Recently published work on nitriles and acetone as solventl’ includes a compre- 
hensive table of half-wave potentials of metal ions, which have been converted on 
the basis of the rubidium scale mentioned. 
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Comparison of limiting djkion currents 

Equation (3) indicates that the influence of the medium on the diffusion-current 
constant is reflected only through a change in the diffusion coefficient, provided, of 
course, that the faradaic n does not change. When only the solvent is changed, the 
ratio of the diffusion-current constants in two different solvents can be expressed by 
introducing equation (4) : 

(I,)2 (m;‘2 (“DJ;‘2 [l - A2J1'2 
_Y=- 

0, - ow2 (“Di);‘2 [l - Al]1'2 (11) 

In the usual manner, the Stokes theory is assumed to be applicable to the diffusing 
ion with no effect due to ionic interactions, i.e., OD, = k(q)-l. The ratio of the 
relaxation-correction term in equation (11) can be assumed to be very close to unity in 
the usual media. This leads to the familiar relationship 

(I,)2(r)22(r1)i’2 = (rd>r(r):‘2(rl):‘2 = k’ (12) 

Linear relationships have been observed between 1, and q-@ (or square root of 
the fluidity).s However, other investigators, especially in dealing with mixed solvents, 
have reported that a variation of effective radii must be considered in connection 
with the solvation change,37*64a,b,g2a,b even after the correction for their ionic inter- 
acti0n.s’ 

It has been pointed out that the applicability of the Stokes theory is doubtful in 
the case of the movement of relatively small ions, where microscopic factors, such as 
microviscosity, microdielectric constant and alteration of solvent structure in the 
vicinity of the ion, should be taken into account. 56 The apparent effective radius, 
calculated by the Stokes theory, has been explained as resulting from the two effects 
of blocking and solvation.37 

Equation (5) shows that the diffusion coefficients of ionic species at infinite dilution 
are proportional to the corresponding ionic conductivities, so that the ratio of the 
diffusion-current constants corrected for ionic interaction must coincide with that 
of the conductivities.87 

ANALYTICAL ASPECTS 

Inorganic polarography in organic solvents, including the use of related voltam- 
metric methods, possesses several advantages as compared to polarography in aqueous 
solutions: certain compounds of some elements and organometallic compounds, 
which are insoluble in water, are easily soluble and determinable in organic solvents; 
disturbance by hydrolysis can be avoided; in some cases, a markedly increased 
range of potential for electrolysis can be realised. These advantages are often 
especially marked in some non-proton-releasing solvents. 

The alkali and alkaline earth elements exhibit very good polarographic waves in 
many solvents (Tables I-III). Of even greater importance is the fact that well- 
defined waves are easily obtained for magnesium, beryllium, aluminium and many 
rare earth elements in non-proton-releasing solvents, such as acetonitrile,62b acetone” 
and dimethylsulphoxide. s4d*7gc In the last solvent, silicon compounds also give a 
reduction wave.36 It must be emphasised that these reduction waves sometimes result 
from the reduction of the reaction product resulting from reaction of the inorganic 
species with the solvent or a trace of moisture, e.g., in the cases of zirconium in 
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methanol,*8 thorium in acetonitrile,6* aluminium in pyridine13 and magnesium and 
zir~oni~ in d~ethyls~pho~de.~~I~gc 

Some ions form ion-pairs or complexes in organic solvents, which are reduced at 
more positive potentials than their hydrated ions, e.g., nickel in acetonitrile containing 
chlorides7c and praseodymium in ethanol containing perchlorate, chloride or 
bromide;18 this type of behaviour may obviously have useful analytical application 
in separating the waves of components of a mixture. 

The analytical aspects of inorganic polarography in ethylenediamine, acetic 
anhydride and dimethylsulphoxide have been reviewed.80 

The manner of proton (or solvated hydrogen-ion) reducion in organic solvents is 
quite in~resting. The half-wave potential of strong acids appreciably shifts to a more 
negative potential on the addition of a small amount of water, which shows that the 
proton is preferentially solvated by water molecules. Organic solvents, such as 
nitriles and acetone, which are much weaker bases than water, reduce the hydrogen 
overpotential by more than 05 V at the dropping mercury electrode.15*le*17 Several 
Brsnsted acids, which are rather strong acids in water, exhibit their reduction waves 
at different potentials in acetonitrile, probably in response to their acidities.l* On 
the other hand, such acids, as well as weaker Brransted acids and some Lewis acids, 
are levelled in pyridine and are reduced at the same potential, which corresponds to 
that for the reduction of pyridinium ions4 

Polarography in ~methyls~pho~de has been applied to the determination of 
some gaseous substances. a1 Oxygen at low concentrations has been determined at 
low temperatures, using a methanol-water mixture as solvent.88 The fact that the 
solubility of oxygen is greater in many organic solvents than in water, should facilitate 
its dete~nation via the use of such solvents as absorbents. In general, in the 
determination of gaseous substances the variety of organic solvents available may 
be of some advantage by allowing a choice in the solvent suitable for absorbing the 
gaseous substance and subsequent polarography. The general increase in the solu- 
bilities of gaseous substances at decreasing temperature can be used advantageously 
by employing organic solvents or their aqueous mixtures of low freezing point. 

A promising general aspect of the application of organic solvents to inorganic 
analysis is in polarographic determination preceded by extraction with organic 
solvents. This area has been reviewed together with other polarographic proceduress5 
Thus, a ternary mixture of ~~orofo~-methyl cellosolve-water was used as the 
solvent for polarographically determiuing the diethyldithiocarbamate complexes of 
several metals extracted with chloroform .2s*30 Determination of 8-quinolinol (oxine) 
and salicylaldoxime complexes of copper and palladium in acetic acid,12b and of 
acetylacetone complexes of a1uminium2*’ and beryllium 2ob in dimethylsulphoxide 
was also possible following extraction. 

At present, not many cases are known of the successful application of inorganic 
polarography in organic solvents for practical analyses and preparations. However, 
it has been suggested that the method may be advantageously applicable to the 
analysis of polymers and petroleum. 45 Two general examples of practical analysis 
can be cited: free sulphur in gasoline4E and in vulcanizates47 was successfully deter- 
mined by alternating current polarography in a benzene-pyridine-methanol-water 
mixture, and many kinds of metal driers in oils were directly determined by ordinary 
polarography in 1: 1 benzene-methanol mixture.67 

12 
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A voltammetric study of the hydrogen-per-chlorate system in a&o&rile suggested 
a method for preparing a standard solution of perchloric acid in this solvent.01 
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Zusammenfassung-Es wird eine Ubersicht iiber anorganische Polaro- 
graphie in organischen Lijsungsmitteln gegeben. 

R&urn&& pr&ente une revue sur la polarographie minerale en 
solvants organiques. 
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~LARU~~~ OF ORGANIC COMPOSTS 
IN APROTIC SOLVENTS 
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S---A review of the polarogmphy of or@c compounds in 
aprotic solvents is presented. 

INTRODUCTION 

STUDIES of the polarographic behaviour of organic compounds in aprotic solvents 
have been numerous in the past decade. The majority of the work had been carried 
out in ~methy~o~~de~ acetonitrile and dimethyl sulphoxide; pyridine91 liquid 
sulpbur dioxide,=+ me~yla~~ide,~ te~~e~yl~~~ and ~~orne~~~ have been 
examined briefly aud seem, with the exception of nitromethane, to offer no advantage. 
Nitromethane is relatively unaffected by Nchloro-compounds, which chlorinate 
many other common solvents, and has been used successfully in studies of these 
compounds. 

The three commonest solvents allow electron additions to be observed with many 
compounds, without accompanying complications due to protonation, and give 
more insight into the mechanism of the electrode process. This property leads to 
stepwise reductions of various functional groups with the formation of stable anion 
radicals, and in many systems, which are irreversible in solvents containing water 
or alcohols, become reversible under aprotic conditions. 

These solvents in oxidations at solid electrodes, offer a wider potential range for the 
study of anodic reactions than aqueous media. In aqueous media the range is limited 
to +l*O V, whereas in acetonitrile the range is +20 V (ZW. A@>. 

Additional advantages for these solvents are their synergistic elect on the reduc- 
tion of halogen compounds, better solvent properties than aqueous systems and 
inertness towards easily hydrolysed compounds. 

This review will stress the investigations in which the results were either uot 
possible, or were better than those obtained in solvents containing water or alcohols. 

HYDROCARBONS , 

The first work7 dealt with the reduction of aromatic hydrocarbons in dimethyl- 
formamide and acetonitrile and it was found that it was possible ta form anion 
radicals from stilbene, anthracene and ~a~isyl~uo~ne 

Studies of this type were extended to naphthalene, phenanthreue, biphenyl, 
1229 
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terphenyls, phenylacetylenes8 and more complex aromatic hydrocarbons.Q-15 For 
a number of these examples only the first step was observed; the second reduction 
occurred at potentials beyond the usable range of the supporting electrolyte. 
Similar two-step reductions have been observed for anthracene and non-alternant 
hydrocarbons, in dioxan containing 4% water, but not for stilbene, which showed 
only a two-electron step under these conditions. l* Behaviour resembling that in 
solvents containing water can be obtained by adding proton donors, such as water,T 
phenolls and benzoic acid,7 to the aprotic solvent; the last two are better proton 
donors than water. 

The nature of the one-electron reduction step in aprotic solvents has been 
confhmed by large-scale electrolysis ,’ electron spin resonance studiesl’ and a.c_ 
polarography. lo The last of these has demonstrated that the first wave of stilbene 
in dimethylformamide is completely diffusion controlled and reversible. The polaro- 
graphic results for these compounds parallel results obtained by the addition of 
alkali metals to aromatic hydrocarbons and other compounds. They suggest the 
possib~ity of a rapid method for dete~ng those compounds that will form anion 
radicals. The half-wave potentials obtained have been found to correlate with 
molecular orbital calculations.18 

QUINONES 

Quinones in these solvents are reduced first to the semiquinone anion and then 
to the dianonr6*1s-21 

1st wave Q + e8 Q- 

2nd wave Q- + err: Q” 

The hydroquinones are not oxidised at the dropping mercury electrode, probably 
because of low ionisation; the dianion, if preformed with base, gives two anodic 
waves at the same potentials as those observed for the reduction of the quinone.22 

The reduction of the semiquinone is not reversible at potentials more negative 
than approximately -1.4 V us. S.C.E and is shifted to more positive potentials by 
lithium ions. This phenomenon is ascribed to ion association and varies with the 
structure of the quinone.as 

The formation of the semiquinone anion has been demonstrated for anthra- 
quinone by electron spin resonance studies,1’ and that of the dianion by the fo~ation 
of 9,Wdiethoxyanthracene in a large-scale electrolytic reduction in the presence of 
ethyl bromide.rQ The dianion can be seen around the dropping mercury electrode 
as a red colour. 

Addition of water and phenol as proton donors has no effect upon the first wave, 
but shifts the second wave to more positive potentials. In the presence of a suflkient 
amount of the proton donor, the two waves merge and give a single wave approxi- 
mately equal in height to the sum of the two waves obtained in anhydrous media. 
This behaviour can be explained by the protonation of the quinone dianion, with 
the potential being determined by the rate of the reaction 

Q-+HA7+QII--l-A-. 

Benzoic acid as a proton donor behaves differently, and increases the first wave 
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at the expense of the second wave. Protonation of the semiquinone must occur to 
give an intermediate, which is reduced more readily than the semiquinone 

Q-t- H+-+QH 

QH+e-+QH- 

This behaviour parallels that observed with the anion radicals from aromatic 
hydrocarbons. 

Wydroxyl groups, hydrogen-bonded intramolecularly, in 1-hydroxyanthraquinones 
are found to facilitate the reduction more in dimethylfo~a~de than in aqueous 
ethanoi.24 

o-Quinones in dimethylformamide show a similar stepwise reduction to that 
observed with p-quinones.la 

Carbon blacks, which have complex quinone structures, are reducible polaro- 
graphically if present as slurries in dimethylfo~amide.~ Similar studies can only 
be made in an aqueous medium if adequate stirring is used.% 

CARBONYL COMPOUNDS 

In the carbonyl compound series, aliphatic aldehydes only give polarograpbic 
waves in dimethylfo~a~de~ in the presence of tetraethyla~o~um salt~.~ Phenol 
<enhances the current and shifts the half-wave potentials to more positive values, 
probably by forming a complex. *’ Crotonaldehyde gives one reduction wave, corre- 
sponding to a one-electron reductionar 

Saturated ketones in the 3-keto steroid and 20-keto steroid series are not 
reducible in dime~ylfo~amide,~ which is in contrast to their behaviour in an aqueous 
medium. A number of unsaturated ketones, on the other hand, give two waves. 

Aromatic aldehydes and ketones form anion radica.F in dimethylformamide 
with differing stabilities. Benzophenone gives a product which is stable and reacts 
with carbon dioxide and ethyl bromide on a large scale 

1st wave (C,H&C=Q + e * (C&H&CO- 
2nd wave (C,H&CO- + e --f (C,H&@-6 

to form benzilic acid and diphenylethyl~rbinol, respectively. Electron spin resonance 
studies indicate that the anion radical generated from benzophenone is stable,17 that 
the intermediate from acetophenone has a half-life of about twenty seconds, but 
that the product from benzaldehyde is much less stable.= In agreement with these 
stabilities, pinacols are obtained from large-scale electrolysis of the last two com- 
poundsW Addition of phenol as a proton donor causes the frrst wave of benzophenone 
to grow at the expense of the second wave. Benzaldehyde in the presence of phenol 
gives a new wave, intermediate between the two original waves. Benzoic acid as 
proton donor generates a third wave for both benzophenone and benzaldehyde, and 
this wave is more positive than the original first wave; this behaviour is ascribed to 
the reduction of the protonated form.= 

a,&Unsaturated carbonyl compounds in the aromatic series give two one- 
electron waves,!@ and large-scale electrolytic reduction studies indicate that the 
intermediates from benzalacetophenone are more stable than those from benzalace- 
tone and ~innam~dehyde. 

Reduction of the diketones benzil, p-diacetylbenzene and odibenzoylbenzene 
gives two waves, m-dibenzoylbenzene gives one and trans-dibenzoylethylene three.s5 



1232 S. WAWZONEK 

In all cases the Kalousek techniqueSP has indicated that the initial step is a reversible 
one involving the addition of one electron 

C6H6COCOC,H, + e G C,H,COCC,H, 

C,H,COCC,H, + e + C,H,C==CC,H, 

I 
O- A- A- 

Substitution of lithium chloride for tetrabutylammonium iodide in the reduction of 
benzil gives a reversible two-electron reduction wave. These mechanisms have been 
verified by electron spin resonance spectroscopy.% 

NITRILES AND OTHER ACID DERIVATIVES 

In the aromatic acid series, nitriles have been found to yield a one-electron 
reduction wave in dimethylformamide. 36 Electron spin resonance studies are in 
agreement with a mechanism such as 

C,H,CN + e ti C,H,CN-. 

A similar reduction is observed for pyromellitonitrile (1,2,4,5-tetracyanobenzene) 
in acetonitriles7 and occurs at approximately the same point as that for pyromellitic 
anhydride.s8 Tetracyanoethane and tetracyanopropane in dimethylformamide give 
reduction waves, and electron spin resonance studies indicate that the tetracyano- 
ethylene radical anion is formed as a product.39 

Studies with a,@nsaturated acid derivatives have been numerous, and stepwise 
reductions are reported for tetracyanoethylene, 39 7,7,8,8-tetracyanoquinodimethan,4Q 
dicyanomethylene-2,2,4,4-tetramethylcyclobutanone, bis-dicyanomethylene-2,2,4,4,- 
tetramethylcyclobutane,” diethyl azodicarboxylate,42 substituted acrylonitriles and 
ethyl acry1ates.m The addition of phenol and benzoic acid to the last class gives 
behaviours which vary with the substituents.44 

NITRO AND NITROSO COMPOUNDS 

Anion radicals are formed in the reduction of aliphati@ and aromatic46 nitro 
compounds in acetonitrile46 and dimethylformamide.47 

(C&.)&NO2 + e + (CH&,CNO,-. 

In an aqueous or alcoholic medium a similar behaviour is observed for nitrobenzene in 
the presence of inhibitors such as camphoP and triphenylphosphine.49 Nitrodurene 
at pH 12 is reported to give a one-electron wave while nitrobenzene gives only an 
inflection.60 

The first wave for the reduction of an aromatic nitro compound is reversible, 
and is followed by an irreversible second wave, corresponding to a reduction to 
phenylhydroxylamine. Addition of benzoic acid to nitrobenzene in dimethylform- 
amide causes the first wave to increase to a height equal to the sum of the original 
waves. 47 Water, when added, shifts the second wave to more positive potentials,61 
and alkali metal salts shift the first wave to more positive potentials.51 

The formation of the anion radical has been verified by electron spin resonance 
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studies for both the aliphatic46 and aromatica series. The aliphatic radical was 
found to be unstable. The reversibility observed for the reduction of aromatic nitro 
compounds in these solvents allows meaningful correlation of half-wave potentials 
for m- and p-substituted nitrobenzenes with various substituent constants.‘j2 

Nitrosobenzene in dimethylformamide gives two waves and forms an unstable 
anion radical; the instability of the intermediate makes the first wave slightly ir- 
reversible.6s Addition of benzoic acid causes the formation of a new more positive 
reduction wave, and this is ascribed to the formation of a complex with benzoic acid.47 

HETEROCYCLIC COMPOUNDS 

In the heterocyclic series, pyridinium salts are reduced in the same way in both 
acetonitrile and water, but the intermediate radical dimerises much more slowly in 
acetonitrile.m 

HALOGENATED COMPOUNDS 

Dimethylformamide is a useful solvent for the reduction of halogenated com- 
pounds. Reductions are observed for chlorobenzene68s6Q and p-chloracetanilide70 
in the presence of quatemary salts; these compounds show no observable reduction 
wave in an aqueous medium. 

Trifluoromethyl groups attached to benzene rings are reducible in an aqueous 
medium only if activating groups such as sulphonyl are present,‘l but the reduction 
in dimethylformamide occurs even for trifluoromethylbenzene.28 In addition, the 
reduction occurs in one, two or three steps, depending upon the number and type of 
substituents on the aryl ring, in contrast to an aqueous medium where all fluorisz 
atoms are removed simultaneously. 

The polarographic reduction of polyhalogenated hydrocarbons in acetonitrile 
and dimethylformamide is unique. Carbon tetrachloride and bromide are reduced 
through a dihalocarbene72 in one step to the methylene compound 

Ccl, + 2e -+ Ccl,- + Cl- 

. CC&- -+ ccl, + Cl- 

Ccl, + 2e + solvent + H,CCl,. 

o-Dibromobenzene and o-chlorobromobenzene form benzyne as an intermediates9 
and are reduced to benzene. 

The polarographic data for the reduction of o-bromonitrobenzene and o, m and 
p-iodonitrobenzene at a hanging mercury drop are at variance with the electron spin 
resonance data. Consideration of half-peak potentials indicates that the reduction 
of the nitro group occurs first, whereas electron spin resonance seems to show that 
elimination of halogen and formation of the nitrobenzene anion-radical are involved 
in the first step.73 

OXIDATIONS 

The use of aprotic solvents in electrolytic oxidations at solid electrodes was first 
applied to aryl carbinolsss in acetonitrile 

CH,O ’ ’ CHaOH --B_ 0 0 
- 

CH;O = I_ CH,OH 
- - 

0 
- --e_ CH,& = + CH,O ’ \ CHO 

- ZH+ 
= ~H,OH 

- 0 - 
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Oxidation occurs by a two-electron process to the aldehyde which, sometimes, may 
be further oxidised. 

Extension of this work to aromatic hydrocarbons indicated that they lose two 
electrons and form dipositive ions which, depending on the structure, may be stable 
or may lose a proton to form a carbonium ion. sB Pyridine when added as a proton 
acceptor shifts the waves to more negative potentials. The mechanism of oxidation 
has been verified by the large-scale oxidation of anthracene in the presence of pyridine 
and a perchlorate salt to 9, lo-dihydroanthranyldipyridinium diperchlorate. 

Oxidations have been carried out in dimethylsulphoxides7 but not in dimethyl- 
formamide, because this solvent gives a high residual current.6g Data are given for the 
oxidation of tropilidine,60 aromatic hydrocarbons,61 amines,57*ss*61*62 tetraphenyl- 
borate ion,6g tetrakisdimethylaminoethylenea3 and sulphur compounds.67~s4,s8 The 
oxidation potentials obtained for various aromatic hydrocarbons and amines have 
been correlated with various calculations!a*e7 

MISCELLANEOUS APPLICATIONS 

The inertness of these solvents makes them ideal for the study of easily hydrolysed 
compounds. Data are reported for the reduction of the triphenylcyclopropenyl and 
triphenylcarbonium ions in acetonitrile74 and trialkylchlorosilanes in dimethylsul- 
phoxide.76 The latter reduction is ascribed to the product from the following 
reaction : 

RaSiCl + (CH$,SO -+ RsSiOS(CH&.+ + Cl-. 

Carbonium ions have also been studied in methanesulphonic acid.76 
The greater solvent properties of these solvents over aqueous mixtures have been 

demonstrated in the determination of styrene in polystyrene,” the analysis of solvent 
extracts of coa1,7g the oxidation of 3,4-dimethoxypropenylbenzene7g and the reduction 
of methylene quinones.sO 

Zusamrneufassuug-Es wird eine I)bersicht iiber die. Polarographie 
organ&her Verbmdungen in protonenfreien L&umgsmitteln gegeben. 

R&sum6-On prbsente une revue sur la polarographie des compods 
organiques en solvants aprotiques. 
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Summary-A review of the polarography of oxyanions in molten salts 
is presented. 

INTRODUCTION 

THE electrode reactions of oxyanions in molten salts are especially interesting because 
in many cases they are unique to high temperature systems and cannot be studied in 
aqueous or non-aqueous systems at room temperature. The products are often greatly 
influenced by solubility effects which cannot be predicted, so that it is unsafe to make 
generalisations or to draw analogies from behaviour in more familiar solvents. 

CHROMATE ION 

The first observation of the polarographic reduction of chromate ion in molten 
salts appears to have been that of Steinberg and Nachtrieb,l who reported four in- 
distinct reduction waves at the dropping mercury electrode for potassium chromate 
in a molten mixture of lithium nitrate, sodium nitrate and potassium nitrate at 153”. 
Although no interpretation was given, an analogy was drawn to the four reduction 
waves reported by Lingane and KolthofF in neutral unbuffered aqueous solution. 
LyalikovS described a reduction wave for dichromate ion in molten potassium nitrate 
at 360-380”. The wave-height decreased gradually with time, evidently because of the 
slow reduction of chromium(W) by nitrite which was produced by thermal decom- 
position of the solvent. An amperometric titration of dichromate with sodium nitrite 
showed that the reduction reaction is rapid. The working curve of diffusion current 
tls. added chromium(V1) showed no response until a definite amount of dichromate 
had been added, suggesting the presence of a corresponding amount of nitrite in the 
solvent. Potassium chromate showed no wave at 360”, but a wave did appear at 500”. 
On the other hand, ammonium chromate which decomposes to give chromium(V1) 
oxide, gave a wave even at 250-300”. 

Black and de Vries,4 using a platinum microelectrode as cathode and a large 
platinum electrode as anode in lithium chloride-potassium chloride eutectic at 450”, 
reported a two-step reduction of chromate with waves beginning at applied potentials 
of about -0.25 and -0.82 V with respect to the platinum anode. The two waves were 
attributed to reduction of chromium(W) to chromium(III) and chromium(II), respec- 
tively, by a comparison of the relative wave-heights. Delarue6 considered that the 
reductions of potassium dichromate, potassium chromate and chromium(W) oxide 
in lithium chloride-potassium chloride are all similar in producing insoluble chromium 
(III) oxide on the electrode surface, and that the chromate and dichromate ions are 
largely dissociated in the melt to give chromium(X) oxide and oxide ion. These 
conclusions are, however, not substantiated by findings in our laboratory. 

1237 
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Ferguson6 and Bhatia’ both found that chromate gave a single drawn-out wave 
extending from about -0.9 to -1.6 V US. the Pt(II)/Pt electrode, and quantitative 
electrolysis6 carried out with a platinum cathode at a potential of -1.8 to -2.0 V 
gave an “n” value of 3.03 electrons. The black deposit on the cathode showed a 
chromium content of only 35.5 % as compared with 68 % calculated for chromium(II1) 
oxide. Detailed chemical analyses of insoluble cathode films prepared by electrolysis 
of potassium chromate have been carried out by Ferguson,s Bhatia’ and Reddy.s 
Although there appears to be some variation in the composition of the film depending 
upon the conditions of electrolysis, a pronounced enrichment in lithium content and 
of chromium(VI) content is invariably found. Little, if any, oxide ion is found to enter 
the bulk solution. 

The film can be decomposed by leaching with water to yield chromium(II1) oxide 
and a solution containing hydroxide, chloride, lithium, potassium and chromate ions. 
The mole ratio of excess lithium (beyond that equivalent to potassium and chloride 
in the solvent melt) to chromium(II1) was found to vary from 3.86 to 5.22 in four 
different preparations. The simplest interpretation is that the primary cathode 
process is 

CrO,*- + 3e- -+ CrO,& (1) 

The ion Cr045- might be expected to lose oxide ions successively to form CrOa3-, 
CrOs-, and finally Cr,O,. It appears, however, that insolubility of a phase containing 
both chromium(V1) and chromium(II1) tends to stabilise the more alkaline species, 
CrOp6- and Cross-. 

Recent experimental work in this laboratory9 has indicated that the voltammetry 
of chromate is profoundly affected by the presence of magnesium and calcium ions in 
the melt. A small concentration of magnesium ion, introduced in the displacement of 
heavy-metal impurities, caused the appearance of a double wave similar to that re- 
ported by Black and de Vries. * Addition of a large concentration of magnesium ion 
caused the second wave to disappear, so that only the early reduction wave was 
observed. Calcium ion caused a similar, although somewhat less pronounced shift. 
The cathodic reduction product was a very stable black material showing an X-ray 
di,lfraction pattern closely resembling that of a compound of formula 2Li,OCaO* 
CrsO,, or Li,Ca(CrOa),, prepared by short circuiting a galvanic cell consisting of 
a solution of potassium chromate in molten potassium chloride-lithium chloride, a 
calcium anode and an inert cathode .l” It appears, therefore, that the double voltam- 
metric wave reported by Black and de Vries can be traced to the contamination of the 
melt by calcium ion introduced by etching of the glass vessels by the moist melt used 
by these early investigators. We have been able to reproduce such a double wave by 
using a moist melt in glass containers. Further work is currently under way on the 
mechanism of the electroreduction of chromate in chloride melts. Although the 
reduction of chromate in sulphate melts has been mentioned,l* no detailed study has 
been made. 

NITRATE AND NITRITE ION 

Although nitrate melts have been used as solvents for the polarographic study of 
metal ions by numerous investigators, the first detailed study of the cathodic behaviour 
of the solvent anion of an alkali metal nitrate melt was that of Hills and Johnson.ll 
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Using a platinum microelectrode as cathode and a large platinum electrode as anode, 
they observed a current Bering at an applied potential of - 1.5 V, rising to a sharp 
peak, followed by a smaller steady state current (approximately 3 mA.cma8) which 
persisted until final reduction of the solvent at -2.9 V. The post-peak steady state 
current was observed to have a relatively large temperature coefficient, corresponding 
to an activation energy of 11 kcaljmole, and suggesting a kinetically controlled process. 
It was proposed that a surface reaction involving the platinum cathode was involved 
in the mechanism, leading to a reduction of nitrate ion rather than alkali metal ions 
as had previously been supposed. 

A more detailed study of the reduction of nitrate in a sodium nitrate-potassium 
nitrate eutectic melt at 250” was made by Swofford and LaitinenP The fact that 
several metals, including gold, silver, nickel, tungsten and mercury, when substituted 
for platinum as a cathode led to similar peaks demonstrated that the cathodic reaction 
does not involve a surface attack of the metal. A solid film was observed to form, 
and it is the rate of dissolution of the film that determines the post-peak current. It 
was shown that melts of pure potassium nitrate at 350” do not show the cathodic 
current peak; instead, the current was observed to increase without limit at applied 
potentials greater than 1.35 V. Addition of 10 % sodium nitrate by weight caused the 
appearance of a peak. Formation of nitrite ion and oxide ion were shown to corre- 
spond quantitatively to the cathode reaction 

NOs- + 2e- + NO, + O* (2) 

Finally, it was shown that sodium oxide is sparingly soluble in sodium nitrate- 
potassium nitrate eutectic, and, therefore, the post-peak current must be limited by the 
rate of dissolution of the sodium oxide film. The final current rise at a cathode 
potential of -2.8 V [vs. Ag(I)(O*07M’)/Ag] was attributed to the deposition of alkali 
metal, as evidenced by the formation of a blue colouration. The alkali metal soon 
reacts to produce a colourless gas and oxide ion in amounts indicating nitrogen as the 
reduction product. 

The oxidation of nitrite ion was observed several years ago by LyalikovandNovik,13 
who reported reproducible and well-defined anodic waves at platinum electrodes in 
sodium nitrate-potassium nitrate melts at 260-400’. The most probable anodic 
reaction was considered to be 

NO, --+ NO, + e- (3) 

It would be of interest to examine in more detail the reverse of reaction (2) to deter- 
mine whether NO, yields nitrate ion in the presence of excess oxide ion, or whether 
oxide ion undergoes prior oxidation to oxygen, as might be expected from the findings 
of Delarues6 

SULPHATE ION 

Chovnykl* reported a four-step voltammetric reduction from a zinc sulphate- 
potassium chloride melt; the first step was interpretedls as the cathodic reduction 
of sulphate ion to give unspecified products. 

Pushkarevale observed the formation of sulphur in carnalhte melts by thermal 
decomposition of sulphite or thiosulphate or by reduction of sulphate by magnesium. 
Dissolved sulphur gave a blue colour detectable at a concentration of QO3 weight % 
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sulphur, but it slowly distilled from the melt. Liul’ found sulphite and sulphide but 
little or no sulphur in the cathode compartment of a lithium sulphate-potassium 
sulphate melt electrolysed between platinum electrodes at 625”. 

Johnson and Laitinenls reported that a mixture of lithium, sodium and potassium 
sulphates at 550” gave either sulphur or a metallic sulphide, depending upon the 
reduction potential of the metal ions and solubility of the sulphide. The pure melt 
showed a residual current curve at platinium electrodes with a small wave occurring 
at a potential of about -0.6 V vs. Ag(I)/Ag. The wave was unsymmetrical, showing 
a reasonable linear plot of log(i, - i) vs. E with reciprocal slope 0.110 V as compared 
with 2.303 RT/F = O-163 at 550”. Although the cathodic process was thermody- 
namically irreversible, it was found that an anodic hump, suggestive of the reoxidation 
of an insoluble product on the electrode, was obtained upon reverse polarisation. The 
limiting process for the cathodic wave is obscure; conceivably it could be limited by 
the formation of a cathodic film, or by the kinetics of a prereduction step. Chrono- 
potentiometric experiments on small concentrations of sulphate ion in lithium 
chloride-potassium chloride melts 19*20 have indicated a transition time roughly equal 
to that expected for a diffusion-controlled two-electron reaction, but with complica- 
tions. The quantity 17) was found to increase with increasing I, contrary to the de- 
crease expected for a kinetically controlled prior chemical reaction. A complex 
reaction path, involving the formation of a thermally unstable primary reaction prod- 
uct (such as SOaa-) through a kinetically complicated pathway would be consistent 
with the observations. A disproportionation of the primary reaction product to form 
sulphate and either sulphur or sulphide would account for the increase of I@ with I. 
One unexplained feature of the observations was that the addition of oxide ion as 
calcium oxide caused a shift of reduction potential towards Zess negative values.19*20 
Conceivably this shift is due to calcium ion rather than oxide ion. In any case, it is 
clear that several features of the reduction mechanism should be clarified by more 
detailed investigations. 

OTHER OXYANIONS 

Senderoff et aZ.,ls reported that several other oxyanions, including phosphates, 
silicates, borates and carbonates gave indications of one or more chronopotentiometric 
reduction waves in lithium chloride-potassium chloride eutectic at 500-900”. In view 
of the preliminary nature of these observations, a more detailed examination of 
several of these substances was undertaken in our laboratory by Woodhall. An- 
hydrous preparations of lithium metaborate, sodium tetraborate and calcium silicate 
showed no definite reduction waves but only a slight increase in the residual current 
at 450”. It is suspected that the reported reduction of silicate was actually due to the 
presence of water of hydration. Borates may, however, show a true reduction, 
especially at higher temperatures and at higher concentrations. 

Carbonate showed the beginning of a reduction process but not a fully developed 
wave at concentrations of 1PM to 0*05M at a tungsten microelectrode. The product 
was amorphous carbon, as identified by its unreactivity and its diffuse X-ray diffraction 
pattern which was identical with that of amorphous carbon. The cathodic formation 
of carbon by electrolysis of equimolar lithium carbonate-potassium carbonate at 
580-600’ at platinum or gold electrodes has been recently reported by Delimarskii 
et aL21 
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Metaphosphate ion yields definite voltammetric and chronopotentiometric re- 
duction steps which are being investigated in details2 Metavanadate, added as the 
lithium salt to potassium chloride-lithium chloride eutectic, showed two reduction 
waves at 450” at a platinum ~cro-el~trode .= The product of the first reduction 
was a solid which could be reoxidised upon reverse polarisation. At higher concen- 
trations, metavanadate did not appear stable in solution, because a light tan-coloured 
precipitate resembling Li,VO, separated out upon the addition of more LiVOa 
although the wave-heights increased. The insoluble cathodic reduction product was 
not characterised, but to indicate the possible complexities of the process it may be 
pointed out that reduction of vanadium pentoxide yielded an insoluble “lithium 
vanadium bronze” containing both vanadium(W) and vanadium(Qss The film is 
evidently a good electronic conductor. / 

In conclusion, it may be remarked that the ele~r~hemistry of oxyanions in 
molten salts is a field offering unusually fruitful promise and that polarography and 
related electroanalytical techniques undoubtedly will play an important role in its 
development. 

~c~~~~~e~e~e~~-This work was supported the U.S. Army Research Office (Durham). 

Zusammenfassung-Es wird eine Ubersicht uber die Polarographie 
von Oxyanionen in Salzschmelzen gegeben. 

R&m&---On presente une revue sur la polarographie de-s oxyanions 
dans les sels fondus. 
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Sommary-_The polarographic reduction of hydrogen ion, furnished by 
dissociation of a Brransted acid or present in the undissociated Brsnsted 
acid, is reviewed for the situation where a solvent other than water is 
involved. 

INTRODUCTION 

THE electrochemical reduction of hydrogen ion in aqueous solution has long been a 
major problem in electrochemistry, as indicated by the voluminous literature on the 
subject. The difhculty and complexity involved are well indicated by Frumkin’s re- 
views of one aspect of the situation, that of hydrogen overpotential and adsorption 
phenomena.l* The additional problems introduced when non-aqueous media are used, 
are well presented in Kolthotf’s recent revietil of polarography in inert organic sol- 
vents; the debt of the present authors to this study will be apparent to the reader. 
Other useful sources of data on polarography include two monographs by Charlot and 
collaborators.s*10 BockrisE has described the rates of hydrogen evolution in a variety 
of solvents at a number of different electrodes. 

The present review is primarily concerned with the phenomenological aspects of the 
polarographic reduction of hydrogen ion, furnished by the dissociation of a Bronsted 
acid or present in the undissociated Brsnsted acid, when a solvent other than water is 
involved; the available literature on hydrogen ion reduction in non-aqueous media is 
generally not sufBciently systematic and detailed to allow more than general correla- 
tions to be made. 

Because of the limited and fragmentary data available, hydrogen ion reduction in 
fused salt media will not be considered. Reference will be made to non-polarographic 
electrochemical data, where the latter illuminate the polarographic situation. The 
polarographic reduction of hydrogen ion in aqueous solution will be briefly reviewed to 
furnish a basis for comparison. 

Reduction potentials 

A major problem in dealing with electrochemical data in non-aqueous media is that 
of expressing potentials obtained in different solvents on a comparable scale; one 
source of the difficulty is the unknown magnitude of the liquid junction potential 
between test solution and reference electrode system. The interrelationship between 
potential scales in different solvents in terms of the Pleskov4**** and Strehlowao*m 
conventions is discussed by Kolthoff .sl In the subsequent discussion, the relationships 
between potentials of hydrogen ion reduction in different solvents will be expressed on 
several bases in order better to indicate the possible factors involved. 

The potential for the half-reaction in aqueous solution 

H++e+0*5H, 
1243 

(1) 
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under specified unit activity has been used to fix the potential scale for water as a sol- 
vent ; the problems involved are summaris~ by Bates3 The use of this h~f-reaction 
for defining potential scales in non-aqueous media relative to aqueous media is 
complicated by the fact that the solvents used generally have Lewis-base characteristics 
appreciably different from those of water, which result in their forming with hydrogen 
ion more or less stable adducts, (H * solvent)+, as well as in a varying degree of solvation 
of hydrogen ion and/or its adduct. The resulting levelling effect in the case of Bronsted 
acids in aqueous media through the formation of the hydronium ion, HsO+, is well- 
known; analogous effects are seen in other solvents. 

Calculation of the solvation energy for the hydrogen ion in various solvents in 
connection with the reaction of equation (1) would faci~~te potential scale comparison ; 
however, the problem is still a formidable one. Izmailov26*27 has attempted to cal- 
culate the solution energy of hydrogen ion in a variety of solvents, 

Hill9 has discussed the use of the hydrogen electrode as a potentiometric reference 
electrode in non-aqueous solutions. 

Hydrogen ion activity 

The difficulty of expressing hydrogen ion activity and concentration in aqueous 
solution in a usable, operational manner from electrometric pH measurement has been 
considered by Bateau The situation with respect to theinte~re~tion ofelectrometrically 
measured pH numbers for non-aqueous media is far less well defined,& although Bates 
and others are beginning to explicate pH scales for aqueous-organic and organic 
solvents. 

In the present review, hydrogen ion concentrations will generally be given in terms 
of the anal~ical concentration of the hydrogen ion source added to the test system. 
Admittedly, such a purely operational approach constitutes a poor way of expressing 
hydrogen ion activity, but any other method would result in even more confusion with 
respect to interpretation. 

Based on proton availability, solvents may be divided into three main groups, 
consisting of (1) protonic, (2) aprotic and (3) non-protonic compounds. 

Protonic solvents, which contain more or less readily releasable protons and thus 
exhibit somewhat acidic properties in aqueous media, can themselves be subdivided 
into three sub-groups. The hydroxylic solvents, of which water is the most familiar 
member, include alcohols and glycols, which usually exhibit properties similar to those 
of water. The protogenic solvents are considerably stronger acids than water; the 
protophilic solvents are considerably stronger bases than water but may exhibit acidic 
properties, i.e., release protons, under some conditions. 

Aprotic-frequently and incorrectly referred to as inert-solvents are those con- 
sidered to have no acidic or basic properties. However, with the exception of pyridine 
and similar compounds which are actually aprotic, most other so-called inert solvents 
have very weak acidic or basic properties, e.g., dimethylsulphoxide is a much weaker 
acid than water but is comparable in base strength. 

Non-protonic solvents are totally devoid of hydrogen in their structure and con- 
sequently cannot act as acids in the Bronsted sense. They may, however, behave as 
Lewis acids or bases. Unfortunately, the scanty polarographic literature on 
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non-protonic solvents, if fused salt media are excluded, has largely been devoted to 
iiquid sulphur dioxide, in which the reduction of hydrogen ion has not been specifi- 
cally investigated. 

The autodissociation constants of some solvents are tabulated in Table I. 

TABLE I.-AUTODISSOCIATION CoNSTAxws*t AT 25’ OF SOME SOLVENTS 

Solvent p&to pKauto 

Nitric acid 
Sulphuric acid 
Formic acid 
Hydrofluoric acid 
Acetamide 
Ethylene glycol 
Water 
Acetic acid 
Methanol 
Formamide 
Dimethylsulphoxide 
Ethanol 
I-Propanol 
Nitromethane 
2-Propanol 
Ammonia (liquid) 
Hydrogen sulphide 

(first stage) 

1.2 
3.1 

::: (00) 
10.5 

cu. 11 
14.0 
14.5 
16.7 
16.8 

ca. 17 
19.1 
19.4 
19.5 
20.8 
32.5 (-50’) 
32.6 

2.58 
437 
7.7 

11.4 
11.9 

cu. 12 
15.7 
15.9 
18.3 
18.3 

cu. 18 
206 
20.8 
20.9 
22.3 
34.2 

l For solvent, HA Z H+ + A-, KL,,t, = [H+][A-] = Kauto[HA] 
t The values of K&t,, are mostly taken from reference 10. 

EFFECT OF SOLVENT CHARACTERISTICS 

In addition to the effect of the chemical properties of the solvent, e.g., its acid-base 
strength, certain of its physical properties, especially its viscosity and dielectric con- 
stant, also influence the polarographic behaviour of organic and inorganic species. 

Standard and half-wave potentials 

By its influence on the extent and energy of solvation of the ions involved and on 
the degree of ion association, the dielectric constant of the solvent plays a rather im- 
portant role in determining the standard potential of an oxidation-reduction couple 
and, as a result, its polarographic half-wave potential, E,,,. The change of potential 
with solvent is complex, because not only does E,,, of the species under study, e.g., 
hydrogen ion, vary with the dielectric constant of the solvent but the standard potential 
of the reference couple (and hence the potential of the reference electrode) may also 
vary. If a system is transferred from one solvent to another, the change in E,,, 
(corrected for liquid junction potential and referred to a common standard) may be 
,expressed as 

(Er& - (I&), = (Ei”), - (Ei”), + g ln $$ - 2FF ln $$ (2) 
1 

where fi is the activity coefficient of the ion concerned in the solvent indicated and Dr is 
its diffusion coefficient, and the other terms have their customary significance. If the 
ratios of the activity coefficients (referred to a common standard) and of the diffusion 
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coefficients are close to unity, the difference in E,,, will equal that of the standard 
potentials, which is related to the difference between the solvation energies in the two 
solvents 

OS”), - (El”), = 
@W, - (A% 

ziF (3) 

where ZI is the charge on the ion and AGi is its solvation energy. On estimating the 
solvation energy from the Born equation 

- AGi = Nzr2e2(1 - &)/2ri 

where N is Avogadro’s number, e is unit charge on the electron, c is the dielectric 
constant of the solvent and ri is the radius of the ion, and substituting into equation (2), 
one obtains 

(B,/& - (E,/,), = (Bi% - @I”), = - 

Thus, a linear relationship is expected between E,,, and the reciprocal of the dielectric 
constant of the solvent concerned. This relationship must, however, be used with 
caution, because variation of ri with the solvent, which probably occurs, will certainly 
lead to deviations from linearity. 

The ideal behaviour expressed by equation (5) should be most closely approached 
by a large ion with a minimum charge, e.g., + 1. The behaviour of the larger alkali 
metal ions, e.g., potassium(I), rubidium(I) and caesium(I), as well as that of such 
species as ferrocene and cobalticene, has been presumed to approximate ideality. 

The standard potentials of many metal-metal ion couples have been determined 
with respect to the hydrogen electrode in a number of solvents (Table II). On the basis 
of the standard potentials of various large ion couples, the standard potential of hydro- 
gen, referred to the aqueous hydrogen electrode, has been calculated for several 
solvents (Table III). Values based on E,” are obviously out of line in some solvents ; 
these values are generally more positive than those based on the standard potentials of 

TABLE II.-STANDARD ~opswrms, E’(V), OF SOME REDOX COUPLES IN SEVERAL SOLVENTS* 

Couple 
Solvent 

Hz0 HCOOH NH,(l) NpHn MeOH EtOH HCONHI CH,CN 

Li+/Li -3.05 -3.48 -2.20 -3.09 -3.04 -3.23 
K+/K -2.93 -3.36 -2.02 -292 -2.87 -3.16 
Rb+/Rb -2.93 -3.45 -2.01 -2.91 -2.85 -3.17 
cs+/cs -2.92 -3.44 -3.16 
Na+/Na -2.71 -3.42 -1.83 -2.73 -266 -2.87 
Zn’+/Zn -0.76 -1.05 -0.41 -0.74 -064 -0.76 -0.74 
Cd’+/Cd -0.46 -0.75 -0.10 -0.26 -0.38 -0.41 -0.47 
Pb’+/Pb -0.13 -0.72 $0.35 -0*20 -0.15 -0.19 -0.12 
H+/Ha * 

+:.E 
O*OO OQO . . 

cu,+/cu -0.14 +8*Z +8*! +X! 
OQO 

+0.28 
&/I- +0*54 -0.03 +1.4 +0.36 $0.31 $0.07 
;$t;! +0*80 -0.17 t-O.76 -to*75 + 0.23 

&Cl- 
+1*07 +0*52 +1.8 +0*84 +@78 +0*47 
+1*36 +0*77 +2*0 +1*12 +1.05 +0*58 

* Referred, as indicated, to the standard potential for hydrogen, Ep”, in each solvent. 
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the higher alkali metals. This positive difference in calculated EHa, which amounts to 
+0*2 V in formic acid and acetonitrile, and about +0*3 V in methanol and hydrazine, 
indicates that the behaviour of Na(I) deviates from ideal&y as expressed above and that 
ExSo is actually more negative in these solvents than in water. 

The standard potential of hydrogen in several nitriles and in acetone has been 
calculated by a spectrophotometric technique (Table IV). 

TABLE III.-STANDARD IWE-* FOR HYDROGEN IN SEVERAL so~vwrs 

Solvent 

HCOOH 
N9H* 
MeOH 
EtOH 
HCONH, 
CH&N 

K” xa 

$0.71 
-0.88 
i-0a 
- 0.05 

f0.45 

Ei (in solvent) us. N.H.E. (aq.) based? on 

% Bi& E8. %~OO.D. EEolWtklene 

-I- 0.43 +0*52 +0+2 
-0.91 -0.92 
-O*Ol -0.02 -O*Ol -0*1 

-0.06 -0.08 -0.15 -0.15 
l-O.23 +0.24 $@24 +0*15 +0*15 

* Calculated from the data in Table II for the alkali metal couples and from the data of Strehlow 
et al.** for the ferroccne and cobalticene couples. 

$ E& (ia solvent) - Ei (in water) = [Eg (solvent) - Ei (solve&l - W$ (water - Ez 
(water)]. Because Eg (water) = 0 and EG 
(water) = Es (water) - E& (solvent) 

= 0 in Table II, then q (solvent) - Efi 

TABLE IV.-STANDARD POTENTIAL OF HYDROGEN 
INSOME ~SA~A~O~* 

Solvent E;;: us. N.H.E. (aq.)t, V 

Acetonitrile -I-@30 
Propionitrile t-O.26 
~obut~oni~~e +0+25 
Benz&rile +029 
Phenylacetonitrile -k&26 
Acetone +0.24 

* Based on spectrophotometric titration of 
uncharged indicator bases, B, with perchloric 
acid.” 

t (E&r, - F&.tar = W’)orr = @059ApIk+, 
where $KBH+= @KBJX%W - (pKnE%ter 

Acid dissociation constants 

The dielectric constant of the solvent also ini&ences the apparent dissociation 

constants of acids. If an acid is dissolved in two solvents of equal acid-base strength 
but differing dielectric constant, the difference in apparent dissociation constant of the 
acid in the two solvents will depend on the charge types involved and on the difference 
in dielectric constant. 

For an acid-base couple of the type HB+/B, e.g., NH,+/NH,, the electrostatic 
attraction between solvated H+ and B (or H+ and HB+) is negligible and so the di- 
electric constant change has no influence. In couples of the type HA/A-, e.g., HOAc/ 
OAc-, there is attraction between H+ and A-, and the maguitude of pK;, will change, 
z.e., 

A(pKJ = kA(Il4 (6) 
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where k is a constant which depends on the acid-base character of the solvents. For a. 
couple of type HA-/A2-, e.g., HCO,-/C0a2-, where the acid is negatively charged, the 
influence of the dielectric constant change will be even greater, i.e., 

A(pKS = 2kA(l/c) (7) 

The acid dissociation constant data listed in Table V were collected from reference 10, 

Ion pair formation 

Ion pairing becomes appreciable in media of low dielectric constant. Appreciable 
association of the background electrolyte ions results in high solution resistance and in 
the consequent necessity for troublesome iR-drop corrections which, in some cases, 
may not completely compensate for the potential drop. 61 In addition, association of the 
background electrolyte ions with the sample ions may lower the effective concentration 
of the latter and may complicate polarograms by the introduction of ion aggregates 
involving background anions which may be reduced at different potentials.21 In media 
of very low dielectric constant, it may be difficult to find electrolytes with sufficient 
solubility and dissociation to serve as background electrolyte in maintaining low solu- 
tion resistance. 

Current magnitude 

The viscosity, 7, of the solvent influences the characteristics of the polarographic 
wave by altering the magnitude of the diffusion current through a change in diffusion 
coefficient. Because the diffusion current constant, I, is proportional to D1/2, one 
obtains, on introducing the Stokes-Einstein equation into the IlkoviE equation, 

(Ii)&#2(#‘2 = (I~>l(r~>~‘2(~>~‘2 = k’ 

The latter equation predicts a linear relation between Id and q-1/2 for different 
solvents. 

HYDROGEN ION REDUCTION IN AQUEOUS MEDIA 

The mechanism of electrochemical hydrogen ion reduction in aqueous solution is 
still a controversial subject. Reference has been made to Frumkin’s review of the role 
of adsorption; the effect of other processes and factors has been discussed in depth, 
e.g., Korttim and Bockris. 37 There is still lack of general agreement as to the control- 
ling steps even for the reduction of hydrogen ion on mercury, which has been so 
extensively investigated. 

Many polarographic investigators tend to accept-at least implicitly-as the 
mechanism for hydrogen reduction on mercury the sequence of steps postulated by 
Heyrovsky,22 which involves a reversible discharge of hydrogen ion to atomic 
hydrogen 

H++e+H (9 

which then combines with a hydrogen ion 

H+H+-+H,+ (10) 
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Reaction (10) is assumed to involve hydrogen atoms at the mercury surface and hydro- 
gen ions in the solution with the H2+ ions at the surface of the electrode being rapidly 
discharged or reduced to molecular hydrogen 

Hs++e+H, (11) 

Although the current-potential equation derived on this basis fits the experimental 
facts, doubt has been raised concerning the correctness of the proposed mechanism.8s 

Frumkin has suggested a mechanism, in which the slow step is the reduction of 
hydrogen ion to adsorbed atomic hydrogen 

H++e-+Hsds (12) 

This is followed by the rapid reaction 

Hsde + H+ + e -+ H,(g) (13) 

The various mechanisms advanced for the hydrogen electrode reaction have been 
critically reviewed by Horiuti, 24 who has also considered the relative roles of catalytic 
and electrochemical processes at the electrode. Breiters has discussed the kinetics of 
hydrogen evolution and dissolution at activated platinum metals. 

Kinetic waves 

The situation with respect to the kinetically-controlled currents observed in the 
reduction of weak acids, due to the dissociation equilibria of such acids and the gener- 
ally considerably easier reduction of the undissociated acid, HA, than that of the 
corresponding anion, A-, is well known and has recently been ably reviewed by 
BrdiEka, Hanug and Kouteckq.’ 

Catalytic hydrogen waves 

Catalytic hydrogen waves at the dropping mercury electrode have been discussed at 
length in the polarographic literature. In general, such waves have been assumed to be 
caused by the presence of an alternate path for the reduction of hydrogen ion, which 
has a lower activation energy than the normal process on mercury and therefore shows 
a lower hydrogen overpotential. The reaction path is usually assumed to be of the 
following type : 

H+ + Cat + (HCat)+ (14) 

(H - Cat)+ + e + (H) + Cat (15) 

where the Cat species is constantly being regenerated and consequently may cause the 
reduction of hydrogen ion in amounts several times that of its own concentration. A 
typical “catalyst” of this type in aqueous solution would be pyridine with the inter- 
mediate species, which is reduced, being the pyridinium ion.&os6 

The effect of metal ions and other organic species in producing such catalytic 
hydrogen waves is reviewed by Kolthoff and Lingane.% 

It will be seen subsequently that in at least one organic solvent, pyridine, formation 
of a Lewis-type acid-base adduct between hydrogen ion and the solvent results in an 
overall reduction of the adduct rather than only of the hydrogen ion. 
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HYDROGEN ION REDUCTION IN PROTONIC SOLVENTS 

Hydboxylic solvents 

Of the hydroxylic solvents, water is the only one in which the polarographic reduc- 
tion of hydrogen ion has been extensively studied. 

Dissociation constants of a number of acids in several alcoholic solvents are tabu- 
lated in Table V. Overall dissociation constants for perchloric, picric and benzoic 
acids, and 2,4_dinitrophenol have been reported in t-butyl alcohol.” 

Migal and Grinbere determined the composition and stability of aquo complexes 
of hydrogen ion in an alcoholic medium by a polarographic method (presumably 
similar to the technique commonly used to determine the stability constants of complex 
species in aqueous media); the dissociation constants for the complex [H(HzO),]+ are 
reported to be O&5,0+68, l-67 and 10.51 for n = 1,2,3 and 4, respectively, in ethanol, 
and 0*37,0*33 and 3.41 for n = I, 2 and 3, respectively, in meth~ol, 

E,,, for solutions of “strong” acids (perchloric, hydrochloric) in ethanol-water 
solution containing tetramethylammonium chloride or lithium chloride background 
becomes more positive with increasing ethanol concentration; from the normal poten- 
tial of the hydrogen electrode and the change in E IfZ, the overpotenti~for hydrogen ion 
reduction in ethanol (presumably at mercury) was estima&P as +@l V. 

In a study of the kinetics of hydrogen evolution on liquid and solid mercury in 
methanol solution, Bockris and coworker@ found that the overpotential at a current 
density of 10”’ A. cm-s decreases by about 15 mV at the freezing point of mercury. 
The heat of activation at the reversible potential was found to be about 1 kg. cal. mole-l 
lower on solid than on liquid mercury. 

Protogenic solvents 

Because protogenic solvents are generally much weaker bases than water, hydrogen 
ion would consequently be expected to be much more easily reduced in such solvents 
than in water. Indeed, the standard potential for hydrogen is about 0.5 V more 
positive in acetic acid than in water (Table III). The differentiation of acids, which 
exhibit “strong” behaviour in water, by acid solvents (c$ Table V) has long been 
utilised in the titration of mixtures of such acids, e.g., the ti~ation of perchloric, 
hydrochloric and sulphuric acid mixtures in glacial acetic acid. 

Acetic acid (99.5%) has been used as a solvent for the polarography of several 
cations;l at potentials more negative than -1.7 V vs. aqueous S.C.E., hydrogen is 
evolved from the solvent. 

Dissociation constants of some acids in anhydrous formic acid have been calculated 
from potentiometric titration curves. Inorganic acids (presumably “strong” in water) 
remain strong in this solvent and are not differentiated as in acetic acid, while acetic, 
chloracetic, dichloracetic, salicylic and picric acids are so weak that they cannot be 
titratedmm The q~nhydrone electrode, which has been reported to be quite stable and 
reversible in anhydrous formic acid, has been used as a polarographic anode in this 
solvent.*’ In general, the quinhydrone electrode functions as a hydrogen electrode in 
proton-active solvents, but not in solvents of low proton activity. 

KolthofP has noted the general stabilisation of anions by hydrogen bonding, 
pa~cularly in acid solvents, 

A- + HS + (AHS)- (16) 
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The stability of the resulting complex is greater than in water or hydroxylic solvents. 
The effect of such interaction on hydrogen reduction is apparent. Thus, H+ or a 
Bronsted acid, HA, in an inert solvent may be stabilised by such conjugation, e.g., 
whereas hydrochloric acid is readily volatilised from acetonitrile solution by a purging 
gas stream, addition of an excess of tetra-alkylammonium halide to form a conjugate 
ion, XHA-, stabilises the solution. 

In acid solvents, the reduction of hydrogen ion may proceed uia protonated species 
produced on solute-solvent interaction, e.g., 

HA+HS‘,H2A++S- (17) 

where HA represents a weak acid added to the solvent HS. Basic solutes, e.g., amines, 
may also form protonated species, e.g., 

B+HS+HB++S- (18) 

which may lead to hydrogen evolution. 

Protophilic solvents 

The solvation energy of hydrogen ion in strongly basic solvents is much greater 
than in water. In such solvents, hydrogen ion would be present in the form of the 
Lewis acid-base adduct, e.g., as NH 4+ in liquid ammonia. This would result in a more 
negative standard potential for hydrogen -and, correspondingly, more negative half- 
wave potential-in such solvents than in water. The standard potential in hydrazine is 
about O-9 V more negative than in water and in formamide about O-1 V more negative 
(Table III). 

Liquid ammonia has been carefully investigated as a solvent for polarography and 
voltammetry by Laitinen and collaborators.3s+r E,,, for the reduction of ammonium 
ion at -36” is -1.37 V vs. Pb-O.lNPb(NOJ, reference electrode;41 the reduction 
product was thought to be free ammonium stabilised by amalgam formation. 

Hammer and Lagowski21 reported a half-wave potential of + 1.0 V vs. the “electron 
electrode” for the reduction of ammonium salts in liquid ammonia at a rotated plati- 
num electrode at -77”. Solutions of several ammonium salts gave different slopes for 
the id vs. C plot in 0-M solutions of the sodium salt of the corresponding anion, but 
the same slopes in O*lM sodium perchlorate solution. This behaviour was ascribed to 
the formation of ion aggregates, e.g., ammonium perchlorate, which are reduced 
simultaneously with NH, +. Re-use of the platinum electrodes without cleaning resulted 
in the appearance of a dark deposit on the electrode surface accompanied by a shift of 
E,,, to more negative potential and a split in the wave; the deposit was ascribed to the 
formation of finely divided platinum. 

so Schaap and coworkers have thoroughly investigated anhydrous ethylenediamine 
as a solvent for electrochemical studies. Comparison of limiting conductances, A,, in 
this solvent with those for the same salts in water reveals some significant differences. 
For several alkali metal salts, the ratio, (Ao)en/(Ao)n,o, has a mean value of 0.51; for 
silver (I) and thallium (I) salts, which solvate more strongly with the amine solvent, the 
mean ratio is O-44. The ratio for hydrochloric and nitric acids is about 0.2, which 
indicates that hydrogen ion is more strongly solvated in the amine solvent than in water. 
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From the preliminary results of Schaap, so the standard potential for hydrogen in 
ethylenediamine can be estimated to be -05 V with respect to that in water. 

Schober and Gutmanns2 reportedan E,,, of -2.OSV vs. N.C.E. (aq.) for ammonium 
chloride in anhydrous ethylenediamine containing tetraethylammonium nitrate 
as background electrolyte. 

Several amides have been used as polarographic solvents. Formamide and aceta- 
mide, because of their highly associated nature, are relatively poor hydrogen-bonding 
agents.61 If one or both of the amide hydrogens is replaced by an alkyl group, the 
resulting compounds should function much more readily as hydrogen-bonding agents ; 
this view has lead to the investigation of N-methylacetamide and dimethylformamide 
(DMF) as solvents for polarography. 

E,,, for the reduction of strong acids in N-methylacetamide is - 1.53 V vs. S.C.E. 
(aq.) ; the depolarisation potentials of acetic acid and ammonium ion are reported to be 
-1.70 and - 1.85 V, respectively.28 

E,,, for solutions of benzoic acid in DMF containing 0*2M tetrabutylammonium 
iodide is -1.58 V vs. the mercury pool. 6o Given and Peoverls report two waves for 
benzoic acid (cJ Table VI) in DMF; the diffusion current constant for the first wave 
was about ten times that of the second wave, which was assumed to be from reduction 
of the undissociated acid. No wave was found for phenol. 

HYDROGEN ION REDUCTION IN APROTIC SOLVENTS 

The class of non-aqueous solvents most used for polarographic studies, especially 
for the reduction of hydrogen ion, has been that of the aprotic solvents. While many of 
these solvents can be considered to be “inert” for reactions involving many organic and 
inorganic species, there is probably no solvent which is truly inert towards hydrogen 
ion. The polarographic behaviour of a “strong” acid can furnish qualitative informa- 
tion regarding the basic properties of a solvent; thus, the levelling effect is more pro- 
nounced the more basic the solvent is compared to water, e.g., the situation in pyridine 
subsequently discussed. 

Such a levelling effect is not observed in solvents which are much weaker bases than 
water, e.g., nitriles and ketones, with the result that the proton of a “strong” acid is 
much more readily reduced in such solvents than in water. In a very weakly basic 
solvent, the polarographic waves of “strong” acids, which overlap in water, are sepa- 
rated. 

Acetonitrile, in which a large number of acids have been investigated, is a strongly 
differentiating solvent with respect to the strength of acids dissolved in it. Acids, which 
are “strong” and exhibit identical polarograms in water, e.g., perchloric, sulphuric, 
hydrochloric and nitric, give separate waves in acetonitrile (Table VI); the diffusion 
currents are proportional to the acid concentration.31 E,,, varies from -0.70 V VL 
S.C.E. (aq.) for perchloric acid to -2-3 V for acetic acid.12*14sS2 Some polyprotic acids 
behave as monobasic acids at the D.M.E. in exhibiting a single polarographic wave, 
e.g., in order of increasing (negative) E,,,: sulphuric, oxalic and phosphoric acid; 
diffusion-current constants seem to decrease as E,,, becomes more negative.12 Con- 
trolled potential electrolysis of perchloric or acetic acid on the crest of the wave results 
in hydrogen evolution; per&orates of aromatic amines give reduction waves with 
hydrogen evolution. l2 Addition of an excess of free base apparently has no effect. 
E,,, for dichloranilinium ion is 0.06 V less negative than E,,, for hydrochloric acid and 
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O-4 V less negative than E,,, for diethylanilinium ion, which is a much weaker acid.12 
E,,, for ammonium ion is 0.8 V more negative than that for dichloranilinium ion.14*ss 
No waves are observed for bisulphate and bioxalate ions.12 

The voltammetry of the hydrogen-perchloric acid system in acetonitrile has also 
been studied at platinised platinum electrodes.67 

The reduction of perchloric acid in acetonitrile has been made the basis of an 
analytical method for the amperometric titration of bases, e.g., amines, dissolved in 
acetonitrile by means of a standard solution of perchloric acid in acetic acid.31 

Addition of water, which is a much stronger base than acetonitrile, to acetonitrile 
solutions of a “strong” acid shifts the polarographic waveofthelatterto amorenegative 
potential.31*s8 The effect is much larger than expected from the difference in base 
strength and is probably caused by the hydrogen over-potential on mercury increasing 
with water concentration.31 

Kolthoff and Thomas36 report the hydrogen electrode to be suitable for the meas- 
urement of hydrogen ion activity in mixtures of sulphuric acid and tetraethylammo- 
nium bisulphate in acetonitrile. 

In acetone containing O*lM tetraethylammonium perchlorate, E,,, is 0.48 V more 
positive for perchloric acid than for sulphuric acid and the diffusion current constant is 
about 30% greater for perchloric acid than for sulphuric acid (Table VI).r6 E,,, for 
perchloric acid shifts to a more negative potential on the addition of water. 

Dimethylsulphoxide, as had been mentioned, is a much weaker acid than is water, 
but is comparable to water in base strength. 35 Consequently, as might be expected, 
perchloric, sulphuric and hydrochloric acids are “strong” in dimethylsulphoxide and 
furnish identical polarograms at the D.M.E. as well as at the rotating platinum elec- 
trode (R.P.E.) (Table VI); E,,, for these acids is about O-4 V more positive at platinum 
than at mercury.34 E,,, for hydrogen sulphide at the D.M.E. is about O-6 V more 
negative than for the “strong” acids;ls acetic acidM and ammonium ion20 behave as 
weak acids in this solvent (Table VI); no wave is observed for bisulphate ion.24 

The chronopotentiometry of several acids was investigated in acetic anhydride 
solutions, which were O*lM in sodium perchlorate and 0*05-0.2M in acetic acid.44 
Reduction (presumably chronopotentiometric quarter-wave) potentials at a platinum 
electrode increased, i.e., became more negative, in the following order: perchloric, 
tetrafluoboric, sulphuric, hydrochloric and acetic acids (Table VI). Chronopotentiom- 
etry of the solvent, which, as indicated, contained acetic acid, produced hydrogen gas 
and acetate ions at the cathode, and hydrogen gas and acetylium ions at the anode;U 
the production of hydrogen gas at both electrodes was explained on the basis of pro- 
posed reaction intermediates. 

In unbuffered 80% dioxan-water solution, E,,, of mineral acids varies with the 
dissociation constant of the acid. 48 For solutions more concentrated than 1*5mM in 
weak acid (not specified), the polarogram exhibited three steps, which were attributed 
to successive reduction of the dioxan-oxonium ion, hydronium ion and the undissoci- 
ated weak acid.46 

E,,, for a solution of perchloric acid in tetrahydrofuran containing 0*3M lithium 
perchlorate is reported to be O-8 V more negative at a mercury electrode than at 
platinum (Table VI).2 

Pyridine, because of its strong Lewis-base character, exhibits an apparently even 
more pronounced levelling effect than water. An essentially identical polarographic 
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wave is obtained54 for pyridine solutions of acids, whose pKa values in aqueous solu- 
tion vary from 7.9 to “very strong”; a small prewave is attributed to an impurity in the 
solvent, which reacts similarly to the solvent. Dibasic acids, such as sulphuric and 
phthalic, give a single wave, whose diffusion current constant is somewhat less than 
twice that found for all of the monobasic acids. Phenol (aqueous pK, = 9.9) does not 
give a wave; salicylic acid (aqueous pK, = 3-O and 13-O) behaves like a monobasic 
acid. The polarographic wave was attributed to the reduction of pyridinium ion, 
formed in the reaction of acid with the solvent, by a one-electron attack on the pyridine 
ring, which results in the formation of a free radical, pyrH”, which dimerises to a tetra- 
hydrobipyridyl. 

The latter mechanism is apparently not affected by the addition of water, up to about 
10 % by volume ; at water concentrations above 50 %, the reduction seems to proceed 
by the catalytic hydrogen evolution process observed in aqueous acid solutions con- 
taining traces of pyridine.l’ 

Acknowledgement-The authors thank the U.S. Atomic Energy Commission and the Petroleum 
Research Fund of the Amencan Chemical Society, which helped support their research on non- 
aqueous media. 

Zusammenfassm-Die polarographische Reduktion von Wasser- 
stoffionen, gebildet durch Dissoziation einer Bnmstedsiiure oder 
gegenwgrtig in der nicht dissoziierten Brransted&ure wird erartert f%r 
Systeme, in welchen ein organisches Liisungsmittel anstelle von Wasser 
vorliegt. 

R&&--On passe en revue la rkduction polarographique de l’ion 
hydrogkne, foumi par la dissociation d’un aclde de Brtinsted ou p&sent 
dans l’acide de Bronsted non dissocib, lorsqu’on met en jeu un solvant 
autre que l&u. 
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DIE BEDEUTUNG DER ADSORPTION IN DER 
POLAROGRAPHIE 

B. KASTENING und L. HOLLECK 
Chemisches Institut der Hochschule, Barnberg, Bundesrepublik Deatschland 

(Eingegangen am I. Juli 1965. Angenommen am 16. Juli 1965) 

Zusammenfassung-In der vorliegenden Arbeit werden die wichtigsten 
Ph&nomene diskutiert, die aIs Folge der Adsorption an der Phasen- 
grenze Meta~/EIektroIytl&ung bei polarographischen Untersuchungen 
in Erscheinung treten. 

EINLEITUNG 

IN der neueren polarographischen Literatur, vor allem bei der Beschreibung der 
Phanomene bei organischen Depolarisatoren, begegnet man h%ufig der Bemerkung, 
die Stromspannungskurven weisen auf “Komplikationen durch Adsorption” hin, 
ohne da13 hiertiber niiheres ausgeftihrt wird. Man kann hieraus zweierlei entnehmen: 
einerseits hat sich offenbar die (wohlbegrtindete) Vermutung, dal3 die Adsorption in 
der Polarographie (wie tiberhaupt bei Elektrodenvorgangen) eine weitverbreitete und 
folgenreiche Erscheinung ist, durchgesetzt; zum anderen mag die Vielfalt der hierauf 
beruhenden Phanomene von einer eingehenderen Beschaftigung mit dieser Problema- 
tik zuriickschrecken lassen. Es erscheint uns daher niitzlich, die wesentlichen 
Gesichtspunkte dieser Vorgange im Zusammenhang darzustellen, die theoretischen 
Aspekte zu umreissen und-vor allem anhand eigener Untersuchungen-zu 
veranschaulichen. 

Es wiirde den Bahmen einer Zeitschriften-Abhandlung sprengen, wollte man die 
historische Entwicklung zu diesem Thema darstellen oder gar die hierauf beztigliche 
Literatur halbwegs vollstindig berticksichtigen. (Vor allem in den letzten Jahren ist 
die Zahl der Arbeiten stark angewachsen, mag zur Zeit schon iiber 1000 betragen und 
vergriil3ert sich taglich.) Es kann hier auf einige Zusammenfassungen aus den letzten 
Jahren verwiesen werden, * wenngleich Auswahl und Berticksichtigung der Literatur- 
vielleicht mit Ausnahme von ref. 168-nicht immer befriedigt. Andere Arbeiten 
befassen sich mit Teilproblemen, so etwa die ausfiihrlichen Ubersichten iiber die 
katalytische Wasserstoffentwicklung 156 bzw. den AdsorptionseinfluS auf die Wasser- 
stoffiiberspannung allgemein.sQ (Auf Einfliisse der Adsorption bei Vorgiingen an 
festem Elektrodenmaterial, z.B. bei der Elektrokristallisationa*118 oder der Wasser- 
stoffentwicklung44 *45*61 kann hier nur beihiufig hingewiesen werden. Diese Erschei- 
nungen, die grohe Ahnlichkeiten mit denjenigen am Quecksilber zeigen, jedoch such 
charakteristische Unterschiede auf Grund der Eigentiimlichkeiten der Oberflache 
fester Stoffe, sind vor allem von praktischer Bedeutung bei Fragen der Korrosion 
bzw. des Korrosionsschutzes, des Beizens und der galvanischen Uberztige.) 

Es sol1 jedoch einleitend ‘darauf hingewiesen werden, da13 die ersten Ansatze zu 
den wesentlichen auf Adsorption beruhenden Erscheinungen in der Polarographie 

*vergl. ref. 18, 25, 37, 55, 58, 62, 168, 173, 178, 180. 
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auf Heyrovskf und seine Schule zuriickgehen; so etwa die Entdeckung der “polaro- 
graph&hen Maxima” und ihrer Beeinflussung durch Zusatzstoffe40 oder die 
Entdeckung der katalytischen Wasserstoffwellen, 77 die dann besonders von BrdiiSkal’ 
ntiher untersucht wurden. Letzterer entdeckte such die “Adsorptionsstufen” und 
entwickelte ihre Theorie.16 Schon in einer 1934 erschienenen Schrift sah Heyrovsk$‘s 
in der Adsorption des elektroaktiven Teilchens einen Teilvorgang der Elektroden- 
prozesse, wenn such damals noch nicht alle Phanomene richtig zugeordnet werden 
konnten. Auch die Erforschung der Inhibitorwirkung adsorbierter Zusatzstoffe 
verdankt ihm schon in ihren Anfangen einige bedeutende Arbeiten,7gs80 in denen u.a. 
bereits der Gedanke der Hemmung chemischer Reaktionen in der Grenzflache sowie 
der Reduktionserleichterung von Kationen durch adsorbierte Anionen ausgesprochen 
wird. 

Zum Problem der Inhibitorwirkung adsorbierter Zusatzstoffe seien hier nur die 
wichtigeren anfanglichen Arbeiten anderer Autoren genannt* sowie die eigenen 
Untersuchungen,85**6 welche den InhibitoreinfluB auf die Reduktion aromatischer 
Nitroverbindungen aufzeigten und die uns in der Folge zu einem grilndlicheren 
Studium dieser Erscheinungen fiihrten;sQ,90,106-7.1114 im wesentlichen hierauf 
basieren die Darstellungen in dieser Arbeit. 

Welcher Art sind nun die Folgen der Adsorption fur den Ablauf der Elektroden- 
vorgange? Es sol1 hier kurz skizziert werden, daD diese Einfliisse sowohl thermo- 
dynamischer wie kinetischer Natur sein kbnnen. 

Ein seinem Wesen nach thermodynamischer Effekt liegt bei den “Adsorptions- 
stufen”ls vor: 1st ein reversibler Reduktionsvorgang mit einer kraftigen Adsorption 
des Reduktionsproduktes verbunden, so erfolgt eine thermodynamisch bedingte 
Reduktionserleichterung, d.h. eine Verschiebung des Reduktionspotentials zu 
positiveren Werten nach MaBgabe der Adsorptionsenergie; jedoch ist der Effekt der 
Menge (Stromstiirke) nach durch die Zahl der adsorbierbaren Teilchen, mithin durch 
die GroSe der Elektrode (und deren Zeitabhlngigkeit) sowie die Adsorptionsisotherme 
begrenzt. Eine entsprechende Erschwerung erfolgt bei starker Adsorption der 
oxydierten Form (und im Falle eines Oxydationsvorgangs vice versa). 

In kinetischer Hinsicht kann die Adsorption der Reaktionspartner sowie diejenige 
anderer Liisungsbestandteile praktisch auf jeden Teilschritt des Elektrodenvorgangs 
EinfluB nehmen. Da die Adsorption die Zusammensetzung der Grenzschicht und die 
Struktur der Doppelschicht vertindert, beeinfluSt sie jeden Teilschritt, der sich an der 
Grenzflache selbst abspielt, also sowohl den Ladungsiibergang und chemische 
Reaktionen an dieser Stelle wie such die Adsorptionsvorgange selbst. Diese Wirk- 
ungen sind Gegenstand der Ausfiihrungen in den folgenden Abschnitten. 

Es sol1 jedoch an dieser Stelle noch darauf hingewiesen werden, daB die Wirkung 
der Adsorption nicht nur auf die unmittelbar an der Phasengrenze ablaufenden 
Prozesse beschrankt ist, sondern durch Sekundareffekte such solche Vorgange 
betreffen kann, die in einer gewissen Entfernung von der Phasengrenze stattfinden. 
Hier sind zunachst die “polarographischen Maxima” zu nennen, die auf tangentialen 
Bewegungen der Grenzflache und dadurch erhohtem konvektiven Stofftransport 
beruhen.5*1*7 Die Adsorption von “Maximadiimpfern” beseitigt die Bewegung der 
Grenz&iche und damit such die Konvektion der Losung. (Hierzu vergleiche man 
zusammenfassende Referate.169*1*s*203 ) Eine weitere Folge der Adsorption beruht 

*vergl. ref. 115, 121,123, 129-30,149-51, 160, 176-7, 185,200. 
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darauf, da13 sich der Inhomogenitiitsbereich der Phasengrenze in Form des diffusen 
Teiles der Doppelschicht tiber die eigentliche Grenzschicht hinaus-zumal bei 
niedrigen Elektrolytkonzentrationen-mehr oder weniger weit in die Liisung 
erstreckt. Adsorbierte Neutralmolektile verringern gewiihnlich die Doppelschicht- 
kapazitat, verschrieben das Nulladungspotential und Bndern dadurch die Elektrod- 
enladung und den Potentialverlauf in der Doppelschicht. Die Adsorption 
grenzflachenaktiver Ionen kann-infolge des durch sie verursachten Potentialsprunges 
an der Phasengrenze-u.U. eine Vorzeichenumkehr der Raumladung in der Doppel- 
schicht und damit such des ijrtlichen Potentials hervorrufen. In beiden Fallen 
erfolgt daher eine Beeinflussung derjenigen Vorgange, die durch das Srtliche Potential 
bzw. die Feldstarke mitbestimmt werden. Dies betrifft zunachst chemische Reak- 
tionen, an denen Ionen beteiligt sind, sofern sie so rasch verlaufen, da8 die 
“Reaktionsschicht” und die diffuse Doppelschicht von vergleichbarer GrijSe sind; 
die Ursache liegt vor allem in der Potentialabhangigkeit der Ionenkonzentration. 
Mit dieser Frage haben sich besonders Gierst und Hurwitze6sD7 sowie Matsudals’ 
befa& (vergl. such ref. 18, 125-6). Die Feldstlirke in der diffusen Doppelschicht 
beeinflu& den Transport von Ionen, wenn das Produkt aus Ionenladung und 
Potentialgradient das entgegengesetzte Vorzeichen hat wie der Konzentrations- 
gradient, wenn also beim Transport eine elektrostatische AbstoSung tiberwunden 
werden mu& Auf diesen sogenannten “dynamischen y-Effekt” hat zuerst Levichl*l 
hingewiesen (vergl. such die oben zitierten Arbeiten von Gierst und Hurwitz). 

SchlieBlich sei noch bemerkt, da13 enge Beziehungen zur Adsorption an anderen 
Phasengrenzen bestehen, etwa an der Grenze Liisung/Lufr’g oder Losung/Ionen- 
austauscher.67 Verschiedentlich ist die Adsorption an Quecksilber bzw. die Wirkung 
als Maximadampfer mit der “Mizellbildung “a4~161 oder der Wirkung als Korrosions- 
inhibitoren63*DD*14 verglichen worden; such die heterogene Katalyse von Gasreaktionen 
wurde in diesem Sinne mit Elektrodenprozessen verglichen.179 Die auf der 
charakteristischen Oberllachenstruktur fester Metalle beruhenden Unterschiede der 
Adsorption an diesen und am Quecksilber wurden oben schon erwahnt; sie kiinnen 
weiterhin such dadurch bedingt sein, da8-z.B. bei aromatischen Verbindungen-bei 
der Adsorption eine 7r-Elektronen-Wechselwirkung mit Quecksilber, nicht aber etwa 
mit Eisen betatigt wird.62 

ADSORPTION DER REAKTIONSPARTNER 

Das charakteristische Merkmal der Adsorption (die hier gleichbedeutend mit dem 
Terminus “spezifische Adsorption” verstanden wird) besteht darin, da8 die unmittel- 
bare Umgebung des adsorbierten Teilchens anders ist als im Liisungsinnern, da13 sie 
also-zumindest teilweise-nicht mehr aus Liisungsmittelmolekiilen besteht. (Insofern 
sollen daher Ionen, die mit ihrer Solvathtille in der BuBeren Hehnholtzschicht 
angereichert werden, nicht als “adsorbiert” angesehen werden.) Ob dabei besondere 
Wechselwirkungen mit dem Metal1 stattfinden (vergl. Abschnitt 3), ist hierfiir ohne 
Belang. Einen solchen Zustand kiinnen offenbar alle Liisungsbestandteile erreichen; 
bei organischen Stoffen und einer Vielzahl anorganischer Anionen liegt bekanntlich 
ein ausgepragtes Bestreben zur Adsorption vor. Aber selbst bei den schwer polari- 
sierbaren Anionen (F-) und den kleineren Alkalikationen (Na+, K+) ist diese 
Moglichkeit gegeben,l wenn such die Grenzflachenkonzentrationen in diesem Falle 
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Da die ~~~~~~~ XLW Adsorption demnx& ganz aIlgeme,in vorhan&n ist und 
da andererMts ftir einen Ladungs&ustausch zwis&en Elektrode und adsorbiertem 
Teilchen &Ienbar besonders gtinstigo Umstiinde vorliegen, erscheint die Annahme 
~ern~~~~ da& dem ~dun~~b~g die ~~o~~on rles ~~~~~~o~jrn 
~g~~~ v~ge~~~~=~~~~~~~~ w&x5 es kemen ~d~~~~he~ ~~~er~h~~ 
macht, ob die Adsorption (die rnit dner “Desolvatation” im wesentlichen identisch 
sein kann) dem LadungrJtibergang als Gleichgewicht vorgelagert oder selbst Teil des 
~,sehwindLi~~~i~be~~~~den Vor~~~~ ist. 7 Die Frage, ob &x ~dun~s~bergang 
&e A~o~~~o~ des ~~~~~~~~~o~ ~or~u~~ wurde bongs ~~~~~~~ aueh 
verneintz@ So x&d f& die Red&t&n van Anio%xr bei recht nagativen Efektroden- 
potentialen, bei denen der “dynamische v-Effekt *‘Mu den Anionen den Zqpng zur 
Etektrode vtxwehrt, ein ‘ETunneIn”’ der Elektronen durch die Doppels&icht in 
~~~~~ ~0~~~ eh sich c&se ~rs~h~~~~en au& dureh die ~~~d~g van 

(die alar ~~~~~ na& ~~~~~~~~er ist* Ye@. 
weiter unten). 

Abgeseh@a von den Prereits erw&nten “Adsorptionsstufen” (die thermodynamisch 
und-au%x durch Transport und T~~~f~nwachst~m-niche ~~eti~h bedingt sind, 
vergh Abs~~~~t 1) e&&t s&h nun die FrageS v&e die K&.x&k der 
ES&t r&o rile ~~orns~ke~ zn fo~~~~r~n &t* Hler ist zu ~~~r~~~~~~~ aach dem 
geschwindigkeitsbestimmenden Grerrzfliichenprozess : Ladungsabergang, chemische 
Reaktion, Msorptionsvorgang. Der btztere Vorgang ist bei gawbhnlichem polaro- 
~ph~~h~~ Arbeiten im ~~rn~u~~ tieht g~~~~~~digkeitsbc$~~end~ dies kann 
&do& n.aF, der Fa@ se& 3Sznn eia stark ~o~~e~~r ~~~b~~r dem zuB=&t des 
Depo~ariMors Sehwier@keiten ber&@t, vergl. hierzu Abscha&t 4. 1x1 den beida 
anderen FWxr ist das A&orptionsgleir;hgewicht ala eingestellt anwsehen, dh. 

(I- = ~~~~-~ c 3s ~~~Q~entr~~~~ wobei im lxle ekf transport- 
bedingten Kanzentrtitioxx$~ola~sati~~ fur c die Konzentration in Gren&&&ennahe 
L;c,, zu setzen ist). Die Punktion (1) i%t die Adsorptionsisotherme~ vergl. Ab$&nitt 3. 

es s&.3% nun um g ode 
n der G~~~~e 
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iiber; handelt es sich urn einen geschwindigkeitsbestimmenden Ladungstibergang, so 

soll die Geschwindigkeitskonstante durch G bezeichnet werden und das Produkt 

<G * y) ist mit der als “Durcht~tts-Gesch~ndigkeitskonst~te” bezeichneten GrBBe 
identisch. 

1st die Adsorption jedoch starker, sodaB keine lineare Beziehung (3) mehr gilt, 
dann besteht such keine Proportionalitat zwischen Strom und Konzentration nach 

AEB. I.-Stromspannmgskurven von Methylorange (Anion der p_Dimethylamino- 
azobenzol-p’-sulfonsi-bre) bei verschiedenen Konzemationen: 0,12; 424; 0,JS; 1,16; 

I,53 .lO+ Moljl. 

(4) mehr; die Lage der polaro~ap~schen Kurven wird daher ko~entrations- 
abhlngig. Im Extremfall, wenn niimlich schon bei geringen Losungskonzentrationen 
die maximale Grenzfhichenkonzentration I’ max erreicht wird, wird die Stromstarke 
bei vorgegebenem Potential 

i = zFqkFmlsx 0) 

von der Losungskonzentration iiberhaupt unabhgngig (solange die Konzentrations- 
polarisation das Erreichen von I‘ max nicht verhindert, d.h. solange der Strom merklich 
kleiner als der Diffusionsgrenzstrom ist). Ein Beispiel fur solches Verhalten ist in 
Abb. 1 gezeigt: vom Auftreten striimungsbedingter Maxima abgesehen ist die 
Stromstiirke unterhalb des Grenzstromes von der ~s~~ko~entration ~abh~gig, 
sodaS das Halbstufenpotential mit wachsender Konzentration zu negativen Werten 
verschoben wird. 

1st die maximale Grenz&henkonzentration nicht ganz erreicht (ist also der 
Bed~~gs~ad 8 = P/Pm= < 1), so ist Gleichung (2) anzuwenden, jedoch kann I’ 
iiber einen breiten Potentialbereich nahezu konstant Meiben (vergl. Abschnitt 3). 
Die Stromstarke ist dann in der Weise potentialabhtingig wie die Konstante k, die 
ihrerseits bei geschwindigkeitsbestimmendem Ladungstibergang fur nicht zu kleine 
Werte van 0 vom Bedeckungsgrad praktisch unabhlingig ist, da die Umgebung fur 
den ~d~gs~bergang nahezu gleich bleibt. Jedoch wurde von FrumkinE* such der 
Fall beobachtet, da13 k bei Anntiherung an 8 = 1 kleiner wird; diese Beobachtung 
wurde damit gedeutet, da13 der Ubergangskomplex mehr Platz benotigt als das 
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adsorbierte ~epol~sat~~ei~chen* sod& seine Bildung bei wachsender Bedeckung 
und damit Ve~~~n~ des e&em Moiek~ ve~gbaren Platzes erschwert wird. 

1st der Bedeckungsgrad wesenthch van f verschieden, so muB seine Potential- 
abh5ngigkeit berticksichtigt werden. (Dies ist U.S. bei pH-abhangigen Halbstufen- 
potentialen zu beachten?‘) Vereimachend sei der Fall schwacher Adsorption 
betrachtet, f@r den eine lineare fsotherme (3) g$.Itig ist. Die Potent~abh~~gigkeit 
des ~~o~tionsk~~~e~e~ y kamt (ver& Absc~~itt 3) im wesen&hen durch eine 
Beziehung 

Y = ?%I + exp L-/Kg - &#I WJ 

beschrieben we&en, wabei y= de% M~~~w~~ sngibt* den y beim ~~t~~t~~ E= 
erreicht. Bestimmt der Ladungsiibergang die Kinetik und kann man ftir seine 
Geschwindigkeitskonstante die Beziehung (fur eine Reduktion formuliert) 

--e + 

k=,exp 
t 

ansetzen, so zeigt sich beim Einsetzen von (6) und (7) in Gleichung (4), dal3 die 

Stromstiirke 

das gegen dtxs Potential rnaximaler Adsorption am verschoben ist. Diese Verschiebung 
ist im allgemeinen recht betriichtlich; so werden z.B, fur den Faktor p im Exponenten 
ha”ufig Werte der Gr&%enordnung 10V-* festgestellt und daraus folgt etwa (mit 
D N 45, z = 1, FfRT LT= 39 V-l) eine V~~ch~ebu~~ um l,Q V. Aus diesem Grunde 
entzieht sich die Emcheimmg eines hierdurch v~sachten M~~rn~s gew~hn~ch 
der Beobachtung. Ein solcher Fall wurde etwa von Tedoradze, Ershler und 
Mairanovskii’8a festgestellt (vergl. au& ref. 62, 126). Auch bei der Reduktion einer 
Reihe anorgsnischer Anionen, so etwa beim PtCI~-~4*1sa bei denen der Reduktions- 
strom mit negativer werdendem Potential abf%t, wird die ~~a~~te J&ache vor~egen : 
wegen des bei Anionen zu positiveren W&en verschobenen Potentials maximaler 
Adsorption muf3 such das Maximum der Stromstlrke bei positiveren Potentialen 
liegen und daher leichter zu beobachten sein als bei Neutralmolektilen. 

Demge~~~~ber wit-d b& viefen anderen Anionen der Strom&fall durch &en rein 
~~e~~tatisch~n Effekt, den ~~s~~schc~ ~Effekt”, verursacht, der van Frumkin~ 
zuerst fur die Red&ion des Wasserstoffions formuiiert und spiiter eingehend bei 
der Red&ion von Anionen unterswcht wurde47*~2-p~s8~60 (vergl. such ref. 18) Er 
beruht in erster Linie auf det Abhzngigkeit der Konzentration getadener Teitchen 
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vom iirtlichen Potential (thermodynamischer Effekt, ausgedrtickt durch die 
Boltzmann-Funktion) 

(c,, = Konzentration im Innern der L&sung, c1 = Konzentration in der “aul3eren 
Helmholtz-Schicht”, wo das Potential y1 gegentiber dem Lijsungsinnern herrscht, 
n = Ladung des Teilchens), daneben auf der Iinderung der fur die Kinetik des 
Ladungstibergangs mal3geblichen Potentialdifferenz, sodal in Gleichung (7) anstelle 
des Potentials E die Differenz (& - y3 zu setzen ist. Die Formulierung (10) bezieht 
sich in dieser Form zunachst auf nicht-adsorbierte Teilchen; indessen besteht kein 
grundsatzlicher Unterschied insofern, als es sich such bei der Konzentration c1 
strenggenommen urn eine F&hen- und nicht eine Volumenkonzentration handelt. 
Bei adsorbierten Teilchen, bei denen die Potentialabhangigkeit der Adsorption durch 
die Isotherme (3) (mit Gleichung (6)) gegeben ist, konnen sich Anderungen des 
y,-Potentials (auher tiber die “wirksame Potentialdifferenz” E - yJ durch einen 
EinfluB auf die grenzfldchennahe Lijsungskonzentration c,=,, auswirken, die in 
Gleichung (3) einzusetzen ist und analog zu Gleichung (10) vom ly,-Potential abhangen 
kann. Da der Potentialverlauf in der Doppelschicht und damit das y,-Potential, 
sofern keine starke Adsorption vorliegt, wesentlich von Konzentration und Art des 
verwendeten Elektrolyten abhiingt, ergibt sich ein EinfluB such dieser Bedingungen 
auf die Geschwindigkeit. 

Jedoch kann der Elektrolyt noch auf andere Weise die Geschwindigkeit solcher 
Elektrodenprozesse beeinflussen, an denen Ionen beteiligt sind, niimlich tiber die 
Bildung von Ionenassoziaten. Diese Erscheinung wurde in zahlreichen Arbeiten in 
Erw&gung gezogen. * Es sind dabei zwei verschiedene Vorstellungen entwickelt 
worden. Im einen Falle wird angenommen, daB zwischen Elektrode und Ion ein dem 
letzteren entgegengesetzt geladenes Ion tritt und so den Ladungstibergang erleichtert; 
diese Ausbildung einer Ionenbrticke findet also unmittelbar an der Grenzflache statt 
und betrifft direkt die Aktivierungsenergie des Ladungstibergangs.? Im anderen 
Falle wird die Bildung von Ionenpaaren, und zwar bereits im Innern der Losung, 
angenommen (wobei zunachst offenbleiben mag, ob es sich dabei urn rein elektro- 
statische Assoziate im Bjerrumschen Sinne handelt oder ob zwischen den Ionen 
die Solvathtille abgebaut wird). Der Verlust (bzw. die Verminderung) der Ladung 
bei der Assoziatbildung bewirkt eine bevorzugte Adsorption, einerseits durch die 
hiermit verbundene Erleichterung des Abbaus der Solvathtille, zum anderen durch 
Ausdehnung des Adsorptionsbereichs zu Potentialen, wo Elektrode und (nicht- 
assoziiertes) elektroaktives Ion gleichnamige Ladung besitzen. Die Bildung von 
Ionenpaaren vermag gegentiber der blol3en Vorstellung von “Ionenbrticken” such 
eine plausible Erklarung fur den Wiederanstieg der Reduktionsgeschwindigkeit von 
Anionen bei recht negativen Potentialen zu geben, der-wie bereits erwahnt-wegen 
des statischen y-Effekts zu erwarten, jedoch wegen des dynamischen y-Effekts 

* vergl. ref. 10, 33, 52, 56, 60, 67, 79, 81, 142, 152, 181-2, 195. 
t Der Reduktionserleichterung von Metallkationen durch adsorbierte Anionen entspricht eine 

Erleichterung der anodischen Auflosung von Metallen ebenfalls durch adsorbierte Anionen, 
welche die Oberflachenatome des Metalls in einen entsprechend gtinstigen Polarisationszustand 
tiberfuhren.l*o 
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unmoglich sein sollte, falls ungepaarte Ionen die Doppelschicht durchqueren mtibten. 
Eine Beteiligung von Ionenpaaren ist urn so wahrscheinlicher, als ihre Bildung 
bekanntlich schon bei gewiihnlichen ein-einwertigen Elektrolyten durchaus merklich, 
bei h~he~ertigen Ionen aber so betr~ch~ich sein kann, daD die freien Ionen schon 
bei mlihigen Elektrolykonzentrationen in die Minderzahl geraten; besonders aus- 
gepragt ist dieser Effekt natiirlich such in nichtwassrigen LGsungsmitteln niedriger 
Dielektrizitatskonstante, wo Art und Konzentration des Elektrolyten aus diesem 
Grunde selbst reversible Halbstufenpo~nti~e bet&h&h beeinflussensl Insbeson- 
dere bei der Diskussion des Elektrol~-~n~usses auf die Geschwindi~eit des 
Ladungstlbergangs bei mehrwertigen Ionen ist diese Erscheinung neben dem Ip-Effekt 
wohl oftmals zu sehr vernachl&sigt worden. Da13 die Assoziatbildung such bei 
einwertigen Ionen angenommen werden kann, mag durch ein Beispiel eigener Unter- 
su~h~gen demonst~ert werden. Es handelt sich urn die Red~onsgeschwindigkeit 
der bei der Reduktion von Ni~overbindungen in einem reversiblen Pritirakt 

R-NO2 + e Y+ R--p;b,- (11) 

gebildeten R~ala~onen. Gestalt und Potentiallage der S~ornspa~~gs~~e 
werden durch das Redo~orm~potenti~ N~ des Vorgangs (11) und die potential- 
abh@ige Geschwindigkeit der Weiterreduktion des Radikalanions festgelegt; dies 
ist durch die Beziehung 

(id = diffusionsbedingter Grenzstrom des 1-Elektronenvorgangs, 1= exp [F(E - Ne)/ 
RT], ‘I?‘($ = Koutece-Funktion,127 7 = k’ - y(12t/7D)l’s/l + 2) zu formulieren>O*Qs 
In Abb. 2 sind am Beispiel von pNitrochlorbenzo1 bei verschiedenen Elektrolyt- 
ko~en~ationen beobachtete Stro~pann~gs~~en, in Abb. 3a die hieraus mit 
Gleichung (12) ermittelten Werte fiir k’ - y wiedergegeben. (Die im Bereich urn 
-0,7 V bei den hoheren Elektrolytkonzentrationen auftretenden striimungsbedingten 
Maxima verhindern bier eine Berechnung : Bereich der gestrichelten Geraden in 
Abb. 3a.) Sowohl links wie rechts vom Knickpunkt* der Geraden im log (&)/+- 
Diagramm zeigt sich eine be~~~htliche Abh~n~gkeit der Geschwindigkeit von der 
Elektrolytkonzentration. Die auf das Potential Ne = -0,7 V (GKE?) bezogenen 
Werte von k’ - y aus beiden Geradenzweigen weisen eine sehr gute Proportionalitiit 
mit der Elektrolytkonzentration auf (Abb. 3b; der Wert fiir cNs+ = 1 ist der Uber- 
sichtlic~eit hafber nicht eingezeichnet; er liegt-wohl aus Grilnden des verringerten 
Aktivit%skoefhzienten f& +-etwas unter der Geraden). Dieser Zusammenhang 1#3t 
sich durch einen bloBen y-Effekt auf die Red&ion der Radikalanionen kaum 
quantitativ deuten, sondern ist am verniinftigsten durch die Bildung von Ionenpaaren 

(R-NO,- * - - Na+) zu verstehen. Die Konzentration der letzteren ist durch das 
Assoziationsgleichge~cht 

cup = K ’ CBA ’ CNa” (13) 

* Dieser Knickpunkt 1st vermutlich dadurch bedingt, daQ bei positiveren Potentialen die 
Sekund&rreduktion in einer Umgebung adsorbiertcr Depolarisator-Molekiile, bei negativeren 
in einer solchen von ~s~~~tte~ole~en bzw. der schwlicher adsorbierten Reduktions- 
produkte stattfindet. 

t GKE = getittigte Kalomel-Elektrode. 
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E IV,GKEJ 

ABE. 2.-Stromspannungskurven vonp_Nitrochlorbenzol bei verschiedenen Elektrolyt- 
konzentrationen. Depolarisator 2 . 100‘ m, 30% Methanol, 0,02 n NaOH. Von links 

nach rechts Zusatz von 0,98 n, 0,28 n, 0,08 n, 0,02 n, 0 n NaCl. 

‘96 -87 -old 

E [v.GKEI 

0 Qr 42 93 

C~.IMOl/11 

AEIB. 3.-(a) Geschwindigkeitskonstante 
des SekundiIrprozesses bei verschiedenen 
Elektrolytkonzentrationen, aus Abb. 2 
berechnet mit Gleichun (12); c&+: 

8 x l,o; 0 0,3; 0 0,l; 0,04; A 0,02 
Mel/l . 

ABB. 3b.-Anderung der Geschwindig- 
keitskonstanten mit der Elektrolytkon- 
rentration, aus Abb. 3a, fit -0,7 

V (GKE). 

(IP = Ionenpaar, RA = Radikalanion, K = Assoziationskonstante) gegeben. Da 
sich die Formulierung von Gleichung (12) auf die (in der Lijsung vorherrschenden) 
Radikalanionen bezieht, in Wahrheit aber die Ionenpaare den Ladungstibergang 

bewirken, ist das experimentell zugangliche Produkt k - y in der GrSBe 7 als 

k-y =i&..yrr’K’cN,,+ (14) 

anzusetzen und damit-wie experimentell gemaD Abb. 3b-der Na+-Konzentration 
proportional. Die AktivitHt der Radikalanionen bleibt von der Ionenstiirke nahezu 
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unbeeinflu&, da sich der aktivitriitserhohende “Aussalzeffekt” und der aktivitats- 
mindernde elektrostatische Effekt bei steigender Ionenstarke offenbar weitgehend 
aufheben. Dies geht aus Tabelle I hervor, in welcher der Aktivitatskoefhzient fN des 
Depolarisators aus dessen Sdttigungskonzentration, das Verhaltnis der Aktivitats- 
koeffizienten fRd/fN aus dem Halbstufenpotential der reversiblen Reaktion (1 l)*) mit 
der Beziehung 

RT fm &r12 = Ne - - * In - 
F fN 

(Ne = -0,700 V, GKE) ermittelt wurde. 

TABELLE I.-SATTIGUNGSKONZENTRATION cs,N VON p-NITROCHLDRBENZOL 
(BEI 4 % METHANOL) UND HALBSTUFENPOTENTIAL El/s DES PRJMkVORGANGS 

(11) (BEI 30 % METHANOL) sowm DARAUS BBREC~TE AKTIVITXTSKO- 

EFFIZIBNTEN VON DEPOLAIUSATOR UND RADIKALANION BE1 

VERSCHIBDENEN SALZKONZENTRATIONEN 

ma+ c*,rrlo8, -Q/a, 

Mel/l. Moljl. fN V,GKE fBA/fN fRA 

(15) 

0,02 1,32 1,008 0,699, 0,98 0,99 

0904 1,31 1,015 0,699 0,96 0,97 

021 I,26 1,055 0,698r, 0994, 0,99 

033 1,19 1,12 0,695 0,82 0,92 

190 0,93 1,43 0,691, 0,71, I,02 

Noch augenscheinlicher ist der EinfluB der Ionenstarke im Falle der Red&ion 
in Gegenwart von Inhibitoren als Folge der Bildung von Ionenpaaren zu verstehen. 
Durch den Verddngungseffekt des Inhibitors (vergl. hierzu Abschnitt 3) ist der 
Adsorptionskoeflizient y so weit herabgesetzt, da13 die Reduktion erst bei sehr vie1 
negativeren Potentialen infolge Vergrijherung der Geschwindigkeitskonstante merklich 
wird.s0*107 Wie aus Abb. 4 und 5 hervorgeht, ist der Einflul3 der Elektrolytkonzen- 
tration hier sogar noch griiBer, wahrend ein etwaiger w-Effekt bedeutend kleiner als 
in inhibitorfreien Losungen sein mu&e. (Die Elektrodenladung ist in diesem 
Potentialbereich-wie aus Elektrokapillar- und Kapazitiitsmessungen hervorgeht- 
bedeutend geringer als in Abwesenheit des Inhibitors; damit entfallt die Potential- 
differenz zu einem noch grbl3eren Anteil auf die adsorbierte Schicht, und das 
y-Potential auBerhalb derselben und seine Anderungen mit der Elektrolytkonzen- 
tration werden geringer.) Bei der Diskussion des gegentiber den inhibitorfreien 
Liisungen erhohten Einflusses der Elektrolytkonzentration mul3 man berticksichtigen, 
daB neben der Zunahme der Ionenpaarbildung durch ErhShung der Elektrolyt- 
konzentration eine Veranderung des fur yip mahgeblichen Adsorptionsverhaltens 
des Inhibitors (vergl. Abschnitt 3) erfolgt : seine Aktivitat, d.h. das chemische 
Potential ,u, wird zwar erhiiht, jedoch wachst gleichzeitig die GrijBe /? [Gleichung (6)], 
wie sich an der Einengung des Adsorptionsbereichs zeigt. Infolgedessen findet bereits 
eine zunehmende “Auflockerung” der Inhibitorschicht und zunehmende Ionenpaar- 
Adsorption statt. 

Auch wenn eine chemische Grenzflachenreaktion geschwindigkeitsbestimmend 
ist, kann die Beziehung (2) angeschrieben werden, und bei maBiger Adsorption gilt 

* Ermittelt in Gegenwart eines Inhibitors, der die Weiterreduktion des Radikalanions bei dlesem 
Potential verhindert. 
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EIKGKEI 

ABB. 4.-Stromspanmmgskurven von Nitrobenzol bei Inhibitor-Gegenwart und ver- 
schiedenen Elektrolytkonzentrationen. Depolarisator lo-* m, 20% Methanol, 0,Ol n 
NaOH, 0,15 % Campher. Von links nach rechts Zusatz von 099 11, 429 n, 0,09 n, 

0,02 n KCI. 

-1. 

3.2 

r& p I I 
3 

-2- 

-3 

? 

-10 -1.1 -/2 -/3 

E CKGKEI 

AJSB. 5.-(a) Gesehwindigkeitskonstante 
des Sekundslrprozesses bei versebiedenen 
Elektrolytkonzentrationen, ans Abb. 4 
bereobnet mit Gleichung (12) (I = 0); 
eNa+ + err+: x 1,o; 0 0,3; 0 0,l; 

.0,03 Mel/l. 

0 92 93 
c~++c~.+tMol/ll 

&IB. 5.--(b) Anderung der Gesehwindig- 
keitskonstanten mit der Elektrolytkon- 
zentration, aus Abb. 5(a), fiir -1,2 

V (GKE). 

daher Gleichung (4). Die Geschwindigkeitskonstante k enthglt nun die Konzen- 
tration des Reaktionspartners. Wirkt such dieser im adsorbierten Zustand und ist er 
maBig adsorbiert, so kann such 

geschrieben werden. Die Konstante k zeigt nun keine derartige PotentialabhQigkeit, 
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wie sie fiir den Ladungstibergang durch Gleichung (7) formuliert wurde; setzt man 
sie in erster N%herung potential~abh~n~g an, so erhalt man unter Verwend~g von 
Gleichung (6) ftir yl und ya 

Allerdings kann such in diesem Falle eine gewisse Potentialabh~ngi~eit der Konstante 
k vorliegen, da die adsorbierten Teilchen unter dem EinfluS des (mit dem Potential 
veranderlichen) starken elektrischen Feldes in der Grenzschicht ihre Eigenschaften 
Pndern k&men, wie z.B. Grabowski und Kemula’r zeigten. 

Mit diesen Obe~~chenre~tionen, die in der Polarographie organischer Ver- 
bindungen wahrscheinlich eine sehr bedeutende Rolle spielen (vor allem Protonen- 
Gberg&rge im Bereich niedriger pH-Werte 70*s3*1e@) hat sich besonders Mairanovskiil” 
theoretisch und experimentell eingehender beschilftigt. Oftmals werden dabei die 
nach Gleichung (17) zu erwartenden Maxima in den Stromspann~gs~rven 
beobachtet. Ein Beispiel aus eigenen Arbeiten stellt die erste Redu~onsstufe von 
Ninhydrin (sowie &nlicher, hydratisierbarer Di- bzw. Triketoverbindungen) in 
alkalischen Losungen dar. In diesem Falle liegt der Depolarisator in Losung vor 
allem in hydratisierter und dissoziierter Form vor, aus der das dehydratisierte 
Molekiil, das allein bei den relativ positiven Potentialen dieser ersten Stufe reduzierbar 
ist, erst gebildet werden muB:s2 

-co o- -co 

Y --f &OH-. 

--&OH 
/ 

--co 

Diese Reaktion kann sowohl als Losungs-(Volumen-) wie als Ober&henprozess 
ablaufen. Wghrend in inhibitorfreien Liisungen beide zugleich erfolgen und sich als 
Folge des Obe~~chen~teils ein ~hara~eristisches Maximum ausbildet (en~prechend 
Gleichung (17) oder einer lihnlichen Formulierung), bleibt in Gegenwart eines 
Inhibitors, der die Oberlllchenreaktion ausschaltet, nur die Volumenreaktion mit 
einem praktisch potentialunabhangigen Grenzstrom bestehen (Abb. 6). 

Oberflachenreaktionen liegen vermutlich such der Stufenvorverlagerung bei der 
Red&ion von ~overbindungen in Gegenwa~ m@iger Konzentrationen adsorbierter 
Gelatine (die als Protoneniibertrager wirken kiinnte) zugrunde.se*9B (Zu diesen Fragen 
vergl. such ref. 107,186) 

Weiterhin ist hier noch die katalytische Wasserstoffentwicklung zu erw&hnen, 
deren Ursache darin zu sehen ist, dab die an sich wenig zur Adsorption neigenden 
WasserstofBonen in Form der Kationen besonders von Stickstoffbasen in den 
adsorbierten Zustand iiberfiihrt und leichter reduziert werden kijnnen. Geschwin- 
digkeitsbestimmend kann sowohl der Protonentibergang auf die Stickstoffbase (im 
adsorbierten Zustand) wie such der Ladungsiibergang sein. Neben den bereits 
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erwPhnten ersten Untersuchungen von BrdiZkal’ liegen hierzu zahlreiche weitere 
Arbeiten vor, van denen hier nur wenige genannt werden k6nnen;44~‘65~167,1*Q im 
iibrigen mu13 auf ausftirliche Ubersichten59~16B verwiesen werden. 

Sc~e~~ch soll-im Zusa~e~~g mit der Adsorption der R~~onsp~er 
und als ffberleitung zu den im niichsten Abschnitt zu besprechenden Inhibitions- 
effekten-noch die Erscheinung der “Autoinhibition” erwfihnt werden. Eine solche 

& CV.GKEI 

ABB. C.-Die erste R~~tion~t~e von Ninhyrin ~Vo~t~e”) in alkalisher L&ung. 
Depokrisator 10-* m, 10% Methanoi, pH 144 (0,05 m Phenol + 0,037 m NaOH): 

ohne Zusatz, ----0,1X Campher. 

Eigenhemmung findet in erster Linie dann statt, wenn das Prod& des Elektroden- 
prozesses selbst stark adsorbiert ist, sodah es die Gberllache blockiert, d.h. die fiir 
die Geschwindigkeit des Vorgangs maBgebliche Adsorption des Ausgangsstoffes 
herabsetzt. Dieser Effekt wird sowohl bei organischen wie anorganischen Stoffen 
beobachtet (vergl. z.B. ref. 11, 122, 190,202,204). Als Beispiel ist in Abb. 7a die 
Oxydationsstufe von Hydrazobenzol wiedergegeben, die urn so irreversibler wird, 
je hoher die Ko~n~ation ist, je mehr Azobenzol also gebildet wird uud je dichter 
daher dessen Adsorptions&n ist. Dal3 es sich tatsachlich ll~ll eine Wirkung des 
Oxydationsproduktes handelt, l&St sich leicht dadurch zeigen, da13 dieselbe Irrever- 
sibilit&t such dadurch hervorgerufen wird, da13 bei niedriger Hydrazobenzol-Kon- 
zentration Azobenzol zugesetzt wird (Abb. 7b). 

H&fig werden solche He~un~erscheinungen such beobachtet, wenn das 
Prod& der Elektrodenreaktion einen unltjslichen Niederschlag bildet, so etwa bei 
der Oxydation des Quecksilbers in Gegenwart von Chlorid (Bildung von Hg2ClJ104 
oder anderer Anionen, mit denen es schwerlasliche Salze bildetm (vergl. femer ref. 
83). Diese Erschein~gen sind der “Passivie~g” von Metallen infolge anodischer 
Deckschichten-Bildung analog. 

Unter bestimmten Umstanden kann such der Ausgangsstoff selbst eine Hemmung 
austiben, n&nlich dann, wenn der Primarprozess reversibel verlauft und der geschwin- 
~gkeitbesti~ende Schritt mit dem Prod& dieser Primarreduktion erfolgt, wie es 
bei den Ni~overbindungen der Fall ist (vergl. die Deutung der Knickpunkte in 
Abb. 3a). 
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ADSORPTIONSISOTHERME-ADSORPTIONSVERDRliNGUNG 

In diesem Abschnitt soll kurz dargestellt werden, welche Ursachen fur die 
Adsorption maBgeblich sind, wie sich die Adsorption beschreiben Ia& bzw. von 
welchen Faktoren sie im wesentlichen beeinfluht wird (potentialabhlngige Adsorp- 
tionsisotherme), wie die konkurrierende Adsorption zweier Adsorbate zu formulieren 
ist (Adsorptionsverdr&rgung des Depolarisators durch Inhibitoren) und welche 
Folgen diese Konkurrenz-Adsorption fur die Geschwindigkeit des Elektrodenvor- 
gangs hat. 

-g2 94 -0,s -82 -0.4 -0.6 
EIb!GKEI 

hB. 7.-Stromspannungskurven von Hydrazobenzol (Oxydation), pH 10. (a) bei 
verschiedenen Konzentrationen, von links nach rechts: 1,6; 0,s; 0,32. lo-’ Mel/l 

(Stromsttike bezogen auf den Grenzstrom). 
(b) Hydrazobenzol 0,32. lo-’ Mel/l, Zusatz von Azobenzol von links nach rechts: 

1,28; 0,8; 0. 10-a Mel/l. 

Hinsichtlich der Ursachen der Adsorption sei zunachst bemerkt, dal3 gewisse 
Analogien mit der Tendenz zur Bildung von Niederschlagen bestehen, sodal auch- 
unter sonst gleichen Umstinden-quantitative Zusammenhange zwischen Adsorption 
und Liislichkeit beobachtet werden konnen .6s Die Ursachen der Adsorption (vergl. 
hierzu such ref. 163) lassen sich in folgende drei Gruppen klassifizieren: 

(a) Die Wechselwirkung zwischen Lijsungsmittelmolekilen untereinander ist 
stirker als diejenige zwischen ihnen und gel&ten Molekiilen, sodaB letztere- 
besonders beim Vorliegen “lyophober” Gruppen-bestrebt sind, sich an einem Ort 
anzureichern, wo sie sich, zumindest teilweise, dem Losungsmittel entziehen kiinnen. 
(Das Einbringen des Molektils etwa in Wasser zerstijrt eine Reihe von Wasserstoff- 
Brtickenbindungen, ohne ein Equivalent an Hydratationsenergie zu liefern. In 
nichtwassrigen Liisungsmitteln ist die Adsorptionstendenz, analog zur erhijhten 
LSslichkeit, besonders bei organischen Stoffen meistens wesentlich geringer. Darum 
bereitet es oftmals Schwierigkeiten, geeignete Maximadampfer zu finden; such 
fehlen haufig charaketristische Kennzeichen der Adsorption;73 jedoch lassen sich 
unter geeigneten UmstPnden such hier die Hemmungserscheinungen adsorbierter 
Inhibitoren beobachten.llO) W o d iese Ursache der Adsorption mahgeblich ist, ist 
sie zweifellos such verantwortlich fur die oftmals vermutete Erscheinung,l16 daB bei 
mahigen Bedeckungsgraden keine statistische Verteilung der Adsorbatmolektile auf 
der Grenzflache vorliegt, sondern zusammenhangende Bereiche vollstandiger Bedek- 
kung und “freier Oberflache” (d.h. durch Liisungsmittelmolekiile besetzter) neben- 
einander existieren.lO’ Hiermit in Zusammenhang steht such die Abhangigkeit der 
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Adsorptionstendenz107 und der Inhibitorwirkungs6 polymerer Produkte vom 
Polymerisationsgrad. 

(b) Zwischen dem Metall und den angrenzenden Lijsungsmittel- bzw. adsorbierten 
Molekiilen werden Wechselwirkungskrafte bet&@. Sie beruhen vor allem auf 
Wechselwirkungen zwischen den Leitungsbandelektronen des Metalls und freien 
Elektronenpaaren bzw.-besonders bei aromatischen Molektilen-dem ?r-Elektronen- 
system des Adsorbats.25*31*6a*101*17@-1 D ieser Effekt triigt also zur Adsorptionsenergie 
bei, wenn die Wechselwirkung des Metal& mit dem Adsorbat gr613er als mit dem 
Lijsungsmittel ist. Gelegentlich treten such regulgre kovalente Bindungen auf, etwa 
mit solchen Anionen, mit denen schwerlijsliche Hg-Verbindungen gebildet werden7a 
und insbesondere mit Schwefelverbindungen. Hinzu treten die Wechselwirkungen 
der adsorbierten Teilchen untereinander (bzw. zwischen den am gleichen Ort befindli- 
then Liisungsmittelmolekiilen untereinander). Hierbei sind nattirlich such die 
geometrischen Verh&nisse von Bedeutung, sodaB etwa starke Unterschiede zwischen 
Stereoisomeren beobachtet werden kijnnen .117.205 Welcher der unter (a) und (b) 
genannten Effekte fur die Adsorption in erster Linie verantwortlich ist, h%ngt wesent- 
lich von der chemischen Natur des Adsorbats (und nattirlich such den Eigenschaften 
des Losungsmittels) ab. So wurde z.B. festgestellt, da13 bei der Adsorption von 
n-Decylamin (an festen Metallen) beide Effekte je etwa zur Hiilfte zur Adsorptions- 
energie beitragen.15 

(c) Schliehlich werden elektrostatische Wechselwirkungen betltigt, und zwar nicht 
nur mit Ionen sondern-tiber permanente und induzierte Dipole-such mit Molektilen 
(also such mit denen des Losungsmittels). Diese Krtite sind im wesentlichen fur die 
Potentialabhangigkeit der Adsorption verantwortlich. Sie treten zunachst-in 
Umgebung des Ladungsnullpunktes-im allgemeinen hinter den unter (a) und (b) 
genannten Effekten zurtick, sodal durchaus gelegentlich Dipole dem in der Grenz- 
schicht herrschenden Feld entgegengesetzt ausgerichtet sind und damit primiir zu 
einer gewissen Schwgchung der Adsorption&raft fiihren. Andererseits kann die 
Orientierung des Molektils such potentialabhtingig sein, so etwa bei Anilin, das 
gewiihnlich in “senkrechter” Lage adsorbiert wird, jedoch bei positiven Elektroden- 
potentialen in eine Parallellage umorientiert wird, da die n-Elektronenwechselwirkung 
mit dem Metal1 dies begtinstigt. 31*206 Als weiteres Beispiel sei die Adsorption des 
Ionenpaares N(C,Ho),+J- genannt, bei der zunHchst das Anion zum Metal1 orientiert 
ist, jedoch mit negativer werdendem Potential kurz vor der Desorption eine Um- 
orientierung erfolgt, sodal das Ration zum Metal1 weist.58 

Die Methoden zur Untersuchung der Adsorption sind recht zahlreich; ihre 
Literatur kann hier such nicht annahernd vollsttindig berticksichtigt werden. Immer- 
hin mag eine kurze Zusammenstellung den Uberblick erleichtern. Soweit nicht 
Verfahren angewandt werden, mittels derer die GrenzlXchenkonzentration selbst 
ermittelt wird, etwa durch Verwendung radioaktiver Stoffe 6.13.15.150.163.103 oder durch 

spektralphotometrische Messungen, 26,110 beruhen die Methoden meistens in dieser 
oder jener Form auf der grundlegenden thermodynamischen Beziehung 

da= -l?.dp-Q.dde (19) 

(0 = GrenztXchenspannung, ,u = chemisches Potential = p. + RT * In c, Q = Elek- 
trodenladung, E = Elektrodenpotential). Die gemessenen GriiBen sind dabei die 

16 
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Grenzfl&henspannung, die Elektrodenladung oder die Elektrodenkapazitit (dQ/de). 
Klassische Verfahren sind die Elektrokapillarmessungen,68 Kapazititsmessungen 
mittels Wechselstrom176 (vergl. such ref. 64,75) und die Bestimmung der Elektroden- 
ladung aus dem “Kapazititsstrom”?s Ftir die Untersuchung der Adsorption auf 
Grund der ilnderung der Elektrodenladung (bzw.-kapazitit) sind verschiedene 
Abwandlungen verwendet worden,lw so die Wechselstrompolarographie (bzw. 
“Tensammetrie”),n’s’r,ss die “oszillographische Polarographie” mit kontrolliertem 
Strom***1o6 bzw. linear vergnderlicher Spannung,sss4a*168 die Hochfrequenzgleich- 
richtung (“faradaic rectification”),a Messungen mit Rechteckwellen (“square-wave 
polarography”)* sowie verschiedene galvanostatische oder potentiostatische Ein- 
schaltvorgange ((‘Chronopotentiometrie”, “~a~e~en”)8.a3.48.1~.l~.I~.l~.l~.166 

(vergl. such ref. 111). 
Die Beschreibung der Adsorption durch rein thermodynamische Zusammenhtinge 

ist nur im Bereich sehr schwacher (“verdtinnter”) Adsorption miiglich, wo man 
Grenztl&henaktivit&t und. konzentration gleichsetzen kann (analog dem idealen 
Gas- bzw. Henryschen Gesetz usw.), sodaS man zur linearen Beziehung (3) kommt. 
Im allgemeinen liegt jedoch ein typisch “realer” Zustand vor, da schon bei mldigen 
Bedeckungsgraden eine Konkurrenz der adsorbierten Teilchen urn die besetzbare 
Flache sowie Wechselwirkungen der adsorbierten Teilchen untereinander einsetzen. 
Die theoretische Entwicklung von Zusammenhlngen beruht daher auf Modellvor- 
stellungen, aus denen eine Reihe verschiedener “Adsorptionsisothermen” abgeleitet 
wurden (vergl. z.B. Parsons172*174 ). Es hat sich jedoch gezeigt, da13 die Langmuir- 
Isotherme (von Langmuir1s7 zunlchst auf kinetischem Wege fur die Adsorption von 
Gasen an Festkiirpern abgeleitet), vor allem in ihrer durch Frumkin4* modiftzierten 
Form, in sehr zahlreichen Fallen die experimentell gefundenen Zusammenhange 
befriedigend beschreibt. * Die Langmuir-Frumkin-Isotherme kann in der Form 

geschrieben werden. Der Quotient vor dem Exponentialausdruck beriicksichtigt die 
Begrenzung der Zahl adsorbierbarer Teilchen, indem die Grenzflache in “Zellen” 
vom AusmaB eines Teilchens eingeteilt und das chemische Potential aus der Zahl der 
Realisierungsmiiglichkeiten statistisch hergeleitet wird. Das Glied A - 0 im Expon- 
enten gibt die infolge der Adsorption vergnderte Wechselwirkung der in der Grenz- 
schicht vorhandenen Teilchen untereinander nliiherungsweise durch einen dem 
Bedeckungsgrad 8 proportionalen Energieterm an. (Bei negativem A kann dieser 
Effekt such durch die Bildung von Molekiilassoziationen im adsorbierten Zustand 
beschrieben werden.1GB148*16s) Ap bedeutet den Unterschied der chemischen Potentiale 
in Lbsung und adsorbiertem Zustand unter Standardbedingungen (c = 1 bzw. 
8 = l/2; letzteres ftir “ideales Verhalten”, d.h. bei fehlenden Wechselwirkungs%nde- 
rungen). Die Energiegrohe A,u ist sowohl fur Ionen wie fur Neutralmolektile 
potentialabhlngig, und zwar werden die experimentellen Ergebnisse im allgemeinen 
gut beschrieben, wenn 

Ap = Ap,, + ,u’ - E i- y” - e2 

* vergl. ref. 29, 30, 134-5, 139, 148, 163, 191. 

(21) 
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angesetzt wird. Die Isotherme (20) kann daher in der potentialabhlngigen Gestalt 

8 

c = --e * exp 

&,, + ,u”(s - em)” + A - 0 

1 C RT 1 (22) 
geschrieben werden, wobei cm = -$/2p”“, Ah = A,uu, - /.d’Ema. Die physikalische 
Deutung des Zusammenhangs (21) gab Butler :e8 das Einbringen eines Permanent- 
dipols (oder Ions) in das elektrische Feld der Phasengrenze erfordert (bzw. liefert) 
eine der Feldstike (die mit dem Potential niiherungsweise linear zusammenhangt) 
proportionale Energie; da zusiitzlich ein Dipol induzierbar ist (der proportional dem 
Feld wgchst), liegt aul3erdem ein quadratisches Glied vor ; gleichzeitig werden 
entsprechende Energiebetrgge durch das Herausbringen van L6sungsmittelmolekiilen 
aus der Phasengrenze umgesetzt. Es hiingen daher die Griil3en pL) mit der Differenz 
der Dipolmomente von Adsorbat und Solvens, CL” mit den Polarisierbarkeiten beider 
Molektile zusammen. Im Prinzip dasselbe-jedoch in einemfiir reale Verhaltnisse 
ntitzlicheren Ausdruck-bedeutet eine Formulierung von Frumkin,4s-Q die wie folgt 
geschrieben werden kann : 

$=NL. yF,L-_F ( Lm max,A A 

1 

‘” = 2 * rmax,A 

Darin bezeichnen die Indizes “A” bzw. “Lm” adsorbierten Stoff bzw. L6sungsmitte1, 
,u und 1 sind GrbDe und LInge des molekularen Dipols in Feldrichtung, C sind die 
differentiellen Doppelschichtkapazitn bei dem angeschriebenen Bedeckungsgrad. 
(N, = Loschmidtsche Zahl.) Unter Umstanden kann such die WechselwirkungsgrSDe 
A in Gleichung (20/22) mit dem Potential veriinderlich sein.28s”*m1 

Bei einer gleichzeitigen Adsorption mehrerer Teilchensorten, wie sie im Falle der 
Hemmung von Elektrodenprozessen durch Inhibitoren infolge Adsorptionsver- 
dr&gung vorliegt, kommt man bei unterschiedlicher Teilchengriihe mit der einfachen 
Langmui-Frumkin-Isotherme nicht mehr aus. (Die Langmuir-Isotherme wird z.B. 
von Lorenz und M5cke1145 der Beschreibung der Adsorptionsverdr&xgung zugrunde- 
gelegt. Auch Gierst et al.Ss setzen auf Grund dieser Beziehung die Reaktionsge- 
schwindigkeit der “freien Oberfliiche”, d.h. der Konzentration “monomolekularer 
L&her” und diese der Inhibitorkonzentration umgekehrt proportional an, was im 
allgemeinen nicht zutreffen wird.) Wir haben daher bereits in vorhergehenden 
Arbeiten eine Adsorptionsisotherme hergeleitet, die die unterschiedliche MolektilgrGBe 
(genauer : den unterschiedlichen FlSichenbedarf verschiedenartiger Molekiile im 
adsorbierten Zustand) beriicksichtigt. so*113 Analoge Uberlegungen fiihren bei einer 
Einstoff-Adsorption-wenn man dem unterschiedlichen Flachenbedarf von Losungs- 
mittel- und Adsorbatmolektil Rechnung tragt-fir das chemische Potential des 
Adsorbats im adsorbierten Zustand zu dem Ausdruck 

kda = &ds, 0 1 - 19, + i * 0, (25) 
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worm x1 das Verhaltnis des Fllchenbedarfs von Adsorbatmolekiil (PI, z.B. in A21 
~olek~i) und ~sun~~ttelmole~ (PO) angibt: 

x1 = P1IPO (26) 

Daraus folgt bei Gleichsetzen mit dem chemischen Potential in Losung bL = 
pL,@ + RT l In c) und unter Be~cksichtigung eines Wechselwirkungsterms A& 
analog zu Gleichung (20) die Isotherme* 

%= 
(1 - 4P * Xl 

* exp A/JX + A& 
1 

(27) 
RT 

Zu einer gleichlautenden Beziehung karm man such, wie kiirzlich von Bockris und 
Swinkel@ formuliert, kommen, wenn man fiir das Gleichgewicht 

(A)LB~ + Xl(H@),,, + (A)ads + xl(H2%~, (28) 

die thermod~a~sche Gleichge~~htsbeziehung auf Grund des ~as~~~k~gs- 
gesetzes anschreibt. 

Fur die konkurrierende Adsorption zweier Stoffe ergibt sich weiterhin (vergl. 
hierzu unsere vorhergehenden ArbeitensoelX3) 

und-durch Index-Vertauschung-ein entsprechender Ausdruck fib ca. (Ala beriick- 
sichtigt die Wechsel~rk~g beider Adsorbate untereinander.) 

Fur die Diskussion der Adsorptionsverdrdngung als Ursache der Inhibitorwirkung 
ist nun-eher als die blob graduelle Beeinflussung bei miihigen Bedeckungsgraden- 
vor allem der Fall starkerer Hemmung info&e vorherrschender Inhibitoradsorption 
interessant, Bezeichnet man mit dem Index “1” den In~bitor, mit YY den elektro- 
aktiven Stoff, so gilt unter diesen Umst&den 

e2 <e,= 1, (1 - 8, - e,) < 1 (30) 

und durch entsprechende Vereinfachung erhiilt man aus Gieichung (29) (und der 
entsprechenden Beziehung fiir ca> den Ausdruck 

B2+ x * exp 
x~J~-&J,-I- x&l -42 

RT 1 
(31) 

x = x2h = P2Pl (32) 

* Es mag noch erwahnt werden, daB fiir groBe Molekiile, d.h.fii x1% 1, diese Zsotherme durch 
Umformung und unter Verwendung der Beziehung lim [l + x/r@ = ex in die Volmersche 

n--K0 

e e .-. c = const I _ e exp i_e f > 

(die die Adsorptionsschicht als “xweidimensionales Gas” behandelt und nach neueren 
Uberlegungenr~~84 in etwas abgewandelter Form wieder diskutiert wirdn4), ftir x1 = 1 hingegen 
in die Langmuir-Frumkin-F-Isotherme tibergeht, sodaD sie zwischen beiden eine nicht nur 
formale Beziehung (wie in ref. rap) herstellt. 
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Dieser Zusammenhang la& sich anschaulicher such aus dem Gleichgewicht 

X*(Al)aas + xx(A2)Ll% = xz(A&i, + xd4Ls 
iiber die zugehijrige Gleichgewichtskonstante 

(33) 

(34) 

herleiten, da aus letzterer fiir vorherrschende Inhibitoradsorption (I?, = I’l,ma.J und 
mit Gleichung (32) 

ra = K’ - C2 - p (35) 

hervorgeht, was ganz analog zu Gleichung (31) ist. Auch durch Formulierung 
kinetischer Gleichungen Id& sich dieser Zusammenhang, wie wir friiher zeigten,90 
veranschaulichen. 

Es sei noch bemerkt, daB der Fltichenbedarf eines Molektis des elektroaktiven 
Stoffes nicht unbedingt derselbe ist wie in Abwesenheit der Inhibitoradsorption, da 
durch sterische Verhlltnisse und Wechselwirkungen eine von Inhibitor zu Inhibitor 
variable Orientierung des elektroaktiven Teilchens erzwungen werden kann. Anstelle 

van % = r2/r2,max schreibt man daher besser 

08 = x * wi,max (36) 

Die Gleichung (31) zeigt, da13 bei vorherrschender Inhibitoradsorption fiir den 
elektroaktiven Stoff eine lineare Adsorptionsisotherme nach Gleichung (3) vorliegt. 
Der Adsorptionskoeffizient ys ergibt sich-mit Gleichung (36)_zu 

r 
y2 = $5. exp ~444 - 444 + x41 - A,, 

RT 1 (37) 

Die Abhsngigkeit vom Potential, die hier nur angedeutet ist und durch Beziehungen 
wie (21) beriicksichtigt werden mu& sowie diejenige von der Inhibitor-L&ungs- 
konzentration kann such in der Form 

In yz = const - x In cl + ‘“‘ki !Jz” . (E - qJ2 

&&f = 
Xi4”%n1 - P2”%2 

WC - Pa” 

(3% 

geschrieben werden. Der Adsorptionskoefiient kann demnach innerhalb des 
Adsorptionsbereichs des Inhibitors-ftir den allein diese Beziehungen wegen der 
Bedingung (30) gelten-ein Maximum oder ein Minimum durchlaufen; seine 
Potentialabh%ngigkeit kann such sehr schwach sein. 

Da die Geschwindigkeit des Ladungsiibergangs im adsorbierten Zustand von der 
Inhibitor-L6sungskonzentration (immer bei vorherrschender Inhibitoradsorption) 
iogherungsweise unabhlngig ist, mu13 man daher such fiir das der Messung unmittelbar 

zuglngliche Produkt G - y2 (Gleichung (4)) eine Beziehung 

ln(i;*y&=f(e)--*lnc, (40) 
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hB. 8.-Formale Geschwindigkeitskonstante (c y) der Reduktion von Methylorange 
in Abhiingigkeit von der Inhibitorkonzentration. Depolarisator 3 . lO_’ m, 30% 

Methanol, pH 12, E = -0,875 V, GKE. Inhibitoren: 
0 Benzonitril, x p-Tolunitril, t3 Diphenylsulfoxyd, 0 Triphenylphosphinoxyd, 

A Tylo~esL600. 

TABELLEII.-MOLEKULARIIR P~~CHENBEDAR~VER~CHIEDENERINHI- 
BITOREN(P~),EXPoNENT~WNDMOLEKULARER FLjlCI-IJWBBDARF VON 
METHYLoRANGE (p3INADSORPTIONSSCH[I~ENDIESERINHIBITOREN 

(NACH REF."'). 

Inhibitor 

Benzonitril 24 232 53 
p-Tolunitrll 31 2,4 74 

Diphenylsulfoxyd 45 0,75 T~phenylphosp~oxyd 5:: 455 :4 
Methylzelluiose OS 55 

(“Tylose SL600”) 
ohne Inhibitor - - 53 

erwarten. Diesen Zu~mmenhang haben wir fiir verscbiedene Systemeverif%ert.B*~z-s 
Auch die ~~ttelbare Messung des Adso~tionkoe~ienten ys unter vorherrschender 
Inhibitoradsorption gelang durch Faraday-Impedanz-Messungen an einem (such 
nnter diesen Urns&den) reversiblen Redoxsysteml”r und entsprach den Erwartungen. 
Eine entsprechende Beziehung wie Gleichung (40) ist such frtiher schon empirisch 
a~gefunden worden. 3e Die hier entwickelte Potentialabh~n~gkeit wurde ebenfalls 
beobachtet und mit Uberlegungen lrn begrtindet, die mit der hier gegebenen Formulie- 
rung zwar nicht direkt iibereinstimmen, jedoch in engem Zusammenhang stehen 
(vergl. such ref. 147, 165). 

Als Beispiel sind in Abb. 8 die Logarithmen von k - ye fur Methylorange als 
Depolarisator gegen diejenigen der Ko~~a~o~ verschiedener I~bitoren auf- 
getragen , -112 die GriSDe x (‘Neigung der Geraden) andert sich in entgegengesetzem 
Sinne wie die GrBBe der Inhibitormolekiile, wie dies nach Gleichung (32) zu erwarten 
ist. Eine genauere Untersuchung unter Zuhilfenahme von Elektrokapillarmessungen, 
aus denen P1 direkt bestimmt wurde, zeigte jedoch, dal3 der Flgchenbedarf des 
elektroaktiven Teilchens je nach dem umgebenden Inhibitor verschiedene Werte 
annehmen kann.l13 Entsprechende Ergebnisse sind in Tabelle II wiedergegeben. 

In der zitierten Arbeitlls wurde such eine quantitative Auftrennung der mit der 
Adsorptionsverdr%gung verbundenen Effekte durchgefiihrt, und zwar auf Grund der 



aus den Elektrokapillarmessungen weiterhin bestimmten EnergiegriiDen (char- 
akterisiert durch Ap,, Aps, A,,, A1r in Gleichung (37)); in diesem Zusammenhang 
konnte wahrscheinlich gemacht werden, da0 die je nach Inhibitor verschiedene 
~en~e~g des elektroaktiven Teilchens, wie sie in den ~~~c~~ichen Ps-Werten 
zum Ausdruck kommt (Tab. II; fiirp-Aminoazobenzol als Depdarisator treten ncch 
wesentlich grol3ere Unterschiede aufns), erheblich mr Aktivierungsenergie des 

Ladungsiibergangs beitrggt und damit also die ~sch~ndigkei~kons~nte G ver&dert 
wird. (Die Abh~~~gk~t der Adso~~ons~er~e van der G~en~~g~~ ist demge- 
genuber in der hier gew%hlten Darstellung in den Differenzen der A-GriSaen enthalten.) 

SchlieSlich sei noch darauf hingewiesen, dab such beim Problem der Adsorptions- 
verdriingung Zusammensetzung und Konzentration des Elektrolyten eine wesentliche 
Rolle spielen k&rnen. Der Elektrolyt ~ei~u~t das Adsurptio~sver~l~n des 
elektroaktiven Stoffes durch Anderung van dessen L~sungs~tivit~t bzw- dnrch 
Bildung van Ionenpaaren, wie schon im vorhergehenden Abschnitt besprochen; 
hierdurch wird besonders die GriiSe Ap, und ihre Potentialabhiingigkeit ver2ndert. 
Dieselben EintXisse werden aber such auf den Inhibitor ausgeiibt: Verzinderung 
seiner ~sung~ti~~t (die anstelle van c, richtiger in Gleichung (3’7) eingeht) sowie 
der Poten~alabh~n~gkeit von Ap,, da hier-vergl. Gleichung (24)--die Kapazitgt 
der inhibitorfreien Elektrode eingeht, die erheblich vom Elektrolyten abhgngen kann. 
End&h kann such beim Inhibitor-wenn es sich urn Ionen handelt, z.B. bei Tetra- 
alkyl~o~~o~en-~onenasso~ation erfolgen, die zu verst&ter Adsorption und 
damit ~~bi~on f~~.~,~~~~~ Di e unter der Wirkung van ~nhibitoren-me bereits 
oben erwghnt-beobachteten Elektrolyteinfliisse auf die Geschwindigkeit van 
Elektrodenvorglngeng3*107*111 (vergl. such Abb. 4 und 5) wird man in diesem Sinne 
noch weiter diskutieren mtissen. 

Sch~e~~ch sei darauf hingewiesen, dab I~bitoren such zur R~ktionslen~g 
beniitzt werden kannen. So konnten instabile Z~schenprod~e (Radikale) noch 
unter Bedingungen gefaht und untersucht werden, bei denen sie ohne Anwendung 
van Inhibitoren durch Elektroden-Folgeprozesse sofort vernichtet werden.lo8 

In den vorhergehenden Abschnitten wurde im allgemeinen vorausgesetzt, da13 das 
jeweilige Adsorptions-Gleichgewicht [Gleichung (1)] stets eingestellt ist. Diese 
Voraussetzung ist nun natiirlich nicht ohne Einschr&xkung richtig, vielmehr sind 
such hier kmetische Aspekte zu ~~cksichtige~. Man kann ~d~tz~ch zwei Fglle 
unterscheiden: 

(a) Das Gleichgewicht zwischen der Konzentration im Liisungsinnern und der 
Grenzfltichenkonzentration cr,/F ist nicht eingestellt, jedoch herrscht Gleichgewicht 
zwischen dem ~e~~che~~~ Ltisungsraum und der C&e&&he c,,,jP. Hier 
handelt es sich also un eine Tr~s~~emrn~g des Adso~tionsvor~~_ 

(b) Das Gleichgewicht an der Phasengrenze selbst c~_~[I’ ist nicht eingestellt, d.h. 
es liegt eine Hemmung des Adsorptionsschrittes selbst vor. (Dabei kann zusgtzlich 
eine Konzentrationspolarisation wie unter (a) vorliegen.) 

In der klassischen Polaro~p~e hat man es in erster Lirrie mit einer Hemmung 
nach a) zu tun, dann n&nlich, wenn die ~s~~ko~~~tion so gering ist, daB die 
zur Gleichgewichtseinstellung erforderliche Stoffmenge durch den Diffusionsvorgang 



1280 B. KA.STNINC3 und L. HOLLECK 

nicht in Zeiten herangeschafft werden kann, die klein gegeniiber der Tropfzeit sind, 
Liegt im Gleichge~cht praktisch vollst&dige Bedeckung vor (Bes w l), so ist die zur 
Einstellung desselben erforderliche Zeit nach Korytalg durch 

(I’max in Mol/cm2, CL in Mel/l, D in cm2/sec) und die Zeitabhangigkeit der Bedeckung 
durch 

8 = (t/t@=*)r’* (42) 

gegeben. (Diese Beziehungen stehen such mit der Theorie der “Adsorptionsstufen” 
bei ReaktantenadsorptionIs in engem Zusammenhang.) Mit dem Fall, dal3 im 
Gleichgewicht die Sattigung nicht erreicht wird (& < l), der rechnerische Schwierig- 
keiten bereitet, haben sich Delahay et al. 34--5 beschtiigt. Der Ablauf des Adsorp- 
~onsvorg~gs kann experimentell z.B. durch die zeitliche Anderung der 
Elektrodenkapazit%t verfolgt werden, 86*10a da im Innern des Potentialbereichs der 
Adsorption naherungsweise 

c, = (1 - 0) - CL, + 0 * CL, (43) 
gilt‘ 

Die diffusionsbedingte Adsorptionsverz6gerung ist natiirlich von Bedeutung bei 
der Inhibition: mit fortschreitender Adsorption kann such die Hemmung durch den 
adsorbierten Inhibitor zeitlich zunehmen. Mit diesen Zusammenhangen haben sich 
besonders Autoren der tschechischen Schule befa&,f31-2*1g8-g wobei sie die Beziehung 
(42) und fur die ~sch~~gkeitskons~nte des Ele~odenvor~ngs als Nfiherung 
einen linearen Zusammenhang 

ci;* Y)@ = (1 - 6) + G - ho + 0 - G - ~h_~ W)~ 

zugrundelegten und hieraus die zeitliche Anderung der Stromstarke fur den Zeitraum 
0 < t < te,r berechneten. (Es wurde dabei such beriicksichtigt, dal3 im Zuge 
fortschreitender Bedeckung eine ilnderung des p-Potentials erfolgt und such aus. 
diesem Grunde die Geschwindigkeit zeitabhangig ist.) Besonders anschaulich sind 
die Verh~lt~sse, wenn bei erfolgter Sitting praktisch vollst~ndige Hemmung 
vorliegt (k@,r + 0) und die Geschwindigkeit an der unbedeckten Grenzflsiche sehr 
groh ist (k,,, + co); in diesem Falle weisen die Stromzeitkurven an Einzeltropfen in 
der Ndhe von t = te=r einen sehr scharfen Abbruch der Stromstarke auf. 

Hier mu8 jedoch noch ein anderer Umstand Erwahnung finden. Bei der Ableitung 
von Gleichung (42) wird n&nlich vorausgesetzt, da13 die Konzentration in Grenz- 
fltichennlhe bis zum Zeitpunkt t,=, klein gegentiber der Losungskonzentration ist 
(c,, < q,); andererseits folgt aus Gleichung (37), daD das Konkurrenz-Adsorptions- 
gleichgewicht Inhibitor/Depolarisator such bei praktisch vollst&nliger Bedeckung 
durch den Inhibitor (6 -+ 1) noch recht merklich von der ~en~~chennahen Kon- 
zentration des Inhibitors (q = cXzO) abhangt. DerEnd wert “kg=r” ist also zum 
Zeitpunkt tesl noch nicht erreicht, wie es Gleichung (44) voraussetzt, sondern hierzu 
bedarf es erheblich langerer Zeiten. Auf diesen Umstand haben schon Gierst et ~1.~~ 
hingewiesen; eine genauere Berechnung dieser Verhlltnisse wurde in einer eigenen 



Arbeit114 durchgeftirt. Daraus folgen fiir dieK.onzentration cX=,, die Approximationen 

(a) fiir Zeiten kurz nach t = tezl 

(b) fiir Zeiten lange nach t = te_r 

Die numerischen Werte aus beiden Beziehungen schliel3en n&herungsweise aneinander 
au. Anstelle einer Vomus~r~h~~g des z&lichen S~omverlaufs i(t) toter Zugrunde- 
legung von Gleichuug (42) und (44) und Vergleich mit den ex~mentellen Kurven, 
wie es in den oben zitierten Arbeiten der tschechischen Autoren geschieht, kann mart 

daher die zeitliche &iderung der Geschwindigkeitskonstante (k - 7) LUS dem experi- 
mentellen Strom-Zeit-Verlauf durch eine Beziehung114 

feststelfen, Als Beispief ist in Abb. 9 eine Stromzeitkurve und der daraus mit 

Gleichung (47) ermittelte Verlauf (c* y)(t) wiedergegeben. Beim Vergleich mit der 
nach Gleichung (4516) berechneten Zei~bh~~~~eit von c.+a ergab sich, daB such 
unter diesen Bedingungen der zufolge Gleichung (37) zu erwartende Zusammenh~g 

erfiillt ist. 
W&rend die bisherigen Er&terungen die oben als Fall (a) bezeichnete reine 

Tra~spo~hemm~g der Adsorption betreffen, kann eine flemmung des heterogenen 
Adiorptionsschrittes selbst (b) in der klassischen Arbeitsweise der Polarographie nur 
beobachtet werden, wenn dieser Vorgang ungewijhnlich langsam ist. Dies ist 
m8glicherweise fti die Adsorption von Campher in der Nahe seines Desorptions- 
potentials der Fall .ss Liegt nicht gleichzei~g such eine Tra~s~~he~ung vor (d,h, 
im allgemeinen fur cL > 5 * lo-Pm), so ist der Zeitverlauf des Bedeckungsgrades 
durch 

6 = %, * F(l;m km t> WI 

auszudriicken, wobei die Funktion F neben der Z&t die Ge~h~~di~eitsko~- 
stanten des Adsorptionsvorgangs enthalt; diese Funktion wurde berechnet und 
tabelliert.8* (Im Anschlul3 an unsere Arbeit wurde spiiter eine ausftihrlichere 
Tabellierung durchgeftihrt.lB9) 

AuBerdem karm eine Hemung des Ad~o~~onssch~~s vorliegen, wenn ein 
adsorbierter Inhibitor dem Eindringen des ele~oa~ve~ St&es in die Grenzschicht 
besonders starken Widerstand entgegensetzt. So wurden von Loshkarev und 
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Kryukova64~12u~14B*~i die H emmungserscheinungen bei der Red&ion verschiedener 
Metallionen durch grenztllichenaktive Stoffe gedeutet, bei denen potentialunabhtingige 
Grenzstriime wahrscheinlich machten, da0 nicht der Ladungsilbergang selbst ge- 
schwindigkeitsbestimmend ist. Jedoch ki)nnen solche GrenzstrGme bei zu kleiner 
Konzentration des Inhibitors such durch eine Transporthemmung des letzteren-wie 
weiter oben dargestellt-auftreten,1s2 sodal stets zu prtifen ist, welcher der beiden 

0 t ’ 2 3 

i,;, ICSWI 

ABB. 9.-oben: Stromzeitkurve am Einzeltropfen bei zeitlich verziigerter Inhibitor- 
adsorption. Depolarisator 3 - 1O-4m Methylorange, 30% Methanol, pH 12, E = 

-0,92 V, GKE, Inhibitor 0,0072 % Triphenylphosphinoxyd. 
unten: daraus mit Gleichung (47) berechneter zeitlicher Verlauf der formalen 

Geschwindigkeitskonstante c. r). 

Falle vorliegt. Sie lassen sich am besten durch Stromzeitkurven am Einzeltropfen 
unterscheiden, wie Abb. 10a zeigt : bei transportbedingter Verzijgerung der Inhibitor- 
adsorption erfolgt wahrend der Tropfdauer pl6tzlicher Stromabfall (bei t,,r; hier 

schematisch fur den Grenzfall (k * y) = - o o + co, (k * y)B=l = 0 gezeichnet), bei Hemmung 
der Adsorption des elektroaktiven Stoffes wiichst der Strom monoton (--t2’s). Eine 
Unterscheidung ist such leicht anhand der unterschiedlichen Abhlngigkeit der 
mittleren Stromstarke von der Hg-Niveauhiihe miiglich, wie Abb. lob zeigt: Im 
ersteren Falle wschst der mittlere Strom mit steigender Niveauhiihe stark an (wh5’s), 
im zweiten ist er davon unabhangig. Als drittes Beispiel ist ein sehr h%ttig beobach- 
tetes Verhalten dargestellt, das auftritt, wenn bei Transporthemmung der Inhibitor- 
adsorption such nach Abschluh der Bedeckung noch eine endliche Geschwindigkeit 

des Elektrodenvorgangs vorliegt (also (I;* ~),+r > 0); in diesem Falle gilt in guter 
NSiherung i = a + b - h513. In Abb. 11 sind die den drei Beispielen der Abb. lob 
zugrundeliegenden polarographischen Kurven bei verschiedener Niveauhahe wieder- 
gegeben. Es handelt sich urn die gehemmte Reduktion von Cd2+ unter verschiedenen 
Bedingungen: (a) niedrige Inhibitorkonzentration; Inhibitoradsorption-Transport- 
hemmung mit nahezu vollstandiger Hemmung fur t > t,=,. (b) hohe Inhibitor- 
konzentration; gehemmter Adsorptionsschritt des Depolarisators; (c) niedrige 
Inhibitorkonzentration; Inhibitoradsorption-Transporthemmung mit unvollst5ndiger 
Hemmung fur t > t,=i. 
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(a) 
ABB. 10-(a) Schematische Stromzeitkurven am Einzehropfen, 

ia : DitTusionsgmnzstrom, 
ii: bei verzogerter Inhibitoradsorption, 
i,: bei gehemmtem Adsorptionsschritt des Depolarisators. 

(b) Abhiingigkeit der mittleren Stromstarke von der Hg-Niveauhiihe: 
id: Diffusionsgrenzstrom, 

A (Abb. lla): verztigerte Inhibitoradsorption, (T. y).g=l = 0, 
q (Abb. 11 b) : gehemmte Adsorption des Depolarisators, 

0 (Abb. 1 lc): verzogerte Inhibitoradsorption, ik * y)e = 1 > 0. 

Zur Untersuchung der Kinetik des Adsorptionsschrittes selbst werden im allge- 
meinen Wechselstromverfahren angewendet, wobei die Messungen in der Umgebung 
des “Desorptionspotentials” durchgeftihrt werden, da nur hier eine hinreichende 
Potentialabh&rgigkeit des Adsorptionsgleichgewichts vorliegt ; dazu sei auf Arbeiten 
von Frumkin und Melik-Gaikazyan,61*16s Delahay et CZZ.,~~~~~ Lorenz und M6cke1105-5 
sowie Breyer und Hacobia$*l verwiesen. Im Falle eines reversiblen Elektroden- 
vorgangs kann durch Faraday-Impedanz-Messungen neben der Adsorption der 
elektroaktiven Teilchen such die kinetische Konstante der Reaktion ermittelt werden; 
jedoch bereitet es Schwierigkeiten zu entscheiden, ob der Adsorptionsschritt oder der 
Ladungstibergang geschwindigkeitsbestimmend ist.lu 

Fur die Kinetik des Adsorptionsvorgangs wird gewbhnlich eine ebensolche 
Potentialabhangigkeit der Aktivierungsenergie angenommen wie ftir die Adsorptions- 
energie selbst [ Gleichung (2 l)] ,23*144 jedoch sind Mechanismus und Kinetik dieses 
Prozesses theoretisch noch nicht vollkommen ausgeleuchtet (siehe hierzu such ref. 36). 

Summary-The more significant phenomena occurring in polarography 
in consequence. of adsorption at the interface are discussed. 

R&u&-On discute des phenom&s les plus importants qui se 
produisent en polarographie par suite de l’adsorption a l’interface. 
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CORRELATION OF POLAROGRAPHIC HALF-WAVE 
POTENTIALS WITH QUANTUM-CHEMICAL 

CHARACTERISTICS 

R. ZAHRADN~K and C. PARKANYI 
Institute of Physical Chemistry, Czechoslovak Academy of Sciences 

Prague, Czechoslovakia 

(Received 7 JuIy 1965. Accepted 19 July 1965) 

SMnnary-Data on empirical correlations of half-wave potentials with 
HMO characteristics is collected, and a comparison of these relation- 
ships with analogous dependences for electronic spectra and ionisation 
potentials is made. 

SINCE the publication of the first studieP concerned with the connection between 
polarographic half-wave potentials and the energy of the lowest unoccupied w 
molecular orbital, several dozen papers on this subject have appeared in the course 
of the last fifteen years. As it is not the aim of our present work to undertake a 
systematic treatment of all the investigations in this respect, it will be sufficient to 
refer to a few surveys.“’ 

Our communication is concerned with a collection of data on empirical correla- 
tions of half-wave potentials with HMO characteristics, and with a comparison of 
these relationships with analogous dependences for electronic spectra and ionisation 
potentials. At the same time we should like to point out the most urgent open 
problems involved in the studies. 

Let us briefly review the conditions for a justified comparison of theoretical and 
experimental data. The mechanism of the process under investigation should be 
known to an extent permitting utilisation of results measured for ascertaining a 
quantity characterising a quite definite reaction; moreover, it must be verified 
experimentally that the reaction proceeds analogously with all members of the 
respective series of structurally related compounds. Such experimental characteristics 
can be compared with their theoretical analogues. Only in this case is the studied 
correlation physically meaningful. Unfortunately, as far as polarographic data are 
concerned, the situation is most unfavourable among all experimental energy values. 
Apart from the special case of benzenoid hydrocarbons,* the mechanism of the 
electrode process in reduction or oxidation of conjugated compounds has not been 
appropriately studied from the electrochemical viewpoint. However, even in this 
case it is not possible to regard the mechanism of the electrode process as definitely 
established.g Consequently, it cannot be said whether the potential-determining 
reaction proceeds reversibly or irreversibly. 

In a reversible process, in which by acceptance (loss) of one electron a stable 
radical-anion (radical-cation), not subject to any further changes, is formed, the 
half-wave potential should be proportional in the first approximation to the difference 
of the r-electron energy of the reduced (oxidised) form and of the depolariser. In 
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the HMO treatment of conjugated compounds this difference is, in the case of accept- 
ance (loss) of one electron, equal to the energ of the lowest unoccupied (highest 
occupied) ?r-molecular orbital (k_, or kJ On the other hand, in an irreversible 
process, in the same approximation, the corresponding theoretical value is given by 
the difference of the +electron energy of the transition complex of the potential- 
determining process and of the depolariser. As a rule, these differences can be 
replaced by some quantum-chemi~l indices of chemical reactivity (atomic localisation 
energy, free valence). 

It is known that in numerous cases a parallelism was found between half-wave 
potentials and energies of frontier orbitals. However close these correlations are, 
because of our ins~cient knowledge of the nature of the respective electrode proc- 
esses, as already mentioned, one cannot regard them as physico-chemically established, 
and for the time being one must consider them as mere empirical correlations. 

Despite these limitations we believe that it is desirable to investigate the correlations 
of half-wave potentials with the energies of frontier orbitals for several reasons: 
(a) The ~laro~aphic method permits (at least for some systems) to determine 
significant, otherwise not easily obtainable values of electron affinities and ionisation 
potentials, although the half-wave potentials involve the change in the solvation 
energy accompanying the conversion of the depolariser into an ion.l*l* 
(b) Empirical relationships of this type serve as useful in~~olation formulae for 
estimating the half-wave potential of substances so far not studied experimentally. 
(c) Summarising the results obtained seems so interesting that, in our opinion, it 
could intensify the study of topical experimental and theoretical questions in this field. 

SURVEY OF INVESTIGATES SUBSTANCES 

The compounds studied can be classified into three groups: hydrocarbons, their 
hetero-analogues and derivatives (for illustration, the representatives of the individual 
groups are given in brackets in the following enumeration). The hydrocarbons 
are further divided into alternant and non-alternant compounds. Of alternant 
hydrocarbons were studied polyenes(butadiene,I), a,~-diphenylpolyenes( l&liphenyE 
butadiene, II) and benzenoid hydrocarbons (naphthalene, III). The investigated 
non-alternant hydrocarbons were fluoranthenes (fluoranthene, IV, and its benzo 
derivatives) and azulene and its benzo derivatives (azulene, V). 

CH,=CH-CH=CHI 0 1 \-~H=cH-~H=cH 1 \ - 0 - I II 
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CHFCH-CH=O 

VI VII 

R-Br R-NH, R-OH R-CHO R-NO9 R-CHIC1 R-COOC,H, R-NCS ; R=aryl 

VIII IX X XI XII XIII XIV xv 

0 

co 
= III (CH,)~N-CH=CH-CH=81(CH,)PCI0,- 

8 

XVII 

XVI 

The studies of hetero-analogues were concerned with polyene aldehydes (acrolein, 
VI) and pyridine heterocycles (phenanthridine, VII). Moreover, several groups of 
derivatives of benzenoid hydrocarbons were investigated: bromo (VIII), amino (IX), 
hydroxy (X), formyl (XI), nitro (XII), chloromethyl (XIII), carbethoxy (XIV) and 
isothiocyanato (XV) derivatives ; quinones (1 &naphthoquinone, XVI). Polymethin- 
ium salts may be regarded as derivatives of polyene hetero-analogues (e.g., XVII). 

RESULTS 

Table I presents the constants of the straight regression lines and the correlation 
coefficients of the relationships between the half-wave potentials of the cathodic 
(anodic) waves and the HMO energies of the lowest unoccupied (highest occupied) 
+molecular orbital. The table also contains the conditions under which the half-wave 
potentials were determined. 

The slopes of the dependences studied (a), with the exception of the regression 
lines 15, 17, 23 and 24, lie in the range of 2.0 - 2.7 eV/,& As will be seen later, this 
range also comprises the values of the slopes of some relationships between other 
experimental quantities and the corresponding theoretical values. Lower slopes were 
found for quinones (15), which are reduced reversibly, as well as for phenols (24) 
and amines (23), which are undoubtedly oxidised irreversibly. With the exception 
of the regression line 4, the correlation coefficients of all relationships are very high 
and are significant at the 1 y0 probability level. It can be said that the correlations 
of the half-wave potentials belong to the closest among all correlations of energy 
quantities. 

For the dependences of the excitation energies of the L, bands3s*s7 and the charge- 
transfer bands of the +complexes,38 as well as of the ionisation potential9 on the 
corresponding HMO theoretical values, it has been shown that the data for polyenes 
and benzenoid hydrocarbons lie on approximately parallel but mutually significantly 
shifted straight lines; the data for a,co-diphenylpolyenes (which have the character 
of transient compounds among the mentioned hydrocarbons) are located on a 
sigmoidal curve lying in the region between the mentioned straight lines. On the 
other hand, the relationships between the half-wave potentials of both the cathodic 
and anodic waves of a,w-diphenylpolyenes and the energies of the frontier orbitals 
can be approximated by a straight line the constants of which differ only slightly 
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from the constants of the straight lines for benzenoid hydrocarbons (Table I). Here 
it must be pointed out, however, that in the case of the cathodic waves of a,w- 
diphenylpolyenes a certain tendency towards a sigmoidal course is noticeable; this 
is illustrated schematically in Fig. 1 (the graphical representation is given in reference 
7). Finally, it is worth mentioning that the half-wave potential of the cathodic wave 
of butadiene% (Fig. 1) is in accordance with the fact that the data for a,cu-diphenyl- 
polyenesl* (Fig. 1) lie in the region of the data for benzenoid hydrocarbons. Let us 

-24 

-16 

-0.6 

-I 

P 

4 06 
w 

I6 

CH,=Cti-CH=CH2 -p 

I2 08 0.4 0 -04 -00 -I2 

k, @I 

FIG. L-Regression lines of the relationships between the reduction or oxidation half- 
wave potentials of some conjugated compounds (Et/*, all lines recalculated against SCE) 
and the energies of the lowest unoccupied or highest occupied n-molecular orbital (k_, 
or k,, respectively). 
Reduction: (2) a,~phenylpolyenes~ (3) benzenoid hydrocarbons, (7) fluoranthenes, 
(11) yrirlme heterocycles; for butadiene, see reference 20. 
0x1 atton: (18) a,Lo-diphenylpolyenes, (21) benzenoid hydrocarbons; for butadiene, -% * 
see reference 30. 
The numbers of the regression lines are the same as in Table I. 

add that there is no significant split of points in a plot of theoretical values of ionisa- 
tion potentials based on the Pariser-Parr and Hiickel procedure.@ On the other hand, 
however, there is a significant split of points when experimental excitation energies 
of charge-transfel3B bands are plotted against the HMO data. Therefore, one can 
conclude that some important feature of charge-transfer complexes is not included 
in the current ~atment of these complexes. A satisfa~o~ correlation was recently 
found% between the oxidation potentials of methyl-substituted benzenoid hydro- 
carbons and the energies of the highest occupied 7r-molecular orbital calculated from 
perturbation data. 

Of interest is the circumstance that the data for non-alternant fluoranthenes 
satisfy very well a linear dependence,l’ practically in accordance with benxenoid 
hydrocarbons. The case with biphenylene polyenes is similar.13 The value for the 
anodic half-wave potential of fluoranthene also falls well on the regression line for 
benzenoid hydrocarbons. On the other hand, however, in the case of azulene and two 
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benzazulenes, the HMO data do not even indicate the order of the reducibility of these 
com~unds.~ The SC method, however, leads to q~~~~vely correct results;pe 
the same is true for the SCF and CI data .a Evidently, each method in which the 
non-uniform distribution of rr-electrons is taken into consideration leads’ to an agree- 
ment with experiments. 

As far as polynuclear nitro compounds,ti isothiocyanates46 and arylmethyl 
chloride@ are concerned, it seems that the polarographic half-wave potentials would 
characterise more or less the conditions in the functional group and not in the entire 
conjugated system. 

TABLE II.--C!OM~ARISON OF THE SLOPES OF ~~0~~ (y=ux+l~) OFE~~~~ ENERGY 
QUA- 0') WJSTH TfIE CORRESO NJXNC? HMO QV- (x) 

SUbSttUXXS Y X Reference 

Renzenoid 
hydrocarbons 

Excitation energy 
of I+ band 

Excitation energy 
of charge-transfer 

band 
Ionisation 

potentials 
Cathodic half-wave 

potentials 
Anodic half-wave 

Fluoranthene-like 
hydrocarbons 

potentials 
Excitation energy 

of first band 
Excitation energy 

of charge-transfer 
band 

Cathodic half-wave 
potentials 

Ex$acaerg y 

Excitation energy 
of charge-transfer 
band 

Cathodic half-wave 
potentials 

4eWB) 

2.38 

3.268 
2.3Ob 

3.26 

2.41-2.72 

2G4--2.13 

2.80 

3660 

36 

:: 

37 

17 

17 

Pyridine-like 
heterocyclesQ 

k --1 268 

EIN + V3 2.98 

kl 271e 

k-1 201 and 213 - 

47 

38 

4 T~~y~o~q~~irne~~e. b Phthalic anhydride. c T~~~ofluomnone. d Bx = 05. 
0 Tetracyanoethylene. 

Table II presents a comparison of the slopes of the dependences of experimental 
energy values with the corresponding theoretical quantities. In the case of hydro- 
carbons, the slopes of the dependences of the half-wave potentials are nearer to the 
slopes of the dependences of the excitation energies of the &St bands in the electronic 
spectra than to the slopes in analogous dependences for charge-transfer bands. 

In conclusion it can be said that there are first of all two questions to be regarded 
as open. From the experimental viewpoint it is highly necessary to study the electro- 
chemical nature of the electrode process in the case of cathodic and anodic waves of 
conjugated systems (mainly of hydrocarbons); from the theoretical viewpoint it ‘is 
first of all indispensable to undertake a critical analysis of the differing behavior r 
of polyenes, a,o-diphenylpolyenes and benzenoid hydrocarbons in correlation t 
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concerning, on the 
excitation energies 
potentials. 
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one hand, the half-wave potentials and, on the other hand, the 
of the La, bands, the charge-transfer bands and the ionisation 

NOTE ADDED IN PROOF 

Several studies have recently been published in which the experimental half-wave potentials were 
correlated with the energies of frontier rr-molecular orbitals. 
electrode process; constants a and b of regression line; 

The data (type of compound; nature of 
correlation coefficient r; number of com- 

pounds; electrolyte; reference electrode; literature reference) are summarised below:- 
(1) phenyl-substituted borazines; reduction; all data lie in the neighbourhood of the regression 

line for benzenoid hydrocarbons; --; 4; O*lN (C,H&, NCIOl in 1,2_dimethoxyethane; sat. 
AgNO,/Ag in 1,Zdimethoxyethane; D. F. Shriver, D. E. Smith and P. Smith, J. Amer. Chem. Sot., 
1964,86,5153. 

(2) thiocarbonyl compounds; reduction; 1.070, -0.612; 0.944; 20; phosphate buffer (pH 7.2) in 
water-40% 2-propanol; SCE; A. Mehlhorn, J. Fabian and R. Mayer, 2. Chem., 1965, 5, 21; A 
Mehlhorn and J. Fabian, private communication. 

(3) anions of &&zarbonyl compounds; reduction; l-16, -1.10; -; 4 (9); O*lNKOH in 

lO-50% ethanol; SCE; J. Stradins, E. Gren, V. Kamper and G. Vanag, Zhur. obshche;Khim., 1965, 
35, 222. 

(4) diphenylamine, p-phenylenediamine and benzidine derivatives; oxidation (platinum rotating 
electrode), 2.48, -0.46; --; 18; 0.5N NaCIOI in acetonitrile; SCE; P. Smejtek and V. Dvofzlk, 
private communication. 

(5) methylthio-substituted benzznes, anisoles and N,N-dimethylanilines; oxidation; 3.735, 
-1.346; - ; 12; acetonitrile SCE; A. Zweigand J. E. Lehnsen, J. Amer. Chem. Sot., 1965,87,2647. 

Also, a paper containing a correlation of polarographic oxidation half-wave potentials of benzen- 
oid hydrocarbons and their derivatives with photoionisation potentials has appeared recently (W. C. 
Neikam, G. R. Dimeler and M. M. Desmond, J. Electrochem. Sot., 1964, 111, 1190). 

Acknowledgment-Thanks are due to Dr. J. Kouteckf and Dr. P. Zuman for their interest and valuable 
discussions. 

Zusammenfsssung-Gesammelmmelte Daten iiber empirische Wechsel- 
beziehungen zwischen Halbwellenpotentialen und quantenchemischen 
Kennzahlen we.rden mit analogen Beziehungen zwischen Elektron- 
enspektren und Ionisienmgspotentialen verglichen. 

R&m&-On a rkuni des dorm&s sur les relations empiriques entre 
lea potentiels de den&vague et les caract&tiques de l’orbitale 
mol&ulaire occupQ de niveau le plus &eve (HMO), et l’on compare 
ces rapports & des relations analogues entre spectres tlectroniques et 
potentiels d’ionisation. 
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Summary-A review of the effect of the composition of ?queous- 
organic solvents on the ~~0~~~~ behaviour of organic compounds 
is presented. 

INTRODUCTION 

THE electrochemical behaviour of organic compounds differs from that of inorganic 
substances in a number of specific features. These specific features are largely due to3 

(a) the marked adsorptivity of organic depolarisers on the electrode surface, 
generally resulting in a considerable acceleration of the process occurring on the elec- 
trode and near the electrode, caused both by increasing depolariser concentration near 
the electrode surface, e.g., in the case of catalytic processes, and by polarisation of the 
depolariser in the high electric field of the double layer (Grabowski effect);a*8 

(b) the participation of hydrogen ions in the potential determining step; 
(c) the inhibiting effect of the electrode reaction products if their surface activity is 

greater than that of the initial compounds (sometimes the inhibition is because of 
complete coverage of the surface with the adsorbed depolariser);4*6 

(d) the formation of external hydrogen bonds or other intemctions of the de- 
polariser with the solution components. 

Therefore, apart from the effects observed during the discharge of inorganic 
depolarisers (see, for example, Schwabe’s review@’ as well as other works*16) the 
change in the solvent composition in the case of electrode processes involving the 
participation of organic substances has an additional specific effect. 

Before considering the effect of the composition of aqueous-organic solvents on 
the polarographic waves, let us discuss some quantitative relationships between El,, 
of the reduction waves of organic substances and different factors determining the 
values of h,s.f7 

EFFECT OF pH ON E,/,-VALUES OF QUASI-DIFFUSION WAVES 

IN ACIDIC AND NEUTRAL SOLUTIONS 

If the E,,s-value of a polarographic wave is a function of pH and the limiting 
current (id obeys the Iicovi~ equation, the wave is of a quasi-diffusion nature, i.e., 
its electrochemical step proper is preceded by protonation of the organic depola- 
riser :17*18 

R+DH+fRH++D (I) 

where DH+ are proton donors of the solution. 

* Presented in part at the III IuternationaI Congress of Polarography, Southampton, 1964. 
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With a sufficient increase in pH of the solution the limiting current of such a quasi- 
diffusion wave usually decreases (provided there is no direct electron transfer to a 
non-protonised particle of the depolariser) and assumes a kinetic nature. 

On the basis of Frumkin’s slow discharge theorylg and BrdiEka’s theory of kinetic 
currents, for E,,, of irreversible electrode processes with preprotonation at sufficiently 
high pH one can write (with mean values for the drop time)YJ8 

and 

RT nsFk,tOc 
E1/2=cFln7 

B O%lim 
(1) 

El,, = 971/z + EM = b& 

nsFker’c 
log 7 

OS1lim 
+ log PJ, + @43a&, 

> 
(2) 

Equation (1) is valid for electrode processes with a volume preprotonation and 
equation (2) for a surface wave, provided the adsorption of an electrochemically 
inactive form of the depolariser obeys the Langmuir isotherm and the equilibrium 
state of adsorption has been established.20 

In these equations n and n, denote the numbers of electrons transferred during the 
whole process and during the potential-determining step, respectively; F-the 
Faraday number; c-the volume analytical concentration of the depolariser; k,p and 
k,,‘-the rate constants of the electron transfer at E = 0, for the volume and surface 
concentrations of the particles to be discharged, respectively; &-the potential of 
maximum adsorption of the depolariser in the solution (according to Frumkin21); 
PO-the factor of Langmuir’s isotherm for the non-protonised form of the depolariser 
at E = Em; a-a constant of Frumkin’s equation relating the adsorptivity on the 

*21 electrode surface to the potential, I?,-the maximum amount of the adsorbed 
substance; s-the area of a dropping mercury electrode; bb’/(b’ - b )-the slope of the 
logarithmic plots for the surface quasi-diffusion wave; o and u, determine (at u > 1) 
the ratios of the concentrations of R and RH+ in the bulk of the solution and on the 
electrode surface, respectively : 

o = [R]/[RH+] and o, = rn/rnn+ (3) 

where I? is the amount of the adsorbed substance. 
When the pK, of the depolariser is much less than the pH of the solution, the 

value of CT may be written as: 
o = KJ[H+] (4) 

and the dependence of E,,, on pH for a volume quasi-diffusion wave is determined by 
means of equations (1) and (4) : 

A&/, RT -=-- 
APH un,,F (5) 

Thus, with pH increasing by unity, Er12 of the quasi-diffusion irreversible volume 
wave should become more negative by the value of the reciprocal slope of the semi- 
logarithmic plot of the wave. 
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In the case of the wave with a surface preprotonation, with increasing pH the 
E,,,-value also becomes more negative, but the dependence of E,,, on pH is more 
complicated than that given by equation (5). This is for the following reasons:le 

(i) the change in pH affects somewhat the value of bb’/(b’ - b); 
(ii) the pH on the electrode surface differs from that in the bulk of the solution; 
(iii) pH affects both the first and the third terms in the brackets in the right-hand 

side of equation (2). 
Thus, if the quantity AE,,,/ApH differs from that predicted from equation (5), one 

may expect the protonation to be partially or completely of a surface nature, i.e., the 
particles of R adsorbed on the electrode surface will be protonised. 

Holleck was the first to notSa that the adsorption of a depolariser or of an electrode 
product may be responsible for the deviation in an experimental value of AE,,,/ApH 
from the theoretical one (see also the excellent review by Elving=). 

At a low enough value of the pH of the solution, when the inequality pK* < pH 
is no longer valid, (T in equation (1) should be substituted by the ratio c/[RH+]?~ 

p&q= [H+l + K, 
W+l 

so that equation (1) may be written as : 

RT n~Fk,~~c RT 
%2 = rF In Y +- 

an,F In 
W+l 

a llh W+l + KA 

(6) 

It can be seen from equation (7) that with increasing hydrogen ion concentration in 
the solution, when [H+] becomes more than K,, q,, stops changing with pH. From 
the dependence of Ellz on pH it is possible to determine the value of pK, of the de- 
polariser for the waves with a volume preprotonation. An equation of the same form 
as equation (7) was first derived by LavirorP to explain the shape of the dependence 
of E,,, on the pH of the reduction waves of a number of heterocyclic compounds. 

Nearly the same shape of the E;,,-pH dependence is observed in the case of waves 
with a surface preprotonation. It is impossible, however, to estimate the (KJ, value 
of the adsorbed depolariser directly from the shape of such a dependence. In the case 
of processes with a surface preprotonation, it is necessary to plot the dependence of 

El/, on pCH%, i.e., on the concentration of the hydrogen ions at the electrode 
surface25 and to take into account the change of bb’/(b’ - b) with pH as well as the 
effect of the double layer structure on the values of p(K& and ~[H+la.~~ It should 
also be kept in mind that when p[H+]a + p(KJ, the overall adsorptivity of the de- 
polariser changes significantly because the greater part of it is transformed into the 
protonised form, the value of PO of this form differing sharply from that of the non- 
protonised form. 

At p[H+]s < p(Kk)s the value of E,,, for the surface waves is independent of pH, 
and equation (2), after the substitution of I’,,$‘,,+ w 1 for a,[lYsum is the total 
amount of the adsorbed substance (R and RH+) per unit of the electrode surface A] 
can be writtenl’ as’ . 

h/2 = R/2 + EM = + log POT, + 043a&, (8) 
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where K = i,/c. Thus, equation (8) is valid for E,,, of the waves without preprotona- 
tion, but with the adsorption of the depolariser obeying Langmuir’s isotherm. 

It is known that there are waves the heights of which do not change until the solu- 
tions become alkaline. In alkaline solutions their E,,, no longer depends on pH, but 
in acidic media the electrode process involves the preprotonation of the depolariser 
(for instance the waves of nitro compounds). In such cases a direct electron transfer 
to a non-protonised depolariser takes place and although the rate of this process is 
usually small, at a high enough pH of the solution it becomes greater than the rate of 
the process with preprotonation because of the slowness of this chemical reaction in 
alkaline solutions. 

Let us consider now the effect of the solvent composition on the E,,, of the 
processes without preprotonation but with adsorption of the depolariser. 

ELECTRODE PROCESSES WITHOUT PROTON TRANSFER 
IN POTENTIAL-DETERMINING STEP 

The reduction waves of various bromothiophenes can serve as an example of such 
processes, -26 the Ei,,-values of these waves in aqueous-organic mixtures (as referred 
to the aqueous S.C.E., without a correction for the liquid-junction potential) are given 
in Fig. 1. 

Fig. 1 shows that an increase in the organic solvent content in the solution results 
in the shift of the waves towards more negative potentials, this shift being the greater, 
the less negative is the Ei,,-value of the wave. A similar relationship was observed by 
Cisak2’ during the investigation of the reduction waves of various isomers of chloro- 
cyclohexane and dibromocyclohexane in 50 and 90 % ethanol; still earlier, a differing 
effect of ethanol addition on the waves with different Er,,-values was noted by 
Levin and Fodiman2* and Lothe and Rogers.2s 

The shift of the waves towards more negative potentials with increasing alcohol 
concentration Cisak2’ explains by the adsorption of alcohol on the electrode surface, 
resulting in the inhibition of the electron transfer. With increasing cathodic potential 
of the electrode the adsorption of alcohol on its surface sharply decreases, which, in 
Cisak’s opinion, is responsible for a lesser effect of alcohol on more cathodic waves. 
Schwabe,B007 who has studied the effect of the concentration of various organic 
solvents in aqueous-organic mixtures on the polarographic behaviour of hexachloro- 
cyclohexane and some other compounds, also believes the shift of Ei,, of the waves of 
the irreversibly discharging depolarisers (when no hydrogen ions participate 
in the potential-determining step of the process) towards more negative potentials 
to be caused by the inhibition of the transfer of electrons by the organic solvent par- 
ticles adsorbed on the electrode. 

As a rule, an increase in the organic solvent content in the aqueous-organic 
mixture results in a decrease in the adsorptivity of organic substances on mercury and 
brings about a change in the shape of the adsorption isotherm.sO Thus, in my opinion, 
the effect of an organic solvent on the electrode processes of the kind under con- 
sideration (when the depolariser is adsorbed on the electrode), amounts to the 
displacement of the depolariser from the electrode surface [i.e., to the diminution of 
j30 in equation (S)] rather than to a change (at any rate, a considerable one) in the rate 
constant of the electron transfer k,;, which results in a decrease in the overall-process 
rate. The effect of organic solvents is the stronger, the greater is the adsorption of the 
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depolariser on the electrode; therefore, the maximum effect of the solvent, as pointed 
out by Cisak,27 is observed in the vicinity of the electrocapillary zero potential. 

Formally, the shift of &,, may be considered to be the result of a decrease in the 
activity of the depolariser from its solubility rising considerably with increasing 
organic solvent content. 

A 

24 - 

-1,5- 

.I,0 - 

I I I I 
20‘ 40 60 60 I 

Ethanol, VOI % 

80 60 40 

DMF. VOI % 

Pro. L-Dependence of El/, of the waves of various bromothiophenes on the content in 
the aqueous-organic mixture of ethanol (left) and dimethylformamide (right). Roman 
numerals relate to derivatives with bromine-atom positions in the thiophene cycle: for 
monobromoderivatives I-2, 11-3; for dibromoderivatives III-2,3; IV-2,5; V-3,4; 
V&2,4; for tribromoderivatives VI-2,3,5; WI-2,3,4; tetrabromoderivative m-2,3,4,5. 

It should be noted that a rigorous quantitative evaluation of the effect of the 
solution composition on Er12 [according to equations of the type of (2), (8) or others] 
is impossible because the change in the liquid junction potential is not known. 

At low concentrations of the organic solvent, the shift of Er12 of the waves is the 
greater, the higher is the surface activity of the solvent.7*B However, on transition 
to solvents with a low water content, the Fr,,-values of the waves for the same 
depolariser become almost similar in different solvents (e.g., the E,,,-values of bromo- 
thiophenes in 91% ethanol and 99 % dimethylformamide in Fig. 1, see also Fig. 9 in 
[7]). Apparently, at a very high concentration of the organic solvent, a practically 
complete desorption of the depolariser occurs, and the nature of the solvent has 
almost no effect on the E,,, of the waves 

ELECTRODE PROCESSES WITH PREPROTONATION 
An increase in the organic solvent content results in a rise of the pH of acidic solu- 

tion+’ and in an increase in the dissociation constant KA of protonated substances;so 
both these factors sharply lower the rate of the preprotonation and, consequently, 
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lead to a shift of I&,, of the reduction waves in the case of processes with preprotona- 
tion towards more negative potentials [see equations (1) and (4)]. 

Upon addition of organic solvents to an aqueous solution, the rate of protolytic 
interaction between the bases and water also decreases sharply. Fig. 2 shows, as an 
example, the dependence of the rate constants of pyridine and 2,6-lutidine protonation 
under the action of waters0 

B+H,O~BH++OH- (II) 
ka 

on the ethyl alcohol concentration in 03Mpotassium chloride solution; the constants 

Ethanol, wt % 

FIG. 2.-Dependence of the rate constants of pyridiue (1) and 2,6lutidiie (2) protona- 
tion under the action of water on the ethyl alcohol concentration in aqueous-ethanol 

solutions. 

were calculated from the slope of the dependence of the heights of the bulk catalytic 
hydrogen waves on the concentration of pyridine and lutidine, respectively, using the 
equations for the limiting catalytic currents of hydrogen in non-buffer solutions.sl 
It is clear from Fig. 2 that when the ethanol concentration is increased up to 20 % (by 
weight), the rate constant k, for pyridine is decreased 4 times and for 2,6-lutidine- 
10 times! The log~it~ of the rate constant of protonation under the action of water 
in aqueous-ethanol solutions proved to change almost linearly with the reciprocal of 
the dielectric constant of the solvent (in the values of D no allowance was made for the 
effect of the dissolved potassium chloride on the dielectric constant). 

An increase in the ethanol content results in a decrease both in the catalyst basicity 
(pI& becomes lower) and in the proton-donor (water) acidity (PI& increases). Both 
these factors result in a decrease in the rate constant k1 for the reaction of the catalyst 
with water. According to Bronsted’s relation, the change in log k, with an increasing 
ethanol content is proportional to the sum of the absolute values of the changes in pK, 
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and pKw (Fig. 3). The ratio Alog k,/(lApKJ + IApKwl) w 1 for the pyridine pro- 
tonation is close to the sum of the values of the slopes of the Brbnsted lines, expressing 
the relationship between log k1 and pK of the acids (proton-donors) No.5 32 and 
between log kr and pKa of the catalysts Q-58. ss This ratio for 2,6-luti~ne is equal 
to ~1.35 (Fig. 3). 

A still greater decrease in the rate of the electrode process is observed with an 
increasing organic solvent content in the case of a surface preprotonation, because in 

FIG. 3.-Dependence of the logarithm of the rate constants of p idine (1) and 2,6,- 
lutidine (2) protonation by water on the changes of 1ApK~l + ApKwl in aqueous- 

ethanol mixtures. 
r 

addition to a decrease in the protonation rate constant, the adsorptivity of the basic 
(electrochemically inactive) form of the depolariser also diminishes. 

Fig. 4 shows the reduction waves of 2-acetyl-5-bromothiophene in an alkaline 
solution at various methanol concentrations observed by Mairanovskii and 
Filonova.34 It was shown that the elec~oche~c~ breaking of the C-Br bond in this 
compound is preceded by the protonation (under the action of water) of the carbonyl 
group, the process occurring on the electrode surface with adsorbed acetylbromothio- 
phene molecules. Therefore, the addition of methanol to the solution results in a 
shift of the wave towards more negative potentials and in a decrease in its limiting 
current (Figs. 4 and 5) both on account of the dim~shment of the surface con- 
centration of acetylbromothiophene and because of the lowering of the rate constant 
of its protonation.M 

Stradins, Reichmanis and GavaP observed a decrease in the protonation rate 
in the case of the electrochemical reduction of 2nitrofuran and its derivatives on 
the addition of ethanol to the solution. As the ethanol content increases, the 
four-electron reduction wave drops to the one-electron wave (the reduction to an 

17 
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I 1 I 
-1.3 -I,5 -I,7 

E vs Lsce), V 

FIG, 4.-Polarograms of O-2 mM 2-acetyl-S-bromothiophene solution with a O*lMKCl 
+ @lM KOH supporting electrolyte in aqueous-methanol mixtures. Methanol con- 

centration (volume %): l-1.6; 2-20; 34; 4-60 
(at 25”; electrode: m = @89 mglsec, t = 0.42 set). 

FOG. 5.-Dependence of Elln (1 and 2) and of the values of the slope of the semi-logarith- 
mic plot (3) of the fkst reduction wave of acetylbromothiophene m alkaline solutions on 

methanol concentration. 
Acetylthiophene concentrations: l-0.20 mM, 2 and 3-O-26 mM. 
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anion-radical), a new wave of the reduction of the non-protonised anion-radicals arising 
at more negative potentials. There are many examples of this phenomenon. 

With increasing organic solvent content in aqueous-organic mixtures, the I&,,- 
values of the waves corresponding to the electrode processes with preprotonation 
become more negative. Schwabe, e”.7 however, showed for the case of the first wave 
of benzaldehyde that the shift of &,, towards more negative potentials observed with 
increasing concentration of organic solvents is much greater than it should be if it 
were caused only by the change in pH of the solution. A greater shift than that corre- 
sponding to the apparent pH change was also observed for the wave of the reduction of 
p-dinitrobenzene in phthalate buffers where the shift is 85 mV with an apparent change 
in pH by unity.” 

Schwabe supposed the additional shift of the wave to be caused by the inhibition 
of the electrode process by the solvent molecules adsorbed on the electrode. This 
conclusion is at variance with a number of observations; in particular, it was demon- 
strated3’ that an increase in the concentration of the isopropyl and ethyl alcohols did 
not reduce, but even somewhat increased the reversibility of the first waves of benz- 
aldehyde and acetophenone in acidic media. The absence of the effect of the ethanol 
concentration (up to 80%) on the reversibility of the first waves of these compounds 
was also proved by Faraday’s impedance measurements.38 In addition, the reversible 
wave of benzophenone was observed in the presence of acids in the dimethylforma- 
mide media3* and in pure pyridine,40 and the wave of benzyl in ethanol-water mixtures 
and in dimethylformamide.” 

In the case of benzaldehyde and acetophenone reduction in acidic media at small 
concentrations of organic solvents, the electrochemical step is close to a reversible one; 
it is preceded by the surface protonation of the carbonyl group.42 The existence of 
preprotonation of the carbonyl group during its electrochemical reduction in acidic 
solutions was clearly proved by Ivcher et al. p3 They observed the division of the one- 
electron polarographic wave of cyclohexenone into two steps, the first of which, 
corresponding to the reduction of the protonised molecule, decreases with increasing 
pH, whereas the second step, corresponding to the reduction of the non-protonised 
cyclohexenone, increases the overall height of both waves being independent of pH 
and corresponding to the one-electron diffusion-controlled process.U 

With increasing organic solvent content, the shift of q,, is caused not only by the 
changes in pH and probably in pK* of the protonated depolariser, but mainly by the 
decrease in the surface concentration of the depolariser. The appearance of the latter 
effect is because of an incomplete reversibility of the electrochemical step proper of 
the process.37 

A decrease in the surface component of the current with increasing organic solvent 
content often “improves” the shape of the waves of complex processes, causing it to 
approach the theoretical one. Thus, in the investigation of catalytic hydrogen waves 
in non-buffer solutions of pyridine and its homologues the values of the current 
observed on the lower part of the wave are somewhat higher than the calculated ones 
(see Fig. 6). This increase in the current arises because a sufficient amount of adsorbed 
catalyst is still present at the potentials of the lower part of the wave, which sets up an 
appreciable surface current ; with a rising cathodic potential, the catalyst adsorptivity 
rapidly decreases and the current becomes a purely bulk one. A decrease in the 
catalyst adsorptivity on addition of alcohol to the solution makes the catalytic wave 
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of pyridine and its homologues purely bulk (space) over its whoIe length. Fig. 6 shows, 
as an example, the wave plots in log I ‘6’s ‘3’2 - i31e)-E co-ordinates for the catalytic (irim 
current in non-buffered solutions of 2,64utidine: a purely aqueous solution and an 
aqueous alcohol one. 3o From the figure, the semilogarithmic wave plot in these 
co-ordinates for an aqueous alcohol solution is a straight line with a theoretically 
predicted slope-(59)-i mV-X.sl*ss 

E, Vbce) 

FIG. &-Logarithmic plots of catalytic hydrogen waves iu 30 mM 2,dlutidine solution 
with a 05M KC1 supporting electrolyte: I-aqueous solution, Z-10, 3-20, 4-30x (by 

weight) of ethanol. 

If the component of the preceding reaction is but very slightly adsorbed on the 
electrode surface, the kinetic current observed is often of a mixed bulk-surface nature. 
Sometimes the adsorption of a substance on the electrode cannot reach the equilib- 
rium state during the drop life. In this case, as shown by Levich et cd.,20 the quantity 
of adsorbed substance per unit surface increases approximately in proportion to the 
square root of the adsorption time. By making use of this fact and by studying the 
dependence of the mixed limiting kinetic current on the drop time, it is possible to 
estimate separately the bulk and the surface components of this currentl’ as well as 
to determine the effect of various factors on each of these components. This 
method was used to study the effect of ethanol concentration on the bulk-surface 
kinetic current of maleic acid reduction, which is controhed by its recombination 
from the mono-anions in an acetate buffer solution. r7 Fig. 7 shows the dependence of 
the kinetic current function R on the square root of the drop time of a dropping 
electrode at different ethanol concentrations. From Fig. 7, at low ethanol 
concentrations R rises with t112, which corresponds to an increase in the contribution 
of the surface component of the current with time. With increasing ethanol 
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concentration the straight lines expressing the dependence of R on tlla become less 
steep and at ethanol concentrations over 30% is almost independent of it. Because 
the steepness of this dependence is also determined, among other factors, by the 
adsorptivity of the depolariser, l7 the decrease in the steepness of the straight 
lines in Fig. 7 corresponds to a decrease in the adsorptivity of the mono-anions of 
maleic acid, hence to a smaller contribution of the surface component of the current, 
the latter dropping almost to zero at ethanol concentrations over 30%. 

I I I I 
0 a5 I.0 1.5 

+ 112 ) se& 

FIG. 7.-Dependence of [ilim/(id - i&l x (l/W) = R on W* for the mixed bulk- 
surface kinetic waves of the maleic acid mono-anion recombination at 25” in an acetate 
buffer of pH 5-l (without ethanol) at different ethanol concentrations (% by weight): 

l-0, 2-10,3-20,4-30. 

Afanasie+ observed a similar decrease in the surface component of the kinetic 
current on the addition of n-amyl and n-hexyl alcohols to an acetate buffer (Fig. 8). 
Because of the high surface activity of these alcohols, the displacement of adsorbed 
mono-anions and a complete suppression of the surface component occur already at 
1.8 x W2 % of hexyl alcohol, and at 1.4% of amyl alcohol. Polyvinyl alcohol 
which has a high surface activity, exerts an even stronger suppressing action 
.(Fig. 9).44 By the measurements of the i-t curves Afanasiev showed that the decrease 
of the current in the presence of the polyvinyl alcohol is caused both by the displace- 
ment of the adsorbed mono-anions of maleic acid from the surface and by the inhibi- 
tion of the electrochemical reaction proper, which occurs only on the uncovered 
parts of the electrode surface. 

It should be noted that separate determinations of the surface and of the bulk 
components of the current are especially convenient when the constants of the protona- 
tion rate in the bulk layer and on the electrode surface are different,l’ i.e., when the 
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Fm. I.-The same dependence as in Fig. 7 at pH 5.8 and different n-amyl alcohol con- 
centrations : I-O, 2-O-25, 3-0.8, 41.4% (from ref. 44). 

E 

FIG. 9.-Effect of polyvinyl alcohol (PVA) additions on the maleic acid waves in an 
acetate buffer of pH 5.8. Concentrations of PVA: l-0, 2-0.002, 3-0.006, MOlO, 

5-0*018 % (from ref. 44). 

Grabowski effect is displayed .ss8 The different dependences of these two components 
of the current on time can be used for this purpose only under the conditions when 
the adsorption is far from the equilibrium state. Usually, however, the adsorption 
equilibrium is practically established at the very beginning of the drop life, so that 
the density of the surface current does not depend on the drop time. 

PROCESSES INVOLVING ADSORPTION OF 
ELECTROCHEMICAL REACTION PRODUCTS 

With an increase in the size of an organic molecule, its adsorptivity on a mercury 
electrode increases (at not too negative potential values). Therefore, a higher adsorp- 
tivity of the reaction products compared to the adsorption of initial substances should 
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be observed in the case of electrode processes resulting in the formation of dimers. It 
is most convenient to observe the effect of adsorption of the reaction products in the 
case of processes with the electron transfer occurring so fast that the electrochemical 
step can be considered to be a reversible or an almost reversible one. 

-1.1 -I,2 

E, V (scel 

Fro. lO.-Semilogarithmic plot of the first wave of benzaldehyde (c = I.5 mM) in an 
acetate buffer (PlM NaAc -I- O*lM HAc). Isopropanol concentration (% by volume) 
in solution and apparent pH equal to, respectively : 1-O %, 4.37; 2-12 “/, 448; 3-32 %, 

4-95; &42x, 509 
(electrode characteristics: m = 0.91 mglsec, t = O-28 se& 

An electrode process with a fast electron transfer and a subsequent dimerisation 
of the products formed occurs in the case of the first wave on the polarograms of 
aromatic aldehydes and ketones in an acidic mediuml? as well as during the reduction 
of N-alkylpyridinium salts .17 The shape of the polarographic wave for such processes, 
as was shownf7 on the basis of Kouteck$ and Ham& data, is described by the 
equation 

(9) 

where E,, is the characteristic potential independent of the depolariser concentration. 
consequently, the wave plot in the log W&,, - i) - E co-ordinates should be a 
straight line with the reciprocal of the slope 59 mV. Fig. 10 shows the plots”’ in the 
above co-ordinates for the waves of benzaldehyde in solutions with different isopro- 
panel* content. From the figure, in the absence of isopropanol (curve 1) a straight-line 
plot with a theoretical slope is observed only on the bottom part of the wave, i.e., for 

* It is erroneously stated in reference 37 that the experirneots with benzaldehyde were carried out 
in aqueous-ethanol solutions. 
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small current values. The top part of the wave is somewhat shifted towards more 
negative potentials, the shift being the greater, the higher is the value of the current. 
The shift of the top part of the benzaldehyde wave is caused by the inhibition of the 
electrode process by the dimeric products accumulated on the electrode surface, the 
surface coverage with these products and the inhibition effect increasing with a rising. 
current.a’ The addition of isopropanol to the solution, which lowers the adsorptivity 
of dimeric products, makes the wave shape approach the theoretical one (Fig. 10); at 
an isopropanol concentration about 30x, the wave over its whole length obeys 
equation (9). A similar effect is also observed for the first wave on the polaro- 
grams of acetophenone.sr 

0-o 
DMF, VOI % 

FIG. 11 .-Dependence of the characteristic potential E,, (1) and of the reciprocal of the 
slope of the semilogarithmic plot (2) in E - log ia/*/&,- i) co-ordinates for the waves 
of N-ethylpyridinium iodide (c = 064 mM) and of the Ells values of the wave of the 
rubidium discharge (3) on the concentration of dimethylformamide with a 0.05M 

(C,HJ,NI supporting electrolyte. 

In a polarographic reduction of N-ethylpyridinium iodide with a tetra- 
alkylammonium salt used as supporting electrolyte, the mean value of the reciprocal 
of the slope of the semilogarithmic wave plots drawn in accordance with equation (9) 
also falls with a rising organic solvent concentration (see curves 2 in Figs. 11 and 12), 
tending to approach the theoretical value -59 mV. In this case, as well as in the 
polarographic reduction of aldehydes and ketones, the organic solvent reduces the 
adsorptivity of a dimer, N,N-diethyldihydrodipyridyl, on the electrode and thus 
diminishes the inhibition of the electrode process. 

It should be noted that the E,, (and E,,, as well) of the waves of N-ethylpyridinium 
iodide become less negative when the organic solvent content in the solution increases 
(curve 1 in Figs. 11 and 12), just as is the case for the reversible discharge of metal 
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cations under the conditions when no formation of complexes occurs (see, for example, 
curve 3 in Figs. 11 and 12 for the wave of the rubidium ions discharge as well as the 
data for the wave of other ions in refs. 6, 8-14). Formally, this shift of E,,, can be 
explained by an increase in the activity of the metal ions with the decreasing dielectric 
constant of the solution. 

Ethanol, vol. % 

FIG. 12.-Dependence of E,, (1) and of the reciprocal of the slope of the semi-logarithmic 
Plot (2) of the wave of N-ethvl~vridiium iodide and of E, I~ of the rubidium wave (3) on 
ihe c&o&ration of ethank’ik aqueous-ethanol soluti&k with a OOSM (C,H&NI 

supporting electrolyte. 

As has already been pointed out, in the case of the first waves of aromatic aldehydes 
and ketones, with increasing content of organic solvents, their E,, (and E,,.J become 
more negative (Fig. 10) in spite of the fact that electrons are also transferred to the 
proton&d positively charged particle. Such behaviour of carbonyl-containing 
compounds is because their discharge step is preceded by the surface protonation, 
whose rate falls with increasing concentration of the organic solvents both on account 
of a reduced activity of the hydrogen ions and because of the diminishment of the 
amount of the non-protonised particles adsorbed on the electrode. 

It should be emphasised, in conclusion, that only in the presence of organic solvents 
reducing the adsorption effects is it possible to obtain purely bulk kinetic and catalytic 
waves the behaviour of which is accurately described by relatively simple theoretical 
equations. In addition, only by a polarographic analysis in organic solvents is it 
possible to obtain the values of the half-wave potential of organic compounds un- 
distorted by adsorption effects, which can be used to establish correlations with the 
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structure of these compounds. When working with organic solvents, however, it is 
necessary to take into account the possibility of an interaction between the depolariser 
and the solvent. 

INTERACTION OF DEPOLARISER WITH SOLUTION COMPONENTS 

It should be noted that sometimes when the composition or the nature of the 
solvent is changed, Q/Z can be somewhat affected not only by.the protolytic properties 
of the solvents, but also by the specific interaction of the depolariser with the solvent. 

CH,OH, % 

FIO. 13.-Dependence of i~~/;;cm3/8t1/a (for the equilibrium state) on methanol 
concentration on acidic media of the waves of: 

I-benzaldehyde, 2-p-chlorobenzaldehyde, 3-phenylacetaldehyde (from ref. 48). 

This seems to be the case when hydrogen bonds are formed between the depolariser 
and the solvent (see, for example, reference 49, as well as in some other instances. 
In particular, the specific interaction seems to take effect in the polarographic reduc- 
tion of p-nitrochlorobenzene in non-aqueous solvents,46 when upon the transition 
from methanol to acetonitrile &/a of p-nitrochlorobenzene shifts from -0.84 V 
(S.C.E.) to -1.18 V, and in dimethylformamide becomes -1.41 V (with O*lM 
sodium iodide as supporting electrolyte). 

In some cases the solvent can affect the formation of the ionic pairs. Thus, a 
readier formation of the ionic pairsq7 with a decreasing ionic radius of the cation of the 
supporting electrolyte in the series of the iodides of (C,H&N+, Cs+, Naf shifts the 
reduction waves of p-nitrochlorobenzene towards more positive potentials (- 1.87, 
-1.52 and -1.41 V, respectively). 

Bezuglyi and Rapor&& * investigating the dependence of the limiting currents of the 
reduction waves of some aromatic aldehydes (benzaldehyde, p-chlorobenzaldehyde, 
phenylacetaldehyde) on the concentration of various alcohols in aqueous-alcohol 
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solutions, established that in acidic media at high enough alcohol content in the 
solution, the product iti& (where 7 is the viscosity of the solution) begins to de- 
crease (Fig. 13). A p~~~~y strong decrease in the wave height is ubserved in 

‘I- 
i i f I I f f 

0 to 20 30 40 50 60 70---&i-- 

t, mm 

FM, 14.-Chanl;e in iii, with time For thep-chlorobenzaldehyde wave in acidic solutions 
at difkrent ma&an& cencentratbn~ and temperatures [fmrn ref. 481, &-SO%, B; 

2--z%%, 25”; 3--%IYW 76; 4-9Q”pm 15”; s-wt%, LY; ~~~~~~ 25”. 

methanol solutions, a much bss pronounced one in ethanol solutions (but only in 
those with a low water content); the value: of i,,& remains almost unchanged ia 
the solutions of isopropyl and butyl alcohols. The values of iti of the waves of the 
~orn~o~~ investigated dire&Jy at the moment of their ~~t~d~~o~ into an acidic 
alcohal solution (extrapolation to zero time) corresponds to a normal diflusion current. 
However, the value of ifi, decreases fast with time, after IO-20 min reaching a constant 
value (see Fig. 14), Bezuglyi and RaportzP explain the decrease in the current with 
time by the fo~at~on of ~~~ogmp~y im&ve seniacetak~ from aldehydes, the 
attainment of a comtant in time current value ~o~espo~d~~g to the ~stab~is~e~t of 
the equilibrium state. The equilibrium constants of the reactions of the formation of 
semiacetals with methanol and ethanol at different temperatures are evaluated from 
the dependence of the equilibrium value of iu, on methanol and ethanol concentra* 
tions, 
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POLAROGRAPHY AT HIGH PRESSURES 
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Summary-A review of polarography at high pressures is presented. 

INTRODUCTION 

THIS contribution is concerned with perhaps the most esoteric application of polaro- 
graphic methods, namely to systems and solutions at high pressures. In spite of the 
small number of recorded applications, I hope to justify its consideration in terms of 
its immediate application to electroanalytical chemistry, as well as in terms of its 
theoretical interest. 

Pressure is not a commonly considered variable in relation to condensed phases, 
i.e., liquids, because relatively high pressures (lOa- atm) are required to effect signif- 
icant changes in their properties and this entails special equipment, more usually to be 
found in engineering laboratories. However, over the last few years, standard items 
of high-pressure equipment have become readily available. A range of high-pressure 
vessels, pumps, gauges, etc., can be assembled without special tools or facilities; 
pressure can, therefore, reasonably be regarded as a normal practical variable rather 
than as a remote thermodynamic concept or a measure of gaseous molecular concen- 
tration. 

In one important instance, resort to high-pressure techniques is a matter of 
necessity rather than of choice. To study solutions at temperatures above the normal 
boiling point of the solvent requires a closed system able to withstand increasing 
pressures at increasing temperatures. This is the situation in many high-temperature 
aqueous systems typical of hydrothermal situations, of autoclave procedures, etc. 
Although very often the pressures involved are only a few hundred atmospheres, 
similar apparatus and similar problems are involved and a consideration of these 
systems will also be included here. 

Over the last few years, several reviews of high-pressure chemistry have been pub- 
lishedlp3 and in Hamann’s book, in particular,l a detailed consideration of several 
electrochemical systems is included. A more comprehensive survey of high-pressure 
electrochemistry as such has, even more recently, been given by Hills and Ovenden. 

GENERAL CONSIDERATIONS OF PRESSURE AS A VARIABLE 

The conjugate variable of pressure is volume and the effect of pressure on electro- 
chemical systems is manifested not only in changes of total density, and therefore of 
concentration, but also in terms of displacement of equilibria and of changes in rate- 
constants, diffusion coefficients and ionic mobilities. 

1317 
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Equilibrium properties 

The properties of equilibrium electrochemical situations may be summarised in 
terms of the equations * 

and 

(gqT=v; (E),= -av; (g),= +v 

(;),= (g),=f[(g),+P] =; 

For multi-component systems, i.e., solutions, further partial derivatives arise: 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

0 

In all these equations, the subscript 2 refers to the solute. The superscript zero refers 
to the standard state implicit in the definition of y* which, for electrolyte solutions, 
is infinite dilution. 

The practical significance of these relationships to electrochemical systems will 
depend on the relative magnitudes of the various V terms and will vary from system to 
system. The compressibility is small (5 x lOA atm-l) so that within the range of most 
accessible pressures the volume of solutions, and hence the solute concentration, will 
not change by more than a few per cent. From the viewpoint of polarography, the 
pressure-dependence of concentration is hardly a significant variable. 

Activity coefficients also vary only slightly with pressure. It may be assumed that 
most of the change in activity coefficient can be described in terms of the corresponding 
variation in the macroscopic dielectric constant of the solvent which, for aqueous 
solutions, is well known. Owen and Brinkley6 have tabulated experimental values of 
E which fit the Tait relationship 

B’ + P 
EJEp = 1 - A’ log,, - 

B’ + 1 

where A’ and B’ are characteristic quantities for each liquid. For water at 20”, values 
of A’ = 04060 and B’ = 2,925 atm were obtained which, within the experimental 
precision, account for the gradual increase of E from 81 at 1 atm to 100 at 6000 atm. 

* Symbols undefined in the text are defined at the end of the paper. 
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From values interpolated from this equation, Whitehouses has calculated values of y* 
for a (1 :l) electrolyte over a range of pressures. He used the full Debye-Htickel 
equation and assumed a constant value of 4.3 x lO-* cm for the distance of closest 
ionic approach. Some of his results are given in Table I. 

TABLE I.--VALUES OF yi AT 25” FOR A (1:l) ELECTROLYIB+ 

Presure., atm Molality Yf 

1 0.01 
0.05 
0.10 

500 0.01 
0.05 
0.10 

1000 0.01 
0.05 
0.10 

09036 
0.8296 
0.7973 

09061 
0.8343 
0.8037 

09084 
0.8392 
0.8106 

* Calculated from the Debye-Htikel equation, 

logy* = - 
A&= 

1 + BaF~,s + Cc - log (1 + 0.03604 m). 

The effect of pressure on the activity of completely dissociated electrolytes is thus 
small, but this is not the case with incompletely dissociated electrolytes. Invariably, 
the ionisation of neutral molecules is accompanied by electrostrictive compression of 
the surrounding solvent. The right-hand side of equation (6) is then positive and in- 
creasing pressure should, therefore, enhance the degree of dissociation. This is found 
experimentally (see Table II) and the observed variation can be semi-quantitatively 
described in terms of the Born equation and the variation of E with pressure.g 

It may, therefore, be anticipated that the ionisation of water also increases with 

TABLE H.--TIIB EFFECr OF PRESSURE ON THE D ISSOCIAnON CONSTANTS OF 
WEAK ELECl’ROLYTES IN AQUEOUS SOLUTION AT 25” 

1WK mole kg-l 

Pressure, atm 

Electrolyte 1 1000 2000 3000 Authors 

HCOIH 17.4 24.4 

CH$ZO%H 1.71 2.70 

CHaCOIH 1.77 2.75 

C,H,CO*H 1.26 2.06 

NHIOH 1.75 5.11 

CH,NH,OH 41.9 118 

(CHJ~NHGH 58.9 162 

(CH&NH OH 6.28 18.0 

H&L 710 1330 

CIHICOIH 5.9 9.3* 

l 1030, 2030 and 2780 atm. respectively. 

32.5 

3.91 

3.88 

3.14 

12.2 

257 

366 

43.3 

2100 

13.7’ 

41.8 

5.38 

- 

4.44 

24.3 

464 

752 

91.5 

Hamann and 

Strauss* 

Ellis’ 

Hamann and 

Strauss8 

- Ellis’ 

17*7* 
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pressure. Relative values of the dissociation constant of water have been calculated 
by Owen and Brinkley6 in terms of the sum of ionic partial molar volumes for hydro- 
gen and hydroxyl ions, which is assumed to be constant. These values are given in 
Table III; they have yet to be confirmed expe~men~~y but are probably adequate 
for most purposes. 

TABLE I&--THE CALCULATED VARIATION WITH PRESSURE OF THE DISSOCIATION CONSTANT OF WATER* 

P, bars 
5°C 

20: 
1 
1.24, 

i% 
1.548 

::p 

IE 2.8:: 

* From Owen and Brinkley.6 

G& 

15°C 25’C 35°C 45°C 

i.225 
1 1 1 
1 a202 l-180 1.16, 

1.490 1.435 1.384 1.34 
l*SOe 1.703 l-6& 1.54, 
2‘163 2,009 1.86, 
25% 2.358 2.15* ::;: 

eon-equilibrium systems, irreversible processes 

The rates of irreversible processes, such as diffusion, migration, charge-transfer, 
etc., will also be pressure-dependent. Aside from changes in initial concentration, 
such rates will be specifically pressure-dependent if the transition or activated state of 
the rate-limiting step has a different density or molar volume compared with the 
correspon~ng unactivated state. In terms of the transition state theory, this is ex- 
pressed as 

i3lnk 

( 1 

-AVt 
-z- T==-iw- (9) 

Again it may be noted tliat because many reactions in solution proceed through 
charged intermediate species, AVT is negative and the pressure coefficient is, therefore, 
positive. 

For diffusion and migration, a different situation obtains. The degree of electro- 
striction is virtually constant and the volume of the activated state reflects the conse- 
quential change in density associated with the rearrangement of solvent molecules. 
Additional degrees of freedom invariably imply a reduced density and hence volumes 
of activation for migration are normally positive. It follows that diffusion coefficients, 
ionic mobilities and solvent fluidities normally decrease with increasing pressure.lO-la 

The single and important exception to this genera~~tion concerns aqueous solu- 
tions at room temperatures. Between 0 and 60”, these translational properties are, to 
varying degrees, anomalously dependent on pressure. This is especially true of the 
mobility of the hydrogen ion and least true of the fluidity; but, in both cases, it is 
evident that the special structural features of water are involved.13*14 Negative 
volumes of activation for translational processes are a particular feature of low- 
temperature aqueous solutions. They rapidly become positive at high temperatures 
and above 200”, water is a normal liquid, in this respect at least15 (c$ Fig. 1). 

APPARATUS 

The general techniques of high pressure chemistry have been described else- 
wherc.1*3,10*16 The design of components from steels of high tensile strength is based 



oa well-established principles of elasticity. Most of the apparatus likely to be needed 
can be obtained from the increasing number of engineering companies specialising in 
high-pressure equipment. 

A typical arrangement is shown in Fig. 2. Either oil or gas can be used as the 
pressurising fluid. The use of gases is simpler, cleaner but dightly more hazardous. 

I.08 

104 

f Ia00 
F‘ 

0% 

0.92 - 

IO00 1000 

P, &m. 

FE. L-The w&ion with pressure of s&w& visc&ia and ionic mobilities 
for aqueous solutions. 

Some compromise on the size of the pressure vessel is required and inevitably leads to 
the use of miniature e~~tr~he~~~ apparatus. Ahnost any rigid, glass apparatus wiil 
withstand large uniform hydrostatic pressures, but not shock treatments or even small 
pressure gradients. Efficient transmission of pressure is, therefore, essential and can 
be achieved by a number of simple devices, such as the mercury seals, pistons and 
flexible diaphragms shown in Fig. 3. Multiple electrical leads can readily be brought 
through the closure and a wide range of electricaL and electromagnetic operations can 
be carried out in a normal pressure vessel, Specific applications of these procedures 
to voltammetric measurements have been made by Ewald and LimYX7 Hayasi and 
Kor~o,~~ Mairanovskii, Gonikberg and Opekunov,lQ Payne20 and Ellis and Hillsel 
and will be described in greater detail below. 

ELECTRODE POTENTIAL 

The effect of pressure on reversible eIectrode potentials and, inter alia, on E,,s is 
described by equation (5) in terms of the cell reaction and of the corresponding partial 
molar volumes. Not many ~~arnbi~o~s experimental m~s~eme~ts have been 
made, i.e., of cells without liquid junction, but it may be generaBy concluded that 

because v2 terms are small and often similar, (aE/8P), is also small (1-IO,UV atm-I). 

18 
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Pressure 
gwe 

Fro. 2,-A typical high-pressure assembly for electrochemical measmzments on the 
range: l-5000 atm. 

O-rings Tef ion 
ktelioars 

If a gaseous component is involved, then much larger values of Z rts and (BE/aP), 
will be observed. MacInness studied the cell 

IL Waft ~~~~~gscls~~~ 
(P atm) 

and the observed pressure coefficient is almost entirely determined by the molar 
volume of molecular hydrogen. 



Polarography at high pressures 1323 

Direct polarographic measurements of Ella have so far been neither accurate nor 
comprehensive enough for general conclusions to be drawn. Because dielectric 
constants increase with pressure, it could be argued that any overall increase in valency 
or ionic character in the cell reaction would be correspondingly enhanced. Thus, the 
reduction of multivalent ions will take place at increasingly negative potentials with 
respect to a reference electrode involving only singly charged ions. This appears to be 
confumed experimentally.l’ 

FIG. 4.-A cell for polarography with pressure (from ref. 19). 

The case of irreversible electrode processes is dealt with below. An increase in 
pressure causes a marked fall in hydrogen overpotential which is, however, a con- 
sequence of the change with pressure of the associated rate constant. 

DIFFUSION-CONTROLLED ELECTRODE PROCESSES 

Dropping mercury electrode 

The use of the mercury electrode at pressures of several thousand atmospheres 
presents no fundamental difficulties. It was first reported by Mairanovskii et aZ.ls and 
their apparatus is shown in Fig. 4. The mercury reservoir and the mercury pool both 
transmit the pressure and normal polarograms are obtained. 

They studied the reduction of thallium(I), zinc, cadmium and hydrogen ions in 
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aqueous O*lM potassium chloride and found no detectable change of limiting current 
with pressure at 25” for any of these species. In terms of the Heyrovsky-IlkoviE 
equation 

i, = 607 ~mn@=‘~D~‘~ (10) 
the pressure-dependent terms are seen to be mHg, T, c and D. The viscosity of mercury 
is not significantly pressure-dependent and, in any case, a timed drop-detachment 
device was used to regulate and maintain the drop size. Any pressure-dependence is, 
therefore, restricted to the product cD1j2. However, D M k,q-l and c m k,V and 
BridgmanlO has shown that at room temperature the product $12V for water is practi- 

cally constant. It follows that cD~‘~ and hence & will not be appreciably independent 
of pressure, at least up to 3000 atm. 

In fact, the approximation that D M k,q-l is not a good one, and in a later study 

Payne 2o detected small systematic changes of iL with pressure for cadmium ions in 

potassium chloride (Fig. 5). i, is seen to increase slightly with pressure, in keeping with 
the conductance isotherms of aqueous solutions at 25”. The half-wave potentials were 
also observed to be sensitive to pressure. The reductions of cadmium and zinc ions 

were found to be reversible and to follow a linear E vs. log (i/jr, - i) relation of the 
appropriate slope. 

Solid micro-electrodes 

Two independent studies of platinum micro-electrodes have been made, by Ewald 
and Liml’ and by Hayashi and Kono,ls in both cases using d.c. polarisation. The 
agreement between the two sets of results is not good, even allowing for the fact that 
they relate to different reducible species. Ewald and Lim’s results for O~OIM copper 
sulphate in 0*5M potassium chloride are shown in Fig. 6. The limiting currents are 
seen to be very pressure-dependent whereas those of the Japanese workers barely 
change at all. It is possible that the copper(I1) ion is partly associated, although in this 
case pressure should enhance the degree of ionisation and, therefore, also the limiting 
current. The use of stationary electrodes and d.c. polarisation is always liable to give 
anomalous results and it would be interesting to use shorter polarisation times to 
ensure the absence of spurious conviction. 

Hanging mercury drop 

The hanging mercury drop electrode also functions well at high pressures. Little 
systematic polarography has been carried out, but its use in another type of study is 
described below. 

INTERFACIAL EQUILIBRIA AND ELECTRODE CAPACITY 

By means of relaxation methods, other properties of reversible electrode systems 
can be investigated. Both the exchange current and the interfacial capacity can be 
determined and made the basis of a total description of the equilibrium electrode 
interface. Up till now, only the pressure-dependence of the capacitance has been 
measured23 but this isolated study has already allowed an extensive thermodynamic 
analysis to be made of the adsorption into the interface of solvent and of ions. This 
type of analysis is based on the Gibbs’ adsorption equation for a charged interface, i.e., 

-dy=~I’,d~+qdc++I’SdT-I’vdP (11) 
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where l?,, q, lYs and Fv are the interfacial excesses of constituent ions, charge, entropy 
and volume, respectively. .a& is an electrical variable defined by the total cell e.m.f. 
and the chemical potentials of the components of the reference electrode. Thus, in the 
cell 

Hg/solution/Hg,Cl,/Hg, 

8* = a_ = E + @narc~;;-- pug (12) 

IO. 

2 

f-- 

0.01 M I atm. 

0.01 M 3000 atm. 

X.X-X+ 

pi”” 

0.005 M latm. 

X 

;i 

I 

x-x-x-x 

0*005M 3000 atm 

I I 
0.25 0 -0 25 

E.M.F. vs rice.,, V 

FIG. 6.-Polarograms of CuSO, in aqueous OS%f KC1 at 25” (from ref. 17). 

The interfacial excess volume is the change in total volume when the two bulk phases, 
metal and solution, are brought together. It will be largely a function of the solvent 
and thus the pressure coefficient of interfacial tension will be a measure of extent to 
which the solvent is involved in the interface. So far, this coefficient has not been 
determined although it would not be dithcult. Instead, I’v has been obtained by an 
indirect procedure based on the measurement of the pressure coefficient of electrode 
capacity. 

After Parsons,24 equation (11) can be expressed in terms of another variable, 6& 
defined as 

& = Y + 9% (13) 

whereby 
-dE,=Z:I’,d/+ qdq+l-‘sdT-PvdP (14) 



Cross-differentiation of this equation at constant temperature and constant chemical 
potential then gives 

(~)=.~*~ = (%,.,., 0% 

can be related via equation 12 to the pressure coefficient of cell e.m.f., 
W*Q 

can then be obtained from the general relation 
Ttlr4 

and it follows, therefore, that by integration of the pressure coefficient of the capacitive 

reactance, can be obtained, Further integration of this quantity then leads to 

dq dq w I’, + constant 

The Grst integ~~o~ constant is found from the variation with pressure of the capacity 
at q = 0. The other integration constant requires that the absolute interfacial tension 
be known as a function of pressure. This is not yet known and thus all the values of 
rr obtained so far are relative to that of the system IIg/aqueous NaF (@31w) at q = 0. 

Precise measurements of capacity were made at the dropping mercury &e&rode 
using the apparatus shown in Fig, 7. The pressure was transmitted viu the head of 
mercury and an inflatable plastic bag in which the mercury collected without either 
creating a back-pressure or an additional head-pressure through distention of the bag. 
Multiple leads through the top closure enabfed inpedance measurements to be made 
on a co&o&d and timed dropping ekxtrode, 

The results of Payne’s study are shown in Figs. 8 and 9. They i&&ate the sign% 
cant changes in volume accompanying the adsorption or desorption of water in the 
inner region of the double layer. The anodic hump, which has been the subject of a 
number of recent paper~,~+~ is identi&d not &h re-orientation of the water but 
rather with the competing effects of increasing adsorption of water, of the outward 
displacement of the inner Hehnholtz plane and, for specfically adsorbed ions, of the 
displacement of water from the inner layer. It is particularly noticeable that the steep 
fall in capacity (on the anodic side of the hump) caused by nitrate ions is associated 
with the largest volume change, The positive vohmxe change a~mpan~ng the ad- 
sorption of ions is an important feature in a later discussion of electrode kinetics. 

CHAR(3E~TRANSFER PROCESSES: 
THE HYDROGEN-ELECTRODE REACTION 

Only a single study haa so far been made of the pressure coefficient of a clearly 
identifiable electrode reaction. K.innibrugh87 has measured the rate of the hydrogen 
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evolution reaction on mercury in aqueous O-1 M hydrochloric acid. He used a hanging 
mercury drop of precisely known surface area formed inside the pressure system by 
means of an electrically driven syringe. 

At 25” and from 1 to 1500 atm hydrostatic (not hydrogen) pressures, constant 
Tafel slopes of 2RT/F were obtained. The transfer coefficient is, therefore, independ- 
ent of pressure but the current density at constant overpotential was found to be very 

30 Cl 

Mercury 
reservoir 

uxiliory 
ectrode 

FIG. 7.-Miniature dropping me%eury electrode 
for measurements of electrode impdance at 

high pressures. 

2cm 

pressure dependent, increasing by 100% for a rise of 1000 atm pressure. The exact 
pressure coefficient, (a In i/aP),, = 1.3 x lOA atm-l corrected for the pressure- 
dependence of the reference electrode potential, then corresponds, in terms of equation 
(9), to a volume of activation of -3.4 ml. faradayl. 

This decrease in hydrogen overpotential has been noted earlier and discussed 
somewhat inconclusively by Hamanna in terms of variable pressures of dissolved 
hydrogen and oxygen. In Kinnibrugh’s experiments, the solutions were oxygen-free 
but were initially saturated with hydrogen such that the working and reference elec- 
trodes were in equilibrium with the same partial pressure of dissolved hydrogen. This 
greatly simplified the definition of the overpotential. A further important simplifica- 
tion arises in this system because the observed current density is independent of the 
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FIG. 8.-Variation with pressure of 
the capacity minimumin@lMNaF 
at 25” (from ref. 23). Results of three 
independent measurements (i) 0; 
(ii) 0 (increasing P); A (decreas- 
ing P); (iii) 0. All measurements 
have a common starting point at 
P = 1 atm and C = 1572 PF cm-p. 
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FIG. 9.--Surface excess volume as a 
function of charge for O.lMsolutions 
of the salts at 25” and 1 atm. Values 
are relative to the arbitrarily chosen 
zero at q = 0 for the NaF system. 
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bulk hydrogen-ion activity. This results from the relation between the ionic concentra- 
tion and the potential of the diffuse double layer and it follows that the pressure- 
dependence of the ‘initial state’ of the charge-transfer reaction is not a significant 
factor. If, then, the rate-limiting step of the hydrogen evolution reactions is the reaction 

H+(aq) + e-H (I) 

this passes through a transition state of higher density. It is not easy to see how this 
can,be so, because the transfer of ions through the double layer and the neutralisation 
of charge are both normally accompanied by increases in solvent volume, which would 
suggest a transition state of lower density. 

On the other hand, the second step 

H+(aq)+H+e-+& (11) 

is much more easily correlated with the negative AVt, because the likely intermediate, 
Ha+, is known to be a small ion and either as a transition state or a precursor from the 
equilibrium H + H+ + Ha+, it would be favoured by increased pressures. However, 
this rate-limiting step is difficult to sustain in the face of the observed Tafel slope 
unless there is also a constant (high) activity of adsorbed hydrogen atoms or Ha+ ions. 
There is little evidence to support this further requirement and an explanation of the 
negative colume of activation must be sought in mechanism (I). It has been suggested*’ 
that the transfer of an electron through the Hehnholtz layer of water is part of the 
rate-limiting step and one which might, therefore, give rise to further electrostriction 
and a volume decrement. There is little sign of this in Payne’s study and the problem 
stands unresolved. 

HIGH-TEMPERATURE HIGH-PRESSURE POLAROGRAPHY 

The final application of high-pressure techniques is concerned with systems at 
temperatures above the normal boiling point of the solvent, where a pressure-tight 
vessel is required to retain the vapour. Not very high pressures are involved (e.g., 
< 100 atm) but pressure is nevertheless best seen as an independent variable. 

A general review of ‘hot-water’ electrochemistry has been given by Ellis and Hills,2l 
who describe in detail the use of the dropping mercury electrode and platinum micro- 
electrodes in sealed aqueous systems up to 250”. 

Using a blanketing pressure of argon (~100 atm), these authors made a polaro- 
graphic study of aqueous solutions of cadmium, zinc, nickel and indium ions up to 
250”, using the apparatus shown in Fig. 10. This apparatus is novel in its use of a 
looped system of two pressure vessels, one of which is the mercury reservoir. Revers- 
ible polarograms were obtained for cadmium and zinc ions (Fig. 11) and also for 
indium at high temperatures. The reduction of nickel became progressively more 
reversible, but even at 225” gave an n value of only ~1. 

Ellis and Hills were able to correlate the average limiting currents with the IlkoviE 
equation 

jr, = 605 nmpm~~~/6Df/2 (19) 

where mu, is the mass flow of mercury. The water density term, p, is necessary to 
allow for the change with temperature of the volume concentration. 
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This equation may be changed to a form better suited for testing the characteristics 
of the dropping mercury electrode over a range of temperatures and pressures, i.e., by 
usinga the relationships 

ME87 = 2fl,yfg (20) 
and 

m ng = ?rr04dPc/81~ (21) 

In these equations, rc is the capillary radius, y the mercury/solution interfacial tension, 

I/$o d. S S. cophry 
tubmg 

ocks 

Argon 

O-ring seal 

Gtass captliary connection 

Silica tube 

Pressure vessel 

Sltver her on inside 
of pressure vessel 

Coplliary 

Heatmg elements 

FIG. IO.-Ellis’s apparatus for the polarographic analysis of hot water solutions. 

g the gravitational constant, d and q the density and viscosity of mercury, respectively, 
1 the length of the capillary, and PC the hydrostatic pressure head of mercury (ph) 
corrected for the back pressure due to interfacial tension at the surface of the growing 
drops. For the present purposes the mean current can be expressed by the following 
equation, where A is a numerical constant 

7 
IL = 

~~~l/~~pf’3’6~~~~~lf~~lf6 

yapz (22) 
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Bythough it is not significantly compressible, mercury changes in density from 13-55 

at 20” to 13-00 at 25@, All otbizr things being coustaut this would cause & at 2sif” to 
be about 2% less than at 20°, which is hardly with.& the experimental precision. It is 
shown below that y Chaucer very little in the tem~mt~e range o~interest, so that this 
factor can also be neglected. The viscosity of mercury decreases from 155 at 20” to 
@SE95 oeutipoise at 2S. On this basis the d~~sion current will increase hy about 25 “I, 
~tw~~ these tiaras due to the ineressed Aow of mereury. 

(bf 

Equation (23) ignores miuor efforts caused by small ~ha~~~s iu the density of 
mercury and B is approximatefy a constant. If, as ia these experimeuts, rc is 04NX cm, 
the eqrreeted pressure in terms of mn head of mercury at auy t~rn~r~ture is 

PC (cm Hg) it: Jr, (cm Hg) _I l-3 

From ~q~~o~ (22) the p~larog~~p~~ analj%is Procedure with a give& capillary 

oau bo cheeked at each t~rn~~~~~~ and pr.essure for the propo~o~ty its jfi 

and PC, and between in and c. With satisfactory electrode beh%viour, the v&ation 

with t~pemture of the qn~ntity ~~~~~~(m~)2 can bo equated ethic a few per cent to 
the corresponding variation of the diffusion coeffiieut D for the reducible species 
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under consideration. The variation of G with temperature can be obtained approxi- 
mately from the drop time of the electrode through the following equation (K’ is a 
numerical constant for each capillary) 

Y = K’TPcd/q (25) 

The results of these experiments can be evaluated in terms of the linear dependence 
of i, on PAI and also on m. Some of the evidence for the satisfactory behaviour of the 
dropping mercury electrode at high pressures and high temperatures is given in Tables 
IV and V. 

TABLEIV.-CORRELATIONOF ~WITH m FORTHEREDUCI~ON OF THALLIUM(I) ION IN O*lM AQUEOUS 
POTASSIUMCHLORIDE 

Temperature, “C 20 135 170 210 
7 

m 'L 1 O-ajL/m iL 10-s~L/m i 10-si,/m i 10+&n 

10-a 8.0 8.0 20.5 20.5 23.8 23.8 25.7 25.7 
3 x 30-p 2.55 8.5 6.1 20.3 7dIo 23.3 8.25 27.5 

10-4 0.80 8.0 2.05 20.5 2.41 24.1 2.68 26.8 

TABLE V.-THE DEPENDENCE OF i& ON THE CORRECTED HYDROSTATIC MERCURY PRPSSURE PC, FOR 
REDUCTTON OF 10-8hf THALWM(I) ION (TIcI) IN @lM POTASSIUM CH.I.ORIDE 

Temp, “C jo_CA) Pe i&/P;” Temp, “C i#A> PC i/P;‘= 

9.4 41.2 1.47 21.4 36.0 3.56 
20” I 7.85 30.7 1.42 115” 18.4 27.0 3.54 

6.85 23.1 1.43 15.1 19.2 3.45 

25.5 345 43 28.5 32.2 5.0 
167” 220 26.2 4.3 221” 30.2 5.0 

17.5 19.0 4.0 
I 27.7 
22.5 23.3 4.7 

Another interesting feature of these results was the decline with temperature of the 
hydrogen overpotential. Over a range of 200”, this falls by ~1 V and it would appear 
that at 350” and above, the hydrogen electrode reaction, even at mercury, becomes 
fast and reversible. 

Ellis and Hills also used a stationary platinum microelectrode. Using slow d.c. 
polarisation, this type of electrode functioned with increasing efficiency as the tempera- 
ture was raised. Satisfactory polarograms for copper(I1) and lead(I1) ions were 
obtained. 

CONCLUSIONS 

It is evident that polarographic analysis at high temperatures and pressures is 
feasible and is accompanied by no great loss of precision. In situ analysis of chemical 
reactions in pressure systems in autoclaves, etc., is, therefore, possible and is likely to 
be useful in hydrothermal analysis and oceanographic analysis, to name two areas 
of current interest. 

It should also be emphasised that pressure coefficients are especially indicative of 
changes in solvent density and solvent structure. Unlike temperature-coefficients 
which are invariably positive, pressure-coefficients can be negative or positive, and as 
such are more discriminating. 
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SYMBOLS NOT OTHERWISE DEFINED IN THE TEXT 

distance of closest ionic approach P pressure (atm) 
Debye-Htickel constants reactants 
concentration (mole lite+) B 
inter-facial ca 

gas constant 
acitance 

& 
S entropy 

diffusion toe cient 
e.m.f. I 

temperature (“C) 
absolute temperature 

faraday U internal energy 
Gibbs free energy volume 
current ; volts 
average limiting polarographic AVt activation volume 

diffusion current 
speci6c rate constant & partial molar volume 
proportionality constants 

; 
coefficient of cubical expansion 

equilibrium constant coefficient of isothermal compressibility 
isothermal partial molal compress- Y interfacial tension 

ibility 
molality Yrt mean molal ionic activity coefficient 
flow rate of mercury E dielectric constant 
number of electrons in the electrode R ionic conductance 

(cell) reaction 
products 7 drop time 

Zusammenfassuns--Die Polarographie bei hohen Drucken wird in 
einer Ubersicht besprochen. 

R&m&-On p&ente une revue sur la polargraphie a hautes tensions. 
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Summary-A review of the polarography of alicyclic compounds is 
presented. 

INTRODUCTION 

LESS attention has been paid so far to the polarography of alicyclic compounds than 
to other types of organic compound. On the other hand, the possibilities of structural 
variations in this class of compound are numerous and often more diverse than in 
other classes. These two inversely proportional factors account for our present 
fra~en~~ unders~nding of structural effects operating in alicyclic compounds. 
Because scarcity of data prevents broader generalisations and explanations of the 
observed facts, the present reviewer set as his goal to summa&e some relationships 
that can be found when published data are compared. The limited amount of avail- 
able data prevented application of linear free energy or other similar relationships 
and the reviewer was forced to restrict himself, in most cases, to a qu~tative discussion 
of structural effects. 

The situation is further aggravated by the fact that, in several instances, only the 
values of half-wave potential in unbuffered solutions were available, even in cases 
where the half-wave potential is known to be pH dependent. Hence, it cannot be 
taken for granted that all the half-wave potentials compared are really comparable. 
The aim of this review is more to demonstrate the possibilities that application of 
polarography offers in this field rather than to draw conclusions. 

To compare related types of electrode process the electroactive compounds were 
divided into three groups: 

(a) Compounds bearing the electroactive group in the side-chain bound to the 
ring, e.g., methyl cycloalkyl ketones. 

(b) Compounds in which the reducible group is directly attached to the ring, e.g., 
cyclanones or halogen derivatives, in which the halogen is bound by a reducible bond 
directly to the ring. 

(c) Compounds in which, during polarographic reduction, a bond that is part of 
the ring system is cleaved or formed, e.g., cyclan-1-on-Zenes and vicinal dibromides. 

Each of these groups of compound can, in principle, be affected by various 
structural effects, such as 

(1) the effect of substituents in another position on the ring;* 
(2) the effect of size of ring and type; 
(3) the effect of position of the electroactive grouping in the ring system, which is 

of particular importance in complicated ring systems, such as steroids; 

* Effects of substituents in the same side chain as the electroactive group are beyond the scope of 
this review. 

19 1337 
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(4) the e%ct of change of the ele@roactive group, including the effect of change 
or the extent of the ~R~~a~~ system; 

(5) the effect of some other steric effects, including the relative position of the 
electroactive group towards the ring system. 

In the subsequent dbcussion, of all possible combinations those cases will be 
discussed for which ~~e~~~ examples are known, 

~u~~tu~~t e&%&s considered in this review can belong to several ~t~go~es~ 
polar effects transmitted via the chemical bonds, steric effects of bulky substituents 
in the proximity of the eleetroactive group, transannular effects, long-distance effects, 
$8~. The other types of effect being already well recognised, it seems useful to mention 
briefly the latter typ, 

In principle, the rule that substitution in a position in the molecule distant from 
that of the electroactive group little affects the half-wave potential (c$, for example, 
reference I) has been accepted as generally valid until recently. In the special case of 
steroid compounds it has been shown recently {c$, for example, reference 2) for 
homo~neous reactions that ef5eets of s~bs~tu~~ can be ~ans~tt~ even from other 
rings and from distant positions. Even when such effects on the polarographic half- 
wave potential have not been discussed in detail by the authors af original papers, 
they can be deduced from the published data. Hence, polarogmphic reduction of a 
group in ring A can be cited by s~~s~tuents in rings B, C and even D, and u&e 
uersa. Some examples of ef%‘ects based on half-wave potentials published in the 
1iteratures”xfl are given here. It can be assumed that, in most cases, a difference of 
PO1 V in the half-wave potential is significant. To ensure that the values are com- 
parable, only those measured by one author are compared below. It was demon- 
strated @$I, for example, references $5 and 11) that tbe shi&s of half-wave potential 
with pH are parallel for all substances compared, but the role of acid-base equilibria 
accompanying the electrode processP cannot be excluded, especially in the ease of 
ec,@-unsaturated ketones and of cc-halogen0 ketones, It is possible that in these cases 
the effect of proton transfer a~ornpa~~ng the electrode process contributes to the e 
observed shifts ef ha%?-wave lentil. I&tie attention has been paid so far to the 
form of the reduction waves, but from the published da&P on cm-values it seems 
probable that these values for compounds studied do not differ substantially. Hence, 
the comparison of half-wave potentials should give sufficient iaformation about the 
change of the relative free energy of the electrode process. 

Compounds with benzene-like properties, such as tro~~~~rn salts, azulenes, 
cyclopentadienyl derivatives, ferrocenes, etc., are excluded from this review, because 
they can nowadays be considered as a special class of compound. 

For moieeuies R-Z bearing the reactive centre R in the side chain of a ring Z in 
which the R-Z bond is not cleaved (e.g., cycloalkyl alkyl ketones, compounds 
containing an alicyclic rirtg to which is attached a nitro or aldehydic group, etc.), 
neither the effia of a s~bs~~ent in mother position of the &cyclic ring nor the 
ef&et of the size of ring has been studied in suf&ient detail. ~~lo~n~l and cyelo- 
hexyl derivatives sometimes included into reaction series of aliphatic compounds 
represent a too restricted group to allow discussion. Hence, the few cases of effects 
of substitution on the steroid ring on the reduction of a C==C or C=N group in 
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position 21 that would principally belong to this group were included in the discussion 
during appropriate subsequent sections. 

ELECTROACTIVE GROUP ATTACHED TO RING 

Molecules R-Z in which the electroactive atom or grouping R is bound to the 
ring Z by a bond which is broken in the course of the electrode process, belong to 
this group. The bond between R and Z can be single or multiple. Such a definition 
includes cycloalkyl halogenides, saturated cyclanones and their derivatives as well as 
hydroxy-2-cycloalkanones and similar compounds. 

Substituent e$ects 

Examples of substituent effects transmitted along the chemical bonds are lacking 
in this group of compound. Examples of the transannular effects can be found in the 
camphor series (I) 

6 3 
6 

6 T= 0 

IO 

The keto group in unsubstituted camphor is not reducible in the commonly used 
buffer solutions before -1.9 V. Similarly, no reduction waves have been observedla 
for 5-oxocamphor. On the other hand, a reduction wave has been recorded for 
6-oxocamphor at -1.67 V (pH 8), indicating a transannular interaction of the two 
carbonyl groups. 

Also, the effect of the exchange of a methyl group in position 8 for an aldehydic 
group, causing a shift of the half-wave potential of the C-Br bond in 3-bromo- 
camphor derivatives from -0.66 to -0.45 V, is unlikely to be transmitted via three 
carbon atoms. A transannular interaction between the aldehydic group and the 
CO-CHBr grouping can be postulated. 

Similarly, the reducibility14 of compounds II in the tropone series [where X = (+)N- 

(CH,),, N(CH$, ‘+)S(CHs) and S] and compound III can be explained only on the 
basis of transannular interaction between the heteroatom* and the carbonyl group. 

Sulphur derivatives are more easily reducible than the corresponding nitrogen 
derivatives and onium compounds easier than corresponding nor-derivatives that 
are reduced in the protonated form p = (+)NH(CH&]. The sulphur derivative 
(X = S) is unprotonised and therefore polarographically inactive. 

Among the long-range effects, those operating in ketosteroids, a-hydroxyketoL 
steroids and a-haloketosteroids can be mentioned here. 

l It is understood that the introduction of a heteroatom makes the inclusion of these compounds 
in the present review disputable. 
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The effect of substituents in position 17 on the reduction of the carbonyl group 
in position 3 is demons~ated on the shifts of half-wave potential8 of compounds IV 
to VII 190 % ethanol, O*OSM N(C,H,), Cl] : 

,fl# 

Ir -228 v P -2.37 v 

cocli, 

x. &,.1;,1 H 

0 0 

42 -2 38 V XII -244 V 

In compounds VI and VII reduction of the carbonyl groups in positions 3 and 17 
or 3 and 20, respectively, occurs at slightly different po~ntials, so that both waves 
merge and only one wave of double height is observed. The measured half-wave 
potential of this wave given above hence expresses not strictly only the effect of 
substitution. 

Substituents in position 11 have much less effect on the reduction of the carbonyl 
in position 3 as can be seen from a comparison of the half-wave potential8 of VIII 
and IX [90% ethanol, 0+05M N(C,H,), Cl]: 

0 

mu -2.44v IX -246V 

In some a-hydroxyketones the reduction of the C-O bond occurs at more 
positive potentials than that of the C=O gr0up.S The reduction of the C-O bond 
in position 16 is shifted to considerably more positive values by the aromatisation 
of ring A (compare X and XI). Substitution of hydroxylic hydrogen for acetoxy groups 
results in a shift in the same direction [compare XI with XII; 90% ethanol, @05M 

W,H,), Cl1 : 

X -204 V XI -196 V 



Polarography of alicyclic compounds 1341 

A shift in a similar direction was observed8 for XIII and XIV [90x ethanol, 
005M N(C,H,), Cl ] : 

XIII -2.36 V ZXEC -2.35 V 

for steps in which the reduction waves of C==O and C-O coalesce. The effect of 
remote substituents is clearly seen even from a comparison of XV and XVI [90x 
ethanol, 0*05&f N(C,Hs), Cl] : 

XX -243V Xm -248V 

the reported values of half-wave potential corresponding to the combined wave. 
Further data are available for half-wave potentials of cr-haloketones. Thus, for 

4bromo-3-ketosteroidss the effects of substituents on rings C and D are demonstrated 
in compounds XVII and XVIII (80 % ethanol, 2 % lauryl sulphonate, acetate buffer 
pH 6.7) : 

xnn: -0*18 v XYIU -028 V 

The effect of substituents in positions 16 and 17 on the reduction of compounds 
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bearing a fluorine atom in position 6 is shown by compounds XIX to XXIV (50% 
ethanol, B&ton-Robinson buffer pH 6.0) : 

xx -1-09 v xx -I 04v XXI: -IOSV 

XXII -0.86V XXIE -0.89 V XXISC -0.82 V 

This type of compound is also affected~ by substituents in position 11 WV and 
XXVI, dimethylformamide, O*lM N(C.,HJ, I and O*OlM N(CsHs), I] (values for three 
waves) : 

i i 
XXLC -13lV 

-172v 
= -1.28 v 

-203V 
-1.72 V 
-2.06 V 

and by substituents in positions 9 and 11 (XXVII and XXVIII in the same electrolyte) : 

b b 
XXS2I.t -1.16 V xxnm: -1.20 v 

-1.52 v -1.43 v 
-1.77 v -1.76 V 

-206V -2.06 V 

The half-wave potentials of 17-bromo derivatives are affected by substituents in 
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positions 11 and 3 (XXIX to XXXI, 80% ethanol, 2 % lauryl sulphonate, toluene 
sulphonic acid) : 

XXIX -009v xxx: 0.01 v xXXt 0.06 V 

Even the reduction of bromine in position 21 is affected by substituents in positions 
3 and 11 (XXX11 to XXXVII, 80 % ethanol, 2 % lauryl sulphonate, toluene sulphonic 
acid) : 

xxx -0.23 V XXXlll -0.27 V XXXIV -0.30 v 

m -024V xxxm-0.41 v IXXXWI -0.26 V 

In substance XXXVI the hydroxyl group in position 17 and in XXXVII the 
unsaturation of ring A may also contribute to the observed shifts that is particularly 
marked for XXXVI. 

The difference* between the effect of axial and equatorial hydroxyl group in 
position 11 on the reduction of the a-hydroxy ketone grouping in position 17, 20 
JXXXVIII and XXXIX, 90% ethanol, O-OS4 N(C,H,), Cl] is just at the limit of 
significance : 

XXXVIII -246 V XXXIX -249 v 
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The quoted examples allow us to make qualitative conclusions on the presence 
of long-range effects. A more systematic treatment, based on the study of a greater 
group of substituents for each combination of the electroactive group in one position 
and the substituent in another one, seems necessary before any further conclusions 
are attempted. 

Size of ring and type 

The half-wave potentials of compounds bearing a polarographically-active group 
attached to an alicyclic ring can be affected by the size of ring and conformation and 
for unsymmetrical systems also by the position of the electroactive group in the ring, 
These problems are discussed in the following paragraphs. Because of the multitude 
of possibilities and the variety of the little consistent data, the comparison of half-wave 
potentials corresponding to a given electroactive group in various positions of the 
steroid ring is discussed separately. For steroid compounds a sufficient number of 
related data was also available to allow a comparison of various electroactive groups 
to be made. 

Effect of size of ring. When a single electroactive group is attached to an alicyclic 
ring (as in cycloalkyl bromides?), two types of quantitative treatment are possible. 

Firstly, one can consider the ring as a special substituent attached to the electro- 
active group. Because the ring is directly attached and because no mesomeric 
interaction is to be expected, Taft polar substituent constants ox* and the following 
equatiorP 

42 = P:,E%* (1) 

can be applied. With non-cyclic substituents the value of the reaction constant P:,~ 
can first be determined. The half-wave potentials for cyclopentyl and cyclohexyl 
derivatives (for which the ox*- values are known) are next compared with the 
above bj2 - ox* plot. Departures from a linear plot are explained either by steric 
effects or by a change in the mechanism of the electrode process. For larger rings it 
is possible to calculate from AE,,, and pzR the values of ox* and to discuss the 
magnitude of substituent constants obtained in this way. 

Secondly, the half-wave potentials of a given reaction series can be correlated 
with either the half-wave potentials of another reaction series (compounds of the 
same size of ring always being compared) or the rate constants (or equilibrium 
constants) of a homogeneous reaction undergone by compounds of the same reaction 
series. 

For those cases for which neither of the above quantitative treatments is possible, 
the effect of the size of ring can be discussed in qualitative terms. It is also possible 
to compare the shape of the plot of the half-wave potential as a function of the ring 
size. 

For cycloalkyl bromides the first type of treatment involves complications- 
Whereas the value of the half-wave potential of cyclohexyl bromide fits well the 
linear dependence of the half-wave potential on the substituent constant cr* obtained 
for open-chain compounds (Fig. l), the value for cyclopentyl bromide shows deviation. 

t Another reaction series allowing this kind of treatment would be 1-piperidinomethyl-2-cycle- 
alkanones, but for these substances the values of the half-wave potentials of the corresponding 
1-piperidinoalkyl-2-alkanones of the type C6H11N-CH&O-R, where R = alkyl, are lacking. 
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A deviation in a similar direction has been observed for isopropyl and t-butyl bromide. 
It was deduced1GJ7 that another mechanism can participate in the reduction of the 
latter two substances, different from that operating in the reduction of straight-chain 
bromides and cyclohexyl bromide. This deduction can also be extended to cyclo- 
pentyl bromide, where the predominance of another mechanism besides that for 
the cyclohexyl derivative cannot be excluded. 

Because the participation of one or other mechanism for other cycloalkyl 
bromides is not known, all further deductions are to a high degree uncertain. More- 
over, the large value of the reaction constant (pz,,, = 4*5 V was accepted as the best 

FXG. L-Dependence of half-wave potentials for r~uction of alkyl bromides on Taft 
polar substituent constants ax+ (half-wave potentials from reference 17; full points 

deviate). 

value) makes the determination of c*-values from polarographic measurements too 
insensitive towards the substituent effects. This means that a relatively large shift of 
half-wave potential results in a relatively small change of the calculated value of the 
substituent constant ox*. 

Bringing the numerous experimental data 17-21 to the same scale and using the 
value p:,Br = 4.5 V, the values gathered in Table I were obtained. These values are 
of little use in the discussion of the effect of size of ring and stereochemist~. 

The other possibility, i.e., the correlation of half-wave potentials with the loga- 
rithms of rate constants of reactions of cycloalkyl bromides presents another difficulty. 
Whereas for nucleophilic reactions of the branched-chain alkyl halides attention 
has been paid to the participation of a continuously changed transition state, or to 
various cont~butions of canonical structures with a positive charge on carbon to the 
resonance hybrid in the transition state, respectively (commonly denoted as parallel 
participation of various contributions of mechanisms SN1 and S,2), no such detailed 
studies are known involving the cycloalkyl bromides. For these compounds the 
reaction of the cycloalkyl halide with a given reagent was expected to follow 
either an E&I or SN2 mechanism (according to the reagent used) for all the cycloalkyl 
halides studied. 
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TABLE I.-APPROXIMATRVALUFSOFPOLAR 
SUBSTITUENTCONSTANTSFORCYCLICSUBSTITLTENTS 

(computed from half-wave potentialslT-*l of 
cycloalkyl bromides using equation 
A&I, = &%* amI p,,,Br = 45 V) 

Substituent u+ 

Cyclopropyl -0.15 
Cyclobutyl -0.15 
Cyclopentyl -0*20* 
Cyclohexyl -0.15* 
traus tButy1 cyclohexyl -0.17 
cis tButy1 cyclohexyl -0.14 
Cycloheptyl -0.13 
Cycle-octyl -0.13 
Cyclononyl -0.12 
Cyclodecyl -0.13 
Cycle-uudecyl -0.13 
Cyclododecyl -0.13 
1-Blcyclo[2.2.2]octyl -0.18 
Adamantyl -0.16 
endoBomy1 -0.17 
exo-Bomyl -0.15 

+ Values given by Taft. 

Little correlation has been detected for the dependence of the half-wave potentials 
of cycloalkyl bromides on the logarithms of rate constants of reactions for which an 
SN1 mechanism was expected, such as solvolysis of methyl cycloalkyl chlorides,ss~~ 
of cycloalkyl p-toluene snlphonates2* and of cycloalkyl chlorides.24 The greatest 
deviations were observed for the cyclobutyl derivatives. 

On the other hand, the half-wave potentials of cycloalkyl bromides have shown a 
relatively good correlation with those reaction rates to which an S,2 mechanism was 
attributed, such as the exchange reaction of cycloalkyl iodides with radio-iodine? or 
reaction of cycloalkyl bromides with potassiumap*26 or lithium iodide27 (Fig. 2). 

PIG. 2.-Dependence of half-wave potentials of cycloalkyl bromides on logarithms of 
rate constants of their reaction with potassium iodide in acetone [half-wave potentials 
in 99.97% dimethylformamide containing O.lM N(C$H,),Br from reference 18; rate 

constants at 60” from reference 261. 
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Because the participation of various mechanisms for homogeneous reactions 
cannot be excluded, it is not safe to deduce that all cycloalkyl bromides are reduced 
with an SN 2-like mechanism. Thus, it is assumed that the contribution of the par- 
ticular mechanisms differs for cyclopentyl and cyclohexyl derivatives, so that it is 
preferable to state that the participation of the particular mechanisms in the polaro- 
graphic reduction of cycloalkyl bromides is similar to the homogeneous reactions of 
these compounds with iodides. 

For some compounds it cannot be ruled out that a homolytic mechanism is 
involved.20 On the other hand, it seems unlikely that this mechanism is predominating 
in the whole reaction series. Firstly, it seems improbable that at the negative poten- 
tials, where the electrical double-layer is negatively charged, the cycloalkyl bromide 
would be oriented towards the negatively charged surface of the electrode by the 
negative end of its dipole, as would be expected according to the halogen-bridge 
theory. Secondly, no metalorganic compounds with mercury are formedss during the 
electrolysis of alkyl halides with the exception of benzyl and ally1 halides. Finally, 
no correlation of the half-wave potentials of cycloalkyl bromides with kinetic 
data involving homolytic splitting of the C-Br bond has been found.ls 

The last possibility is to correlate the half-wave potentials of cycloalkyl bromides 
with half-wave potentials of other alicyclic compounds using the following equation: 

where Z1 and Za refer to two different rings, and R2 to the other electroactive group. 
Satisfactory correlation has been found for half-wave potentials of cyclanones,s their 
betainyl hydrazonessQ and 1-piperidinomethyl-2-cycloalkanones30 (Fig. 3). Among 
the cyclanones, cyclopropanone, and among the betainyl hydrazones the cyclopenta- 
none derivative deviated. For I-piperidinomethyL2~ycloalkanones no correlation 
was found for the cycle-octanone, cyclononanone and cyclodecanone derivatives, for 
which the shape of the wave@ indicated a change in the mechanism of the reduction 
process. For cycloalkyl bromides, as well as for cyclanones, the cyclopentyl derivative 
is reduced at more positive potentials than the cyclohexyl derivative. On the contrary, 
for cyclanone betainyl hydrazones and for the Mannich bases the reverse sequence 
was observed, namely reduction of the cyclohexyl derivative at more positive potentials 
than that of the cyclopentyl derivative. For this fact, which is expressed by the 
different slope of curve 1 from that of curves 2 and 3, no explanation is at present 
known. 

For 1 -piperidinomethyl-2-cycloalkanones aa the treatment using Taft equation (1) 
is made impossible by the fact that the half-wave potentials of a greater number of 
straight-chain l-piperidino-2-alkanones have not so far been measured. 

A very good correlation has been observed (Fig. 4) for the dependence of the 
half-wave potentials of 1-piperidinomethyl-2-cycloalkanones on the logarithms of 
the rate constants for the sodium borohydride reductionSO of these compounds. This 
supports that a nucleophilic attack on the carbonyl group occurs in both cases. 
On the contrary, attempts failed to correlate the half-wave potentials with the loga- 
rithms of rate constants of eliminations of these Mannich bases. This can be taken 
as proof that in the elimination process not the electron density on the carbonyl 
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-15 I I 1 

-22 -23 E* G-E+ -24 V 

--46 
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---I5 
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1 

Fxo. 3.-Dependenceof half-wave potentials 
of cyckmones (l), their betainyl hydrazones 
(3) and of l-pi~~d~ome~yI-2-~clo~a- 
nones (2) on half-wave potentials of cyclo- 
alkyl bromides Falf-wave potentials of 
cyclanones (0) from reference 8, of 
l- iperidino-2-cycloalkanones 

I? 
(6) from 

re erence 30, of betainyl hydrazones of 
cyclanones (0) Tom reference 29 and of 
cycloalkyl bromides from references 17 and 

18 ; full points deviate]. 

FIG. 4.-Dependence of half-wave potentials 
of l-piperidinomethyl-2qcloalkanones on 
logarithms of relative rate constants of the 
sodium borohydride reduction of cyclanones 
(half-wave potentials of I-piperidinomethyi- 
2-cycloalkanones at pH 8 from reference 30; - f5 - 

similarly for rate constants). 
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group but the proton transfer from the a-carbon to nitrogen is essential in the 
transition state. 

The possibility of correlation of the half-wave potentials of 1-piperidinomethyl-2- 
cycloalkanonesSO with the half-wave potentials of cycloalkyl bromides was mentioned 
earlier (Fig. 3). Similarly, equation (2) can be used for the correlation of half-wave 
potentials of I-piperidinomethyl-2-cycloalkanones with half-wave potentials of the 
betainyl hydrazones of cyclanone@’ (Fig. 5). Good correlation is observed even for 
cycle-octyl and cyclononyl derivatives, showing a departure in the polarographic 

FIG. 5.-Dependence of half-wave potentials of I-piperidinomethyl-2-cycloalkanones 
on half-wave potentials of q&none betainyl hydrazone (half-wave potentials of 
l-nineridinomethvl-2-cvcloalkanones at DH 8 from reference 30. those of betainvl 

I I 4 , 

hydrazones f&m reference 29). . 
e 

behaviour of Mannich bases from that observed for lower members of the series. 
Only for the cyclodecyl derivative is this change in reduction mechanism reflected by 
a deviation from linear dependence. 

A similar situation exists for cyclanones reduced8 in the vicinity of -2.4 V in 
90 % ethanol containing 0.05M N(C!,H,), Cl. Correlations of their half-wave poten- 
tials with those of cycloalkyl bromides is given in Fig. 3. 

For the betainyl hydrazones of cyclanones a9s the number of aliphatic compounds 
studied and the differences of their half-wave potentials were also too small to allow 
determination of the reaction constants and computation of the apparent substituent 
constants. The half-wave potentials have shown correlation with those of cycloalkyl 
bromides (Fig. 3) and Man&h bases (Fig. 5). The shift of 70 mV towards more 
negative values for cyclopentanone betainyl hydrazone was comparable with valuessl 
of W-120 mV obtained for semicarbazones and with shifts of 20-50 mV observed3a 
for imines derived from ammonia, methylamine and glycine. 

For I-methylenecyclanones the exocyclic C=C bond is probably reduced in the 
observedW reduction step. The half-wave potentials of these substances measured 
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at pH 9 have shown a rather good correlation with those of the cyclanones and 
betainyl hydrazones (Fig. 6) although deviations were found for the eight and nine 
membered ring. This seems to indicate that the carbonyl group in cyclanones is 
affected by the size of ring in a similar way to an exocyclic C==C bond. 

(a) 

-Ia 

E 
V 

42 

-+ 

5- 

‘i 

2 -2‘S -245 Ea -25 V 

00 

Fro. 6. -Dependence of half-wave potentials of l-methylene2-cycloalkanones on half- 
wave potentials of (a) q&none betainyl hydrazones and (b) cyclanones (half-wave 
potentials of 1-methylene-2qcloalkanones at pH 9 from reference 30, those of betainyl 
hydrazones from reference 29 and of cyclanones from reference 8; full points deviate). 

For cyclic diketones of the type XL, the following shifts of half-wave potential 
have been founds3 (in 50 % isopropyl alcohol, O*lM acetic acid, O*lM sodium acetate) : 

CH, COCO CHI 
\c/ \c/ 

CH’ 8 ‘(CH ) ’ rn ‘CH I 

XL 

n=2 
3 
4 

14 

Em WI 
-0.75 
-1.16 
non-reducible 
-1.25 

and compared with the values of aliphatic diketones: 

RCOCOR R=CH, 

‘AH, 

CH(cH3, 

C(CHJ, 

-0.81 

-0.83 

-0.87 

-1.27 

Reduction of the cyclic diketones is assumed to take place in the cis-form, the 
non-reducibility of 3,3,8,8-tetramethyl-1,2-cycle-octanedione being a result of a steric 
hindrance of coplanarity of the COCO grouping and the effect of the a-methyl 
groups. For n = 2 the reduction occurs in a similar way to that in sterically unhindered 
aliphatic diketones; with an increasing value of n, steric effects analogous to those 
operating in dipivaloyl play an increasingly important role. 
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Position of reducible group in steroid ring. The most numerous examples of the 
effect of the position of the electroactive grouping on the half-wave potentials have 
been reported with the a-haloketosteroids. Q~10 Some examples are summarised in 
Tables II-IV. More extensive data would be necessary for each structure to allow 
some general conclusions to be made. 

The mutual position* of two (XL1 to XLIII) or three (XLIV and XLV) simul- 
taneously reducible carbonyl groups also affects the resulting half-wave potential. 

XL1 -238V XLII -E44V XLIE -246V 

o* oJi9jOcH3 
XLIE -237 V XLY -2.41 V 

Furthermore, the reducibility of the aldehydic groups depends on their position in 
the steroid ring. Hence, substances of the type XLVI,’ such as cymarin or convallo- 
toxin, are reducible at -2.2 to -2.3 V, as has similarly been observed for saturated 
terpene aldehydes .36 On the other hand, compounds of the holarrhimine type 
(XLVII) are reduceds in one pH-independent wave at -1.65 V. With respect to the 
chemical inactivity of XLVII it is assumed that even hydration of the aldehydic group 
is sterically hindered. The more positive reduction process was attributed% to 
reduction of the unhydrated carbonyl group. 

*ao ,cH~&&CH& 

H 
XLSZS XLYU 

There is also a difference between the reductiorP of 8-oxocamphor (XLVIII) and 

lo-oxocamphor (XLIX) (pH 6.8) 

I iH0 

XLYlIt -1.73 v XLIX -1.70 v 
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TABLEII.-COMPARIS~N~FHALF-WAVEP~TEWIALSOFQ-BROMOSTEROIDS 

Substance, Ells (V) Br co 

-006 V” -0 14 v9 -020 V9 

& OCOC6H5 

0 I 
i H 

Br 
-004 v9 

Jl$P G-h 

CH,COO 0 

br -033 VI0 

.(41i OOCH, 
H 

Ii 
CH,CO 

H 

-00% VI0 

HO 
-0 16 V" 

CH,COO 

-008 V" 

dP- COCH,Br \ 
CH,COO 

-0 21 V'O 

& 0 / 
0 

ilr 

-005 vi0 

& 
COCH, 

“Br 

CHJO 
H 

-oo9v9 

443 3 

Ca(e) 7: 3 

llu(e) 12 

16a(b) 17 

17a(p - a) 20 

21 20 
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TABLE III.-COMPARI~ON OF HALF-WAVEPOTENTLU OPT-BROMO smRoms 

Substance, El/* (V) Br CO 

0 COCH~OCOCH, 

Br “OH s 0 
H 

-0 45 v9 

2B(a) 3 

0 

P 
COCH,OCOCH, 

“OH 

0 
H 

r 

-019v9 

CH,COO-l,r- o@’ 
-014 V'O -002 V'4 

0 

Br 

QQ+ 

COOCH, 

A 

CH,COO*’ 
H 

-DO7 VI0 

-0 28 ‘4” 

48(e) 3 

6/I(a) 7:3 

11/J(a) 12 

16B(b) 17 

CH coo&fl.‘%&jy@ 21 2. 

3 
H H 

-021 V'O -024 V9 -0.23 v= 

20 
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TABLE IV.-ckMPAREON OF HALF-WAVE POTENTIALS OF a-FLUORO AND a-CHIDRO STEROIDS 

Substance G/r (v) Halogen CO Ref. 

0 
H 

0 & 

COCH, 

/ 

; 

.’ & 

COCH, 

“F 

\ 

Ho& 

BY7 
CL,, 

0 ! 
H 

& 
COCH, 

“OCOCH, 

/ 
0 

k 
COCH, 

OCOCH, 

COCHQ 

CH,COO 

-2.23 2a-F(e) 

-1*46+ 6a-F(e) 

-2.15 17a-F(p - a) 

-0.94 Za-Cl(e) 

3 

3 

20 

3 

10 

10 

10 

10 

-0.94 6a-Cl(e) 3 11 

-0.96, 6a-Cl(e) 3 11 

-0.93 

-1.25 

17a-Cl@ - a) 

21 

20 

20 

10 

10 

* Probably reduction of the COCH==CH system. 
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Comparison of halogens. In practically all cases reported so far (Table V) the 
half-wave potentials of a-halogenoketones are increasingly negative in the sequence : 
I < Br < Cl < F. This sequence would be in agreement with both a mechanism 
involving a nucleophilic attack as well as with the change in deformability which 
would explain the change in reactivity according to a bridge-mechanism. Hence, the 
observation of this sequence cannot be used as an argument for or against either of 
these possibilities. 

Stereochemical factors. In addition to the effect of size of ring and to the position 
of electroactive group in the steroid ring which both involve stereochemical factors, 
even when not always clearly understood, some other stereochemical factors affecting 
half-wave potentials will now be discussed. 

Reduction of a-halogenoketones will be discussed first because the most extensive 
material is available for this group of compounds. 

Among the simpler compounds, 2-halogeno-4-t-butylcyclohexanones were studied 
in some detail.s7 It is assumed that in these substances the bulky t-butyl group takes 
up almost exclusively an equatorial position. Moreover, it is taken for granted that 
cis and trans isomers are conformationally almost homogeneous, cis halogen being 
equatorial (e) and trans axial (a): 

The thermodynamically more stable equatorial halogen is reduced in both pairs 
of 2-halogeno&-butylcyclohexanones (Table VI) at more negative potentials than 
the axial halogen. 

Similarly, in the rigid system of B and C rings of steroids the equatorial halogen 
is also reduced at more negative potentials than the axial halogen (Table VII). The 
differences in the half-wave potential of equatorial and axial halogen in a-halogeno- 
ketones varies according to the position of the halogen in the ring system and to the 
position of the vicinal carbonyl (Table VI and VZI). The differences also depend on 
the nature of the halogen involved, generally increasing in the sequence: Br < 
Cl < F (Tables VI and VII). This sequence parallels that observed for benzene 
derivatives, viz. that the more negative the reduction the more susceptible it is to 
substituent effects. 

The observed differences in the half-wave’potential of equatorial and axial halogen 
were also used for a discussion of the reduction mechanism of vicinal halogenoketones. 
Whereas for alkyl halides nucleophilic substitution and the bridging mechanism were 
chiefly considered (p. 1345 and 1347), for a-halogenoketones an elimination process 
was also taken into consideration,11B87 in which enolate is formed in the electrode 
process, followed by a subsequent chemical transformation into ketone not affecting 
the electrode process proper. 

An important experimental finding that contributed to the proof of formation of 
enolate as intermediate (considered also in other reductions of carbonyl com- 
poundsss*39) was the comparison of the wave-shape with the results of controlled 
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TABLE V.--COMPARISON OF THE REDUCITON OF VARIOUS HALQGENS 

Substituent X El/e (U Ref. 

0 

CH ,COO" 

dP- COCH,X \ 
CH ,COO 

644 
R’, Ra = 0 
R’ = COCHI Ra = OH 
R’ = COCHI, R4 = H 

6a(e) 

SD(a) 
R1, R” = 0 
R1 = COCHI RB = OH 
R1 = COCHI R” = H 

6@(a) 

4 

16/9(b) 

17a(p - a) 

21 

I -0.02 -0.26 10 
Br -0.06 
Cl -0.94 
F -2.23 

Br -0.05 10 
Cl -1.12 
F -1.46 

Cl -0.94 11 
F -1.04 

Br -0.02 10 
Cl -0.74 
F -1.18 -1.48 

Cl -0.7 11 
F -0.895 

Br -1.18 -148* 10 
Cl -1.19 -1.50* 

Cl -159 -l-72* 12 
Br -1.23 -1*71* 

Br 
Cl 
F 

-O.OSt 10 
-0*93$ 
-2*15** 

I -0.22 10 

E 
-0.21 
-1.25 

l The possibility of the reduction of the system COCH=CH was not excluded. 
t Without ll-carbonyl group. 
$ With a /?-hydroxy group in position 3 instead of a-acetoxy. 

** With an a-hydroxy group in position 3 instead of a-acetoxy. 
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TALW VI.-RENJCTIONOF~ -HALQCYCLDIiEXANO~~INDIMETHYL- 
FORMAMIDE WITH 0.1M N(C$H,,)br 

El/s (V) 
Substituent cis (e) flexible trans (a) (e - a) 

2-Chloro-rl-t-Butyl -1.57 -1.43 -0.14 
2-Chloro -140 
Trans-2-chloro-5-Methyl -1.455 
2-Fluoro4t-Butyl -2.08 -1.85 -0-23 
ZFluoro -2GO 

potential electrolysis of A4-2-halogeno-3-ketosteroidsr’ For these compounds elec- 
trolysis at the limiting current of the first two-electron step yielded A4-3-ketosteroid. 
Simultaneous generation of an equivalent amount of bromide ions was confirmed. 
On the other hand, on the polarographic curves of A4-2-halogeno-3-ketosteroids only 
the wave corresponding to the reduction of the C-Br bond 6,s observed and no 
wave for the corresponding A4-3-ketosteroid. This occurred even in media in which 
the wave for A4-3-ketosteroid was well developed, when a sample of the particular 
steroid was added to the supporting electrolyte used. This can be explained by 
formation at the dropping mercury electrode of an intermediate, which is subsequently 
transformed into the A4-3-ketosteroid. The structure of the enolate is attributed to 
this intermediate and its formation can be interpreted principally in one of two ways: 
either by an attack of the electron on the carbon of the C-Br bond (I), or by an 
attack of the electron on the carbonyl carbon (II). In the former case it must be 
assumed that the carbanion resulting from the electrode process can preferably accept 
hydrogen on the carbonyl oxygen than on the carbon from which the halogen left. 

I c=o / 
CH,--X 

c=o / 
CH;-'t X'-' 

s=, = H” Jc=, / / 
“\C_o,-‘+H’+, 2 

7 - C-OH 

CH3 CH:-’ 
C’-‘s 

I 
=‘-‘a 

I 

CH,-X 

II 
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TABLE ~.--coMpARIsoN OF VICINAL HALOKmO.?nmOIDS WITH AXIAL AND EQUATORIAL ELUOGEN 

&is (v) 
a (e) /3 (a) A(a - B) x Co Ref* 

-0.33 -0.14 -0.19 6Br 7 10 

-0.08 -0.07 -0.01 1lBr 

& 0 / 
Br 

OCH, 

“OH & 0 ’ 
c 

JP COCH~ 

0 ’ 
b e OH 

/ 

F 

-0.05 -0.02 

-1.12 -0.74 

-146 -1.18 -0.28 6F 

-1.09 -0.86 -0.23 6F 

-1G4 -0.89, -0.14s 6F 

-0.03 

-0.38 

6Br 

6Cl 

-1% -0.82 -024 6F 

-1.31 l -1*18* -0.13 6F 3 12 

12 10 

3 10 

3 10 

3 10 

3 11 

3 11 

3 11 

-0.16 -0.28 +0*08 16Br 17 10 

+ First wave. 
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To follow mechanism (I) the carbon atom bearing bromine would have to pass 
through a trigonal form. It is assumed that for vicinal halogenoketosteroids bearing 
the halogen on ring B or C the rigidity and the shape of the molecule prevent the 
attack from the rear. 

Hence, mechanism (II) is preferred. Both carbons, in C-X and c----O, are 
expected* to be oriented in the electrical field of the electrode in the way depicted in 
Fig. 7 with the double bond of the carbonyl group parallel with the surface of the 
electrode. Simultaneously, the ring attains a pseudochair form. For axial halogen 

Pro. 7.-Scheme of orientation of Sbromo-3-ketosteroids at the surface of the electrode. 

this deformation is only slight, whereas for equatorial halogen the carbon-bearing 
halogen is separated by an axial hydrogen from the surface of the electrode. To attain 
the most preferred configuration relative to the electrode, additional energy is 
necessary. This explains why equatorial bromine is reduced at more negative poten- 
tials than axial bromine (Tables VI and VII). 

For flexible molecules, e.g., cyclohexyl derivatives without a t-butyl group, an 
equilibrium of the type (e) + (a) is to be considered 

If the equilibrium (e) + (a) is mobile when compared with the rate of the electrode 
process, only one wave would be observed on the polarographic curves at potentials 
at which the reduction of the more positively reducible form (a) occurs. 

When the rate of establishment of the equilibrium (e) + (a) would be comparable 
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(or slow) compared with the rate of the electrode process, two waves of kinetic (or 
diffusion) character would be observed. One of those would lie at potentials charac- 
teristic for the axial bond in (a), the other, more negative, for the equatorial bond 
in (e). The observation of two waves was not reported.37 This means that either the 
equilibrium is rapidly established compared with the electrode process and the 
observed wave corresponds to the reduction of the axial bond. Alternatively, 
the equ~ib~um cannot be regarded as being established rapidly and the impossibility 
to distinguish two waves is because these two waves are not sufficiently separated. 
The difference in half-wave potentials of -0.14 V for chlorine and -0.23 V for 
fluorine (Table VI) would usually be sufficient for development of well-separated 
waves but for the high irreversibility of the measured waves (RTfcmF ranging from 
0.12 to 0.23 V). With such drawn-out waves, separation of two waves differing by 
Iess than O-3 or O-4 V cannot be expected, 

In the case of two merged waves the measured effective “half-wave potential” 
would be affected by the ratio of concentrations of both forms. Because the observed 
values for flexible molecules (Table VI) are nearer to the observed value for the 
reduction of an equatorial or an axial bond, it can be assumed that for these flexible 
compounds equilibrium is not rapidly established and the two waves merged. 
Quantitative deductions concerning the position of the equilibrium would be possible 
only then, when the role of the polar effect of the alkyl (t-butyl, methyl) group intro- 
duced would be quantitatively understood. So far it is impossible to distinguish 
(when one of the t-butyl conformers is compared with 2-halogenohexanone) which 
part in the observed shift is from the polar effect of the C(CHs)s group and which 
part from the equilibrium involved. 

It is now possible to su~arise the role that polaro~aphy can play in dis- 
tinguishing between epimers. 

For truly rigid systems, such as the B and C rings of the steroid system, it seems 
possible from polarographic data to distinguish between the epimers of an a-halogeno- 
ketone, if both epimers are available and their half-wave potentials can be measured. 
In this respect polaro~aphy is superior to standard methods, using ultraviolet 
spectra or optical rotatory dispersion for axial and infrared spectra for equatorial 
halogen. Each of these methods determines either axial or equatorial halogen, not 
both as does polarography. Moreover, the above-mentioned methods depend 
principa~y on the effect exerted by halogen on the carbonyl group and not on halogen 
itself as in polarography,XO 

Moreover, polarography even enables a distinction to be made between the 
bisectional bonds as in 16 cc- and 16 &halogen0 17- oxoderivatives” for which spectral 
methods show an identical wavelength for the two isomers. 

The data given in Table VII show that the regions of potentials in which cc-halo- 
ketones in various positions in the steroid ring are reduced, overlap. Hence, the 
possibility of determination of conformation, when only one epimer is available, 
seems questionable, even when the available data are too limited to allow a final 
judgement. 

The situation is more complicated with flexible molecules. Here quan~~tive data 
about the equilibria of the two conformers can be expected only from measurements 
of the ratio of wave-heights for sluggishly established equilibria for which two separate 
waves are observed. To draw at least qualitative deductions from the position of 
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the effective half-wave potential of the merged wave it would be necessary to possess 
information about other factors which affect the half-wave potential in the transition 
from the flexible system studied to the chosen rigid model system. For example, for 
rigid systems based on t-butyl cyclohexyl it would be necessary to elucidate firstly 
the effect of other alkyl groups, in order to separate from the observed shift for 
t-butyl cyclohexyl the contribution from the polar effect of the t-butyl group. 

For a-dichlorocyclohexanones 4o the half-wave potentials in water-dioxan mixtures 
followed the sequence: 

gem < cis < trans 
(ae) (aa) * (ee) (ae). 

In view of the results obtained for monohaloketones the more positive reduction of 
the cis-form would be better explained by predominance of (aa) than of (ee). In 
dimethy~o~amide the waves of the cis- and trans-form did not differ significantly, 

The 16 a-bond reduction occurs at more positive potentials than for 16 /I (similarly 
for 16 a-Br in Table VII) also for the C-O bond [L and LI in 90 % ethanol containing8 
0.05M N(C,H&, Cl] : 

The relative positions of rings A and B are of considerable influence on the half- 
wave potentials (Table VIII). 

Reduction of some bridgehead bromides, such as l-bromobicyclo[2.2.2] octane, 
endo-S-bromobicyclo[3.2.1] octane or 1-bromadamantane (Table IX) occurs1s-81 at 
potentials of about -0.2 to -0.1 V (according to the media used) more negative 
than the reduction of straight-chain bromides. This difference has been interpreted as 
a result of (a) change in mechanism or (b) steric strain. The bridgehead molecules are 
assumed not to be accessible to rear attack on carbon as was expected for the S,2-like 
reduction mechanism predominant for straight-chain bromides (cz reference 21 and 
p. 1345). A frontal attack on bromineaO or an Z&l-like mechanism21 is suggested. 

The more positive reduction of the exo-norbornyl bromide than that of endo- 
norbornyl bromide= is quoted in support of the &l-like mechanism. Ionisation 
in the field of the electrode to form carbonium ions would occur more readily in 
exo-norbornyl bromide than in endo-norbornyl bromide because of anchimeric aid 
in the exo-bromide. Further confirmation of the &l-like reduction mechanism of 
the bridgehead bromides is sought in the fact that the reduction of cis-4-bromo-t- 
butylcyclohexane occurs at more positive potentials than that of its trans-isomer. 
Because of the steric conditions the rear of the carbon attached to the equatorial 
bromine in trans-4-t-butylcyclohexyl bromide is almost as hindered as a bridgehead 
bromine. Therefore, an SN2-like mechanism cannot occur and the negative reduction 
wave is ascribed predo~nantly to the &l-like mechanism. The far less hindered 
cis-4-t-butylcycluhexyl bromide can be attacked from the rear. A predominantly 
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SN2-like mechanism is in agreement with the more positive potential, which is almost 
in the range of reduction potentials of aliphatic bromides.sr 

The predominance of steric strain as the reason for the more negative potential of 
I-bromobicyclo[2.2.2] octane was confirmed by comparison with l-bromadaman- 
tane. Reduction of the latter occurs at potentials about O-1 V more positive* than 

TAEU VIII.-EFFECT OF RELATIVE POSITION OF RINGS A AND B IN STEROILB ON 
HALF-WAVE POTENTIALS 

Substance A (V) Ref. 

o/JJyt7°c0~H~ oqJjk7WcH~ 0.15 9 

/3r -004v 
H 

Br -049 v 
an=0.52* a n=0.35’ 

;fl* Bofg-JL~“3 

H -0.14 v H 

an.054’ 
-045v 

atv0.27’ 

0*31t 9 

* R = NHCOCH,N(CH&X. 
t This value also involves contributions resulting from other changes in the molecule. 
$ The difference in values of un is rather too great for a direct comparison of half-wave 

potentials. 

those of the bicycle-octane derivative. It is assumed that in the transition state the 
adamantyl group would be less strained than the bicycle-octyl group.*O 

The fact that the half-wave potential of 1-bromobicyclo[2.2.2]octane can also be 
(cJ Table IX and reference 20) in the region in which the reduction of alicyclic 
bromide was observed (Table IX) makes the evidence given above less conclusive. 
A compensation of various factors cannot be ruled out. In any case, further studies 

* Zkada, Sicher and KrupiUa, lo however, found a more negative value for l-bromadamantane. 
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in this field are needed, not only for further critically selected model compounds, but 
also with more detailed experimental data (dependence of half-wave potentials and 
wave shapes on the concentrations of the depolariser and the supporting electrolyte, 
on the composition of the solvent, kind of cation used, temperature, etc.) to enable 
more dependable conclusions to be made. 

ELECTROACTIVE GROUPS THAT FORM 
PART OF THE CYCLIC SYSTEM 

In this section will be discussed systems in which during the electrode process 
either a bond in the ring system is reductively hydrogenated or a new bond in the 
ring system is formed. Both of these processes can be affected by the introduction 

FIQ. 8.-Dependence of half-wave potentials of substituted rethrolones on Taft polar 
substituent constants (I* (half-wave potentials in O*lM LiOH from reference 41). 

of substituents, by the size of ring, by the position of the electroactive group, by the 
kind and extent of conjugation and by some other stereochemical factors. The systems 
involved are quinoid systems, cr,&unsaturated ketones, unsaturated hydrocarbons, 
vicinal dibromides, etc. 

Substituent effects 

For rethrolones (LII) the half-wave potentials in O*lMlithium hydroxide measured 
by KrupiEka”l fit well equation (1) for X = C,H,, i-C&H,, CH,C,H, and C,H, (Fig. 8). 

CH3 

IId 

X 

HO 0 

LII 

The value for C,H, agrees well with the linear relationship so that it can be deduced 
that this group exerts predominantly a polar effect and that its conjugation is not of 
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primary importance. The determined value ~z,u = $0.10, V allowed computation 
of the following approximate values of substituent constants: 

4H=CH, = +0*12 

o&-fUryMllethyl = $-O-29 
6&lohex-2-m-I-yl = +Oeol 

e&_wmt-2-en-l-y1 = --o*Ol* 

For naphthalene cycloalkenes 42 both the way in which the naphthalene ring acts 
as a substituent in the l- or 2-positions and the size of the hydroaromatic ring can 
affect the half-wave potential. The latter effect is discussed under Effect of size of ring 
(p. 1370). Here only the exchange of cr-naphthyl for /I-naphthyl in LIII to LVI will 
be mentioned briefly : 

The difference in both magnitude and direction of the shift from this exchange 
for cyclopentene and cyclohexene is caused by steric hindrance of coplanarity, as proved 
in more detail on p. 1370. 

The sequence of polarographic reducibility: LIII w LV > LVI > LIV, is ana- 
logous to that observed for the rate of maleic anhydride addition in the Diels-Alder 
reaction, namely : LIII M LV > LVI > LIV. It is assumedq8 that this presents a 
proof that in the electroreduction a primary product with an exocyclic double-bond 
in the pivotal position between the naphthalene and the hydroaromatic ring is formed 
by 1 &addition. The formation of this intermediate is thought to be hindered in 
compound LIV. 

The most extensive data are available for substituent effects on half-wave potentials 
of c+unsaturated 3-oxosteroids. Here the effect of substitution in several positions 
can be followed. The effects of substituents in position 6 can be observed for com- 
poundP LVII to LIX (in 50% ethanol, Britton-Robinson buffer pH 6.0): 

CH, CH, 

LYII -1385 V LxllI -I 375 v LIX -I 355 v 
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Differences in half-wave potentials4*s can also be observed for substituents in 
position 11 (see LX and LXI; 90 % ethanol, Verona1 buffer pH 85) : 

floH opO” 

LX -15ov LXI -1.44 V and -I 65 V 

On the other hand, compounds LX11 and LXIII, studied4 under the same conditions 
and differing only in the absence of the hydroxyl group in position 17, show a much 
less marked effect of the substitution in position 11: 

l_XU -1.46 V and -1.66 V LXDI -I 49 and -I 64 V 

The effect of a hydroxyl group in position 16 can also be considerable as shown 
by a comparison of substanceP LXIV and LXV [dimethylformamide, O*lM N(C,Hs), 
and O.OlM N(C,Hs), I] : 

LXUC -1.66 V and -2 IO V UIp -163 V and-2.11 V 

Greatest attention has been paid to the effect of substituents in position 17 on the 
shift of the half-wave potentials of A4-3-ketosteroids.8~7~11 In 50% ethanol con- 
taining triethylamine buffer’ (pH 10.5) the effect is small; in O.lM hydrochloric acid 
it is more marked (Table X). More considerable shifts were observed’ in 90 %>thanol 
containing a veronal buffer pH 8.5 (LXVI to LXVIII, and in the more complex_systems 

o&GH;&o;#mcb 
LXPI -155 v l_xm -1.49 v LxmI -145v 
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LXE-I 48 V and166 V 

LXXt -1.49 V and -164 V LXXII -1.44 V ond -1.65 V 

TABLE X.--EFpEcT OF s -NTS IN POSlTION 17 ON THE I-LUF-WAVE POTENTIAL OF 

A4-3-~o~ (50% BTHANOL, N.C.E.) 

dP 
R’ 

R2 

/ 
0 

Compound 

Progesterone 
Testosterone 
Methyltestosterone 
Testosterone propionate 
17-Hydroxyprogesterone 
1 l-Deoxywrtiwsterone 
1 l-Deaxywrtisterone acetate 
1 I-Deoxy-17-hydroxycorticosterone 

R’ R’ 

COCH, H 

::: 
H 

CH, 
OOCCIH. 

COCH, C% 
COCH,OH H 

COC&OOCH, H 
COCH,OH OH 

O*lM HCI pH 10.5+ 
dE,/,/dpH 

-1.11 -1.68 0.063 
-1.13 -1.69 0.061 
-1.13 -1.68 0.059 
-1.13 -1.68 OWI 
-1.14 -1.68 0.059 
-1.12 -1.67 0,059 
-1.11 -1.67 OQ60 
-1.15 -1.69 0.059 

* Triethylamine buffer. 

LXIX to LXXII), but under these conditions the effect of the proton transfer accom- 
panying the electrode process cannot be excluded. 

Even substituents in the side chain can affect the half-wave potentialsu of Al-3- 
ketosteroids [LXX111 and LXXIV; in dimethylformamide, 0-M N(C,H,),I, O.OlM 

NGH,),~l. 

OH ok”“““” 

LXXIII -1.66V LXXE -162V 

Similarly, the half-wave potentials of Al**- and A4B6-3-ketosteroids can also be 
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affectedll by substituents in various positions, 
ethanol and Button-Robinson buffer pH 6-O) : 

e.g., 6 (LXXV to LXXVfII in Sa% 

and in position 11 (LXXIX and LXXX, in 50% ethanol): 

o$;T.!_:.$% 

LXXE Lxxx 

malonate pH 4.6: - I.21 V malonate pH 4.6: - 1. I6 V 
triethylamins pH 10.8: - I.59 V triethylamine pH IO& - I.52 V 

However, not only the half-wave potentials of ketosteroids, but also of their 
derivatives can be affected by remote substituents. Most of the available data concerns 
the Girard derivatives, mainly the trimethylaminoglycyl hydrazides.” For derivatives 
of saturated ketones such an effect can be demonstrated in compounds containing a 
reducible C===N bond in position 20 and varied in ring B (LXXX1 and LXXXII, in 
90 % ethanol contai~ng Verona1 buffer pH 8.5) : 

Among the steroids bearing a double-bond in the a&position with respect to the 
carbonyl group, effects have been observed* for derivatives of A*-3-ketosteroids in 
the presence of substituents both in position 11 (comparison of LXXXIH with 
LXXXIV and of LXXXV with LXXXVHI) and in position 17 (comparison of 
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LXXX111 with LXXXV and of LXXXIV with LXXXVIII) [in 90% ethanol con- 

taining Verona1 bufIer pH 8.5; R = NHCOCH,N+(CH&J 
In contrast, the betainyl hydrazones of compounds LXVI to LXVIII all show in 

90% ethanol at pI!I g-5 the first reduction step at -1.34 V, even when they differ 
from the above compounds only by the absence of a substituent in position 11. There 
is no explanation available at present of the fact that the half-wave potentials of 
the betainyl hydrazones of LXVI to LXVIII are identical, whereas the half-wave 
potentials of the parent compounds are significantly different. 

Effect of size of ring 

The effect of the size of ring on reversible redox systems has been studied system- 
atically via reduction of the 2,~pol~ethyIene quinones and oxidation of 2,6-poly- 
methylene-4-aminophenols 43,M (Table XI). It has been shown that a decrease of the 
size of ring below n = 14 causes a shift of the redox potential towards negative values 
compared with the value for dialkyl derivatives. For smaller rings quinone is, there- 
fore, relatively more stabilised when compared with hydroq~none. Two quinoid 
systems in a sixteen-membered ring show no mutual interaction, as was demonstrated 
by the coincidence of the half-wave potentials of bis-pentamethylene-(2,2,6,6)-bis- 
benzoquinone (LXXXIX) with that of the higher 2,6-polymethylenequinones.M 

Among the irreversible systems, unsaturated hydrocarbons will first be discussed. 
The half-wave potentials of the naphthyl alkenes pa*46 (Table XII) follow roughly the 
sequence found for the relative values of the conjugative power, C,, as based on 
ultraviolet absorption spectra and on rates of addition of maleic anhydride in the 
Diels-Alder reaction. It is assumed46 that the half-wave potentials rather than to be 

21 
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a function of the angle of the twist in the original molecule (8) depend on the angle 
of twist at the moment of the electrode process (63. The electrical field of the elec- 
trode will orientate the depolariser preferably in a flat position in the double-layer, 
so that 6, < 6, if possible. An inspection of molecular model@ indicates little or 
no hindrance to the attainment of coplanarity by naphthalenes bearing the substituent 
in position 2. For these compounds it is assumed that in the course of the electrode 
process they became virtually coplanar, i.e., 6, M 0”. 

TABLE XL-EFFECT OF SIZE OF RING ON REVERSIBLE REDOX POTENTLU&~~ 
(10% acetic acid, 40 % ethanol) 

10 
11 
12 

:: 
15 
16 
17 
18 
19 

- 0.029 
+ 0.026 
_tO*O86 
+0.117 
+0*139 
+0*143 
+0.160 
+0.151 
+0*158 
-to*144 
-to*144 

- 
+0.081 

- 
+0*178 
+0*200 
+0*192 
+0.211 
+ 0.205 
+0.202 
+0.190 
+0*200 

H5q +0*140 H~~~~ +0*202 

2 

For cyclopentenylnaphthalenes there is only a small difference between the half- 
wave potentials of l- and 2-substituted compounds. The direction of the observed 
shift towards more negative values for the 2-naphthyl derivative is in accordance with 
the prediction from C,-values. Hence, it is assumed that in addition to the 2-naphthyl 
derivatives the molecule of 1-cyclopentenylnaphthalene is also able to achieve a 
practically planar arrangement during the electrode process (6, w 0’). For the l-cyclo- 
hexenyl and 1-cycloheptenyl derivatives the steric hindrance of rotation of the alkenyl 
group into coplanarity is no longer negligible and results in the shifts of the half-wave 
potentials of 1-naphthyl derivatives towards more negative valuesj6 

Further evidence for such kinds of deduction can be drawn from the behaviour 
of methyl derivatives. The shifts caused by the introduction of the methyl group into 
the cycloalkenyl group (-0.07 V or -0.04 V, respectively) can give one a rough idea 
of the magnitude of the polar effect resulting from methyl substitution on the cyclo- 
pentenyl ring. For 1-cyclopentenylnaphthalene the observed shift (-0.17 V) can be 
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TABLE XII.-HALF-WAVE POTENTIALS OF NAPHTHYL ALICENES4’~” 
[75 % dioxan-water, 0-M N(C,H,)J] 

1371 

Ells (Y cu. S.C.E.) 
Compound 

n 1 2 A+ 3 A* 

-227 -246 -0.19 -2.41 -0.14 

(-2.42) (-2.46) (-0.04) - _ 

-236 (-2.42) (-0.06) - - ’ 

mHzjn -230 -238 -0.08 -2.35 -0.05 

-237 -2.42 -0.05 - - 

* A = Difference relative to cyclopentenyl derivative. 

attributed partly to steric hindrance and partly to coplanarity. For l-cyclohexenyl- 
naphthalene the introduction of the methyl group is practically without effect, showing 
that in the unsubstituted 1-cyclohexenyl derivative there is a negligible contribution 
from conjugative interaction of the two rings. Similarly, only a slight effect is shown 
when a methyl group is introduced into position 8 of the naphthalene ring in l-cyclo- 
hexenylnaphthalene. The greater shift (and towards more negative potentials) of 
-0.09 V caused by an 8-methyl group in I-cyclopentenyhraphthalene indicates that this 
shift is at least partly caused by the steric hindrance of coplanarity, even when it is 
less effective than for the substitution of the methyl group in the cyclopentenyl ring. 

Whereas in the hydrocarbons discussed the reduction of the double bond occurs 
at more positive potentials in the cyclopentenyl ring than that in the cyclohexenyl 
ring, the reduction of the system COCH=CH, from which in the final product 
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COCH,CH, is formed, follows the reverse order. Both in a&unsaturated ketones’* 
such as XC and XC1 [in dimethylformamide with 0-M N(C!,H,),I and O.OlM 
N(C,Hs),I] and in a,@.msaturated lactone# (where the reduction of the double bond 
occurs at potentials about 0.4 V more positive than in the corresponding cardiac 
glycosides with an unsaturated five-membered lactone ring) the reduction of the six- 
membered compound occurs at more positive potentials than that of the five-mem- 
bered compound. 

For monocyclic terpene ketones, 48*4g the difference between the five- and six- 
membered compounds is rather small [XC11 to XCV, in 80% ethanol with O*lM 
N(C,H&] ; a direct comparison is, nevertheless, prevented by the two methyl groups 

.._&W o#s 

xc -166V xc1 485 v 

on the double bond in isothujone (XCV) when compared with the one in XC11 and 
XCIII. That the introduction of the second alkyl group can possess a considerable 
effect on the half-wave potentials is demonstrated by comparison of the half-wave 
potentials4Q of jasmone (XCVI) and isodihydrojasmone (XCVII) : 

XCII XClll XCIV xcv 
-177v -I 8OV -I 81 v -I 81V 

CH2CH=CHCH2CH3 CH,CH,CH,CH*CH,CH, 

XCVl XCVII 
-2oOV -1.87 V 

As examples of those electrode processes that result in formation of a new bond, 
the reduction of vicinal dibromides is discussed next. Principally, these compounds 
are reduced@’ in one two-electron step. Because the main product of this step has 
been shown to be the unsaturated hydrocarbon, and because no other wave is apparent 
on the polarographic curve (which would correspond to the reduction of the mono- 
bromo derivative), it may be assumed that an elimination process takes place with 
the second bromine atom participating in the formation of the transition state. 

How far this assumption is valid can be verified by an inspection of Table XIII. 
For monobromo derivatives, for which the two-electron process can be taken for 
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granted, the value of the limiting current constant I varied under identical experi- 
mental conditions between 2.2 and 2.9. All values for I in Table XIII that are greater 
than about 3.2 seem to indicate that in addition to the two-electron elimination 
process a four-electron substitution can participate in the electrode process. A further 
indication of this type of process seems to be a remark60 that controlled potential 
electrolysis of ethylene dibromide at a mercury pool electrode gives rise to some 
ethane in addition to ethylene. Controlfed potential electrolysis and ~crocoulome~ 

TABLE~X.--HAL~-WAV&~~~ENT~L~~P~I~~~ALDIBROMIDE~'~ 

cis tram 
NO. Substance 

I. I@ El/% (v) ‘s I. 101 E,/,(Y) ‘s 

1 

2 

4-t-Butyl-tram-3-c&4-dibromo- 
cyclohexane 

4-t-Butvl-cis-3-trans4dibromo- 

- - 2.30 -0*86* 0.359 

2.89 -1*67* 0.180 - 
cy&hexane 

2~,3~-Dibromo~9~,l~H]d~ 
exo-cis-2,3-Dibromobicycloj2.2.1]- 

3.27 -0.82’ 
- - 

0.374 
- 

3 
4 352 

3.78 

- 
-1.53 

-1.21 

- 
0.150 

0.200 
heptane 

endo-cis-2,3-Dibromobicyclo[2.2.1]- 5 
heptane 

~~~3-Dibromobicyclo[2.2.llh~~e 
2,3-~bromobi~clo[2.2.2]~~e 
1,2-Dibromocyclop 
1,2-Dibromocyclohexane 

1,2-Dibromocycloheptane 
1,2-Dibromocyclo-octane 
~,5,8,~Te~e~yl-~-l,2~ibrom~ 

cyclodecane 
1,2-Dibromocyclododecane 

1,2-Dibromocyclotetradecane 
1,2-Dibromocyclohexadecane 
Ethylene dibromide 
Erythro-5&dibromodecane 
Three-5,6-dibromodecane 
l&Dibromocyclodecane 

- 4.10 -1.56 O-216 
0,186 2-82 - 1.338 0,189 

- 3.60 -0.94 0.215 
0.182 2.98 -1*04 0247 

- 
- 

3.25 -1.00 0.288 
2.08 -1.05 0.346 
2.67 -1*15 0,313 

6 
798 

1’0. 

:: 
I 

13 
14 

4G5 
- 

-1.28 
- 

-1.64 
- 
- 

2.62 
- 

- 

2.13 

2.21 
2.06 
3.28 
3.01 
- 

-1% 

-1.33 
-1.21 
-1*23* 
-1.14 

0.230 

0.312 
0.440 
0.185 
0,386 

- 

3.16 -1.78 0.210 

2.53 
- 

- 
2.71 
252 

-144 0.182 

- - 

-1.24 
-1.73 

- 
0.340 
0.178 

21 
22, 
23 

* The inclusion in this column is deliberate. 

using the mercury dropping electrode would be of importance especially for checking 
these plo ts for compounds 5,6,7,9 and 12 (Table XIII). The two-electron reduction 
of 1,6-di bromocyclodecanes (22 and 23) seems to indicate a transannular cyclisation 
to decalin. 

In a homologous series and for those reaction series in which the properties and 
shape of the molecule do not vary over too wide a range, it has been repeatedly 
proved that the value of the parameter 2*3RT/anF varies relatively little. For vicinal 
dibromides, on the other hand, variation of this parameter is quite considerab]e 
(from O-15 to O-44: Table XIII). Because there is no correlation between this value 
and that for I, a change of the number of electrons (n) transferred in the potential- 
determining step does not seem the essential reason for this change. Nevertheless, a 
change in mechanism involving a change in the number of electrons in the potential- 
determining step seems only slightly probable, but cannot be completely excluded. 
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-o1l C 

FIG. 9.-Dependence of 2.3 RT/anF for reduction waves of cyclic vicinal dibromides on 
number of ring atoms: values of 2.3 RT/anF from reference 19 for 0 tram and n cis 

isomers. 
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FIG. lO.-Dependence of (u) half-wave potentials and (6) values of 2.3 RT/anF for 
reduction waves of cyclic vicinal dibromides on estimated value of torsion angle (r$ 
(half-wave potentials, values of 2.3 RT/anF and estimated values of torsion angle from 
reference 19; numbering of compounds according to Table XIII; full points deviate). 

A change in the value of the transfer coefficient a seems to be decisive. It can be 
assumed that this change is connected with the orientation of the electroactive 
substance or the adsorbability. Because there is no information available concerning 
the relation between the adsorbability and the chemical structure of compounds of 
the type discussed, this assumption can be considered only as tentative. 

The values of 2_3RT/anF form two groups-one at 2_3RT/anF = 0.18 f 0.04 
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and the second at 2*3RT/ctnF = 0.36 f O-07. The dibromides of the first group 
largely, but not exclusively, are able relatively readily to attain an anti-periplanar 
arrangement of the bromine atoms, whereas for those belonging to the second group 
such an arrangement can be attained not at all or only with difficulty.l* The depend- 
ence of the value of 2_3RT/anF on the number of ring carbon atoms is given in Fig. 9. 

As has been stressed several times in previous sections of this review, quantitative 
comparisons of half-wave potentials are permissible only in reaction series in which 
the value of an remains constant. Because this condition is not fulfrlled for vicinal 
dibromides, the discussion of structural effects on half-wave potentials (Table XIII) 
given below should be considered as a first approximation. 

Compounds l-8 (Table XIII) with a rigid structure, in which the torsion angle 
between the C-Br bonds is known, are considered first. Dependence of half-wave 
potentials on torsion angle 91 (Fig. 1OA) resembles the Karplus curve.s1 Most positive 
waves were observed for 9 M 180” (anti-periplanar arrangement) and 0” (synperiplanar 
arrangement), most negative for q w 60-120’. Only the value for compound 4 does 
not follow a smooth curve. An analogous trend also shows the dependence of 
RT/anF on the torsion angle (Fig. 10B). 

Among the flexible dibromides, existing in equilibria of two or more forms, are 
those compounds for which it is knownl* that they are able readily to attain an anti- 
periplanar arrangement of the C-Br bond (9,12-14, Table XIII), reduced at relatively 
positive potentials. They would correspond in rigid compounds to torsion angles of 
qJ > 150”. On the contrary, those dibromides (11, 15, 16) which attain an anti- 
periplanar arrangement only with a great expenditure of energyl* or not at all, are 
reduced at more negative potentials, which would correspond to rigid dibromides 
with v m 60”. 

The half-wave potentials of monocyclic, flexible vicinal dibromides, as well as of 
some rigid dibromides were an approximately linear function of the logarithms of the 
rates of homogeneous elimination reactions. s2 In agreement with the results obtained 
for bimolecular homogeneous reactions is the more positive reduction of erythro- 
isomer (20) than that of threo-5,6-dibromodecane (21, Table XIII). 

Eflects of position and conjugation 

Discussion in this section is restricted solely to the reduction of a&unsaturated 
ketosteroids and their derivatives. 

Whereas for ketosteroids considerable differences in half-wave potentials have 
been observed4 according to the position of the COCH==CH system (XCVIII to 
CIII in 90% ethanol, Verona1 bu.Ifer pH 85), little difference has been found for the 
corresponding betainyl hydrazones (CIV and CV). 

The compounds CII and CIII (in toluene sulphonate pH 2.1, 80% ethanols) 
differ more than in the position of the double bond; nevertheless, the effect of other 
changes is probably not predominant. 

An increasing extent of conjugation shifts the half-wave potentials towards more 
positive values (Table XIV). A1s4-3-ketosteroids are reduced by some 0.16 V at more 
positive potentials, A 4*6 b some 0.30 V than A4-3-ketosteroids. The crossed con- y 
jugation is less effective than linear. The effect in betainyl hydrazones seems slightly 
less marked. 
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XCIX no wave 

o&‘7 &” 
c -I 18 v 

CI -124V 

CII -I 16V 

R=NH COCH2N(CH,),Cl 

RNseH’7 
CH cooJ3??!?+ 

3 

Steric factors 
cm -1*34v a? -1.34 v 

A few comments can be added concerning the polarographic reduction of poly- 
halogenated compounds. 

Inspection of Table XIII shows that, of the available pairs of cis- and trans-isomers, 
in one case (7 and 8) the cis-isomer is reduced at more positive potentials than the 
trans-isomer, but in two cases (10 and 11; 15 and 16) the trans-isomer is reduced at 
more positive potentials. It has been shown under E$ect of size of ring (p. 1375) that 
the case of the reductive elimination is better explained on the basis of torsion angles 
q~ than on a comparison of isomeric pairs. Hence, one refrains from a more detailed 
discussion, for example, of results given in reference 53. Nevertheless, the particular 
case of hexachlorocyclohexane should be mentioned. This substance is reduced to 
benzeneSs7 with consumption of six electrons and liberation of six chloride ions. 
The y-isomer is reduced at potentials by some 0.6 V more positive than the next most 
easily reducible isomer (R). This behaviour parallels the observations that this isomer 
possesses the greatest dipole moment, is more adsorbed at the mercury surface than 
other isomers and possesses much stronger insecticide activity than other isomers. 
The role of adsorption and dipole moment have also been discussed6’ in the case of 
other halogen derivatives. 



Polarography of alicyclic compounds 1377 

TABLE XIV.-EFPECX OF CONJUC3ATION ON REDUCTION OF KETOSTEROIDS 

oB C&I JYP- VV 

/ / / 4 
0 

-v55 v -ll6v(o37vl 

11 

-I 36, v -I 23, V (015 V) 

-137, V -I 22 v (0 l5,Vl -I 06,V (0 31 VI 

136 v -I 22 V (0 I6 VI -I 09,v (029Vl 

oa”‘“” OJ$$M 

-137v -121 v (OKV) 

.FoS 

-131 v -I I6 V (OISV) 

-163 V -I 44 v (0 I9 VI -I 26V (0 37V) 

-166 v -144v (022V) -12lV (045) 

11 

11 

5 

5 

12 

12 

/ 
’ ’ RN Al@- 

-134 v -ll2v(o22vl 

R=NHCOCHpN(CHJ,CL 



1378 P. ZUMAN 

The adsorptivity of organic compounds can also be studied polarographically 
from capacity phenomena and even from suppression of maxima.% If the J-amino 
group in hollarhimine (WI) is in a-configuration, the compound is much more easily 
adsorbed at the surface of the mercury electrode than the b-isomer. It was deduced 
that adsorption occurs from the rear of ring A in the steroid molecule. 

CONCLUSIONS 

If quantitative treatments similar to those already made with other groups of 
compound are, in future, to be applied to alicyclic systems, it will be necessary to 
carry out in this field the polarographic research on an even broader scale than with 
other groups of compound because of the great variations in alicyclic systems. It 
was the aim of this review to demonstrate the possibilities of application of polaro- 
graphy in the solution of alicyclic problems and to expose gaps that exist in our 
present knowledge. 

Zusammenfasstmg-Der Artikel bespricht die Polarographie alicy- 
klischer Verbiidungen. 

R&urn&-On pr6sente une revue sur la polarographie des composes 
alicycliques. 
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NOTICES 

BELGIUM 

Satza&y- Wednesday 10-21 Sepfember 1966 : XXXVIth Intematlonal Congress on Iadastrlal 
Chemls&y: F&ration des Industries Chimiques de Belgque and Be&an Branch of Societk de Chimie 
Industrielle. Brussels. 

In Group II, General Technical Problems of the Chemical Industry, of the programme a Section 
will be devoted to Analysis: Methoa!s and Apparatus. Further information may be obtained from 
Se&tar& G&&al du XXXVP Congr& Intemation~ de Chink ~d~~el~, 49 Square Marie- 
Louise, Brussels 4. 

UNITED KINGDOM 

Wednesday-Friday 5-7 January 1966: Symposium on Thin-Lays Chromatwy: Department 
of Textile In&tries, University of Leeds and Society for Analytical Chemistry, Thin-L.ayer Chr~ma- 
tography Groap. University of Leeds. 

The programme is as folIows: 

Wednesday 5 January 

Reproducibility of R,- Values in Thin-Layer Chromatography. M. S. J. DALLAS 

Place of Thin-Layer Chro~togr~hy in Pesticide Residue J. %lOMSON 

Analysis. 

Use of Radioactive Tracers in Analysis by Thin-Layer Chroma- 
tography. D. A. LAMBIIZ 

Thursday 6 January 

Fu~meRtals and Applications of Thin-Layer Eiectrophoresis. J. D. R. THOMAS 

Applic~io~ of Thin-Layer Chro~o~~hy in Anthr~~~o~ 
Dyestuff Chemistry. C. G. HAYNKS 

Applications of Thin-Layer Chromatography in Propellentry. F. w. s. cAwfBu 

Participants Contributions (Details to be announced later) 
Friday 7 Januaty 

Value of Film ~~omatogr~hy in Chemical Research. E. V. TRUTBR 

Further information can be obtained from Secretary for University Extension Lectures, Depart- 
ment of Adult Education and Extramural Studies, University of Leeds, Leeds 2. 

Wednesday 5 January 1966: Reading of Elwell Award Papers: Society for Analytical Chemistry, 
Magi Section. U~ve~ity of eight, begs 15. 6.30 p.m. 

Friday 7 Jawary 1966: Annual General Meetlag followed by Inltlatlon, Development and Testlug 
of AnalytIcal Methods in Industry, J, HASLAM: Society for Analytical Chemistry, Western Section. 
Newport. 7.00 p.m. 

Thursa%y 27 January 1966: Meeting on Economics of Automatic Analysls: Society for Analytical 
Chemistry, Automatic Methods Group. London. 

Fri&zy 28 January 1966: Annual General Meeting: Society for Analytical Chemistry, Scottish 
Section. Glasgow. 

Satur&y 29 Jamuwy 1966: Ana& General Me&lag followed by Thermal Au&*, G. F. 
LONGNLAN : Society for Analyiicaj Chemistry, North of Enghmd Section. 
Street, Manchester. 2.30 p.m. 

Old NC@ Head Ho fel, Lloyd 
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British Standards Instiiution has announced the following Revised British Starukzrd: B.S. 1016: 
Methodr for the analysis and testing of coal and coke: Part 3: 1965: Proximate analysis of coal. 
(Price: 7s. 6d.). The determination of moisture, volatile matter and ash in coal is detailed. 

UNITED STATES OF AMERICA 

Monday-Thursday 24-27 January 1966: Nineteenth Aanual Symposium on Modem Methods of 
Analytical Chemistry. Louisiana State University, Baton Rouge, La. 

Sunday 30 January-Friday 4 February 1966: A.S.T.M. Committee Week: American Society for 
Testing and Materials. Shoreham and Sheraton-Park Hotels, Washington D.C. 

Monday-Friday 13-17 June 1966: Fifth National Meeting: 
Sheraton-Chicago Hotel, Chicago, Ill. 

Society for Applied Spectroscopy. 

Original papers are being solicited in all areas of theoretical and applied spectroscopy and gas 
chromatography, including X-ray spectroscopy, arc-spark emission, flame emission, atomic absorp- 
tion, infrared, ultraviolet, visible, Raman, far infrared, NMR-EPR, nuclear particle spectroscopy, 
activation analysis and solid state spectroscopy. Anyone wishing to submit a paper is encouraged to 
send a title and abstract (not more than 200 words) before 1 March to Dr. E. LANTERMAN, Borg- 
Warner Corp., Des Plaines, Ill. 60018. 

American Society for Testb and Materials has announced the availability of the following 
publication : 

Hydrocarbon Analysis-STP 389: 426~~. (Price: $8.50; to ASTM members: $5.95). Sponsored 
by Research Division IV of ASTM Committee D-2 on Petroleum Products and Lubricants, the book 
is divided into four sections: 

(1) Where We Are and a Look Ahead; 
(2) Potential Analytical Developments; 
(3) Integrated Methods Approach; 
(4) Hydrocarbon and Non-Hydrocarbon Impurities. 

To closely link the programme of the NBS Office of Standard Reference Materials with research 
efforts in other laboratories, a publication series entitled Stan&d Reference Materials has been 
initiated as a medium for broad and rapid dissemination of the results of standard materials investiga- 
tions at National Bureau of Standards. 

The basic publication in this series, NBS Misc. Publ. 260, is subtitled Catalog and Price List of 
Standard Materials Issued by the National Bureau of Staruhtrds. This basic section is kept up to date 
quarterly by issuing supplementary insert sheets as new standards are prepared, old ones are exhausted, 
renewals issued and others are discontinued. 

Other publications in this series are numbered as Misc. Publ. 260-1, Misc. Publ. 260-2, and so 
forth. Thus far the following 

B 
ublications have been issued: 260-1, Preparation of NBS White Cast 

Iron Spectrochemical StanaItr s; 260-2, Preparation of NBS Copper Base Spectrochemical Standards; 
260-3, Metallogrqohic Characterization of an NBS Spectrometric Low-Alloy Steel Standard; 260-4, 
StanaIard Reference Materials: Sources of Information; 260-5, Accuracy of Solution X-Ray Spectro- 
metric Analysis, of Copper-Base Alloys; and 260-6, Methods for the Chemical Analysis of White Cast 
Iron Stana%wds. Several more publications in this Series are under way. 

ERRATUM-Volume 11 
Page 1353, Fig. 5 : The legend should read as follows 

FIO. 5.-Working curves for tellurium(IV) : 
- HCIOI system, 
---- HCl system. 
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NOTICES 

CANADA 

19-23 June 1967: XIII Colloqulurn Spectwwopicum Internatiomde: Canadian Association for 
Applied Spectroscopy. Ottawa. 

Requests for information and offers of papers should be. directed to the Secretary, XIII Colloquium 
Spectroscopicum Intemationale, National Research Council, Ottawa 7, Canada. 

UNITED ICINGDOM 

Wednesday 10 November 1965: Meeting on ESR and Pdarography: Polarographic Society. 
National Physical Laboratory, Teddington. 2.30 p.m. 

The following papers will be presented : 

Recent Progress in EIectrokinetics 6. HILLS 

Applications of ESR to Poldrography of Oxygen in Aprotic 
Solvents. M. E. &OVER 

Polarography in Intra-molecularly Hydrogen-bon&d Systems. R. GRINTER and T. G. EDWARDS 

Wednesday 10 November 1965: Meeting on Automatic Analysis: Societyfor Analytical Chemistry 
Wellcome Building, Euston Road, London N.W.1. 3.00 p.m. 

The programme will include the following papers : 

Process Control with Gas Chromatography in the Chemical 
Industry. H. RIENITZ 

Non-radiometric Instruments for Process Control in the 
Windscale Nuclear Fuel Reprocessing Plant. C. R. MCGOWAN 

Data Processing Systems Incorporating Automatic Analysis. C. W. MIJNDAY 

Some Applications of Radioisotopes in Chemical Analysis. J. K. SKRE~~WSKI 

During December, 1965, Professor W. KIZMIJLA will lecture on Partition of Mixtures of Homologues 
and Isomers by Chromate-polarography at the following places :- 

7 December: Department of Chemistry, University of Nottingham: 5.00 p.m. 

10 December: Department of Chemistry, University of Birmingham: 6.30 p.m. 

13 December: School of Chemistry, University of Bristol: 5.30 p.m. 

14 December: Department of Chemistry, University of Exeter: 5.15 p.m. 

16 December: School of Pharmacy, Brunswick Square, London W.C.l: 6.00 p.m. 

Thursday 2 December 1965: Annual General Meeting followed by Meeting on Thermal Analysis 
in Relation to Composition of Evolved Gases, D. FITZGERALD, S. C. BEVAN and S. THORBURN: Society 
for Analytical Chemistry, Thermal Analysis Group. 14 Belgrave Square, London S.W.l. 6.30 p.m. 

Saturday 4 December 1965 : Meeting on Training of the Analyst in Physical Methods, A. G. JONES: 
and H. R. JONES: Society for Analytical Chemistry, North of EngIand Section. City Laboratories, 
Mount Pleasant, Liverpool. 2.30 p.m. 

Tuesday 7 December 1965: Discussion Meeting on EtlIuent Analysis, F. G. BROUGHALL, S. H. 
JENKINS and N. T. WILKINSON: Society for Analytical Chemistry, Midlands Section. College of 
Advanced Technology, Birmingham 4. 7.00 p.m. 

i 



ii Notices 

Thursday 9 December 1965 : Annual General Meeting followed by a Discussion Meeting: Society 
$;OA$ytical Chemistry, Biological Methods Group. The Feathers, Tudor Street, London E.C.4. 

. . . 

Friday 10 December 1965 : Anuual General Meetlug followed by A Statistical Approach to Analysis 
A. K. SOPER: Society for Analytical Chemistry, Microchemical Methods Group. Burlington London 
House, W.l. 6.45 p.m. 

l&by 17 December 1965: Atomic-Absorption Speetrophotometry, H. PUGH: Sociiztyfor Analytical 
Chemistry, Western Section. Cardiff. 7.00 p.m. 

Monday-Thursday 18-21 July 1966: Symposium on Some Newer Physical Methods for Structural 
Chemistry. New College and the Clarendon Laboratory, Oxford. 

The principal subjects will -be mass spectrometry, optical rotatory dispersion and circular 
dichroism. Those wishing to give papers or attend the Symposium should communicate as soon as 
possible with Laboratory Practice, 9 Gough Square, London E.C.4. 

B&ish Standards Instutltibn has announced the following New British Standard: B.S. 3917: 
Methods for the Analysis of manganese ores: Part 1: 1965: Manganese dioxide (active oxygen) (4s.). 
This describes the reagents required, recommended methods of sampling and test procedure for the 
titrimetric determination of manganese dioxide in the range normally found in manganese ores. The 
method is substantially in line with that given in IS0 Recommendation No. 312-Determination of 
active oxygen (conventially expressed as manganese dioxide). 

Part 2: 1965: Total mdnganese (4s.). This describes the reagents required, recommended methods 
of sampling and test procedure for the titrhnetric determination of manganese in the range normally 
found in manganese ores. 

Part 3: 1965: (4s.). This describes the reagents required, recommended methods of sampling 
and test procedure for the titrimetric determination of iron in manganese ores in which the iron 
content exceeds 0.5 %. 

The following Revised British Standard has also been announced: B.S. 1756: Methods for the 
sampling and analysis of flue gases: Part 3 : 1965: Analysis by the Haldane apparatus (10s.). This 
deals with the analysis of a flue gas sample with the Haldane apparatus. 

UNITED STATES OF AMERICA 

Thursday-Saturday 2-4 December 1965 : Southeast-Southwest Regl& Meeting: American 
Chemical Society. Hotel Peabody, Memphis, Tenn. 

Monday 31 January-Tuesday 1 February 1966: Conference on Progress in Gas Chromabgraphy. 
University of California, Los Angeles. 

The following chemists will discuss Progress in Gas Chromatography, emphasising their own work: 
M. BEROZA, K. P. DIMICK, H. W. JOHNKIN, JR., A. J. MARTIN, C. S. G. PHILLIPS, J. H. PIJRNELL, 
D. T. SAWYER and J. C. STERNBERG. 

The Conference will be followed on 2-4 February by the Eighth Short Corn-se in Fundamental 
Principles of Gas Chromabgtaphy. This is an up-dated version of previous courses aimed primarily 
to instruct personnel from industry, although it may be equally valuable to persons in academic or 
government laboratories. 

Further information may be obtained from H. L. TALLMAN, Physical Sciences Extension, Room 
6532 Engineering Building, University of California, Los Angeles, California 90024. 

Seven new or renewed radioactivity standards have recently been announced by National Bureau 
of Standads and are now available from the Office of Standard Reference Materials, N.B.S., 
Washington, D.C., 20234: sodium-22, iron-55, zinc-65, yttrium-88, caesium-137/barium-137m, 
cerium-141 and americium-241. 

Five other standards are currently out of stock. Two of these, iodine-125 and mercury-203, will 
be reissued in the near future. 
available within a year. 

The other three, scandium-46, strontium-85 and niobium-95, may be 
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American Society for Testing and Materials has announced the availability of the following 
publications : 

X-Ray and Optical Emission Analysis of High-temperature Alloys: STP 376 ($2.50 or $1.75 to 
ASTM members). 
X-Ray Emission Line Wavelength and Two-theta Tables: DS 37 ($20.00 or 814.00 to ASTM members). 

ERRATA-Volnme 12 

Page 831, line 11 of Reagents: For molar extraction coeficient read molar extinction coefficient. 

Page 901, reference 23 : This should read 
pa M. I. Kabachnik, S.T. Ioffe and T. A. Mastryukova, Zhur. obshchei Khim., 1955,X$684. 
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NOTICES 

CANADA 

Monday-Wednesday IS-20 October 1965: Twelfth Wwa Symposium en Applied Spectroscopy: 
Canadian Association for Applied Spectroscopy. Ottawa. 

Papers are invited dealing with all fields of spectroscopy; investigations in which novel applica- 
tions of spectroscopy were used; and applications of other techniques to problems in spectroscopy, 
such as electronic computers and high-speed photo 

Q 
aphy. 

Titles and brief abstracts of papers should be su mitted as soon as possible to Mr. R. V. BAKER, 
Aluminium Company of Canada Ltd., A&da, Ottawa; the 8nal date for acceptance of papers is 
June 15. 

DEUTSm D~O~~~ REPUBUK 

28.9.-2.10.1965: 2. International Symposium Rebtststotfe in Wissemdd und Tecbnik: Chemische 
Gesellschaft in der DDR, Gesellschaft Deutscher Bergund Hiittenleute und Physikalische Gesell- 
schaft in der RDR. Dresden. 

Sektion C: Reinststoz-Analytik 
stung chemischer Ve~~i~gen mit modemen physikaIi~hen und chemischen 
Verfahren-Spezielle ~~ksi~hti~g meth~i~her Wei~~ntwickl~gen 

Sektion D: Realstruktur 
Nachweis von Kristallbaulehlem mittels Riintgen-, Elektroden- und Neutronenstrahlen 
sowie mit metallographischen Methoden-Entstehung, Verhalten und Eigenschaften von 
Gitte~t~~ng~ 

Sitz des Organisatio~o~t~: Chemische Gesellschaft in der DDR, Berlin W8, Clara-Zetkin- 
Str. 105. 

FRANCE 
Mercredi Z-6-1965: Reunion commune aver la Section de Chimie Analytique de la So&W de 

Chimie ~dust~elle. 
Mecredi Z-6-1965: L’analyse fonctionnelle au service de la synth&se organique, par M. F. 

PELLERIN, B 17 h 45, a la Faculte de Pharmacie de Paris. 

GREECE 
Sunday-Fria&y 13-24 September 1965: Methods of Immediate Separation and ~~t~~y: 

Association of Greek Chem&s in wllaboration with Association for ~~e~op~~t of Spectrographic 
Methods (G.A.M.S.). Athens. 

The principal subject will be Chromatography in the general sense, its theoretical aspects, ap- 
paratus and analytical applications. The following plenary lectures will be presented: 

Some recent progress in chromat~raphy. E. LEDE~UX 
Identification of gas ~hro~tographic fractions. D. AMBROSE 
A comparison of thin layer andpaper chromatography. F. H. POLLARD 
Further information can be obtained from Professor G. PARISSAKIS, Association of Greek 

Chemists, 27 Kaningos Road, Athens, Greece, 

0s~Im 
“Symposium analytiscbe Cbemie”, 

Chemiker. 
Treffen jugoslawischer, ungarischer und bsterreichischer 

(Im AnschluQ an die Hauptversammlung des Vereines Gsterreichischer Chemiker.) 
Graz, 29. September his 1. Oktober 1965. 
~aaptoortruge; B. ROsfA (Jugoslawieo), E. PUN~R (Ungarn), V. GUTMANN {Wein). 

Kolbquium ftir metalMndlicbe Anatpse d Elektronen~yse, veranstaltet vom 
institut ftir analytische Chemie und Mikrochemie der Technischen Hochschule in Wien und der 
~ste~i~i~hen Gesellschaft fit Mi~~hemie und Analytische Chemie, 

Wein, 20. bis 23, Oktober 1965, Technische Hochschufe in Wien. 

II i 
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UNITED KINGDOM 

~otzday-Thrfrsduy 6-9 September 1965 : First international Conference on Thermal Anafysis. 
Department of Natural Philosophy, University of Aberdeen, Old Aberdeen, Scotland. 

As indicated previously [Tuhta, 1965, 12 (l), ii], the theme will be 

Thermal Technjques and Their App~icubility 

and the conference will have the following Sections: 
I. Advances in instrumentation. 
2. Organic materials, including polymers. 
3. Inorganic materials and metallurgy. 
4. Physical chemistry and quantitative aspects. 
5. Minerals. 
6. Applied sciences (building materials, ceramics, etc.). 

The number of papers that has been offered is such that it will be necessary to hold two sessions of 
most, if not all, Sections. In consequence, it will be impossible to avoid simultaneous meetings, but 
in arranging such sessions attention will be paid to the numbers interested in each of the Sections. 

Each”se&ion of each Section will be presibed over by a prominent worker in the field and, at the 
invitation of the Organising Committee. Dr. J. P. REDFERN. Dr. C. B. MURPHY. Professor Dr. L. G. 
BERG and Professor”Dr. R~BARTA will deliver opening lect&es at the first sessions of Sections 1,2, 3 
and 6, respectivefy. 

If not already paid, the registration fee of f5 sterling ($15.00 U.S. or 13 roubles) is now due 
and must be paid by 15 May, 1965. Further information may be obtained from Dr. R. C. MACKENZIE, 
Macaulay Institute for Soil Research, Craigiebuckler, Aberdeen, Scotland. 

Wednesday-Friday 13-15 October 1965 : 1965 Symposium on Automated Analytical Chemistry: 
Technicon Instruments Company Ltd. London. 

As in previous years, the Symposium will be on an International basis and original work by 
distinguished scientists from Europe and America will be presented, as well as contributions from 
workers in United Kingdom. 

The Society for Analytical Chemistry has approved the formation of a Thermal Analysis Group, 
which will be concerned with methods of investigation normally performed under dynamic conditions 
of temperature. 

The Officers of the first Committee of the new Group are: 
Chairman: R. C. MACKENZIE 
Vice-Chairman: J. P. REDFERN 
Hon. Secretary: C. 3. KEATTCH 
Hon. Treasurer: A. A. HODGSON 
Members of the Society for Analytical Chemistry may become members of the Group on request 

to the Secretary of the Society, 14 Belgrave Square, London S.W.l. Those who are not members of 
the Society may receive notices of the meetings of the Group on application to its Secretary, Mr. 
C. J. KEATTCH, John Laing Research and Development Ltd., Malior Way, Boreham Wood, Herts. 

British Standards Institution has announced the following Revised British Standard: 
B.S. 2690: Methods of testing water used in industry: Part 2: 1965 : Dissolved oxygen, hydrarine 
and s~i~phite. This gives three methods for dissoived oxygen, one method for hydrazine and one 
method for sufphite. (Price 7s.6d.) 

The following Amendment Slip is also announced: 
B.S. 3762 : 1964: Methods of sampling and testing detergents. Ametzdment No. 1: PD 5446. (Gratis.) 

UNITED STATES OF AMERICA 

Motrday-Friday 7-j 1 Jane 1965 : International Carbon-14 and Tritium Dating Conference. 
Washington State University. Pullman, Wash. 

WedGesday-Friday 9-1 l’iwze 1965: Summer Symposium on Bioanalytical Techniques: Division 
of Analytical Chetnistry of American Chemical Society and ANALYTICAL CHEMISTRY. University of 
Wisconsin, Madison, Wis. 
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Sunday-Friday 13-l 8 June 1965 : Sixty-Eighth Annual Meeting: American Society for Testing 
and Materials. Purdue University, Lafayette, Ind. 

Monday-Thursday 14-17 June 1965: Sixteenth Mid-America Symposium on Spectroscopy. 
Sheraton-Chicago Hotel, Chicago, Ill. 

Monday-Tuesday 1415 June 1965 : Twentieth Annual Northwest Regional Meeting: Pacific 
Northwest Secrions of American Chemical Society. Oregon State University, Corvallis, Ore. 

Monday-Friday 14-18 June 1965 : Symposium on Molecular Structure and Spectroscopy. Ohio 
State University, Columbus, Ohio. 

Thursday-Saturday 24-26 June 1965 : Conference on Small-Angle X-Ray Scattering. Syracuse 
University, Syracuse, N.Y. 

Wednesday 29 September-Friday 1 October 1965: Twelfth National Vacuum Symposium: 
American Vacuum Society. Statler-Hilton Hotel, New York City, N.Y. 

The Programme Committee solicits the submission of contributed papers for presentation at the 
Symposium. Abstracts should be submitted by 5 July to the Chairman: R. L. JEPSEN, Varian 
Associates, 611 Hansen Way, Palo Alto, California 94303, U.S.A. 

Contributed papers should report significant results of new and original work, either experimental 
or theoretical in nature, in an area relating to production, measurement or application of vacuum. 
Papers dealing withfundamental aspects of vacuum production, vacuum measurement and behaviour 
of materials and surfaces in a vacuum environment are particularly welcome. Papers on new or 
improved vacuum components and vacuum systems are also welcome provided they are truly 
technical rather then commercial in nature. 

Of special interest this year are papers on such ‘Space-Related Problems” as friction, sticking 
and wear under conditions of outer space, and measurements of densities and pressure of various 
molecular species at high altitudes. Another timely area is electron microscope inspection of micro- 
circuits. Thin films, of course, constitute one of the most important applications of vacuum; it is, 
therefore, hoped that a large number of good papers will again be contributed in this area. 

Following last year’s procedure, the Thin Film Division of the American Vacuum Society plans 
to hold a special Thin Film Division Symposium, also at the Statler-Hilton Hotel, on September 28, 
the day preceding the National Vacuum Symposium. This special Symposium will consist exclusively 
of invited papers on such topics as nucleation and growth, dislocations, and low energy electron 
diffraction studies. 

American Society for Testing and Materials has announced that the following publication is now 
available : 
Techniques of Electron Microscopy, D@action and Microprobe Analysis: STP 372: 90 i_ vi pp. 
with heavy paper cover. ($3.75 or $2.60 to ASTM members.) 

This presents new techniques and applications of electron microscopy, diffraction and microprobe 
analysis in research studies. It is well illustrated with photographs, drawings and charts. 

UNGARN 

8.6. bis 12.6.1965: Budapest: Konferenz des wissenschaftlichen Vereins fur die Silicatindustrie 
und der Universitlt der chemischen Industrie, Veszprem. 

Auskunf?: Konferenzausschub Budapest V (Ungarn), Szabadsag-t&r 17, Haus der Technik, 
Silikonf. 

ERRATA 

Volume 12 

Page 186, Table I: The heading to the second column should read 

Na.S& 
ml 

Page 401: The address of the authors should read Faculty of Technical and Nuclear Physics, 
Page 405, line 2: for tartarate read tarirate. 
Page 405, Table II: In the footnote read inrerfering for inrerferring. 
Page 406, line 5 from bottom of page: For interferring read interfering. 
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NOTICES 

Saturday-Fray 14-20 August 1965: Eighth European Coogross on Molecular Speetroseopv: 
Dansk Forening for Molekylspektroskopi. H. C. Or&d Institute, Copenhagen, Denmark. 

DENMARK 

The following general and introductofy lectures have been finalised: 

Impact of wave-mechanical methods on interpretation of 
molecular spectroscopy. 

Michelson interferometers for far infrared spectroscopy and 
refractometry. 

Microwave spectroscopy in the region 0.4-I mm. 

Infrared spectra of strongly hydrogen bonded systems. 

Analysis of high-resolution NMR spectra. 

Electronic spectra of aromatic hydrocarbon molecules and ions. 

Fortschritte bei der infrarotspecktroskopischen Analyse 
makromolekularer Systeme. 

The exciton model in molecular spectroscopy. 

Optische undelektrische Effekte an Systemen monomolekularen 
Schichten. 

Electronic spectra of simple molecules by electron impact. 

Barriers to international rotation from infrared spectra. 

Potential functions and coriolis interactions in polyatomic 
molecules. 

Recoilless absorption of gamma-radiation and its application 
to electronic shielding in rare earths. 

Infrared detection of transient species produced by flash 
photolysis. 

Formulae for chemical substitution shifts in conjugated spectra. 

Approximative Potentialkurven frir Molekiile. 

Recent results andfuture trends in microwave spectroscopy. 

Molecular spectroscopy with optical masers. 

Raman spectra of some species in aqueous solution. 

R. DAUDEL 

TH. F&STER 

w. GORDY 

D. HADZI 

R. A. HOFFMAN 

G. J. HOIJTINK 

D. HUMMEL 

M. KA~HA 

H. KUHN 

A. KUPPERMANN 

H. C. LONGUET-HIGGINS 

I. M. MILLS 

R. L. M&BAUER 

G. PIMENTEL 

J. R. PLATT 

H: hEUS. 

J. SHERIDAN 

B. STOICHEFF 

L. A. WOODWARD 

Contributed papers have been ,acce.pted within the following areas of research and theory: 
Electron spin resonance; Far infrared spectra; High-resolution infrared spectra; High-resolution 
Raman spectra; High-resolution visible-ultraviolet spectra; Hydrogen bonding; Instrumentation; 
Microwave spectra; Novel analytical applications; Nuclear magnetic resonance; Solid state 
spectra; Solvent effects; Spectral intensities, Spectral theory; Spectra of matrix isolated and ad- 
sorbed molecules; Vibrational spectra (infrared and Raman); Visible-ultraviolet’spectra; and also 
a few papers dealing with circular dichroism, electron impact spectroscopy, etc. No more contributed 
papers can be accepted. 

Further information can be obtained from 8th European Congress on Molecular Spectroscopy, 
Universitetsparken 5, K&enhavn 0, Denmark. 

FRANCE 

Mardi 27 av?ill965 : La recbrck des substances &aqg&es dam les prod&s &&liers -es, 
ml&ales, oq@qaes), par M. J. BURE, 17 h 45, la Facultb de Pharmacie de Paris. 

i 



Notieos 

UNITED KINGDOM 
iwbnd4y 29 Mu&-Z?&Zay 2 Aprir 1965: Laboratory A~mratus and Materials Exhibitlou: LABFX 

1-6!5: Scientific Instrument Manufactured Association of Great Britain. Earls Court, London. 

Tuesaizy 6 Aprif 1965: IaorlFpnie ~P#C&OIIS of hfnued apeetrosoopy, R. J. MAOEE; Exnminr- 
tion of ckys ad shg ifWe&& P. S. I&UNG: &c&Q for Andytical Cheeks, North of L?ngfand 
and &fIdtond Sectbns. North StaIIordshii College of Technology, Stokeon-Trent, 7.15 p.m. 

Tues&y-Fridg 6-9 April 1965: Symposium on Physical Methods of Sboctpte Determinatioa: 
The C?zem&al Society Anniversary Meet&g& Glasgow [see Tabta, 1%5,12(2J, ii]. 

Wed&s&y 7 April 1965: Symposium on Pharmaceutkal Screen@ of DrtuIa: Society for An- 
alytical Chemistry, Biological Methodr Group. School of Pharmacy, University of London, Brunswick 
Square, London W.C.l. 

~s&~Fr~y 8-9 April 1965: @ing Cenferenee: Institute of Physics and Physical Sodty, 
X-Ray Anat’ysts Group. University of Edinburgh. 

Friday-Saturday 9-10 April 1965: Iufrared A&&s, D, M. W. fiNDERSON, R. J. MAOEE, L. C. 
T&or&s, H. A. Wm.m: So&y for Analytical Chemistry, M~roc~rnica~ deter and Special 
Techniques Groups. University of Sussex, Brighton, 

Tkesaby 13 April 1965: Symposium on A@Icatio~~~ of A.E.L. MS10 Mass &e&ometer. Imperial 
College, London. 

Subjects include: General gas analysis; Isotopic measurement; Impurity in gases at the ppm 
level; Age determination of rocks; Vacuum monitoring; Gaseous diSusion through membranes; 
Applications in physical chemistry research; Analysis of small gas samples; Surface reaction studies; 
Process monitoring; Flame and combustion analysis; Vacuum fusion analysis. 

Enquiries should be addressed to Mr. A. J. BULL~UGH, Associated Electrical Industries Ltd., 
Barton Dock Road, Manchester 17. 

Tuesday-Wednes&y 13-14 April 1965: ‘S~p~sirnn on Tbmal AM&~??. Northern Polytechnic, 
London [see Talanta, 1964, U(8), ii]. 

We&es&y 21 April 1965: Auhmatic Metlloda of An&&s, J. F. MARTEN and G. V. R. M~nacK: 
society for Amzlytiull Chemiktry, MidIan& Section and Royal Znsritute of Chetitry, Lea Valley 
Sect&n. Luton and South Bedfordshire College of Further Education, 6.45 p-m. 

At the Annual General Meeting of the Westezn Section of the *iety for AdJrtiarl CbemistrV 
held on 8 January, 1965, the following O&em were elected for the forthcoming year: 

C&&man: E. A. HONIDIR 
Vice-Chairman: L. E. c0r.m 
Secretary/Treasurer: T. G. MORRIS, Brockleigh, Clevedon Avenue, Sully, Glamorgan. 

At the TIdrtieth Annual General Meeting of the Scottish section of the SodeQ fw @alytkal 
Chat+? held on 22 January, 1%5, the following Officers were elected for the forthcormng year: 

Chauman: J. K. MCLELX,A~ 
Vice-Chairman: D. M, W. ANDERSON 
Secretary/Treasurer: J. W. Muarr~, Boots Pure Drug Co. Ltd., Motherwell Street, Airdrie 

Lana&shire. 

At the Annuai General Meet@ of the North of &gland w of the &t&e& for Am&tkaI 
w_qsd ~F3~J~~~, 1965, the following GfBcem were elected for the forthcommg year: 

Vic&Xai&ur:’ W. CuLE D&m 
SeeretaryjTreasurer: G. F. LONGMAN, Denegarth, Birkenhead Road, Me&, Wirral, Bi Cheshire. 
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At the Twenty-First Annual General Meeting of the ~Methe&creupofthesoe&ty 
for Analytical Chendstry held on 19 February, 1965, the following OBkers were elected for the. 
forthcoming year: 

Chairman: R. GOULDEN 
Vice-Chairman: T. R. F. W. FENNELL 
Treasurer: F. H. OLMZR 
Secretary: Mrs. D. E. BIJT~RWORTH, National Chemical Laboratory, Teddington, Middksex. 

UNITED STATES OF AMERICA 

Sunday-Friday 4-9 April 1965: 149th Nat&n& Mm: American Chemical Society. Detroit, 
Michigan. 

Monday-Wednesday N-21 April: Third National Bbmedicd Sciences hstnmmbtion Sym 
posium: Instrument Society of America. Dallas, Texas. 

Monday-Thursday 19-22 April 1965 : 1965 International Conference on Modern ‘Trends in Actlva- 
tion Analysis. College Station. Texas A and M University, Texas [see Talanta, 1965, U(2), iii]. 

WednesdayFririday 21-23 April 1965: Third Mu&e Sdences hmentatbn Sym&8m1: 
Instrument Society of America. Miami, Florida. 

Monday-Thursday 4-7 October 1965: Twentieth Annual htenmtioml Conference nnd Exhibit: 
Instrument Society of America. Los Angeles, California. 

.The theme of the 1965 meeting is New Measures of Progress in Iostn~mentatioa Further in- 
formation is available from Dr. E. M. GRABBE, 1965 Conference Programme Coordinator, c/o 
Instrument Society of America, 530 William Penn Place, Pittsburgh, Pa. 15219. 

Monday-Thursday 11-14 October 1965: Seventy-Ninth Annual General Meeting: Association 
of Oflcial Agricultural Chemists. Marriott Motor Hotel, Twin Bridges, Washington, D.C. 

For information contact LUTHER G. ENSMIE~GER, A.O.A.C., Box 540, Benjamin Franklin Statipa, 
Washington, D.C. 20044. 

1965 Book of ASTM Stundords : Issued periodically by American Society for Testing and Materials 
in 32 parts, it will contain approximately 3700 standards of which more than 1260 will be new or 
revised since publication of the 1%4 Volume. Each of the parts, brought up-to-date and available 
on the same monthly schedule each year, covers a specific field of interest and includes a detailed 
index, table of contents and a numeric list of standards. 

ERRATA-Volume 12 

Page 134, first line: This should read . . . .aduantage of high hydrogen overvo~t~e 
Page 136, Table II: Heading to final cohunn should read Dietert furnace 
Page 136, line 6 from bottom: For dimethylglyoxine read dimethylglyoxime 
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NOTICES 

BUNDESREPUBLIK DEUTSCHLAND 

Die Fachgruppen Analytische Chemie und Lebensmittelchemie und gerichtliche Chemie in der 
Gesellschaft Deutscher Chemiker veranstalten gemeinsam mit der Gesellschaft fiir Physiologische 
Chemie und der Deutschen GeselIschaft fsr KIinische Chemie in der Woche vom 15-19. M&z 196.5 
eine Tagung zum Thema 

Modeme analytische Methoden in der Lebensmittelchemie 
und der biologischen Chemie 

Es werden folgende Hauptvortrtige gehalten: 
Enzymatische Analyse 
(Genaues Themo steht noch nicht fest) 
Die Bestimmung uon Alkohol im Blut 
Moderne Methoden zur Bestimmung von Steroidhormonen 
Problem bei der Analyse von Ionen in Kiirperjiissigkeiten 
Neuere Entwicklungen der jlammenfotometrischen Analysenverftiren 
Chelatometrische Methoden in der klinschen Analyse 
Miiglichkeiten und Grenzen in der Anwendung moderner biochemischer 
Verfahren 
Ein Querschnitt iiber Aufbau und Technologie der im Lebensmittelverkehr 
verwendeten Kunststofle. 

H.-U. BERGMEYER 

R. BLOCK 
H. BREUER 
E. HEINZ 
R. HERRMANN 
A. HOLASEK 
G. PFLEIDERER 

H. SUTIZR 

Des weiteren werden voraussichtlich noch Hauptvortrlge zu den Themen 

Moderne elektrometrische Methoden 
Messung des Siiure-Base-HaushaItes 
Methoden der klinischen GasanaIyse 

gehalten werden. 
Weitere Auskunft ist bei der GOCh-Geschtiftsstelle, 6000 Frankfurt/Main, Postfach 9075, Bundes- 

republik Deutschland, zu erhalten. 

CANADA 

Monday 8 February 1965 : First Toronto Symposium on Thermal Analysis. Seaway Towers Hotel, 
Toronto, Ontario [see Talanta, 1964, 11 (12), i]. 

DENMARK 

Sun&y-Friday 14-20 August 1965 : Ei&th European Congress on Molecular Spectroscopy: spon- 
sored by International Union of Pure and Applied Chemistry and Royal Danish Academy of Sciences. 
H. C. 0rsted Institute, Copenhagen, Denmark. 

The subjects of the meeting will be within the field of molecular spectroscopy, oiz. 

Raman and infrared spectra Nuclear magnetic resonance spectra 
Ultraviolet spectra Electron spin resonance spectra 
Microwave spectra Spectral theory 

Novel analytical applications 

Further information may be obtained from 8th European Congress on Molecular Spectroscopy, 
Univseritetsparken 5, Ksbenhavn 0, Denmark. 

FRANCE 

Vendredi 19-2-1965: Dosage du silk&m par activation neutronique: Section de Chimie analyt&e 
de la Soci&t Chimique de France, B 17 h 30, B 1’Ecole Nationale Sup&ieure de Chimie de Paris, 
11 rue Pierre Curie, Paris, 5e. 
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INDIA 
Wednesday-Saturday 27-30 January 1965 : Fifth Seminar on Klectrochemistry: Central Electro- 

chemical Research Institute, Karaikudi. 
More than 120 research papers have been submitted to be read at the Seminar, which will be 

attended by about 60 delegates from different scientific institutions and industry in India and abroad. 
The important technical sessions will be 

1. Electrode Kinetics, Electrochemical Equilibria and Electroanalysis. 
2. Electra-organic and -inorganic Products. 
3. Electrothermics and Electrometallurgy. 
4. Batteries. 
5. Electrodeposition and Metal Finishing. 
6. Corrosion. 
7. Miscellaneous. 

It is also proposed to hold a special session on Aluminium. 

UNITED KINGDOM 

Wednesday-Friday 6-8 January 1965: Conference on Optics in process control: Institute of 
Physics and Physical Society. Manchester College of Science and Technology. 

Tue.&y 2 February 1965: pH and its Significance, W. K. F. WYNNE-JONES: Societyfor A~lyt~c~l 
Chemistry, Midlu~ds Section. University of Birmingham, Edgbaston, Birmingham 15, 6.30 p.m. 

Wednesday 3 February 1965: New spectroscopic sources: Society for Analytical Chemistry, 
Special Techniques Group and Institute of Physics and Physical Society, Applied Spectroscopy Group. 
Wellcome Building, Euston Road, London N.W.l, 3.00 p.m. 

Thursday I1 February 1965: Discussion Meeting: Society for Analytical Chemistry, BioIogical 
Methods Group. The Feathers, Tudor Street, London E.C.4, 6.30 p.m. 

Tuesduy 16 February 1965: Precipi~tion from horn~~us solution, M. WILLIES: Society for 
Analytical Chemistry, Midlands Section. Lough~rough Coliege of Advanced Technology, 7.00 p.m. 

Friday 19 February 1965: Symposium and Exhibition on Thin Layer Chromatography, E. V. 
TRIJTER, L. J. MORRIS, W. J. CRIDDLE, E. J. SHELLARD and P. J. STEVENS: Society for Anulyticai 
Chemistry, Thin-Layer Chromatography Group and Western Section. Welsh College of Advanced 
Technology, Cardiff. 

Friday 19 February 1965: Annual General Meeting followed by Address of Retiring Chairman, 
D. W. WILSON: Society for Analytical Chemistry, ~~crochernic~~ method Group. Burlington House, 
London W.l, 6.45 p.m. 

Friday 26 February 1965: Research work at the Government Laboratory, D. T. LEWIS: Society 
for Analytical Chemistry, Scottish Section. University of Strathclyde, Glasgow, 7.15 p.m. 

Saturday 20 March 1965: Symposium on Identification of Drugs and Poisons: Pharmaceutical 
Society of Great Britain. School of Pharmacy, University of London, Brunswick Square, London 
w.c.1. 

In cases of poisoning, speed in identification of the causitive agent is essential, and the morning 
session will be devoted to discussing how this procedure may be improved. The afternoon session 
will be concerned with more fundamental aspects of analytidal procedures. 

Registration forms, together with full details, may be obtained from the Organising Secretary, 
Pharmaceutical Society of Great Britain, 17 Bloomsbury Square, London W.C.l. 

money-Thursduy 6-9 September 1965 : First IntemationaI Conference on TbermaI Analysis. 
Aberdeen, Scotland. 

The Conference will have as theme 

Thermal Techniques and Their Applicability 

and will cover all thermal methods, both dynamic and static. In addition, it will be interdisciplinal 
and papers which could be presented under one of the following headings are invited: 

1. Advances in instrumentation (including new methods of general appli~bility). 
2. Organic materials, including polymers. 
3. Inorganic compounds and metallurgy. 
4. Physical chemistry, including quantitative studies. 
5. Minerals, ceramics, glass, refractories and building materials. 
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Further information may be obtained from Dr. R. C. MACKENZIE, Macaulay Institute for Soil 
Research, Craigiebuckler, Aberdeen, Scotland. 

Wednesday 15 September 1965: Symposium on Thermometric Titrimetty: Society for Analytical 
Chemistry, Special Techniques Group and Midlands Section with Royal Institute of Chemistry, Bir- 
mingham~and Midlands Section and Society for Chemical Industry, Birmingham and kidlands S.ection. 
University of Birmingham, Edgbaston, Birmingham, 15. 

Anyone who is interested in submitting a paper or demonstrating thermometric titrimetry appar- 
atus should communicate with Mr. M. L. RICHARDSON, John and E. Sturge Ltd., Kings Norton, 
Lifford Lane, Birmingham 30. 

In July 1959, the National Lem Library for Science and Technol~ (Boston Spa, Yorkshire) 
published its first List of Current Periodicals Received from China. During the three years that fol- 
lowed (19-2) very little material from China come into the Librarv. Onlv in 1963 did scientific 
and technical periodicals start to flow in again. The Library is currently receicing 64 titles, including 
25 of the Acta Sinica series (figures from the first list were 89 and 27) and, in all, the List of Scientific 
and Technical Periodicals Receivedfrom China (July 1964) contains 155 titles. 

British Standards Institation has announced the following New British Standard: B.S. 3804: 
Methodrfor the determination of the calorific value offuelgases: Part 1: 1964: Non-recording methods. 
The method for the range 25&600 Btu/fts, using the Boys water-flow calorimeter, is based on the 
procedure in the General Directions to Gas Examiners, issued by the Ministry of Power. Modifications 
are described for the ranges 80-250 Btu/fts and 600-3500 Btu/ftr. The use of the bomb calorimeter 
for gases above 2200 Btu/fts or, with modifications, for gases of lower calorific value, is also des- 
cribed. (Price 17s.6d.) 

UNITED STATES OF AMERICA 

Monday-Friday 25-29 January 1965: Winter Gordon Research Conference on Electrochemistry: 
Electrode &cess&. Miramar Hotel, Santa Barbara, California. 

The programme is as follows : 
Monday 25 January 

Structure of the double layer at electrodes. 
Comparative double layer studies. 
Electrical double layer at amaIgam electrodes. 

Tuesday 26 January 

RICER PARSONS 
D. M. MOHILNER 
J. N. BUTLER 

Anodic oxidation with special reference to hydrocarbons. 
Potential dependent adsorption of uncharged molecules on solid electrodes 
Implications of magnetic and other methods for studying vapour phase 

adsorption on metals. 
Physical organic chemistry and organic polarography. 

Wednesday 27 January 

J. O’M. BOCKRIS 
E. GILEADI 

P. W. SELW~~D 
A. STREITWIESER, JR. 

Polarographic rate-controlIed currents, volume reactions and intuence of 
adsorption 

Experimental approaches to investigation of chemical reactions coupled to 
charge transfers. 

New applications of EPR to organic electrode processes and homogeneous 
electron exchange reactions. 

Thursday 28 January 

J. KORYTA 

I. SHAlN 

R. N. ADAMS 

Techniques for non-aqueous electrochemistry. 
Interpretation of electrochemical measurements in non-aqueous solvents. 
Scale-dependent electrode phenomena. 

Friday 29 January 

w. B. SCHAAr 
W. B. SCHAAP 
C. W. TOBIAS 

Informal discussion, including round-table discussion, on Fundamental Rate Equation of Electro- 
chemical Kinetics, Interpretation of Potential Barriers, and Parameters of Electrode Kinetics. 

Further information is available from Dr. W. GEORGE PARKS, Director, Gordon Research 
Conferences, University of Rhode Island, Kingston, Rhode Island, U.S.A. 

Monday 1 February 1965 : Metropolitan Regioaal Meeting of American Chemical Society. Stevens 
Institute of Technology, Hoboken, N.J. 
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Monday 1 February 1965: Fourth Annual Metropolitan Regional Meeting, American Chemical 
Society. Stevens Institute, Hoboken, New Jersey. 

The programme for the Sessions on Analytical Chemistry is as follows: 
Structural correlation of u~uturated sulphur 

compounds by NMR. R. V. MOEN 
Determbtation of microstructures of cationically 

polymerised 3-methylbutene-l by NMR. B. E. HUDSON 
Symposium on molecular characterisation 

Panel discussion featuring inter-relationships of NMR, IR, mass spectroscopy and microelemental 
analysis: R. GORE, T. S. MA, E. MALINOW~KI and B. KING. 

Application of thin-layer ~hro~tography to the U.S.P. 
foreign steroid tests. E. M. COHEN 

Gas ch;omatographic behaviour of methandstenoolone and 
related steroid tests. C. R. REIIN and R. C. LUDER~ 

Determination of vitamin E in multi-vitamin tablets F. MOHN, V. VISWANATIIAN, 
by GLC. J. ARNXIT and B. SENKOWSKI 

Specialgas chromatographic inlet system for handling 
volatile materials in solids. 

~haracterisation of organic halogen compounds as 
2,~dinitrophenylhydrazones of methyl ketones 
prepared by reaction of organo-cadmium compounds 
with acetic anhydride. 

E. R. QUIRAM 

E. J. BENJAMIN and J. G. SHAREFKIN 
Low level analysis of polynuclear aromatics using mass 

spectroscopy. J. M. KELLIHER and R. E. SWARBRICK 
Application of modern instrumentation to classical 

methods for determining number average and weight 
average molecuiar weights of high polymers. 

Radio chro~tographi~ determination of elements 
precipitated as phosphates. 

B. E. HUnsON 

G. A. WELFORD, R. S. MORSE and 

E. L. CHIOTIS 
Frontal solubiltsation chromatography. H. D. SPITZ, W. RIEMAN III and 

H. L. ROTIIBART 
Volumetric analysis of nitrato, nitro and nitramine 

comoounds for chromous chloride reduction. C. G. JAMISON and D. J. CRAGLE 

Studybf diph~nylpi~rylhydra~yl as an organic 
analytical reagent-1 : Analysis of amines. G. J. TAPARIELLO and M. A. M. JANI~H 

Determination of coiour temperature ofjash lamps by 
spectrometry. D. J. BRACCO and S. WEI~BERGER 

An automated polymer fractionation unit. B. GRO~EN and W. SCHULZ 
Determination of sodium, aluminium and manganese in 

soils by instrumental neutron activation analysis. H. W, NAAS and W. H. WAIIL 

Improved semiauto~ted analysis of~uorine in plant J. JACOBSON, L. WEINSTI%N, D. MCCUNE 

tissues. and A. E. HITCHCOCK 

Monday-Tuesday l-2 February 1965 : Research Conference on Progress in Gas Chromatography. 
UCLA Department of Chemistry, and Engineering Extension and Physical Sciences Extension, 
University of California Extension, Los Angeles, California. 

Monday 1 February 
Intuence of surface efects on retention time and peak 

shape. 
Selective liquid phase interactions andgas 

chromatographic identification. 
Tues&y 2 February 

J. H. PURNELL 

S. H. LANGER 

New developments in gas-solid chromatography. C. S. G. PHILLIPS 

Recent advunces in biomedical applications of gas 
chromatogmphy. S. R. LrPsKY 

Wednes~y-Fray 3-5 February 1965 : Course on ~~~ principles of ~.ch~mat~~Y. 
UCLA Department of Chemistry, and Engineering Extension and Physical Sctences Extension, 
University of California Extension, Los Angeles, California. 

Monday-Friday 8-12 February 1965: Commiitee Week ad Sp’ing Meeting: American Society 
for Testing and Materials. Statler Hilton Hotel, Cleveland, Ohio. 
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NOTICES 

La Commission Intemationale d’Analyses “C.I.A.” du COMITE INTERNATIONAL DE LA 
DETERGENCE “C.I.D.” a tenu sa 8eme reunion annuelle a Barcelone, les 22 et 23 Octobre 1964, 
sous la presidence du Prof. G. JACINI. Neuf pays y participaient. 

Un des points principaux de l’ordre du jour ttait l’analyse getterale des prod&s non-ioniques, 
qui est a l’ttude par un Groupe de Travail special depuis 3 ans deja, et qui fait l’objet dune importante 
bibliographie. Certaines determinations de cette analyse. generale sont deja particulierement avancees, 
et I’on petit titer entre autres: 

-1e dosage des cendres, qui sera propose a l’I.S.0. cette annbe, 
-1e dosage de l’eau, par les methodes K. Fischer pour les teneurs en eau jusqu’a lo%, et Dean- 

Stark pour les teneurs superieures, 
-le dosage de l’oxyde d’ethylbne potentiel dans ses condensats au moyen de l’acide iodhydrique, 

pour lequel trois methodes sont actuellement retenues: deux classiques (Zeisel et Siggia) et une que 
l’on peut considerer d’avant-garde, la spectrographic infra-rouge. Trois nouvelles analyses circulaires 
wont effectuees cette an&e dans 7 pays, sur divers condensats oxyethylenes et sur un condensat mixte 
oxyde d’ethylene/oxyde de propylene, selon la methode Siggia, 

-la caracterisation titrimetrique, qui est au point a l’heure actuelle mais que la C.I.A. desire 
completer par des courbes representatives des classes courantes de produits non-ioniques 
commerciaux, 

---la determination de l’indice d’hydroxyle: 
phtalylation) et ont ete experimentees; 

deux methodes sont en presence (acetylation et 
il est envisage d’etudier aussi une methode a l’anhydride 

stearique, oh l’hydrolyse n’est pas a craindre, 
-1e dosage des polyglycols libres, oti la methode Weibull donne de bons resultats mais dam un 

domaine d’application limit& La C.I.A. effectuera une analyse circulaire dans 7 pays, en utilisant un 
procede hollandais sur r&sines echangeuses d’ions accompagne dun contrble terminal faisant emploi 
de la chromatographie sur couche mince, 

-le dosage des esters sulfuriques, qui sera confit a un groupe de travail specialis? qui effectuera 
une analyse circulaire dans 3 pays. 

Le Groupe de Travail Non-Ioniques poursuivra ses travaux sur la teneur en matitre non 
transform&a, la chromatographie sur papier, la separation des hydrocarbures non sulfonb, et il 
etudiera un canevas general d’analyse des produits commerciaux non-ioniques. 

La C.1.A a adopt& definitivement une methode d’analyse pour les alkylsuljbnates de sodium 
techniques au moyen d’echangeurs d’ions, resultat de recherches hollandaises et allemandes; elle 
sera deposQ a l’I.S.0. pour homologation. 

L’analyse des mhla~~es d’alkylsulfates primaires, d’alkylarlne sulfonates, de non-ioniques et de 
savons, au moyen d’echangeurs d’ions, se poursuit. Deux mbthodes: hollandaise et suisse, sont 
retenues; elles feront l’objet dune analyse circulaire entre 3 pays. 

Enfin, la C.I.A. a mix aussi a son programme de travail le pH des agents de surface, et l’utilisation 
de 1 f. chromatographie sur alumine dans l’analyse des produits tensio-actifs non-ioniques. 

La prochaine reunion de la C.I.A. aura lieu les 30 Septembre et ler Octobre 1965, aux Pays-Bas. 

La 8eme reunion de la Commission Intemationale d’Essais “C.I.E.” du COMITE INTER- 
NATIONAL DE LA DETERGENCE “C.I.D.” a eu lieu a Londres, les 18 et 19 Mars 1965, sous la 
presidence du Dr. E. GI%-~E. Dix pays y participaient. 

Parmi les 20 travaux differents inscrits a son ordre du jour. trois ont ete adopt& definitivement 
et seront soumis a l’I.S.0. pour homologation intemationale. 11 s’agit de: 

-la stabilite des agents de surface a l’eau dure, par appreciation visuelle, 
-la preparation de l’eau duns, 
-la determination du point de trouble des agents de surface non-ioniques derivant de l’oxyde 

d’bthylene, ou l’on distingue trois cas: solutions se troublant a temperature ordinaire (emplot dune 

? i 



ii Notices 

solution de butyldiglycol), solutions se troublant entre 10 et 90” (emploi d’eau distill&e), solutions se 
troublant au-dessus de 90” (tube scellk, ou solution saline). 

Deux autres methodes seront present&s a l’I.S.0. aprks vkification: propri6teS de l’eau distill&e, 
et masse volumique apparente des p&es au remplissage. 

Divers essais circulaires inter-laboratoires ont 6te decides pour controler certaines methodcs, 
et citons entre au&es: 

-Pouvoir protecteur des agents de surface vis-a-vis des savons calcaires, qui sera &die dans 
7 pays en partant de la mtthode Schonfeldt. 

-Viscosite des agents de surface: deux appareillages sont proposes, l’un 8 tube capillaire, l’autre 
a systeme rotatif. 11s seront compares dans 9 pays, avec‘deux produits differents (1 nonionique, 
1 anionique). 

---Controle de certains effets du blanchissage au moyen de tissu temoin non souille; deux tissus 
standardisks seront utilises pour des es&s etTectub dans 6 pays. 

-Stabilite des solutions d’agents de surface; des essais seront effectues sur une methode Epton 
- simplitiee, dans 3 pays. 

-Dishwashing test : une methode propok par le Royaume Uni sera experiment&s dans 7 pays, 
avec une salissure comooske de 80X de suif neutre et 20X d’huile de wnrah. 

Par ailleurs, certain’s pays ont & charges de pours&e I’etude de mkthodes d’essais pour: 
-l’evaluation du pouvoir mouillant : deux mtthodes sont en competition (immersion, et pression 

capillaire); la question repose sur le choix dun tissu temoin standardise. 
-la mesure de la couleur des agents de surface liquides ou en solution, prkonisb par wmparaison 

visuelle simple ou par spectrophotometrie. Pour une methode subjective, les travaux de 1’A.I.S. 
seront adopt& 

-1e pouvoir detergent, qui est wnfit a un Groupe de Travail specialis& charge d’effectuer une 
compilation des salissures artificielles existantes et de IRS analyser. 

-la solubilitc des agents de surface. 
Entin, les Commissions nationales ont et6 char&es d’etudier des textes nouveaux, concernant le 

pouvoir emulsionnant et la stabilite des emulsions, la concentration critique pour la formation des 
micelles, la tension d’adhksion, l’action des oxydants et l’influence sur les taches diverses, la pastill- 
abilit6 des agents de surface et leur vitesse de dissolution. 

La prochaine &union de la C.I.E. aura lieu les 17 et 18 Mars 1965, a Bruxelles. 

C’est a Lisbonne que la Commission Intemationale de Terminologie “C.I.T.” du COMITE 
INTERNATIONAL DE LA DETERGENCE “C.I.D.” s’est reunie Dour la IO&me fois, les 29 et 30 
Avril 1965, sous la prtfsidence de M. J. COMBEITE. 

Les travaux de la C.I.T. se sont inscrits dans les trois domaines suivants: 
-CLASSIFICATION DES AGENTS DE SWRFACE: outre le classement scientkque en tours 

d’homologation a l’I.S.O., le besoin dune classilkation plus simple, mais inspirke de la premiere, 
s’est fait sentir et la C.I.T. a d&de d’etablir un classement usuel. Un Groupe de Travail, reunissant 
5 pays, s’est vu confier cette tache. 

-GRDONNANC~~ENT DU YOCA~ULAZR~: fl est p&u d’inclure, dans ce cadre, tomes les 
definitions, actuelles ou a venir, de termes se rapportant aux agents de surface. Un Groupe de Travail, 
wmprenant 4 pays, a cgalement et& charge d’dtabhr les differentes rubriques dans lesquelles entreront 
ces termes. 

-VOCABULAIRE DES AGENTS DESURFACE: I..es travaux de la C.I.T. avancent rapidement 
dans ce domaine. De nouvelles definitions se trouvent ainsi acquises et la C.I.T. a char& des Cornit& 
de Redaction de la presentation definitive de ces definitions, pour envoi a 1’Intemational Organization 
for Standardization “I S 0 “* . . ., parmi celles-ci, citons: 

-une nouvelle liste de terwresgrh!raux, wmprenant des termes tels que: angle de raccordement, 
endophilie, exophilie, lipophilie, lipophobie, hysteresis de mouillage, etc. 

-des prockdks et m&hades de fabrication, tels que: amidification, esterification, hydrolyse, 
oxyethylation, phosphatation, etc. 

-des termes spkciaux tels que: charge, additif, adjuvant, renforcateur, dont Ies acceptions sont 
parfois differentes suivant les pays. 

Enfin, la C.I.T. a examine en lbre lecture une longue liste de d~~itions du domaine desprodtiits 
auxiliaires textiles surfaetifs, elaborks en wmmun par les Commissions Francake et Allemande. 

La prochaine reunion de la C.I.T. est prevue en Allemagne les 21 et 22 Avril 1966. 
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BUNDESREPUBLIK DEUTSCHLAND 

Hauptversamm lung und Kekul&Feier Bonn l!I65 der Geseh’schaft Deutscher Chemiker vom 13. bis 
18. Sept. 1965 in Bonn/Rhein. 

GDCh-Fachgruppe ,,ANALYTISCHE CHEMIE“ 
gemeinsam mit der GDCh-Fachgruppe ,,ANGEWANDTE ELEKTROCHEMIE“ 

Montag, 13. September 1965,9.00 Uhr 

vortragstagung 

W. HUBER 

,,Elektroanalyse organischer und anorganischer Substanzen“ 

Neuentwicklungen bci Titrationen in nichtwtiarigen LGsungsmitteln. 
G. MANECKE, H. F. F~RS~ER und H. J. PANOCH 
Uber die potentiometrische Titration einiger molekular- und struktur-einheitlicher niedermolekularer 
Hydrochinon-Formaldehyd-Kondensate. 
W. SIMON 
Saure-Base-Titrationen in fltissigem Ammoniak. 
P. ZUMAN 
Die Anwendung der Polarographie in der organischen Analyse. 

N. KONOPI 
Montag, 13. September 1965, 15.00 Uhr 

Zur Polarographie von Chinolacetaten. 
H. W. N~~RNBERG und G. WOLFF 
Anwendungen der Pulse-Polarographie in der organ&hen Analyse. 
G. F. REYNOLDS 
Polarographic Studies of Azo Dyes. 
0. HOCKWIN 
Anwendung der polarographischen Adsorptionsanalyse zur Bestimmung des Pilocarpins im Kammer- 
wasser des Auges. 
H. BERG 
Ergebnisse und Probleme der Photopolarographie. 

Dienstag, 14. September 1965, 15.00 Uhr 

P. BERSIER und F. v. STURM 
Polarographische Bestimmung von Cu, Bi, Tl, Pb, Cd, Fe und Zn bei ArseniiberschuD. 
C.C.BARKER 
Effects in polarography attributable to specific adsorption of reactants. 
L. GIERST und P. HER~~AN 
Salt effects on the polarographic behaviour of pyridine. 
G. TE~KE 
Kontinuierliche Analyse insbesondere von Spurenkonzentration oxydierender und reduzierender 
Stoffe in Fltissigkeiten und Gasen mit Hilfe potentiostatischer MeOanordnungen. 
D. NEBEL 
Potentiometrische und spektrophotometrische Untersuchungen zur Komplexbildung von Plutonium 
und einiger chemisch Lhnlicher Elemente in waI3riger Losung. 

Donnerstag, 16. September 1965, 9.00 Uhr 

D. OEDER, W. SEILER und H. FISCHER 
Potentialbesttmmte Grenzflachen- und Elektrolytfilminhibition bei einer Redoxreaktion an Queck- 
silber. 
J. K~TA 
Die Ausnutzung der Adsorptionserscheinungen in der polarographischen Analyse. 
H. JEHRING 

Der Einfluu von Molekiilbau und Meubedingungen auf das wechselstrompolarographische Verhalten 
grenzflachenaktiver Stoffe und die sich daraus ergebenden wissenschaftlichen und analytischen 
Moglichkeiten. 
K. CAMMANN 
Anwendung ionenspezifischer Glaselektroden und analytischer Brennstoffzellen. 
R. BERTRAM und P. LAMBRECHT 
Konduktometrische Messungen an geschmolzenen Metall-Salzsystemen unter Verwendung eines 
neuen ,kontaktlosen’ Hochfrequenzverfahrens. 
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W. HELBIG 
Differentielle potentiometrische Tritration im Nanogrammbereich. 
Organisationskomitee: Gesellschaft Deutscher Chemiker-GeschHftsstelle, 6 Frankfurt/Main 9, 
Postfach 9075. 

Pri&y 24 September-Friday I October 1965: International Advanced Study Institute on Optical 
Rotatory Dispersion and Circular Dichroism. Bonn. 

This is intended for research students and post-doctorals as well as industrial chemists. Several 
outstanding scientists in this field have agreed to act as lecturers. The official language will be English. 
Most of the commercially available instruments for measuring ORD and CD will be exhibited and 
demonstrated. Applicants are requested to contact Dr. G. SNATZKE, Organisch-Chemisches Institut 
der Universitat, 53 Bonn/West Germany, Meckenheimerallee 168. 

CZECHOSLOVAKIA 

6.9. bis 18.9.1965: IV. Intemationaler Polarographiscber Kursus: Institut fur physikalische 
Chemie der Karlsuniversitat und das Polarographische Institut der Tschechoslowakischen Akademie 
der Wissenschaften. Prag [Tahta, 1965, 12(4), i]. 

DEUTSCHE DEMOKTATISCHE REPUBLIK 

2. Intemationales Symposium Reinstoffe in Wissenschaft und Technik: die Chetnische Gesellschaft in 
der DDR, die Gesellschaft Deutscher Bergund Hiittenleute und die Physikalische Gesellschaft in der 
DDR: von 28. September bis 2. Oktober 1965 in Dresden. 

PROF. DR. H. SPECKER 

Plenarvortriige 

Probleme und Moglichkeiten der Spurenanalyse in hochreinen Stoffen. 

Sektion Cl-REINSTSTOFF-ANALYTIK 1 

Massenspektroskopie 
H. HINTENBERGER 
Massenspektrographische Festkorperanalyse 
J. FRANZEN und K. SCHUY 
Absolute massenspektroskopische Analyse fester K&per. 
J. FRANZEN und K. SCHUY 
Eine Ionenoptik fur die genaue massenspektrographische Analyse von festen Korpern. 
H. WAGNER, JENA und H. MAI 
Die Schwarzungskurve photographischer Einkornschichten als Grundlage quantitativer massen- 
spektrographischer Analysen. 
H. MAI, DRESDEN und H. WAGNER 
Die Massenabhlngigkeit der Schwlrzungswirkung von 20-keV-Ionen bei verschiedenen Typen von 
Einkomschichten. 
M. S. CUPACHIN 
Massenspektroskopische Untersuchung vielatomiger Molektilionen von Festkorpern und deren 
analytische Anwendung. 
W. RIEPE 
Quantitative Bestimmung von sehr kleinen Mengen Erdalkalien in Natriumsalzen durch Isotopen- 
verdiinnungsanalyse. 

K. D~ERFWL 
Statistische Methoden 

Nachweisgrenze und Reinheitsgarantie. 
D. M. SMITH and D. J. HOBBS 
;he;p$Ezp of statistics to trace analysis by emission spectrography. 

Uber’einige Probleme der Spurenanalyse. 
L. M. IVANCOV u. A 
Zur Empfindlichkeitssteigerung direkter photoelektrischer Methoden der Spektralanalyse. 

P. W. J. M. BOUMANS 
Spektralanalyse 

Zur Verbesserung der spektralanalytischen Nachweisgrenzen durch Zusatze. 
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G. EHRLICH, H. ENGELHARDT, H. SCHOLZE und R. GERBAT~CH 
Verbesserung spektrographischer Spurenbestimmungen durch eine Anlage zur Nachreinigung von 
Spektralkohlen und zum AusschluD von Verunreinigungen wahrend der Probenvorbereitung. 
A. V. KARJAKIN, M. V. ACHMANOVA und V. A. KAJG~ROD~V 
Moglichkeiten zur Anwendung eines Impulslasers in der Spektralanalyse reiner Stoffe. 
B. GOSTKOWSKA and H. EKIERT 
Attempts of spectral determination of trace impurities in semiconductor materials using a high 
frequency plasma generator. 
CH. I. ZILBERSTWN, R. GERBATSCH, 0. N. NIKITINA, M. P. SEMOV und G. ARTUS 
Zur empfindlichen Lbsungsspektralanalyse mit Anregung des Trockenriickstandes auf Spektralkohle- 
elektroden (Dauerbogenanregung). 
V. SVOE?.ODA 
Zur empfindlichen Losungsspektralanalyse mit Anregung des Trockenriickstandes auf Spektralkohle- 
elektroden (Impulsbogenanregung). 
N. KRASNOBAEVA und N. JORDANOV 
EinfluD der Gasatmosphare auf die spektralanalytische Bestimmung von Rheniumspuren nach 
einem Destillationsverfahren. 
H.-P. SCHRAMM und W. BECKERT 
Spektralanalytische Qualitiitskontrolle in der Reinsttellurherstellung mit direkter Anregung metallis- 
cher Elektroden. 
Ju. CHARIZANOV und N. KRASNOBAEVA 
Quantitative Spektralanalyse von Reinstblei unter Ausnutzung der fraktionierten Destillation. 
H.-H. RUBMANN 
Die Spektralanalyse von Reinstgraphiten. 
H. NICKEL 
Der EinfluB von Borcarbid in Graphitelektroden auf das Verdampfungsverhalten verschiedener 
Spurenelemente bei der Spektralanalyse im Lichtbogen. 
L. VEESERNYES 
Spektrochemlsche Bestimmung von 11 Spurenelementen in SiCl, und SiHCl,. 

Lundneszenzanalyse 
A. V. KARJAKIN und L. I. ANIKINA 
Lumineszenzverfahren zur Bestimmung von Seltenerdelementen. 
S. TER~L 
The detection of rare earths in solid solution by cathodoluminescence. 

Sektion C2-REINSTSTOFF-ANALYTIK 2 

K. B. JACIMIRSKI 
Kinetische Analysenmethoden 

Gegenwlrtiger Stand und Perspektiven der kinetischen Analysenmethoden. 

Ak fivierungsanalyse 
I. P. ALIMARIN und Ju. V. JAKOVLEV 
Aktivierungsanalytische Spurenbestimmung in Reinststoffen. 
H. ROMMEL 
Untersuchungen zur Borbestimmung in Silicium und Germanium durch Protonen- und Deuteronen- 
aktlvierung. 
S. NIESE 
Die neutronenaktivierungsanalytische Bestimmung von Phosphor, Schwefel und Chlor in Amen. 
1. KOSA-S~M~~YI and R. GROH 
Purity check of organics by physicochemical analysis. 

Photometrische Analysenverfahren und vergleichende Untersuchungen 
J. MINCZEWSKI, J. CZAKOW, A. FOLDZINSKA, H. JASKOLSKA, B. KUCHARZEWSKI, J. MALINOWSKI, 
T. NOWICKA-JANKOWSKA, Z. RADWAN, W. RUTKOWSKI, B. SIXZYZEWSKA und W. ZMIJEWSKA 
Prlzision und Bestimmungsgrenzen bei Spurenbestimmungen in Reinststoffen. 
J. MINCZEWSKI, R. DYBCZYNSKI, J. MALINOWSKI, T. NOWICKA-JANKOWSKA, Z. RADWAN, B. 
SCRZYZEWSKA, and L. WODKIEWICZ. 
The determination of traces of rare earth elements in some rare earths. 
H.-G. D&E, G. EHRLICH, H. GROOE-RUYKEN, 0. GROOMANN und B. NEEF 
Spektrophotometrische und aktivierungsanalytische Bestimmung von Venmreinigungen in Wolfram 
und Molybdln. 
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0. KLUG 
Beitrgge zur Trennung und Bestimmung einiger Sp~nve~~ini~n~n in Reinstgallium. 
2. MARCZENKO 
Die Anwendung der Kolorimetrie zur Spurehbestimmung in Reinststoffen. 
M. KNIZEK 
Einige Bemerkungen ilber die spektrophotometrische Bestimmung von Eisenspuren. 
E. JACKWERTH 
Anreicherung und Bestimmung von Eisen- und Kobaltspuren in Nickel und Reinstnickelsalzen. 
W. ANGERMANN 
Anwendung von Ko llektoren zur Abtrennung von Begleitelementen aus Reinstmetallen. 

R. NEEB 
Elektrochemische Anulysenverfahren 

Neuere elek~~hemi~he Meth~en zur Spurenanalyse. 
M. GEIOLER, C. KUHNHA~T und R. LEHMANN 
Ein neuer R~ht~kwellen~l~ograph und seine Anwendung in der Reinstmetall~alyse. 
S. I. !%NJ.~K~vA 

Amalgampoiarographische Spurenbestimmung in Reinststoffen mit Voranreicherung und Anwendung 
katalytischer Strbme. 
W. BECKERT und E. ,WEII~E 
Die Auwendung der anodischen Voltammetrie am hlngenden Quecksilbertropfen zur Qualitltskon- 
trolle in der Reinstgalliumherstellung. 
J. LOVASI 

Die Anwendung der Umkehrpolarographie in der Reinstmetallanalyse. 

Gasbestimmang in Met&en 
K. FRIEDRICH 
Miiglichkeiten zur Bestimmung sehr geringer Gasgehalte in Reinstmetallen. 
E. FROMM und H. JEHN 
Fehle~~gli~hkeiten bei der Gas~stimmung nach dem Hei~xtraktionsve~ah~n mit Metallbad. 
E. LA~~NER 
Kritische Betrachtungen zur Sauerstoffbestimmung in Molybdiin durch Entgasung in festem Zustand. 
W. FISCHER 
Uber den EinfluB des OberflLhenzustandes des Probenmaterials bei Nichtmetallbestimmungen in 
reinen Metallen. 
Organisationskomitee: Sekretariat der Chemischen Gesellschaft in der DDR, 108 Berlin, Ciara- 
Zetkin-StraBe 105 (Verantwortlich: Dr. K. REIMER). 

FRANCE 

jrhursday-Stiiunday 9-12 September 1965: EUCHEM Conference on Mass Spectrometry. Sarlat. 

GREECE 

Sunday-Priday 19-24 Se~te~r 1965: Methods of crate Separation and ~rornat~~~y: 
Association of Greek Chemists in collaboration with Ass~iation for Daelof-ment of Spectrogruphic 
Methods (G.A.M.S.). Athens [Talantu, 1965,12(5), i]. 

OSTERREICH 

29. September bis 1 Oktober 1965: Symposium analytische Chemie, Treffen jugoslawischer, un- 
garischer und Gsterreichischer Chemiker im Anschlulj an die Hauptversammlung des Vereins Oster- 
reichischer Chemiker. Graz. 

UNITED KINGDOM 

Monday-Thursday 69 September 1965: First Iateraationa~ Conference on Thermal Analysis, 
Department of Natural Philosophy, University of Aberdeen, Old Aberdeen, Scotland [Tutunto, 1965. 
12(T), ii J. 

Wed?zexkzy 15 September 1965 : SymtAum 011 Tb enmnnetric Titrimetq ~~p~e~): Society 
for Atxdytieal Chemistry, Mid~n~ Section and Royal ~~titute of Chemistry, ~irrni~~ and Midi~n~ 
Section. Department of Chemistry, University of Birmingham, Bi~ing~m 15. 
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The programme is as follows: 
Introduction to Thermometric Titrimetry. L. S. BARK 
Development of an Automatic Titration with Digital 

Read-Out. M. SMITH 
Kodak’s Apparatus for Recording Titration Curves. W. S. SEB~RN 

Thermodynamic Background and Possible Appli- H. J. V. TYRRELL 
cation to Analytical Problems. 

Thermometric Titrations of Some Precipitation 
Reactions. R. J.-N. HARRIES 

Acetone as Solvent in the Automatic Titration of 
Acidic Substances. G. A. VAUGHAN 

Tuesday- Wednesday 21-22 September 1965: Mass Spectrosfopy Conference: Mass Spectroscopy 
Group. University College, London [Talanta, 1965,12(2), ii]. 

Thursday 30 September 1965: Iso@e Dllntlon and Neutron Actlvatiat-Some New Aspects: J. 
RtXri$+ and J. STAR* : Socletyfor Analytical Chemistry, Midlands SeCtion and Special Techniques 
Group; Royal Institute of Chemistry, Birmingham and Midlands Section and Society of Chemical 
Industry, Midlands Section. Department of Chemistry, University of Birmingham, Birmingham 15, 
6.30 p.m. 

Friday 1 October 1965: Informal Discussion on Nentron Diction as a Tool in Chemii: 
Chemical Society. Inorganic Chemistry Laboratory, South Parks Road, Oxford. 

The provisional programme is as follows: 
General Principles of the Applications of Neutron 

Dtflaction to Chemistry. G. E. BACON 
Neutron Crystallography of Very Small and Very 

Large Structures: UO, and Vitamin B,,. B. T. M. WILLIS 
Use of Thermal Neutrons to Investigate ?ovalent 

Bonding in Transition Ion Complexes. w. MARSHALL 

Investigation of Defects in Solids by Neutron 
Dtjiiaction. E. W.J. MITCHELL 

Sunday-Saturday 4-10 September 1966: Stmuner School in Spectroscopy: Royal Institute of 
Chemistry. School of Pharmacy, Brunswick Square, London W.C.l and Royal Free Hospital 
Medical School. 

The 1966 Summer School will consist of comprehensive courses on organic spectroscopy (infrared 
and nuclear magnetic resonance) and inorganic spectroscopy (with particular reference to infrared). 
Full particulars and applications forms will be available early in 1966. 

Monday- Wednesday 12-14 September 1966 : Conference on S~e&oscoPy : Institute of Petroleum. 
Institution of Electrical Engineers, Savoy Place, London. 

The Conference will be similar to those held previously. Sessions are planned on: Far Infrared 
Spectroscopy, Attenuated Total Reflectance, Electron Spin Resonance, Nuclear Magnetic Resonance, 
Absorption Spectroscopy, in the Organometallic Field, Ultraviolet and Vacuum Ultraviolet 
Spectroscopy, Fluorescence Spectroscopy, Optical Rotatory Dispersion, Application of Lasers to 
Spectroscopy and Spectral Documentation. 

Further information may be obtained from Institute of Petroleum, 61 New Cavendish Street, 
London W. 1. 

Brltisb Standards Instltntlon has announced the following Revised British Standard: 
B.S. 1428 : Group A Combustion trains for the determination of elements: Part A5 : 1965: Rapid 

method combustion tubes (Belcher and Ingram type) and absorption tube: 5s. This includes construc- 
tional details and dimensioned drawings of Type 1 combustion tube and Flaschentrager absorption 
tube for carbon and hydrogen, and Type 2 combustion tube for halogens and sulphur. Recommenda- 
tions are given for designs of absorbers for oxides of nitrogen and for halogens and sulphur. 

Group D Volumetric apparatus: Part Dl : 1965: Burettes with pressure-filling device and automatic 
zero: 5s. This includes constructional details, tolerances on capacity and delivery time, method of use 
and a dimensioned drawing of four special burettes for microchemical work. 
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UNITED STATES OF AMERICA 

Mondu~ 30 August-Friday 3 September 1965: Fourth National Meeting of Society for Applied 
Spectroscopy. Denver Hilton Hotel, Denver, Colo. [Talanta, 1965, 12(7), iv]. 

Wednesday-Friday 8-10 September 1965 : 1965 Te&nicon International Symposium on Automation 
in Analytical Chemistry: Technicon Instruments Corp. Statler-Hilton Hotel, New York City. 

Sunday-Priday 12-l 7 September I965 : 150th National Meeting: American Chemical Society. 
Atlantic City, N.J. 

Tuesday-Thursday 2 I-23 September 1965 : Sixteenth Testing Conference, TAPPI, Netherland- 
Hilton Hotel, Cincmnati, Ohio. 

Wednesday-Priday 22-24 September 1965 : Fourth Annual Meeting on Practice of Gas Chroma- 
tography: Committee E-19 on Gas Chromarography, A.S.T.M. Sheraton-Jefferson Hotel, St. Louis, 
MO. 

Wednesday-Friday 22-24 September 1965 : Fourth Annual Pacific Conference on Spectroscopy, 
Instrumentation and Chemistry. Huntington-Sheraton Hotel, Pasadena, Calif. 

Monday-Tuesday 27-28 September 1965 : Fifth Informal Conference on Vacuum Microbalance 
Techniques. The Nassau Inn, Palmer Square, Princeton, N.J. [Talunta, 1965, 12(7), viii]. 

Tuesday-Thursday 12-14 October 1965 : Ninth Conference on Analytical Chemistry in Nuclear 
Technology: Analytical Chemistry Division of Oak Ridge NationalLaboratory. Mountain View Hotel, 
Gatlinburg, Tennessee. 

The Conference will be composed of six sessions embracing the following subjects: 
Analytical Chemistry of Transuranium Elements, 
Symposium on Role of Analytical Chemistry in Pure Materials Research, 
Selected Papers on Bio-Analytical Techniques, 
Miscellaneous Subjects. 
Enquiries concerning the Conference should be directed to C. D. SUSANO, Oak Ridge National 

Laboratory, P.O. Box X, Oak Ridge, Tennessee 37831. 

National Bureau of Standards has announced the availability of the following New Standards: 
Low-Alloy Steel Standards. Four new low-alloy steel standards, now available for use in X-ray 

spectrochemical analysis, have the same compositions as previously issued optical emission standards, 
but are in a different size suitable for X-ray analysis. The standards are NBS Nos. D803a, acid open 
hearth (0.06% of carbon); D805a, medium manganese; D807a, chromium-vanadium; and D809b, 
nickel. 

Another new X-ray spectrochemical standard is NBS No. D820a, ingot iron. 
Stainless Steel Standards. To meet industry’s need for more stainless steel standards, the Bureau 

has prepared four new standard materials of the 18 Cr-8 NI group. These standards (NBS Nos. 1151, 
1152, 1153 and 1154) are in disk form, for use primarily in optical emission and X-ray spectrometric 
analysis. 

Titanium-Base Alloy Standard. A new standard has been prepared by the Bureau to cover more 
adequately the range of commercial titanium-base alloys now available and to supplement other NBS 
titanium-base alloy standards. The new titanium alloy standard (NBS No. 176) has the following 
provisional certificate of analysis in percentages: Al-5.16, Sr-2.47, Fe--0.07,, Ca.Ol,, Ni-O.Ol,, 
Cu-O.003, Mna.0008, and Mo-O.003. 

Aluminium Brass Standarc&. Aluminum brass standards, previously issued only in chill-cast form, 
are now available in wrought form. The certificate of analysis of the extruded standards (NBS Nos. 
1118, 1119, and 1120) are nearly identical to those of the cast form. 

The following Renewal Stundurds have been issued to replace out-of-stock standards : 
Titanium-base alloy No. 173A, which replaces No. 173, has the following provisional certificate of 

analysis in percentages: Al-6.47, VA.06, Fe-0.15, Co-O.2,, Na.Ol,, Si-O.O3,, Cu-0.002, and 
Mo-O.005. 

Sibley Iron Ore Standard No. 27e, which replaces Mesabi Iron Ore Standard 27d, has the following 
provisional certificate of analysis (in percentages): Fe-66.6, SiO*-3.64, and P-0.042. 

Benzoic Acid Standard No. 39i, replaces No. 39h for calibrating calorimeters. 
Potassium Hydrogen Phthulate No. 185d. a pH standard, replaces acid potassium phthalate No. 

185~. 
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B&y&Rubber Standard No. 388a replaces No. 388. 
Barium Cyciohexanebutyrate No. lOSla, Ba-29.1x, replaces No. 1051. 
Calcium 2-Ethylhexanoate No. 1074, Ca-13.4x, replaces calcium cyclohexanebutyrate No. 1054. 
Cobalt Cyclohexanebutyrate No. 1055a, Co-17.4 and Ni-4I.05 %, replaces No. 1055. 
Nickel Cyciohexanebutyrate No. 1065a, Ni-16.8x, replaces No. 1065. 
Sodium Cyciohexanebutyrate No. 1069, Na-11.9 %, replaces No. 1069. 
American Society for Testing and Materials has announced the availability of the following 

publications : 
ASTM Standards for General Testing Methocis: Part 31, 1965 Book of ASTM Standards on 

Metallography; Non-Destructive Testing; Radioisotopes and Radiation Effects; Industrial Chemicals; 
Emission, Absorption and Mass Spectroscopy. 740~~. 67 Stamkuds. $13.00 or $9.10 (members). 

Application of Advanced and Nuclear Physics to Testing Materials-STP 373. 140~~. t6.25 or 
$4.35 (members). Directed primarily at technologists in the building materials field. 

ERRATUM-Volume 12 

Page 391, lines 5-8 from bottom: These should read The Kar radiation in thejrst order was used 
except in the case when second order Ka radiation was usedfor the lower concentration range. The Ni K,s 
radiation interfered at low concentration of copper but the second order Kol was found to be more sensitive 
than the first order copper Ks radiation. It is possible . . . 
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NOTICES 

INTERNATIONAL UNION OF PURE 
AND APPLIED CHEMISTRY 

DIVISION OF ANALYTICAL CHEMISTRY, 
COMMISSION ON MICROCHEMICAL TECHNIQUES 

International Investigation into Errors in Elementary Organic Microanalysis* 

Approximately one year ago, a questionnaire was sent to microanalysts throughout the world for 
the purpose of collecting data in regard to the errors encountered in elementary organic micro- 
analysis. Although the response seemed favourable, only a small percentage of the microanalysts 
throughout the world actually co-operated. The following table shows the number of participants and 
the number of reports from each country: 

United States 6 Authors 

France 5 Authors 

United Kingdom 4 Authors 

Italy 1 Author 

Japan 4 Authors 

Netherlands 1 Author 

Switzerland 5 Authors 

U.S.S.R. 20 Authors 

7 Reports 

17 Reports 

12 Reports 

1 Report 

6 Reports 

7 Reports 

7 Reports 

34 Reports 

If the Commission’s report is to be of the greatest possible value, it is necessary to have information 
from those countries from which there was no response, It is also obvious that from certain countries 
the response was poor. Consequently, the Commission is making another appeal to all microanalysts. 
Each person should list the problems with which he has had difficulty, and if possible, he should 
describe the manner in which these problems were solved. However, as much information as possible 
should be included, because this might yield clues which are insignificant to the analysts but valuable 
to the Commission. 

The deadline for this information will be 1 January, 1966, and it should be sent to one of the follow- 
ing people : 

Reports in ENGLISH to: 

Reports in FRENCH to : 

Reports in GERMAN to: 

AL STEYERMARK, Head 
Microchemical Department 
Hoffmann-La Roche Inc. 
Nutley, New Jersey, U.S.A. 

Dr. ROGER L~VEY, Directeur 
Service Central de Microanalyse 
Laboratoire Municipal 
39 bis, rue de Dantzig 
Paris, France 

Dr. WOLFGANG SCH~NIGER 
Microanalytical Laboratory 
Department of Pharmaceutical Chemistry 
Sandoz Limited 
Basle 13, Switzerland 

* The present investigation does not include trace analysis. 
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Reports in RUSSIAN to: 

Reports in SLAVIC LANGUAGES 
and in HUNGARIAN to: 

Reports in LANGUAGES OTHER THAN 
THE ABOVE to: 

Dr. N. E. GEL’MAN 
Institute of Elemental Organic Compounds 
Academy of Sciences 
Moscow, RUSSIA 

Mr. JI~~I KGRBL 
Analytical Laboratory 
Research Institute for Pharmacy 

and Biochemistry 
Czechoslovakian Academy of Science 
Kourimska 17, Prague, Czechoslovakia 

Dr. ROGER LI?VEY 
(see above address) 

BUNDESREPUBLIK DEUTSCHLAND 

8.11. bis 12.11.1965 : Dortmund: Seminar fiir Laborleiter, Leistungen und AnwendungsmGghch- 
keiten spektroskopischer Methoden (Emissions-, Molekiil- und Massenspektroskopie). Vergleich 
mit anderen moderen Analysenmethoden. Auskunft: Institut fiir Spektrochemie, 4600 Dortmund, 
Postfach 778. 

JAPAN 

Thursday-Saturday 1 l-l 3 November 1965 : Third Conference on X-Ray Analysis: Osaka. 

SWITZERLAND 

Monday-Saturday 17-22 Ocrober 1966: Third International Exhibition of Laboratory Measurement 
and Automation Techniques in Chemistry (ILMAC): Basle. 

UNITED KINGDOM 

Wednesday 6 October 1965: Some Special, Sensitive and Selective Reactions in Inorganic Trace 
Analysis, T. S. WEST: Society for Analytical Chemistry. Burlington House, London W.l. 7.00 p.m. 

Friday 8 October 1965: Poison Detection, A. S. CURRY : Society for Analytical Chemistry, Western 
Section. Cardiff. 6.30 p.m. 

Wednesday 13 October 1965 : Discussion Meeting on Automatic Methods for the Determination of 
Carbon, Hydrogen and Nitrogen: Society ,for Analytical Chemistry, Microchemical Methods Group. 
The Feathers, Tudor Street, London E.C.4. 6.30 p.m. 

Wednesday 13 October 1965 : Analytical Methods in the British Museum Laboratory-Science and 
Archaeology, H. BARKER: Chemical Society, Aberdeen and North of Scotland Section of Royal Institute 
of Chemistry and Society of Chemical Industry. Marischal College, Aberdeen. 8.00 p.m. 

Thursday 14 October 1965: Some Recent Advances in Analytical Chemistry, W. I. STEPHEN: 
Royal Institute of Chemistry, Liverpool and North- Western Section. Technical College, Brook Street, 
St. Helens. 7.30 p.m. 

Thursday 14 October 1965: Positive Identification of Pesticide Residues, K. I. BENYON and Analysis 
of Pesticide Residues, K. E. ELGAR: Society for Analytical Chemistry, Midlands Section and Royal 
Institute of Chemistry, Cambridge Sub-Section. Cambridgeshire College of Arts and Technology, 
Collier Road, Cambridge. 7.30 p.m. 

Thursday 21 October 1965 : Application of High-Voltage Paper Electrophoresis to Some Analytical 
Problems with Special Reference to Carbohydrates, D. GROSS: Society for Analytical Chemistry, 
Scottish Region. Heriot-Watt College, Edinburgh. 7.30 p.m. 

Thursday 21 October 1965 : Photoluminescence as an Analytical Technique, C. A. PARKER: Chemical 
Society and Royal Institute of Chemistry, Mid-Southern Counties Section. College of Technology, 
Bournemouth. 7.30 p.m. 

Thursday 21 October 1965: Discussion Meeting: Society for Analytical Chemistry, Biological 
Methods Group. The Feathers, Tudor Street, London E.C.4. 6.30 p.m. 

Friday 22 October 1965: Meeting on Atomic-Absorption Spectroscopy, W. J. PRICE, L. WATSON 
and R. A. WHITE: Society for Analytical Chemistry, Atomic-Absorption Spectroscopy Group and 
University of Cambridge Chemical Society. Department of Chemistry, University of Cambridge. 
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Tuesday 26 October 1965: Determination of Oxygen in Steel, M. S. W. WEBB, R. J. WEBB and C. A. 
BAKER: Shefield Metallurgical Association, Modern Methods of Analysis Group and Society for 
Analytical Chemistry, Special Techniques Group and North of England Section. Sheffield. 7.00 p.m. 

Wednesday 27 October 1965: Atomic-Absorption Spectroscopy, J. B. DAWSON: Royal Institute of 
Chemistry, Stirlingshire and District Section and Society of Chemical Industry. Technical College, 
Falkirk. 7.30 p.m. 

Friday 29 October 1965: Some Modern Physical Methods of Analysis and Structural Diagnosis 
M. ST C. FLETT: Royal Institute of Chemistry, North Lancashire Section and Society of Chemical 
Industry. Harris College, Preston. 7.30 p.m. 

Friday 29 October 1965: Twenty-First Anniversary Celebration Meeting on Microchemistry-Past, 
Present and Future, R. BELCHER, C. WHALLEY and C. L. WILSON: Society for Analytical Chemistry, 
Microchemical Methods Group. Imperial College, South Kensington, London S.W.7. 4.30 p.m. 

Tuesday 2 November 1965: Colouring Matter in Food, J. B. ALDRED: Society for Analytical 
Chemistry, North of England Section and Royal Institute of Chemistry, Huddersfeld Section and 
Society of Dyers and Colourists, Huddersjeld Region. College of Technology, Huddersfield. 7.30 p.m. 

Tuesday 2 November 1965: Debate on Chemical Analysis-Is it Physics? W. G. CUMMINGS 
and A. R. PHILPOTTS: Royal Institute of Chemistry, Downland Section. Distillers Co. Ltd., Epsom. 
6.30 for 7.00 p.m. 

Wednesday 10 November 1965: Meeting on Automatic Analysis: Society for Analytical Chemistry. 
Wellcome Building, Euston Road, London N.W.1. 3.15 p.m. 

Friday 12 November 1965: Analytical Requirements for Applied Geochemistry, J. S. WEBB: Royal 
Institute of Chemistry, South- Western Counties Section. College of Technology, Plymouth. 5.30 p.m. 

Tuesday- Wednesday 16-I 7 November 1965 : Symposium on Physical Methods: Society of Cosmetic 
Chemists of Great Britain. Grand Hotel, Brighton [see Talanta, 1965, 12(9), iii]. 

Thursday 18 November 1965: Analytical Aspects of Molecular Biology, D. G. SMYTH: Royal 
Institute of Chemistry, Birmingham and Midlands Section and Society of Chemical Industry, Midlands 
Section and Association for Science Education, Midlands Branch. 
Coventry. 7.00 p.m. 

Lancaster College of Technology, 

Thursday-Friday 18-l 9 November 1965 : Conference on Computational Methods in Crystallography : 
Institute of Physics and Physical Society. Institution of Electrical Engineers, London. 

Tuesday 23 November 1965: Annual General Meeting followed by Address of Retiring Chairman 
L. BREALEY: Society for Analytical Chemistry, Special Techniques Group. Burlington House, London 
W.l. 7.00 p.m. 

Wednesday 24 November 1965 Discussion Meeting on The Optimal Environment for Microchemical 
Analysis, A. J. CROSS: Society for Analytical Chemistry, Microchemical Methods Group. The Feathers, 
Tudor Street, London E.C.4. 6.30 p.m. 

Friday 26 November 1965: Separate or Calculate, A. L. GLENN: Societyfor Analytical Chemistry, 
Scottish Section. University of Strathclyde, Glasgow. 5.30 p.m. 

Tuesday 30 November 1965 : Atomic-Fluorescence Spectroscopy, G. I. GOODFELLOW: Society for 
Analytical Chemistry, Atomic-Absorption Spectroscopy Group. Burlington House, London W. I. 

British Standards Institution has announced the following New British Standards: B.S. 1728: 
Methods for the analysis of aluminium and aluminium alloys: Part 14 : 1965 : Determination of nickel 
(gravimetric method) (4s. 6d.). This describes the reagents required, recommended methods of sampling 
and test procedure for the gravimetric determination of nickel in aluminium and aluminium alloys 
having a nickel content in the range 0.2-3 %. 

B.S. 3630: Methods for the sampling and analysis of zinc and zinc alloys: Part 3 : Magnesium in 
zinc alloys(gravimetric method) (4s.). This describes the reagents required, recommended methods of 
sampling and test procedures for the gravimetric determination of magnesium in zinc alloys having a 
magnesium content in the range 0.02~).10%. 

B.S. 3903: 1965: Methods of test for suplhuric acid (10s.). This describes the determination of 
sulphuric acid content, residue on ignition, sulphur dioxide, arsenic, ammoniacal nitrogen, nitrogen 
oxides, chloride, iron, lead, copper and aluminium, and the free SO, content for oleums. 



iv Notices 

B.S. 3907 : Methods for the analysis of magnesium and magnesium alloys: Part 1: 1965 : Deter- 
mination of aluminium in magnesium allovs (aravimetric method) (4s.). This describes the reagents 
required, &commended methods of samphng’>nd test procedure for the gravimetric determinatign of 
aluminium in magnesium alloys having an aluminium content in the range 1.5-12x. 

B.S. 3908 : Methods for the sampling and analysis of lead and lead alloys: Part 1: 
of ingot lead, lead alloy ingots, sheet,pipe and cable sheathing alloys (4s.). 

1965: Sampling 
This describes the selection 

of ingots, preparation of surfaces, method of taking samples by sawing and precautionary methods 
against contamination of the sawings. 

The following Revised British Standard has also been announced: B.S. 1756: Methods for the 
sampling and analysis of thefhtegases: Part 4: 1965: Miscellaneous analyses (El). This deals with the 
determination of moisture, sulphur dioxide and sulphur trioxide, sulphuric acid dew-point, carbon 
monoxide (less than 0.5 ‘%) and nitrogen oxides. 

UNITED STATES OF AMERICA 

Monday-Thursday 18-21 October 1965: Third Intemational Symposium on Advances in Gas 
Chromatography: University of Houston. Sheraton-Hilton Hotel, Houston, Texas. 

The programme is as follows: 

Monday Morning, 18 October 
Life Detection by Gas Chromatography. J. E. LOVELOCK 
Resolution of Optical Isomers by Gas Chromatography. E. GIL-AV 
Gas Chromatography of Volatile Metal Complexes. R. E. SIEWRs 
An Electrical Discharge Pyrolyser for Gas Chromatography. J. C. STERNBERG 
Gds Chromatography of Isotopic Molecules by Open Tubular 

Columns. A. LIBERTI 

Monday Afternoon, 18 October 
A Simple Approach to the Rate Theor 

.dy 
of Gas Chromatography. I. HALASZ 

Electrostatic Interactions in Gas-Soh Chromatography. J. KING, JR. 
Evidence for Turbulence and “Coupling” in Chromatographic 

Columns. J. H. KNOX 

Correlation of Retention Data and Structural Parameters of Carboxyl 
Compounds. J. F. HAKEN 

Support Effects on Retention Volumes in Gas Chromatography: 
Practical and Theoretical Aspects. P. URONE 

Tuesday Morning, 19 October 
Ultrasonic Velocity Instrumentation for Liquid and Gas Chromatog 

raphy Efiuent Detection. K. ABEL 

Gas Chromatography Efluent Detection. Design and Operation 
of Gas-Phase Zonisation Detectors for Liquid Chromatography. E. HAAHTI 

A Liquid Chromatographic System for Analysis of Macromolecules. J. STOUFFER 

A Flame Ionisation Detector for Liquid-Liquid Chromatography. A. KARMEN 

Separation of Derivatives of Biogenic Amines. E. C. HORNING 

Tuesday Afternoon, 19 October 
Investigation of Formamide as a Useful Gas Chromatography 

Stationary Phase of Extreme Selectivity and without Flame 
Ionisation Signal. ” J. JANAK 

Determination of Polarity of Stationary Phases Used in Gas 
Chromatography. P. CHOVIN 

Clean Gases for Chromatography. B. OSBORNE 

Preparative Scale Separation of Multicomponent Mixtures by 
Continuous Gas Chromatography. P. E. BARKER 

Wednesday Morning, 20 October 
Contempory Gas-SolidChromatography. C. G. SCOTT 

Micro-Packed Columns for Hieh Soeed Gas Chromatography. I. HALASZ 

High Resolution Capillary Ad&ptjon Columns for Gai Chromatog- 
raphy. R. D. SCHWARTZ 

Application of Hi,h Pressure Gas Chromatography to Micro-Packed 
Columns. J. C. GIDDINCS 

High Speed Chromatography. V. PRETORIW 
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Wednesday Afternoon, 20 October 
~~a~~d Flavours of Wine, Rum and Brandy by Gas Chromatog 

Gas ~~omatograp~c Analysis of Steam Volatile Aroma Constit- 
uents: Application to Coffee, Tea and Cocoa Aromas. 

Gas Chromatography of Sesquiterpenoids. 
Behaviour of Stationary Phases at Cryogenic Temperatures. 

Thursday Morning, 21 October 
Efficiency of Molecule Separators in Gas Chromatography- Mass 

Spectrometry I~truments. 
Micro Gas chromatography. 
A Spectf?c Detector for Phosphorous and for Suiphur Compounds- 

Sensitive to Subnanogram Quantities. 
New Column Systems for Gas Chromatography. 

E. BAYER 

D. REYMOND 
R. TERANISHI 

C. MERRITT, JR. 

R. RYHAGE 
W. F. WILHITE 

S. S. BRODY 
R. P. W. SCOTT 

Wednesday-~iday 3-5 November 1965: Tweuty-Third Pittsburg Diffraction Conference. Mellon 
Institute, Pittsburgh, Pa. 

Friday-Monday 5-l 5 November 1965 : First Midwest Regional AC3 Meeting. University of 
Missouri, Kansas City, MO. 

Tuesday-Thursday 16-18 November 1965: Atom Fair ‘65 held in conjunction with AMII~I Con- 
ference of Atomic Industrial Forum and 1965 Whtter Meeting of American Nuclear Society: Sheraton- 
Park Hotel, Washington, D.C. 

Wednesday-~iday 17-19 November 1965: Seventh Eastern Analytical Symposium. Statler Hilton 
Hotel, New York City. 

ERRATA-Volume 12 

Page 764, Reagent No. 6 in Table 1: The reference should read 128 and not 297. 

Page 772, The following additional reference is necessary 

r** N. C. Sogani and S. C. Bhattacharyya, Analyt. Chem., 1957, 29, 397. 

Page 836, line 3 of It footnote to Table IV: For (p. 7) read (p. 835). 

Page 857, line 3 of Experimental: For hy~ochorlic read hydrochZoric. 
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NOTICES 

(Material for this section should be sent directly to the Associate Editor) 

BUNDESREPUBLIE DEUTSCHLAND 

15-l 9. Mare 1965 : Modeme analytische Methoden in der Lebensmittekhemie und der biologisehea 
Chemie: Heidelberg (Die Hauptvortrage sind in Talunta, 1965, 12 (l), i, schon angedeutet worden). 

FRANCE 

Mardi 9 mars 1965: Progrb Acents de la chromatographie des macromolkules biologiques, par 
M. R. L. MUNIER, ZI 17 h 45, a la Faculte de Pharmacie de Paris. 

Vendredi 19 mars 1965: Chiie Analytique g&kale: Conf&ence: mise au point sur les recherches 
analytiques dans les sels fondus par M. G. DEWRUE: Section de Chimie analytique de la Societe 
Chimique de France, B 17 h 30, a I’Ecole Nationale Superieure de Chimie de Paris, 11 rue Pierre 
Curie, Paris, 58. 

Mardi 23 mars 1965: ReaCtions enaymatiques spt!eiSqaes et structure des polysaccltaride~, par 
M. R. DEDONDER, B 17 h 45,1 la Facultt de Pharmacie de Paris. 

UNITED KINGDOM 

Friday 5 March 1965 : Annual General Meeting followed by Address of Retiring President, D. C. 
GARIUTT: Society for Analytical Chemistry. Burlington House, London W.l, 3.00 p.m. Followed 
in the evening by the Biennial Formal Dinner at Merchant Taylors’ Hall, London E.C.2. 

Friday 5 March 1965: Modem methods of analysis in the coal industry, G. R. NELLIST: Society 
for Analytical Chemistry, North of England Section. County Hall Durham, 7.15 p.m. Preceded by 
afternoon tour of the County Hall and County Laboratories. 

Friday 12 March 1965: Annual General Meetiag followed by Ladies Evening: Society for 
Analytical Chemistry, MidIands Section. Department of Chemistry, University of Birmingham, 
Birmingham 15. 

Wednesday 17 March 1965: Discussion Meeting: Societyfor Analytical Chemistry Microchemical 
Methods Group. The Feathers, Tudor Street, London E.C.4, 6.30 p.m. 

Saturaby 20 March 1965: Symposium on Identihcation of Drugs and Poisons: Pharmaceutical 
Society of Great Britain. School of Pharmacy, University of London, Brunswick Square, London 
WC.1 (see Tukzntu, 1965, 12 (1), ii). 

Tuesday 23 March 1965: Use of the electron microprobe, J. V. T. LONG and M. J. FLE!ZIWOOD: 
Society for Analytical Chemistry, Special Techniques Group and Midlands Section. Department of 
Chemistry, University of Birmingham, Birmingham 15, 6.30 p.m. Preceded by afternoon visit at 
2.30 p.m. to Mond Nickel Research Laboratories, Wiggin Street, Birmingham 16. 

Friday 26 March 1965 : Determination of trace constituents in metalhgicnl samples, W. T. ELWFU 
and Principles of raclioactivatlon aaalysis, H. W. WILSON: Society for Analyticul Chemistry, Scottish 
Section. Technical College, Falkirk, 7.15 p.m. 

Su&ry 29 March-Thursday 2 April 1965: Laboratory Appamtas and Materials Exhibition: 
Earls Court, London. 

Tuesday 30 March 1965: Analysis of sugars, D. CROSS and’ R. BIJTLER and Chamcterisation of 
fats, K. A. WILLIAMS and C. B. BARRETT: Society for Analytical Chemistry, North of England Section 
and Midlands Section. Boots Pure Drug Co. Ltd., Pennyfoot Street, Nottingham, 10.30 a.m. 

Wednesday 31 March 1965: Meeting on Food Analysis: Society for Analytical Chemistry. 
Burlington House, London W.l, 7.00 p.m. 
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Tuesdrry-Friday 6-9 April 1965: Anniversary Meetings: The Chemical Society. Glasgow. 
There will be three Svmoosia, of which that entitled Physical Methods of Structure Determlnatlon 

may be of interest to an&y&al dhemists: 

Weakesday Morning, 7 April 

X-ray studies of natural products. J. MONTEATK ROBERTSON 
Recent advances in structural chemistry of organo- 

metallics. L.F. DAHL 

Wednesday Afternoon, 7 April 

Mass spectrometry of h&h molecular weight 
compounds. F. W. MCLAFFERTY 

Application of high resolution mass spectrometry to 
natural products. K. BIEMANN 

Friday Morning, 9 April 

Applications of nuclear magnetic resonance in 
inorganic chemistry. R. E. RICHARDS 

New techniques in proton resonance spectroscopy. J. N. SHOOLERY 

Wednes&y 7 April 1965 : Symposium on Pharmaceutical SC- of Dms: Societyfor Analytical 
Chemistry, Biological Methodr Group. 
Square, London W.C.l. 

School of Pharmacy, University of London, Brunswick 

For details apply to Mr. K. L. SMI~, Boots Pure Drug Co. Ltd., Pennyfoot Street, Nottingham. 

Tuesaky- Weakday 21-22 September 1965 : Mass Spectroscopy Conference: Mass Spectroscopy 
Group. University College, London. 

The meetings are open to all and will cover all aspects of mass spectroscopy. Those interested 
are invited to submit titles of short papers on current work before 26 February, 1965. The Organising 
Committee will also be grateful to receive suggestions for topics of special interest which might be 
given prominence or generally discussed at the meeting. 

Further i~o~tion is available from Mr. R. M. ELLIOTT, Associated Electrical Industries Ltd., 
Scientific Apparatus Department, Barton Dock Road, Urmston, Lanes. 

At the Annual General Meeting of the Atomic Absorption Spectroscopy Group of the Society for 
Analytical Chemistry held on 15 December, 1964, the following Officers were elected for the forth- 
coming year : 

Chairman: W. T. ELWELL 
Vice-Chairman: J. B. DAW~~N 
Secretary/Treasurer: D. MOORE, Hilger and Watts Ltd., 98 St. Pancras Way, London N.W.1. 

British Standards Institution has announced the following New British Standards: 
B.S. 2073: Methoak of testing essential oils: Determination of Lead. Addendum No. 1: 1964: 

PD 5393. Determination of lead (ppm) in essential oils, by absorptiometric measurement of lead 
dithizona~ in solution, after removal of volatile components of the oil. Also, preparation of ‘lead- 
free’ reagents for the method. (Price: 2s. 6d.) 

B.S. 3812: 1964: Recommendations for estimating the dryness of saturated sfeam. Basic require- 
ments for apparatus; procedures, calculation. (Price: 6s.) 

The following Amendment Slip is also announced: 
B.S. 1756: Methods for the sampling and analysis of f?ue gases: Part 2: 1963: Analysis by the 

Orsat apparatus. Amendment No. 1: PD 5384. (Gratis) 

UNITED STATES OF AMERICA 
Monday-F&&y l-5 March 1965: Sixteenth Pittsburgh Conference on Analytical Cl@mis&‘y and 

Applied Spectroscopy. Penn-Sheraton Hotel, Pittsburgh, Pa. 

Wednes&y-Friday 17-19 March 1965 : Fllteenth National In-eat Society of America Con- 
ference on Instrumentation for the Iron and Steel Industry. Pick-Roosevelt Hotel, Pittsburgh, Pa. 
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Monday-Thursday 19-22 April 1965: 1965 Intematiod Conference on Modem Trends in Activa- 
tion Analysis: Znternational Atomic Energy Agency, European Atomic Energy Community, United 
States Atomic Energy Commission and Texas A and M University. College Station, Texas. 

The programme is as follows: 

Monday Morning, 19 April 
Place of activation analysis in a research 

establishment dealing with pure materials. 

Session Z-Nuclear Reactions 

A. A. SldAl.ES 

Variable energy neutron activation analysis. 
Measurement and utilisation of neutron capture 

gamma radiation. 
-‘He activation analysis. 

E.L. STEELE 

J. L. BROWNLEE and W. G. LU~~IE 
E. RICCI, R. L. HAHN, J. E. STRAIN 

and F. F. DYER 
Use of semi-conductors for surface analysis be 

elastic scattering of accelerated chargedparticles. M. PEISACH and D. 0. POOLE 
Determination of some right elements by secondary 

reactions. H. J. BORN and D. C. AUMANN 
Neutron activation analysis of iridium in osmium 

and experimental study of the second order 
reaction. R. GIJBEL~ and J. Hosrr 

Analysis of metalloids by activation with photons 
and charged particles. C. ENGLEMANN and G. CABANA 

Mona%zy Afternoon, 19 April: Session ZZ-Radiochemistry 
Rapid radiochemical separation procedures for 

activation anaivsis indicators. W. H. WAHL. V. J. MOLINSKI and H. ARINO 
New developmenk of systematic amdysis of high 

purity metals and especially of AI, Fe, Cu, Zr 
and Ni. P. ALBERT 

Design of apparatus for post-irradiation chemical 
treatments in activation analysis. W. T. BURNER, JR. and M. D. COHEN 

Substoichiometric determinations in activation 
analysis. J. RIY!IEKA, J. STAR+ and A. ZEMAN 

A new approach to neutron activation analysis 
through micro and submicro electro-separation 
techniques. H. B. MARK, JR., F. J. BERLANOI and B. Vwsos 

Use of a small-sized automated system, including a 
radiochemical step in activation analysis. F. GIRARDI 

Determination of impurities in high purity niobium 
and tantalum by radioactivation analysis. T. KAWASHIMA 

Mot&y Evening, 19 April: Znaugural Banquet 
Analysis and measurement-The foundation of 

science and technology. W. W. MEINKE 

Tuesday Morning, 20 April: Session ZZZ-Radiochemistry 
Analysis of a demascus steel by neutron andgamma 

activation. 
Determination of trace amounts of tantalum and 

tungsten in metals. 

Determination of trace arsenic in germanium and 
germanium oxide by neutron activation analysts. 

Zinc and bromine in some meteorites by activation 
analysis. 

Removal of radiosodium interference in neutron 
activation analysis. 

Determination of indium and thallium in zinc and 
zinc salt. 

Determination of trace amounts of tellurium in 
N.B.S. standard reference materials by neutron 
activation analysis. 

A. F. VOIOT and A. AN-SAW 

A. F. VOIGT, A. L. Jtswerr, E. C. JACOBSEN 
and K. L. MALABY 

J. Hosre and D. DESOJZTE 

R. H. FLLBY 

M. P. MENON and R. E. WAINERDI 

D. GIBBONS and D. LAWSON 

D. A. BECKER and F. W. SMITH 
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Neutron activation analysis of la0 with chemical 
separation. W. H. ELLIS, G. J. FRITE and I. G. HAN 

Tuesakay Afternoon, 20 April: Session IV-(a) Chromatography, (b) General 

Radioactivation analysis of silicon and silicon com- 
pounds with successive use of ion-exchange 
chromatography. V. V. MOISEEV, R. A. KUZNET~OV 

and A. I. KALININ 

Chromatographic separation method for activation 
analysis. W. BOCK-WERTHMAN 

Some applications of ion-exchange resins in activa- 
tion micro-analysis. J. LAVERLOCHERE 

Production of homogeneous biological material for 
inter-laboratory comparison of elementary 
analyses. _ _ 

. 
H. J. M. BoWEN 

Accuracv of radioactivation ankvsis. J. P. CALI and J. R. WEINER 
G. W. SMITH and J. R. DEVOE 
J. R. DEVOE 

New act%&ion analysis facilitieiat N.B.S. 
Activation atudysis programme of N.B.S. 

Tuesday Evening, 20 April 

Informal discussion groups : 1. Determination of oxygen. 
2. Neutron generators in industry. 
3. Computer methods in activation analysis. 

Wednesday Morning, 21 April: Session V-Neutron Generators 

Measurement of surface contamination of high 
purity beryllium samples. 

Nondestructive determination of silicon and oxygen 
in meteorities by fast neutron activation analysis. 

Liquid and plastic scintillation counting for oxygen 
by neutron activation analysis. 

Precision analysis with 14-MeV neutrons. 
High-output neutron tubes. 

A fast neutron activation analysis system with 
iruhtstrial ~plications. 

K. R. BLAKE, T. C. MARTIN and I. L. MORGAN 

J. R. VOGT and W. D. EHMANN 

F. A. IDDINGS 
W. E. Mom and J. M. ORANGE 
J. E. BOUNDEN, P. D. COMAR 

and J. D. L. H. WOOD 

J. D. L. H. WCMZID and J. M. BAKES 

We&es&y Afternoon, 21 April: Session VZ-Znstrumentation- 

Selective andsensitive analysis of activationproducts 
by multtdimensional gamma spectrometry. R. W. PERKINS 

A fart/sum coincidence spectrometer and sensitive 
compilation for activation amdysis. M. WAHLGREN, J. WING and J. HINES 

A Cs-NaZ akZ crystal Compton reduction &rector. C. F. LAM and R. E. WAINERDI 
Znterfacing the teletype model 33-c ASR to nuclear 

instruments used for computer coupled activation 
analysis. R. W. SCHIDELER 

Application of coincidence methods in activation 
anaZysis. w. SCHULZE 

A fostpunched-card read-out system for pulse height 
analysers. B. A. EULER, P. ,L. PHELPS and D. F. COVELL 

Thursday Morning, 22 April: Session VII-Computer Methorls 

An analysis of the method of least squares as related 
to gamma ray scintillation spectroscopy. 

Evaluation of computer programmes for gamma ray 
spectrometry in activation analysis. 

Improved accuracy in determination of radionuclide 
concentrations in solutions containing fast- 
delaying isotopes by least squares resolution 
of the gamma ray spectra. 

J. R. WOLBERG 

J. F. EMERY, F. F. DYER, T. ALEXANDER 
and E. SCHONFELD 

E. SCHONFELD 
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New deuelopments in application of neutron activa- 
tion analysis to problems in scientific crime 
detection. D. E. BRYAN, V. P. GUINN and D. M. SETTLE 

Activation analysis applications of an on-line digital 
computer. M. D. COHAN 

Hair individualisation studies by neutron activation 
analysis. A. K. PERKONS and R. E. JERVIS 

Computer programmes to optimise times of irradia- 
tion and decay in multiple-element activation 
analysis. T. L. ISENHOVUR, C. A. EVANS, JR. 

and G. H. MORRISON 

27tursaky Afternoon, 22 April: Sessions VIII and IX (concurrently) 

Session VIII-Biological Applications 

Development and demonstration of use of lr9I 
activation analysis for atmospheric tracing. 

Determination of biosperic levels of lagI by neutron 
activation analysis. 

Activation analysis of urine for zinc. 

Manganese and copper content in human body 
jhdds. 

Sttahes of gamma spectrum of neutron irradiated 
blood. 

Determination o selenium in human tissues by 
activation at&l ’ . 

Simultaneous d&!%nation of copper and zinc in 
human lung tissue by neutron activation analysis. 

Simple and raphi magnesium determination in bio- 
logical samples by neutron activation analysis. 

Use of neutron activation analysis to determine bio- 
logical availability of copper in soils. 

Neutron activation analysis for plutonium mixed in 
soil. 

B. KEWH and R. C. KOCH 

B. KEISCH and R. C. Koctr 
E. D. BIRD, W. H. ELLIS 

and W. C. THOMAS, JR. 

T. FIELDS 

L. 0. PLANTIN 

R. H. TOMLINS~N and R. C. DICKSON 

R. G. KEENAN, J. H. Marcus and J. R. DEVOE 

C. K. KIM and W. W. MEINKE 

J. R. KLINE, S. S. BRAR, P. I. GU.Y~AF~~N 
and R. H. Rusr 

R. K. FULLER and H. R. LUKENS, JR. 

Session IX-Industrial Applications 

Measurement offibre blend variability by activation 
anaIysis. A. A. ARMSTRONG, J. F. BOVD~N 

and A. J. C?~UDOAR 
Aaft neutron activation analysis in molten salt 

eleetrometallutgica1 research. K. G. BROADHEAD and H. H. HWDY 
Nuekar anakysls system for coal. T. C. MORGAN, I. L. MORGAN and J. D. HALL 
Industil appIications of neutron acthmtion. A. L. GRAY 
CorreIatbn of physical properties of rubber with 

nitrogen content by neutron activation analysis. L. J. WALKER and V. L. EOGEBRMT~N 
A -ison of neutron activation analysis and 

vacuum fusion analysis of oxygen content of steel. D. E. WOOD and L. L. P-R 

Further information may be obtained from Dr. R. E. WAINERDI, Activation analysis Research 
Laboratory, Texas A and M University, College Station, Texas, U.S.A. 

Mondcry-Thursday 18-21 October 1965: Third Inteenational Sympovium on Adwmees in Gas 
ChremateBraPhy. Sheraton-Lincoln Hotel, Houston, Texas. 

An outstanding programme is being planned and it will include lecture by internationally known 
leaders in this tield. New developments in detectors and columns for liquid chromatography will 
be included in the programme. 
ments and accessories. 

Them will also be an exhibition of new gas chromatographic instru- 
Participation in the S 

however, a limited number of papers from 9 
mposium will be on the basis of invited contributions; 

.S.A. and abroad are being solicited. Those who wish 
to make contributions are requested to submit an abstract of about 700 words (or the complete 
manuscript) by 1 June, f%5. Financial a&stance for travel will be available for authors of papers 
accepted from abroad. 

Abstracts of papers and enquiries concermng the Symposium should be directed to Professor 
A. ZLATKIS, Department of Chemistry, University of Houston, Houston, Texas. 



SUMMARIES FOR CARD INDEXES 

Precision of the determination of copper artd gold by atomic absorption 
spectropbotometry: H. KHALIFA, G. SVEHLA and L. ERDEY, Tuhta, 
1965, 12, 703. (Institute for General Chemistry, Technical University, 
Budapest XI, Gelldrt t&r 4, Hungary.) 

Summary-Copper and gold can be determined by atomic absorption 
spectrophotometry using hollow cathode lamps which produce the 
resonance lines of 3247 8, and 2428 A, respectively. Optimal experi- 
mental conditions have been ascertained. In the case of copper 
calibration curves are presented for 10-100 as well as for 100-700 ppm, 
and in that of gold for 5-50 as well as for 50-500 ppm. The intluence. 
of several cations and anions has been examined. Precision calculations 
have been made by a method suggested previously by the authors. 

Application of circular thin-layer chromatography to inorganic qual- 
itative amilysis: ‘M. H. HASHMI, M. A. SHAHID and A. A. AYAZ, 
Tdunta, 1965, 12, 713. (West Regional Laboratories, P.C.S.I.R., 
Lahore, West Pakistan.) 

Summary&After separation of metal ions into Groups l-5 of the 
classical hydrogen sulphide scheme of qualitative analysis, the metal 
iqns in each Group, are separated by circular thin-layer chromatog- 
raphy: Several solvents and spray reagents for the Group analyses 
are reported. The inethdd is simple and convenient; development of 
a chromatoplate is cbmplete within 2 min. 

Substoichiometric determination of copper in high-purity metals by ac- 
tivation analysis: M. KRIVA;NEK, F. KUKULA and J. SLUNEEKO, 
Z’dunta, 1965, 12,721. (Institute for Nuclear Research, Czechoslovak 

Academy of Sciences, gei near Prague, Czechoslovakia.) 

Summary-A selective and very simple subStoichiometric determination 
of copper in high-purity aluminium, silicon, iron, gallium, zinc and 
tin by activation analysis has been developed. The radiochemical 
procedure is based on the extraction of copper diethyldithiocarbamate 
into chloroform from an aqueous alkaline medium. The only inter- 
fering elements are mercury, palladium, silver, osmium and gold. 



TO=IHOCTb OIIPEAEJIEHIGJ ME@i II 30JIOTA 
METOAOM ATOMHOl’i ABCOPB~IIOIIHol’l 

Cl-IEKTPOCKOIIMB: 

H. KHALIFA, G. SVEHLA and L. ERDEY, Tufanta, 1965, 12, 703. 

I%?lloM&--MeHb A 30Z10TO MOWHO OKpeAeJlMTb MeTOAOM aTOMKOti 
a6cop6LuioHHoi CneKTpOCKOnHK C BcnO:Ib30BaHHeM ~py60~ c 
IlOJlbIY HaTOaOM, KOTOphLe npOH3BOWlT pe3OliaHCHbte JIKHHH 
3247 A n 2428 A, coomewTBemio. Onpegeenem onTKMa3bHble 
ycno~momTa. B cjlyqaeYeAanpuBe;rean CTaHgapTme K~L~B~I 
2.1~ o63acTel KoHqeHTpaunK lo-100 Mr/J? II 100-700 M~/:I, a B 
c;Iyyae 30noTa ;I~R ofhaweii 5-50 Mr/JI ii 50-500 w/n. klcc.le;lo- 
Bali0 BJlWRHKe HeKOTOpLIX KaTKOIIOB M IHKOHOB. KaabKy3KyKK 
TOWOCTH KbmOmIeiibl cnoco6oM palfblIIe npe&',OWeHHUM 
aIlTOpaMM. 

IJCnOJIb30BAHkiE METO& PAJklAJ?bIIOn 
TOHKOCJIO~HO~ XPOMATOI’PA@IGi B 

HEOPI’AHWIECKOM KA=lECTBEHIIOM -4HAJIkI3E: 

M. H. HASHMI, M. A. SH.wm and A. A. AYAZ, Tafanta, 1965, 12, 713. 

Yearome-ITocne paagee;ream HOHOB MeTama B rpynnn I-V 
KnaccnsecKoft cxebm KagecTBeHHoro aHam3a na OCHOBaHWK 
CepOBO~OpOAa, ElOHbI Ka)KAO# rpynnbI pa3AelIKlOTCH MeTOAOM 
pa~HaJlbHO~TOHKOCJlOflHOiXpOMaTO~pa~Wi. II~KBoARTH~CKO~~- 
KO paCTBOpuTeJIt?~ U peat'eHTO3 AJIH o6napymeuuK nRTeH, 
npwMemMnxn axiamme rpynn. MeTog HeC3O~HM~ a YAO~H~I#; 
xpoMaTorpaMhfa nony~~aeTcK II 2 MKH. 

IIOJ&TEXBOMETPH~ECKOE OIIPE~EJIEIIME MEAM 
B METAJIJIAX BblCOKOm WiCTOTbl METOAOM 

PAABOAKTBBALJIJOHHOI’O AHAJIZIBA. 

M. K~IIv~EK, F. KUKULA and J. SLUNEEKO, Tufanta, 1965, 12, 721. 

I%+3KMU+Pa3pa6OTaH H36HpaTeJIbHbIti K JIerKO OCyLKeCTBKMbIfi 
noAcTexwobfeTpwsecKHI MeTox am 0npeAeneHw MeAYr bfeToAom 
p~HOaKTUBaqHOHHOr0 aHa.lR3aB aJlK)MBHIIH,KpeMHHH,HCeJIe3e, 
raJIJIBH,qHHKe EI OJIOBe DbICOKOti YACTOTbI. MeTOg OCHOBbIBaeTCK 
Ha 3KCTparlipOBaH&iH Men&i paCTBOpOM AH3TEl.WHTUOKap6ablaTa 3 
xnopo$opare ~3 BoAHoweenowol cpem. Onpexenemiro MeroawT 
TOJlbKO pTyTb,naJI.la~Ufi,cepebpo, OCMHi U 3OZlOTO. 
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Reduction of alkyl disulphides with tripbenylpbospbine: RAY E. 
HUMPHREY, AVIS L. MCCRARY and RODNEY M. WEBB, Tulunta, 1%5, 
12, 727. (Department of Chemistry, Sam Houston State College, 
Huntsville, Texas, U.S.A.) 

Summary-Alkyl disulphides are reduced to thiols by triphenylphos- 
phine in aqueous methanol, with the phosphine being converted to the 
oxide. Water is believed to be the source of the hydrogen and oxygen 
required. The reductions are rather slow; heating for periods of 
several hours is necessary. Maximum yields of 7&80x are generally 
obtained, although some substituted alkyl disulphides, such as cystine 
and dithiodiglycolic acid, are quantitatively reduced. The principal 
analytical application of this reduction appears to be the determination 
of aromatic disulphides in the presence of alkyl disulphides, because 
the aromatic compounds are reduced at a much greater rate. 

Spectropbotometric determination of platinum after extraction of the 
stannous-cbloro complex by high molecular weight amines: M. A. 
KIUTTAK and R. J. MAGEE, Tulantu, 1965, 12, 733. (Department of 
Chemistry, Queen’s University, Belfast 9, N. Ireland.) 

Summary-An investigation of the complex formed between-plati- 
num(IV) and tin(H) in hydrochloric acid solutions has been carried 
out, and its extractibility by various long-chain high molecular weight 
amines (HMWA) in organic solvents examined. The orange 
coloured platinum(IV)-tin(H) complex is quantitatively extractable 
from an aqueous phase into an organic phase of a wide range of high 
molecular weight amines in chloroform or benzene. On the basis of 
this extractability a method has been developed for the spectrophoto- 
metric determination of platinum in the presence of many other 
elements. Comparison of the absorption spectra of the coloured 
species in the aqueous and amine phases indicates the presence of the 
same absorption species in each medium. The extractability of the 
complex by HMWA suggests that the coloured species is anionic and 
not cationic as reported by earlier authors. 

A critical evaluation of calorimetric methods for determination of the 
noble metals-Ill: Palladium and platinum: F. E. BEAMISH, Tuhta, 
1965, 12, 743. (Department of Chemistry, University of Toronto, 
Toronto 5, Canada). 

Summary-Spectrophotometric methods for palladium and platinum 
recorded subseauent to 1958 are criticallv reviewed. Associated with 
the descriptions’of each metal there is included a table which identifies 
reagents recorded before 1958 together with pertinent references. 



BOCCTAIIOBJIEIIEIE AJIKkiJI~kiCYJIb~ki~~~B 
TPB@EHBJIQOCQBHOM: 

R. E. HUMP~EY, A.L. MCCRARY~~~ R. M. WEBB, Talanta, 1965,12, 
721. 

Pe3HtMe-k7K~-l~KCy~lb~~~~ UOCCTaKaB~llBaiOTCH TpH~HKJI- 

#OC~~HOM B BOAHOM PaCTBOpe MeTK~OeOrO Cl%ipTa; @OCgiEH 
npeapaIqaercs3 BOKMCb. KameTc~~TOBo~afiBmeTC~KCTOYH~KOM 

BOAOpO~El M KMCJlOpOAa Tpe6OBaHHOrO B peaKl&iUi. BOCCTaHoB- 

seme ~0cTy~aeT Me~~eKHo: HazO HaI'peBaTb Wpe3 HeC~O~bKO 

UaCOB, B 60JW.WHCTBe CJIyWeB peaKUuit? ROCTEffaeT TOJlbKO 

%80%TeOpH~,XOTSiHeKOTOphIe aJlKKJlAUCyJlb+iA&i,TaK KaK Ha 

HpUMep ~HCTHHK$&lTKOI'JlHKOJI3BaRKACJIOTaBOCCTtiHaBJi3lBatOTCR 

KO~KqeCTBeHHO. Ba~He~~~M npKMeKeHKeM 3TOrO BOCCTaHOB- 

.IeKKfi B aKami3e mmeTcK 0npeAeneKae apOMaTHYeCKAX 

ABCyJlbi@iAOB B IlpHCyTCTBHH anKKJIASWyJlb#KAOB,CTeXnOp KaK 

CKOpOCTh BOCCTPHOB.?eHAR apOMaTW~eCKi~X COL?AHKeHA& FOpa3AO 

(iO.lblIH?. 

JIEKCA C OJIOBOM(II)BbICOKOMOJlEKYcWIPHbIMM 
AMUHAMII: 

M. A. KHATTAK and R. J. MAGEE, Taianta, 1965, 12, 733. 

Pe3IOM&---MCC,leAOBaH COCTaB KOMlIJIeKCa llJlaTUHbl(IV)C OJIOBOM- 

(II) B COJlRHOK~CJIbIX paCTBOpaX H er0 3KCTpatWpOBaKMe paCT- 

BOpaMH pa3~~qH~X B~COKOMO~leKy~~pH~X aM&iHOB ~~KHHO~ 

qenbm (BMA) B opratwieeK~x pacTsopaTemix. KonfnneKc 

llJIaTEiHN(IV) II OJlOBa(II) OpaHIKeBOrO q3eTa eKCTpaI%ipyeTCfI 

KOJILFWCTBeHHO K3 BOAHO& B OpraHWeCKyIO @3y,COCTOR~yIOCR 

113 pa~T3Opapff~a B~COKO~O~eK~Jl~pH~X a~KHOB BX~OpO~OpMe 

mlM Bewaone. HaOCHOBaHKK3TOrOnOBe~eHmpa3pa60Ta~MeTO~ 

AJIR CIleKTpOf#OTOMeTpH~eCKO~O OnpeAeAeHHH IIJIaTIlHbI B IlpH- 

CyTCTBW MHOrOqM~~eHH~X EpyI'UX 3JIeMeHTOB. CIIeKTpht CBeTO- 

~Or~O~eHIiRBO~HO~M~MAHOBOtt~a3bI~OK~3blB~H)TIipElC~TCTBMe 

OAHOI'O H Tore me a6cop6Hpymqero BeqecTBa B 3THX cpenax. 

Ha OCHOBaHHU 3KCTparHpOBaKkfK KOMnJIeKCa C B&i CWTaeTCR 

4TO O~pa~~eHHOe Be~eCTBO aH~OHHOr0, He KaT~OHHOrO XapaK- 

Tepa,KaK coobureao PaHbliIHMIM aBTOp3MH. 

KP~T~~~~KA~ OQEHKA KO~OP~METP~~~CK~X 
METOAOB @ISI OIIPEflEJIEHkifI BJIAJ.'OPOflHbIX 

METAJIJIOB-III: rIAJIJIAjQifi I4 WIATZIHA: 

F. E. BEAMISH, Talanta, 1965, It, 743, 

PesIolw-KpaTMrecKEi o6cymAaH)TCR cneKTpo~oToMeTpwsebK&ie 

hfeToAbi gnfi 0npeAenemR nannaAkifs u nnaTmbI, ony6nHKo- 
BaHHbIe nome 1958 roaa. B O~KCaHK~ K~~oro MeToAa BKJUO- 

qeKa TaBnwqa peareKroB permTpHpoeaHrmx npeltrne 1958 r. 

BMeCTe C.WTepaTypHMMK WbIJIKaMll. 



Summaries for card indexes V 

S~~t~~ic detain of seIeniom in tech&al sulpburic acid 
by o-pheay1enediamine: K. T~EI and K. 1~5, TaZanta, 1965, 12, 773. 
(Department of Chemistry, Faculty of Science, Okayama University, 
Okayama, Japan.) 

~ma~~phenylen~iarnine reacts quanti~tively with selenium to 
form piaselenol even when a large amount of sulphate is present. 
Piaselenol is extracted by toluene and the absorbance at 335 rnp 
measured to determine the amount of selenium in technical sulphuric 
acid. Interference from iron(II1) and nitrous acid can be conveniently 
eliminated by adding EDTA and urea before colour development. 

Reversible indicators for titrations with hypochiorite: R. BELCHER, 
I. EL-KHIAMI and W. I. STEPHEN, Tdanta, 1965, fZ, 775. 

Summary---Several sulphone-phthalein indicators have been examined 
to test their possible application as redox indicators in titrations with 
hypochlorite, bromate, iodate and chloramine-T. It was confirmed 
that Cerana’s indicator, Bromothymol Blue, is an excellent reversible 
indicator for titrations with hypochlorite. Bromocresol Purple is 
possibly slightly better. Cresol Red, Xylenol Orange, Thymol Blue 
and Methyl Thymol Blue are also suitable, but there is little point in 
using them, because the first two are converted to Bromocresol 
Purple and the fast two to Bromothymol Blue. In the remaining 
systems the indicators were inferior to or no better than conventional 
indicators. 

Formal potential of tris(z,2’dipyridyl)iron(H) solphate: R. BELCHER, 
J. N. BRAZIER and W. I. STEPHEN, Talanta, 1965,12,778. (Department 
of Chemistry, University of Birmingham, Birmingham 15, England.) 

Summary-The formal potential of tris(2,~-~pyridyl)iron(II) sulphate 
has been redetermined and is now reported as I.023 V in 1F sulphuric 
acid as against the generally accepted value of 0.97 V. This new figure 
accounts for the hitherto inexplicable behaviour of the indicator in 
the titration of iron(I1) with dichromate. 

3,3-Diphenylindane-1,2dione dioxime as a highly sensitive precipitant 
for palladiam: L. S. BARK and D. BRANDON, Talania, 1965, 12,781. 

Summa~--3,3-Diphenylindane-l,2-dione dioxime has been prepared 
and a preliminary investigation shows it to be more sensitive than 
indane-1,2-dione dioxime as a precipitant for palladium(I1). 



_4HHoTa~KK CTaTefi 

CIIEKTPOcDOTOMETPINECKOE Ol-IPE,QEJIEHME 
CEJIEHA B TEXHkNECKOm CEPHO%i KWJIOTE: 

K. TOEI and K. ITO, Toluntu, 1965, 12, 773. 

Pemm+-+~eHuaeHAaaMaH pearnpyeT HomvecTBeHHo c cene- 
HOM ObpaaySi IIElaCeJIeHOJI, aaWe B npHCyTCTBHH eHaYHTeJlbHHX 
KomqecTB cynb@aT-HoHa. KoHqeHTpaqmo ceneHa B TexHmecKoti 
cepHoti mcnoTe 0npe~enmoT awTpamposaHueM nuacenenona c 
~onyono~ II namepeHaebf cseTonornomeHea npu 336 MMK. 
Bnwnwe xeJIeaa(III) EZ a8OTHCTOi KWCJIOT~I MOHCHO nerK0 
mmowiTb AoBaeneHweM paCTBOpy 3fi~~ EI M04emibI nepen 
npoasaeHweM oKpacm4. 

OBPATM[MbIE IIHAkIICATOPbI &WI TMTPOBAIIMfl C 
I’BI’IOX.‘IOPMTOM: 

R. BELCHER, I. EL-KHIAMI and W. I. STEPHEN, T&nta, 1965, 12, 775. 

PealeMe-BCC.?leaOBaHa IIpHMeHWOCTb IIeKOTOpblX Cy;Ib@OHo@- 

Ta:leHHOBbIXEiHAKHaTOpOIIBKa~eCT~e OKHCJIHTeJIbHO-BOCCTaHOIJK- 

TedbHbIX KHAKKaTOpOB npK TKTpOIGIHIiRX C paCTBOpaMK rUnOX- 

:lopaTa, 6pohfaTa. KoAaTa II ?i.?OpaMKKa T. noATsep%aeIIo YTO 

MII;[KKaTOp UepaHa-6pOMOTMMO.ICHHIiti-IIpeACTaIGIHeT OT.YIK'IHbIfi 

06paTIIMbIti HHAkiKaTOp A.TR THTpOUBHPII C IWIOX;IOpHTOM. 

IjpOMKpe3OJInypIIypHbI~ KaH(eTCR Aaxe HeCKOJIbKO ;ryYIIIKM. 

I<pe30nKpacKbIti,Kca:IeHo:ropaH~esn#,~K~0.wK~Id4 H MeTK.?TK- 

MO.:ICHHIdt TOme IIOAXO;lJI~Ke. HO HCIlOJIb~OBaTb KX He CTOKT 

IloToh~y~I~0~eaIIep~~xnpe~paII~aloTcKs6po~Kpe3onngpnypK~IB, 

a ;wa IlocaeAwix II ~~OMTYIMO.WIHM~~. B 0cTa;lbHbIx cKcTeMax 

MK~AKaTOpA 6hI..lIi Xyitir K.l&l lle .7;v'IltlC 'IeM 06bIKHOReHHhIe 

lIK~lfli~\TOphI. 

R. BELCHER, J. N. BRAZIER and W. I. STEPHEN, Tulmta, 1965,12,778. 

Paamw--CHoea onpexeneli QophtanbHnit n0TeHqHa.g Tpm(2,2’- 
nmep~~m)mene:~a(II) ; o6HapymeHHnti noTeHuHan paoeH 1,023 
VU1 F CepHOftKUC;IOTC,IIpOTKB06I~eIIpHHRTO#BeJIWIKHbI0,~?V. 
3Ta HOBaR Be:IWIKHa 06WiCHReT A0 CHX IIOp HeO6%RCHHMOe 
IIo~tc~eKKeatrnIiIia~ropa np~TKTpOl~aIiKK~e.~esa(II)C,~xpoMaToM. 

3,3-A~~E~rI?nMHAAH-l,S-ABOHALIOKCRM 
BbICOKO~IX:BCTBklTEJIbHbI~ PEAKTUB &WI 

OCAWJJEHBH IIAJUIAAMJJ: 
L. S. BARK and D. BRmDoN;Tuhntu, 1965,12,781. 

~e~IoM~~,~-~K~HP,lEIH~aH-~,8-~POH~KOKCKM 6121.9 npKPOTOB- 

;leHUBIIpe~BapUTeJIbHbIXOIIbITaXOKa3aJICR donee 4yIlCTBHTeJIb- 
KhIM OT KH~aH-3,2-AKOHjQIOKCKMa B IiageCTBe OCawt;[aIOUIeI'O 

ilI‘CHTR ,?.'lR IIa.'l.'la~HH(II). 



SUMMARIES FOR CARD INDEXES 

Applicatkm of anodic strippiag voltammetry to the det&tioa of 
mercury in lithium sulplmte: P. EMMY, Talanta, 1965, 12, 651 
(M.G.O. Inspectorates, Chemical Inspectorate, Royal Arsenal, 
Woolwich S.E.18, England). 

Summary-The technique of anodic stripping voltammetry, using a 
carbon-paste electrode, has been applied to the determination of mercury 
in solutions of I.8 M lithium sulphate. Over the range 0.08-2.5 rg/ml, 
the relationship between peak current and mercury content is linear. 
At the higher level, the standard deviation of the results is 0.1 &ml, 
falling to 0.04 pg/ml at the lower level. The interference of other 
cations has been studied and their effect overcome by the use of a 
standard addition procedure. 

A study of the cobalt chloro-complexes in dimstbylformam ide aad the 
we of one of them for the spe&opbotometrie determiaatioa of cobalt: 
LEROY PIKE and JOHN H. YOE, Talanra, 1965, 12, 657. (Pratt Trace 
Analysis Laboratory, Department of Chemistry, University of 
Virginia, Charlottesville, Virginia, U.S.A.). 

Samma~--Cobalt(ll) forms deep-blue stable chloro-complexes in 
dimethylformamide. One of them, (CoCI,)*-, is used for the spectro- 
photometric determination of cobalt. Optimum analytical conditions 
have been established. Beer’s law is obeyed between a cobalt con- 
centration of 5 and 1OOppm; a wider concentration range. was not 
investigated. Sensitivity of the colour react/on is O.lOpg of cobalt 
per cm’ for log IO/I = 0.001. A large excess of many foreign ions can 
be tolerated ; an ion-exchange separation is used when necessary. The 
method has been applied successfully to the determination of cobalt 
in steel, ferromanganese and a nickel-copper alloy. 

Vaaadiam compounds ia redactimetric titrationb1: St4unIardIsatIon of 
vanadIum(I1) s&hate with Iron solution: K. L. CHAWLA and J. P. 
TANDON, Taluntu, 1965,12,665. (Department of Chemistry, University 
of Rajasthan, Jaipur, India). 

Summary-Methods of standardisation of vanadium(I1) sulphate 
against iron(ll1) sulphate are described. The standardisation can be 
&ried out visually at a temperature of about 80” using acetylacetone, 
or meconic. salicvlic or sulohosalicvlic acids as internal indicators. The 
titration Can be &rried o;t at rodm temperature if copper(I1) is used 
as a catalyst; the end-point can be detected with methylene blue, 
gallocyanine or potentiometrically as well as by the indicators listed 
above. The copper catalyses the oxidation of vanadium(II1) to 
vanadium(lV), which is slow at room temperature. 



~P~MEHEH~E tWOfit_IOfi ~TP~rI~~Hr BOJlbTAME- 
TPZlM B OIIPE~EJIEHMM PTYTLl B CYJIbQATE 

JIIITIGI : 

P. Emo’r-r, Wunta, 196.5, l?, 651. 

h%HOMct--MeToR aKo;2tro8 r:Tprrnnuer ~O:~b~a~e~puu. no.l,ayucb 
yroJrbHblm aneKTpoRomr9 nuxe naCTbc, npnmeKeH B onpei(enearru 
pTSrfu B 1,8M paCTBOpaX Cyflb@aTa JluTuH. B o6JracTki 0,08-2,6 
mr/na cyqecmyeT nmettraoe omiomeme wemny IIBKO~M ToKom 
Y monnqecT3ox p~y~u. ITpu B~ICU~WX KoHqeKTpaqufixcTaunapT- 
iian onrH6Ka peayzrbTaToi3 paBHa 0,l ~Krj~r a npu ~usKMix 
KoH~e~pa~u~x 0.04~~r~~~l. MayYew nomexm ~pyruxKaTuoKoB 
H ~a~r~~o BX K.-fuuKue mcl~o.~b3oKa~Kem cTaK~apTn0~ npo- 
tleagpbt ~06anKK. 

ZI3YYEHHE X,‘IOPO-IiOMfLJIEKCOB KOBAJIbTA B 
AkiMETBJIQOPMAMkIAE EI kiCrIOJIb30BAHME 

O~HOrO 113 HZIX HJIR Cl-IEKTPOQ?OTOMETPM- 
=IECKOrO OIIPEflEJIEHMfI KOBAJIbTA: 

LEROY PKKE and JOHN H. YOE, Taianta, 1965, 12,657. 

~e3iDM@--~O6ajIbT(I~) 06paQ’eT T~MHOCuHKeyCTO~~uB~oX~O~O- 
KomnseKcbl B ~umeTn~~opmamu~e. Oa~ahi ~13 mx-(CoCl#-- 
IlO~b3y~C~ JWK CnoKT~O~TOmeTpu~eCKO~O 0Kpe~e~emm~ 
KOCiiWfbTEi. ~CTaHOB~effu O~TuMa~b~e yGlIOBuZi. 3aKOH &?,pa 
~o6~~~aeTc~ B o6JxacTu KoKqesiTpaquu Ko6anbTa Ei ~0 100~rjj1. 
Bonee ruupoKas% 06jraGTb KoHqeeHTpaquw He 6bzna mbcjre&o- 
BaHa. ZfCTByBuTeZlbHOCTb IJBeTHOtt peaKI&uu o,lo MHP KObaJlbTa[ 
car'~n~logb/i= 0,001. MHO~K~CTBO~OHOBB 6oaburemra6brrKe 
He memaH)T onpe&enefnno; B cnysae HeoBxowmoro snp;eaexwrr 
nOJlb3ylOTCR uo~oo6me~~~~ MeTOAOM. OIfmCaEHLJlt BbIIIIe meT0~ 
6bI.Z yCllerllH0 IJpHMetWH AJIH OlIpe~eJleHuH KO6aJlbTa B CT&TIU, 
GeppomapraHue ucnaaee HuKenfl u meilK. 

~~IIO~b3OBA~i~~E COE~~~E~~~~ BAHAMAS B 
BO~CTAHOB~TEJI~HbIX T~TPOBAH~~X-~: 

B’CTAHOBKA TMTPA CYJIb’RATA BAHAA~~(rI) 
PACTBOPOM ~EJIE3A(fII): 

K. L. CHAWLA and J. P. TANDON, Tufanta, I965,12,665. 

&FdlOMI?---(hUK&ItlaIOTCu MeTOAbt yCTaHOBKH TuTpa paCTBOpOB 
cynbr#aTa siur~~rr(ll) cy:rbtpaTom xeneaa(I11). TerrpoeaHme 
flpOBOEUTCfi llpu TeMJlf?paType OKOJlO 80°C BH3yZlJlbHblm KOHqoM 
TMTpOBaHHR, c ncnonbaouannem aqeTKnaqeToHa, meKo~oBo~, 
cannqnnonofi nnu cynbf#ocanmqnJroBofi KEI~~OT B KaqecTBe 
BHyTpeHHOl'O KHAHKaTOpa. TuTpOBaHue MO?WIO IlpOBeCTu II&W 
KOmHaTHOff TemllepaType IIOnbayHCb MeAbIO(II) B KaWCTBe 
KaTadrnaaTopa. fcoHeq ~uTp0~a~kl~ 06HapySZ¶BaeTCSi meTu;leHo- 
BbIM ~o~y6mm, ra~*lo~uaHmuom ujfm ~0TeH~momeTpuqe~Kmm 
MeTO~OM, IiJIu C K~nO~b3O~aHuem uHx~iKaTOpOB nepe~u~eu~~X 
tlbzrne. _~e~b(II) KaTanaayeT oK~c.~eHne KaHa~uK(I11)~ BaK~u~ 
(IVf,KOTOpOenocTynaeTme~~eHHonpuKOMHaTHOttTemnepa~y~e. 



Summaries for card indexes 

Ampcmmeby with two polahahle el-VI: -le 
detennlnatlon of copper: J. VORL@EK and F. VYDRA, Talanta. 1965, 
12, 671 (Analytical Laboratory, Polarographic Institute of J. Heyrov- 
ski, Czechoslovak Academy of Sciences, Prague 1, Jilskh 16, Czecho- 
slovakia). 

Summary--A study of the determination of copper by titration with 
EDTA, using biamperometric detection of the end-point with two 
stationary platinum electrodes, is reported. The influence of pH, 
applied potential, temperature and rate of stirring on the course and 
accuracy of the titration are examined. The selectivity of the titration 
is investigated and possible analytical applications discussed. 

Detemdaatlon of deactlvatcd olellnes on the aulnnkre scale: R. BELCHER 

and B. FLEET, Tahnta, 1965, 12, 677 (Dqwtnmt of Chemistry, 
University of Birmingham, Birmingham 15, England). 

Summary-Oldines which do not undergo the normal addition 
reactions with electrophilic reagents can be reacted with the nucleo- 
philic reagent morpholine to form a tertiary amine. A submicro 
method using this reagent has been developed. When the addition 
product is basic it is titrated after acetylation of the excess morpholine; 
when it is neutral the excess of morpholine is titrated. 

sprxtrophotometrlc detfamhlatloll of nloblum(v) wltll Bromopyro- 
gall01 Red: R. BELCHER, T. V. RAMA KIUWINA and T. S. Wesr, Tuhra, 
1965, 12, 681 (Department of Chemistry, University of Birmingham, 
Birmingham 15, England). 

!3munary_Bromopyrogallol Red reacts with niobium(V) in a tartrate 
medium at pH 6.0 to form an intense blue wloured 3:1 reasnt; metal 
complex (& mC1 = 60,000); the reaction is gelatin sen&ised. In a 
medium made lo-*M with reset to EDTA a 2:1 wmnlex is formed 
and though the sensitivih/ de&eases slightly (rely mr 2 53,000). the 
reaction becomes highly selective towards niobium. ‘After the addition 
of masking agents to complex the few interfering ions, no interference 
is found from NO&fold excesses of the 34 cations examined, including 
tantalum, tungsten, molybdenum, titanium, zirconium, beryllium and 
thorium, or from any of the wmmon wmplexing anions, including 
phosphate and fluonde. The conditional stability constant for the 
3 :I complex is 2.7 x 101* and for the 2: 1 complex, 1 x 10”. The 
wlour system is stable and reproducible and the proposed method 
seems to be the most sensitive visible-range spectrophotometric method 
so far proposed for niobium(V). 



AMI-IEPOMETPBH C MCIIOJIb30BAHHEM ABYX 
IIOJIFIPH3YEMbIX BJIEKTPOAOB-VI: 

XEJIATOMETPINECKOE OIIPEAEJIEHME MEAH: 

J. VORL~~K and F. VYDRA, Tulunta, 1965, 12, 671. 

Pearome---ElayreHo onpeaenemie MefiIi wrpomiltear c BATA, 
C KCllOJlbZlOBaHEIeM 6naMnepoMeTpsi~ecKoro HH~H~HpOBaIUm 
KOHqa TKTpOBaEUiJi C gByMFI HC?IIO~BWEUiblMH lIJIaTEROBYMH 
aneKTpoj3alar. &CneaOBaHO BJIHRHH~ pH, npAaomeHHoro 
noTeHuzfana, TeMnepaTypbI w CK~~~CTA nepensemmaxim 

!ia TeYeHAe H TOYHOCTB TKTpOBaHHR. kkXXe~OBaHa TO?Ke m6np - 
Te.lbHOCTbTWTpOB;LHHR:H06CyHcAaeTC~ei!npHMeHeHHeBaH~Uae. 

OrIPEAEJIEHHE AE3AKTtiBTPOBAHHbIX OJIE’DAHOB 
B CYBMHKPOAHAJIMTINECKOM MACUITABE: 

R. B~LCHER and B. FL=, Talantu, 1965, 12, 677. 

h?IORW---OJl@IKHbl KOTOphE He IlO~BepIYUOTCfi 06bIKHOBeHHHYH 
peaKqmm npmoep(wHemn c aneKTpo@fnbHbtrm peareHTam 
nory~ pearsipoeaTb c HyKJIeo@mbHbxM peamiToar ~op~onaao~, 
c 06paaosaHHet4 TpeTKworo amHa. Paapa6oTan nfeTon B 
Cy6MiiKpOaHaJIHTK9eCKOM uacmTa6e lIO.rIb8yiO~&3? 8THY pe- 

arewcoy. B CJlyqae OCHOBHOI-0 IIpOQ'KTa llpACOt3~lWit?HAli 
TKTpyloT npOnyKT nOCJIe a~eTKJIlipOBaHSiX H'd6bITKa MOpijOJIHHa; 
UC~y~aeHeiiTpaJlbHOrOnpOJ.lyHTaTBTpyH)TWa6bITOK MOptfIOiXlHa. 

CIIEKTPO@OTOMETPNECKOE OIIPEAEJIEIIIlE 
HBOBHR(V) C BPOMOIIIIPOI’AJIJIOJI KPACHbIM: 

R. BELCHER, T. V. RAWKRISHNA and T. S. WEST, Tuhta, 1965, 12, 
681. 

PeeloM~~BpOMOnKpOraJI~O.~ KpaCHLd pearupyeT c HKO6KeM(V) 
tl ~K~~0~~2~10ftcpegenpKpH 6,0 Ko6paayeTKHTeHCWBHOCKHPil 
KOHnJIeKC B OTHOmeHWYI pf%iItHT:MeTtlJJJI 3:1 (eel0 MMK = 60,000); 
peaqm ceHca6mHaHpoeaHa H(enaTmoM. B pacmope lo-* M 
B OTHOmeHWH Ha 3.4~~ o6paayeTm KomneKc 2:l n pearcqna 
CTaHOBKTCR BbICOKO ki36EipaTeJlbHOii JJJIR HHO6WR,XOTR 'IyklCTBK- 
TeZIbHOCTb HeaHaYHTeJlbHO yMeHbmaeTCfi (relf,~MK = 53,000). 
nocne Ao6asneHwR Macmpylonwx aremoe He o6HapyHceiibi 
nOMeXH OT l@%KpaTHOrO Ha6mKa 34 HEIy'leHHblX KaTWOHOB, 
BKJIIO'lall TaHTaJl, BOJfbI#paM, MOnK(iReH, TWTaH, JJHpKOHW#, 
6epwnn~9 I( TOpKii WJIW OT 06bIKHOBeHHbIX KOMnJIeKCO- 
otipaayloqsix aHKonoB BKnwiaK CbocQlaT- w QITOPHAWOH~L 
~'CJIOBH~H KoHcTafiTa ~CTO@IHBOCTW paBHa 2,7 x 1O1O ~JIR. 
KOMnjIeKCa 3:1 El 1 X 10” AJIFI KOYnJeKCa 2:1, COOTBeTCBeHHO. 
OKpaCKa yCTO&klBaR H nOBTOpfieMaJ3; KaHIeTCH BTOT MeTOa 
IIpeJJCTaBJIJieT A0 CBX nOp CaMblti YyBCTBHTeJlbHblti CneKTpOl$O- 
TOMeTpEYeCKH# meTon I3 o6SIaCTn BnmiMOrOcneKTpannli onpege- 
:IeHHR: moBm(V). 



Summaries for card indexes 

AnaIysis of metal dM!htes-w: !3hlulw plhrogmphic #latemi- 
nationofmetalsiIlld8-hydroxyqllwheinmet8l8-hydro~tes: 
Y. TANIGAWA. S. MINAMI and K. TAKIYAMA, Talanfa, 1965, 12,691 
(Mukogawa Women’s University, Nishinomiya, Japan). 

Summary-Studies of the simultaneous determination of metal and 
8-hydroxyquinoline in metal &hydroxyquinolates have been made by 
a.c. polarography, after precipitation of the chelates by a conventional 
procedure and re-solution in a suitable medium. Cadmium, cop 
lead and bismuth may be determined, together with 
but the zinc peak cannot be distinguished from 
quinoline under the conditions employed. 
results are discussed. 

Applications of chhtometry-XVII: Titrimet& dbmhtkm of 
silver ions via redaction to the elematrl state: C. HENNART, Tahta, 
1%5,12,694 (Seraincourt, Val d’Oise, France). 
Summary-Silver(I) ions are determined via their quantitative 
reduction with elemental copper; the copper(H) ions formed are 
titrated, without filtration, by EDTA using Murexide as indicator. 

-ic lIewmhatkmofpaIIadIumwitIlpyridine-wdehyde_ 
2-pyr&lyN~yclramne: C. F. BJU and D. R. ROSE, Tahta, 1965,12,6%. 
(Department of Chemistry, Brunei College, London, W.3.. England.) 
Summary-Palladium(H) and pyridine2-aldehyde 2-pyrid Ihydrazone 
form a red complex in aqueous solution with maximum L velopment 
of colour at pH values between 11.5 and 11.8 (Lx = 520 nvr). A 
procedure is described for the accurate. spectrophotometric determi- 
natton of l-10 rg of palladium. Only a few metal ions interfete and 
their interfemnce can be prevented by the addition of EDTA. 



Ammaqua matweft 

AHAJIMB XEJIATOB METAJIJIOB-IV: OAHOB- 
PEMEHHOE OXIPEAEJIEHHE METAJIJIOB EI 8- 
OKCHXMHOJIHHA B 8-OKCkfXItXHOJIMHATAX 

METAJIJIOB: 

Y. TANIQAWA, S. MINAMI and K. TAKIYAMA, Taianta, 1965, 12, 691. 

Pes~~~diayw~o o~ospelaeame 0npeAeneaae memma H 
8-oKcHluraan~aa~8-oKc~~Ho~H~aTaxKeT~~onnoJurporpa~a- 
qecw ueTogor nplr nepebfaearror ToKe, nocne 0camAewui 
XenaToB 06~KEoBeturarM MeToZlou Ii noBTopHbw pacTBopemier B 
nomommei cpene. Mowto onpezlemfrb Kwss&ueab,cBmieq 
H Bl#ClfyT BYeCTe C 8-OKCEXEHOJUiIiOY, HO B npHMeHeHEHX 
ycnoawix ue yaaeT0-f paamiraTb ~HK waKa OT nHKa 8-OKCE- 
XHAOJISfHa. ObCyIK~aIOTCJi HeKOTOpbIe BarJIm iia pe?JyJlbTaTbI. 

IIPIlMEHEHIlE XEJIATOMETPMki-XVII: 
TkITPMMETPB9ECKOE OI-IPEflEJIEHRE ElOHOB 

CEPEBPA IIYTEM BOCCTAHOBJIEHHR A0 
NIEMEHTAPHOI’O COCTORHHfi: 

C. HENNART, Talmra, 1%5,12,694. 

Pemo~~o~~ cepe6pa(I) onpezeenmorcfi nyTeH xomwecmexi- 
HOI.0 nOccTaHOBJIeHHff c NeTa.WIK'WCKOtt uremi; 06paBoeiurwe 
HOIibl MeJJH(II) TKTF$'IOTCfl-6e~ f$lHJIbTpOBaWHH-paCTBOpOM 
~~TA,CKCnOJrbaOBaHHe~laypeKCHAaBKaYeCTBeUHAKKaTOpa. 

CIIEKTPOQOTOMETPBUECKOE OIIPEflEJIEHkiE 
IIAJIJIAJJHH nIIPWAEIH-2-AnbAErHA-2- 

~MP~~BJIIW~PA30HOM: 

C. F. BELL and D. R. ROSE, Takanta, 1965, 12, 696. 

Peaxe~b~aJxnamfii(II) o6paayeT c nHpqIwx-%asb~ermI-2- 
nKpwwnr~paeoHoat KowmeKc Kpacnoro qsma B.BO~~OM paw 
Bope CM~KCHM~JI~A~~Y~~OIIBJI~HH~YIOH~~CHH~~~ pH 11,6-11,8 
(1 MaHC = 620 Mm). OnEcaE% npouenypa Ann TO’IHOrO cnempo- 
@oTolaeTpmecKoro onpegeaeHasi l-10 mr namamirr. TOJI~KO 
Hebuiorne HOHU KefannoB HemanT onpe~eaemixo K ux mumHue 
MOH(HO yCTpaHHTb ~o6awIeFmear 3nTA. 
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NOTICES 

The Commission for determination of Trace Elements in Food of the Intematioaal Union of Pare 
and Applied Chemistry has prepared methods for the determination of traces of lead [Pure Appl. 
Chem., 1965, 10(l), 711 and of mercury (ibid., 77). 

HUNGARY 
Wednesday-Saturday 20-23 April 1966: International Conference on Application of Pbyslco- 

Chemical Methods in Chemical Analysis: Hungarian Chemical Society under sponsorship of 
Department for Chemical Sciences of Hungarian Acaakm_y of Sciences. Budapest. 

The Conference will be organized under the following sections: 

Theoretical questions of chemical analysis 
Electra-analysis 
Thermal analysis 
Chromatography 
Spectrophotometry 
Radiochemistry and activation analysis. 

The official languages adopted will be: English, German, French, Russian and Hungarian. Lectures 
will be followed by discussions for which the necessary interpretation will be secured. 

Further information may be obtained from Organising Committee of Analytical Chemistry 
Conference, c/o Magyar Kemikusok Egyesiilete, Budapest V, Szabadsag t&r 17, Hungary. 

UNITED KINGDOM 
Monday-Tuesday 5-6 July 1965 : Conference on Low-level Radioactivity Measurements-Liita- 

tions and Techniques: Institute of Physics and Physical Sociefy. Imperial College, London. 
The provisional programme is as follows:- 

Session I: Introduction 
Monday, 5 July 

Survey papers will be presented by S. C. CURRAN and G. R. MARTIN 

Session II: Techniques of Alpha-Particle Counting and Spectrometry 
Topics dealt with will include limitations of current techniques of alpha-spectrometry and 

advances in the use of gas-flow counters and semiconductors. 

Session III: Assay of Samples Emitting Beta-Particles 
Part 1. Survey of developments in general counting techniques, including the use of scintillators, 

proportional counters and semiconductor detectors. 
Part 2. Measurement of low concentrations of radionuclides emitting low energy beta-particles. 

Tuesday, 6 Juty 

Session IV: Analysis and Assay of Gamma-Ray Emitters 
Topics considered will include investigations of sources of background, the use of computer 

programmes in the analysis of gamma-ray spectra, low energy gamma-ray spectrometry, the 
applications of coincidence techniques and the use of semiconductor detectors. 

Session V: Chemical Techniques 
Radiochemical separation and purification of radionuclides at low concentration. 

Session VI: Accuracy and Low-Level Measurements 
Special attention will be given to uncertainties arising in sampling, chemical processing and 

counting statistics. 

Session VIII: Some Applications of Law-Level Counting 
Part 1. Measurements of environmental radiation. Topics will include measurements of atmos- 

pheric radioactive xenon, the use of an activation technique in determining the dose rate in the upper 
atmosphere due to fast neutrons and investigations of radionuclides of very long half-life. 



ii Notices 

Part 
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2. Measurement of radioactivity in the human body. Topics will include the general design 
computers and in particular the use of proportional counters in measurements of plutonium- 

Monday-Sarurduy 12-17 July 1965 : XII Intematiooal Spectroscopy Colloquium. University of 
Exeter [see Talanta, 1964,11(4), vi]. 

Monday-Friday 19-23 July 1965: Society for Analytical Chemistry Conference 1965. University 
of Nottingham, Nottingham. 

The programme, subject to minor alterations, will be as follows: 

Monday, July 19 
Opening Address by A. A. SMALES Ana&ical Chemistry-Science or Technology ? 
Session A-_Afrernoon 

A Standard Biological Material for Elemenfary Analysis by H. J. M. B~WEN 
Examination and Determination of Cephaloridine by J. L. MARTIN and W. H. C. SHAW 
Analysis ?f Phosphatides by Means of Potentiometric Titration in Non-aqueous Medium by P. SMITS 

and J. KUIPER 
Fundamental Studies in Automatic Digestion by J. F. MARTEN and G. CATANZARO 

Session B-Afternoon 
A Prototype X-Ray Milliprobe Analyser by F. W. J. GARTON, J. T. CAMPBELL and J. WATLING 
Determination .of Microgram Amounts of Zirconium in Uranium and Steel by X-Ray Fluorescence 

Spectroscopy by B. L. TAYLOR 
A Study of Silicon Determination in Organo-silicon Compounds by X-Ray Fluorescence with Vacuum 

Spectrograph by F. L. CHAN 
Analysis of Plastics Materials: X-Ray Fluorescence Examination qf Volatile Liquids with the Philips 

P W1540 Spectrometer by D. C. M. SQUIRRELL 

Session A-Morning 
Tuesday! July 20 

Studies on the Relationship between Molecular Structure and Chromatographic Behaviour-1V: 
Behaviour of Some Nitrophenols Chromatographed by Partition Chromatography by L. S. BARK 
and R. J. T. GRAHAM 

Use of Thin-layer and Semi-preparative Gas-Liquid Chromatography in Detection, Determination and 
Identification of Organo-phosphorus Pesticide Residues by D. C. ABBOTT, N. T. CROSBY and 
J. THOMSON 

Some Fundamental Aspects in the Practice of Thin-layer Electrophoresis by W. J. CRIDDLE, G. J. MOODY 
and J. D. R. THOMAS 

Qu(l,ntit$iveytrlysis of Fatty Alcohol-Ethylene Oxide Adducts by Thin-layer Chromatography by 
. . 

Direct Conductimetric Titration of Acidic and Basic Compounds Resolved by Thin-layer Chromatography 
by W. B~ARDMAN and B. WARREN 

Session B-Morning 

Determination of Some L@ht Elements by Charged-particle Activation Analysis and Measurement sf 
Prompt Radiation by T. B. PIERCE and P. F. PECK 

Determination of Microgram Amounts ?f Fluoride by a Pyrohydrolytic Lanthanum-Alizarin Complexan 
Procedure Designed for Plutonium-containing Materials by A. G. DAVIES and J. K. FOREMAN 

Determination of Tellurium in Gallium Arsenide and Germanium by Neutron Activation Analysis by 
K. W. LLOYD 

Spectrochemical Analysis of Radioactive Materials-VIII: The Spectrographic Analysis of Minute 
Samples by V. SVOB~DA 

Determination of Rare Earths in Substituted Yttrium Iron Garnets by Neutron Activation and y-Ray 
Spectrometry by K. W. LLOYD and E. J. MILLETT 

Session A-Afternoon 

Analysis of n-Alcohol-Ethylene Oxide Adducts by Gas-Liquid Chromatography by W. LAZARUS 
Organic Trace Analysis by Measurement of Photoluminescence by C. A. PARKER 
Recent Advances in the Analysis of Polfivinyl chloride) Compositions by L. H. RUDDLE, S. D. SWIFT, 

J. UDRJS and P. E. ARNOLD 
An Infrared Method for the Determination of Small Amounts of Acetaldehyde in Aqueous Solution by 

D. M. W. ANDERSON and J. F. S~ODDAR~ 
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Session B-Afternoon 

Application of Controlled-potential Coulometry to Determination of Plutonium by G. PHILLIPS and 
G. W. C. MILNER 

Electrophoresis on Cellulose Acetate Membrane in Strong Electrolytes: Determination of Electro- 
phoretic Mobility of Some Actinide Elements in Hydrochloric and Nitric Acids by F. CLANET 

Some Aspects of Spectrochemical Analysis of Actinide Elements by F. T. BIRK~ 
Determination of Some Constituents of Rocks and Minerals by Fast-neutron Activation Analysis by 

J. M. BLAKES, P. G. JEFTERY, D. W. DO~NTON and J. D. L. H. WOOD 

Wednesday, July 21-Morning 

Lecture by A. T. JAMES Adventures in Chromatographv 

Session A-Morning 
Thursday, July 22 

Titrimetric Quality (Q) of and Feasibility for Symmetrical Ion Combination Reactions having Products 
of Constant Activity by E. BISHOP 

Aminoanthraquinone Indicator Dyes and their Application by I. KRAUSZ and A. ENDR~I-HAVAS 
Determination of Trace Amounts of Silver with Diphenylthiocarbazone in High-purity Cobdt, Lead, 

Nickel, Zinc and Other Metallurgical Products by R. CARSON and E. G. WALLICZEK 
Determination of Indium by Solvent Extraction Followed by EDTA Titration by: 3. A. CLEMENT~ and 

T. DAVIES 
A Kinetic and Titrimetric Study of Determination of Iron11 

and E. BISHOP 
with Potassium Bromate by J. M. OTTAWAY 

Session B-Morning 

Thenoyltr@oroacetone, a Fluorimetric Reagent for Europium and Samarium by R. E. BALLARD and 
J. W. EDWARDS 

Determination of Commonly Used Non-ionic Detergents in Sewage Efpuents by a Thin-layer Chmma- 
tographic Method by S. J. PAITTERSON, E. C. HUNT and K. B. E. TUCKER 

Determination of Total Chlorine Available in Waters by L. S. Bti~ and H. G. HIG.~~N 
Factors Affecting Formation and Solvent Extraction of Complex of Nickel with Furil a- Dioxime by A. 

L.WILSON 
Determination of Certain Trace Metals in Very Pure Waters b_v Automatic Analysis by F. A. POHL 

Session A-Afternoon 

Studies on Nickel11 Dioximes of Analytical Importance by R. J. MAGEE and L. GARDEN 
Determination of Microgram Amounts of Osmium with N-(4-Aminophenyl)morpholine by L. S. BARK 

and D. BRANDON 
Control and Assessment of Systematic Errors by Routine Analytical Work by D. L. LYDERSEN 
Some Applications of Polarography in Physiological Analysis by R. C. RODNEY 

Session B-Afternoon 

Construction and Applications of an Electrolytic Hygrometer by H. J. CLULEY and J. E. STILL 
Voltammetric Studies with Dtrerent Electrode Systems-I: Molybdenum as Reference Electrode in 

Polarography by V. T. ATHAVALE, S. V. BURANGEY and R. G. DHANESHWAR 
Electroanalytical Chemistry of Hot-water Solutions by A. J. ELLA and G. J. HILU 
Differential Electrolytic Potentiometry-XVII: 

by E. BISHOP 
An Interpretation of DEP as a Linear D@usion Process 

Session A-Morning 
Friday, July 23 

Calorimetric Determination of Vanadate in Presence of Chromate, Molybdote, Tungstate and Nitrate 
with 4-(2-Pyridylazo)-resorcinol by W. J. GEARY and C. N. LARSSON 

Organic-phase Spectrophotometric Determination of IronI* with Thiocyanate. after Extraction with 
Di-(2-ethylhexyl)orthophosphoric Acid from Chloride Solutions by E. CERRAI and G. GHERSINI 

Spectrofluorimetric Determination of Microgram Amounts of Scandium with Salicylaldehyde Semi- 
carbazone by G. F. KIRKBRIGHT, T. S. Wm and C. WINDWARD 

Automation ofAnion-exchange Chromatography of Phosphorus Anoins by F. H. POLLARD, G. NICKLESS, 
D. E. ROGERS and D. L. CRONE 

A Critical EvaIuation of Differential Reaction-rate Methods Employedfor the Simultaneous Analysis of 
CloseIy Related Mixtures-I: First-order and Pseudo First-order Methods by H. B. MARK, jun., 
R. A. GREINKE and L. J. PAPA 
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srsJion B-_Mornrny 

4 Study of the Mechanism Underlying Separation of Rure-earth Element, by Paper Chromaro~~raph~~ 
by D. 1. RYAFJCHIKOV, G. M. VARSHAL and M. M. SENIAVIV . 

Encapsulation as a Technique for Determination of Hydrqyen in Volatile Metal.\ by F. R. COE, N. 
JENKINS and D. H. PARKER 

Spectrophotomerric Determination of Sub-microgram Amounts of Impurities in Semiconductor Material.5 
by J. A. ROBERTS, J. WINWOOD and E. J. MILLETT 

Use of Radionuclides to Sntdy Adsorption of Cations on Carboxycellulose ton ExchaT:rer.c by E. KOR~S, 
2s. REMPORT-HORVATH, A. LASZTITY and E. SCHULEK 

.4 Rapirl Method of Driermininx Soluble Silicates by B. M. MILWIDSKY and S. HOLTZMA.N. 

British Standards Institution has announced the following Nelc British Standardc - 
B.S. 3338 : Methods for the .sampling and analysis of tin and tm alloys. 

Par? 9 : 1965 : Merhod for the determitlation of arsenic in inKof Ii/r, solders and M,hite meral beariT< 
alloys (photometric method). 3s. 6d. This describes the reagents required, recommended methods of 
sampling and test procedure for the determination of arsenic rn ingot tin, solders and white metal 
bearing alloys having an arsenic content between 0.01 and 0.3 9:. 

Part 13 : 1965 : Method for the determination qf antimony in solders and whrte metal bearinK al1o.y.c 
(volumetric: potassium bromate method). 3s. 6d. This describes the reagents required, recommended 
method of sampling and test procedure for the determination of antimony in solders and white metal 
bearing alloys having an antimony content between 0.2 and 17%. 

Part 14: 1965 : Mefhod for the JamplinK of white metal bearing alloy itgors. 3s. 6d. This describes 
the selection of ingots, preparation of surfaces, method of raking samples by means of sawing and 
precautionary measures against contamination of the sawings. 

Part 15 : 1965 : Method for the determination of copper and lead in white metal bearing alloys 
(electrodeposition method). 3s. 6d. This describes the reagents required, recommended methods of 
sampling and test procedure for the determination of copper and lead in white metal bearing alloys 
having a copper content between 0.1 and 6 ?/, and a lead content between 0.1 and 5 ‘4. 

Part 16: 1965: Method for the determination of tin in white metal bearing alloys (nickel corl 
reduction method). 3s. 6d. This describes the reagents required, recommended methods of sampling 
and test procedure for the determination of tin in white metal bearing alloys having a tin content 
between 5 and 90%. 

Part 17 : I965 : Method for the deternrb~ation of cadium in solders and while melal bearing alloys 
(photometric method). 3s. 6d. This describes the reagents required, recommended methods of samphng 
and test procedure for the determination of cadmium in solders and white metal bearing alloys having 
a cadmium content up to 0.12%. 

B.S. 3630: Methods for the sampling and analysis of zinc and zinc alloys. 

Part 6 : 1965: The determination qf aluminium ht rittc alloys (tolumetric merhod). 4.5. This 
describes the reagents required, recommended methods of sampling and test procedure for the 
determination of aluminium in zinc alloys having an aluminium content in the range 3 to SO,,. 

The following Amendment Slips have also been announced :- 

B.S. 812: 1960: Methods ,for the samplinK and testing of mineral aggregates, sands and fillers. 
Amendment No. 3 : PD 5482. 2s. 6d. 

B.S. 1715 : 1963 : Merhods of analysis of soaps and soap powders. Amendment No. I : PD 5418. 

UNITED STATES OF AMERICA 

Tuesday-Friday 8-l 1 June 1965 : Eighteenth Annual Summer Symposium on Analytical Chemistry- 
Bioanalytical Techniques : Division of Analytical Chemistry, American Chemical Soriety and 
ANALYTICAL CHEMISTRY. Universitv of Wisconsin, Madison, Wis. 

The programme is as follows:- 

Wednesday Morning, 9 June 

Structural and chemical organisation of biological materia1.c. 
Scope and techniques of enzymatic analysis. 

Wednesday Afternoon, 9 June 

W. B. MASON 
M. VANKO 

Quantitative histochemical techniques. 
Microelectrophoresis of nucleotides from individually isolated cel1.c. 
Microcolumn chromatqeraphy of amino acids and small peptide.?. 

D. GLICK 
M. L. Moss 
P. 8. HAMILTON 
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Thursday Morning, 10 June 

Starch gel electrophoresis. 
Acrylamide gel electrophoresis. 
Thin-layer chromatography. 

Thurs&y Afternoon, 10 June 

Symposium on undergraduate chemical research. 

Friday Morning, 11 June 

0. SMITHIES 
S. RAYMOND 
H. K. MANGOLD 

Double labeling techniques in analysis of biological materials. 
Iodine-131 immunochemical assay of peptide hormones. 
Gas chromatographic techniques for biologically important steroids. 

Friday Afternoon, 11 June 

N. D. LEE 
J. ROTH 
H. H. WOTIZ 

Direct readout systems in analytical chemistry. E. A. BALING 
Multiple automatic analysis. L. T. SKEGGS, JR. 

Sunday-Friday 13-18 June 1965 : Sixth-Eighth Annual Meeting: American Society for Testing and 
Materials. Purdue University, Lafayette, Ind. 

The following parts of the progmmme may be of interest to analytical chemists:- 

SYMPOSIUM ON DETERMINATION OF NON-METALLIC COMPOUNDS IN STEEL 
(Sponsored by ASTM Committee E-3 on Chemical Analysis of Metals) 

Monday Afternoon, June 14 
Isolation, separation and identification of microconstituents 

in steels 

Application of dtrerential thermal analysis-effluent gas 
analysis to determination of non-metallic compounds in 
steei 

Menttfication of inclusions with electron probe microanalyser 

Isolation and &termination of boron-nonmetallic inclusions 
in steel 

Determination of stable oxide inclusions in low alloy steels 
using a combination of electrolytic and chemical 
separations 

Isolation of oxide inclusions from carbon steels, using 
bromine-methyl acetate 

H. HUGHES and K. W. ANDREWS 

L. M. MELNICK 

K. F. J. HEINRICH 

L. C. PASZT~R and R. M. RAYBECK 

J. P. MCKAVENEY, W. J. RABAR, G. L. 
VA~SILAROS and J. M. SNOOK 

R. M. RAYBECK and L. C. PASZT~R 

SYMPOSIUM ON ANALYTICAL TECHNIQUES AS APPLIED 
TO HYDRAULIC CEMENTS AND CONCRETE 
(Sponsored by ASTM Committee C-l on Cement) 

Tuesday Evening, June 15 
Pathology of concrete BERNARD ERLIN 

Detection and identification of organic additives in cement 
and admixtures in concrete W. G. HIME 

Quantitative dtfraction measurements by fmt scanning R. L. HANDY 

Substitution of alkali oxides in tricalcium aluminate D. E. DAY 

Determination of acetate additions in cement by gas 
chromatography A. S. WEXLER and J. F. COBURN 

SYMPOSIUM ON SOME APPROACHES TO PROBLEMS 
IN SPECTROCHEMICAL ANALYSIS 

(Sponsored by ASTM Committee E-2 on Emission Spectroscopy) 

Thursday Morning, June 17 

Atomic absorption-problem areas, solutions and direction 
of future growth FRED~IUCK BRECH 
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Free-atom problem inflame atomic emission and absorption 

spectroscopy 

New trends in atomic absorption instrumentation 

Thursday Afternoon, June 17 

Unsolved problems in spectroscopy-“sampling” 

“Unsolved” optical problems in spectrochemical analysis 

Optomising accuracy and precision in DC ARC analysis 

Thursakty Evening, June 11 

Point-to-plane gap geometry for emission spectrometric 
analysis of metals and alloys 

Preparation and excitation of powdered samples for 
spectrochemical analysis 

Spectroscopy of solutions 

Priday Morning, June 18 

Problems in sampling and excitation of X-rays 

Problems in X-ray dispersion and detection. 

Computing methods and X-ray fluorescence analysis 

R. N. KNISELEY, W. E. L. GROSSMAN 
and V. A. F~SSEL 

WALTER SLAVIN 

C. M. DAVIS 

L. 0. EIKREM 

A. J. MIITEL 

J. K. HURWITZ 

J. E. PATERSON 

J. A. NORRIS 

K. F. J. HEINRICH 

J. A. DUNNE 

A. H. GILLIESON 

Recently, to increase the value of certain standard samples to industry, the National Bureau of 
Standards O&e of Stamlard Reference Materials has completed the certification of a number of trace 
elements; their values have now been added to the previously available certification of analyses 
covering the main constituents. 

The 13 standards involved are 5 NBS Cartridge Brass Spectrometric Standards and 8 NBS Whrte 
Cast Iron Spectrometric Standards. Two or more completely independent methods of analysis were 
employed for the determination of each newly certified element. 

U.S.S.R. 

Mot&y-Sunday 12-18 July 1965 : Xtl~ International Congress on Pure and Applied Chemistry: 
Organised on behalf of International Union of Pure and Applied Chemistry by Academy of Sciences of 
U.S.S.R. Moscow [see Talanta, 1964, 11(8), iii]. 
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NOTICES 

CANADA 

Munday- Wednesday 4-6 October 1965: Symposium on Industrial Organic Analysis: Chemical 
Institute of Canada, Analytical Subject Division. Drawbridge Inn, Sarnia, Ontario. 

The provisional programme is as follows: 

Monday, 4 October 

Session I-TRENDS IN INDUSTRIAL ANALYSIS 

TRENDS IN INDUSTRIAL ANALYSIS. 
Sidney Siggia 

CATHODE-RAY POLAROGRAPHY: A NEW INSTRU~NTAL METHOD FOR THE 
SI~LTANEOUS DETERMINATION OF LEAD STYPHNATE AND TETRACENE IN 
PRIMER MIXTURES. 
H. Zehnder 

MODERN TRENDS IN WHISKY ANALYSIS. 
W. H. Arisen 

Session II-AD VANCES IN APPLIED SPEGTROSCOP Y 

ANALYTICAL APPLICATIONS OF LOW FREQUENCY INFRARED SPECTROSCOPY. 
J. E. Katon 

RECENT TRENDS IN INFRARED SPECTROSCOPY. 
W. F. Ulrich 

INTERNAL REFLECTION SPECTROSCOPY. 
P. A. Wilks, Jr. 

COMBINATION OF GAS CHROMATOGRAPHY WITH INFRARED AND NUCLEAR 
MAGNETIC RESONANCE SPECTROSCOPY. 
E. G. Brame, Jr. 

SPECTROSCOPIC ANALYSIS OF RUBBER MATERIALS. 
G. Rappaport 

Session Hi-OTHER ANALYTICAL METHODS 

ATOMlC ABSORPTTON ANALYSIS OF TERP~ENYL-APE NUCLEAR REACTOR 
COOLANT FOR IRON IMPURITY. 
J. P. Mislan 

ANALYSIS OF 4-BIPHENYL AND 4,4’-BIPHENYLDISULPHONIC ACID MIXTURES 
BY CONTINUOUS ELECTROPHORESIS SEPARATION AND ULTRAVIOLET SPEC- 
TROPHOTOMETRY. 
N. E. Skelly 

N.B.S. ORGANIC STANDARD REFERENCE MATERIALS: PRESENT & FUTURE. 
T. W. Mears 

ANALYSIS OF ORGANIC MATERIALS CONTAINING INORGANIC ELEMENTS BY 
THIN-LAYER CHROMATOGRAPHY AND ELECTRON PROBE MICROANALYSIS, 
J. C. Barlow, W. F. Traber and R. C. Herrmann 

THIN-LAYER CHROMATOGRAPHIC TECHNIQUES APPLICABLE TO INDUSTRIAL 
ORGANIC ANALYSIS. 
E. A. Davies 
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Taesday, 5 October 

Session IV-CHARACTERISATION OF POLYMERS 

EFFECT OF SOLVENT UPON HIGH RESOLUTION NMR SPECTRA OF POLYMERS. 
Kermit C. Ramey 

COLUMN FRACTIONATION AND ~E~R~NATION OF MOLECULAR WEIGHT 
DIST~B~ION OF POLY (a-OLEFINS). 
Wolfgang W. Schulz 

SOME APPLICATIONS OF THE ULTRACENTRIFUGE TO MOLECULAR WEIGHT 
DISTRIBUTION STUDIES. 
J_ M. Hulme and R. M. B, Small 

USE OF DIFFERENTIAL THERMAL TECHNIQWES IN POLYMER 
CHARACTERISATIQN, 
Kenneth Casey 

Session Y-Panel Discussion “THE ROLE OF CLASSICAL METHODS IN MUIIERN INDUS- 
TRIAL ANAL YSIfs” 

Wednesday 6 Octaber 

Sessim U-GAS CHROMATOGRAPHY 

APPLICATIONS OF LARGE-SCALE PREPARATIVE GAS ~~~~MATO~RA~HY. 
A. 1. Martin, L. Mikkelsen and F. J. I?ebbrecht 

DEVELOPMENTS IN ON-STREAM PROCESS GAS CHROMATOGRAPHY. 
George S. Turner 

INVESTIGATION OF TRACE IMPURITIES IN HELJUM BY GAS 
~HROMATOG~HY. 
R. E. Leveque 

GAS CHROMATOGRAPHIC ANALYSIS AT CRYOGENIC TEMPERATURES. 
D. R. Rustmeck (to be presented by P. I?. Leigh-Mossley) 

DETERMINATION OF ETHYLENE OXIDE IN AIR BY GAS CHROMATOGRAPHY. 
T. Dumas 

ITALY 

~~e~~~~~~~ 20-23 Septmbe~ 11566: Sixth ~~e~ti~l S~*sim on Gas ~~t~~y. 
Ins&ate ~~~~tr5~ea~, Gas C~r~mat~~ra~~ic ~iscass~n Group. Catholic University, Rome. 

The Group invites the submission of papers for consideration for inclusion in the proceedings. 
Papers on the following groups of subjects will be considered: 

(a) Principles, Techniques or Novel Applications of Gas Chromatography, 
(b) The use of gas chromatography together with other techniques for the solution of analytical 

(c) ~~~~~~~nc~pl~ and techniques in connection with liquid chromato~phy or other kinds of 
chromatography. 

(d) Theoretical or experimental studies involving use of or comparison of more than one kind of 
chromatography. 

Abstracts (not more than 500 words long) of proposed papers should be sent not later than 
January Ist, 1966, to the Editor: Dr. A. B. &TLEWOOD, School of Chemistry, The University, 
Newcastle upon Tyne, 1, England. 

LSSTERREICH 

ZQ. IO. bis 23.10. 1965 : Kalhquium fiir rn~il~~dlic~e Analyse und ~~~~ : 
Institute fiir Analytische Chemie und Mikrochemie der Techniscben Hochschule, Wien. 
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UNITED KINGDOM 

Friday-Saturday 24-25 September 1965: Meetin8 on Trace Analysis: Society for Anacvtical 
Chemistry, Microchemical Methods Group and Western Section. University of Exeter. 

The programme is as follows: 

Fri&y, 24 September 

Morning visit to Marine Biological Station, Plymouth, with lecture on 
Current Work on Biophysics and Radioactive Tracer Techniques by T. I. SHAW 

Evening session as follows: 
Determination of Micro-Constituents of Sea Water. 

Use of Stationary Mercury Drop Electrode for Trace Analysis. 

Sub-Nanogram Region. 

Saturday, 25 September 

Afternoon session as follows : 

F. A. J. ARMSTRONG 

J. F. C. TYLER 

E. BISHOP 

Determination of-Trace Contaminants in Peroxygen Compounds. C. WHALLrY 

Determination of Some Impurities in Beryllium by Deferential 
Cathode-Ray Polarography. G. C. GOODE and J. HEIUUNGTON 

Application of Some Ternary Complexes in Trace Analysis. R. M. DAGNALL 

Evening discussion on Trace Analysis in Aqueous Media introduced 

bY L. H. N. COOPER 

Tuesday- Wednesday 16-l 7 November 1965: Symposium on Physical Methods: Society of Cosmetic 
Chemists of Great Britain. Grand Hotel, Bristol. 

The scientific programme will include eleven lectures by authors from Great Britain and Germany, 
as follows- - - 
Spectrophotometric methods for the rapid evaluation of the inac- 

tivation of anti-microbial agents, 

Thin-layer chromatographic techniques in residue analysis. 

Particle size analysis using Coulter counters. 

Infrared spectroscopy of aqueous detergent solutions. 

Spectral slit width and other sources of error in ultraviolet 
spectrophotometry. 

Rheological studies of new cream bases with the Brookfield 
synchroletric viscometer. 

Analysis of aerosol propellants. 

Fluorescent antibody studies in dermatology. 

Preparative gas chromatography. 

Techniques for assessing the rheological properties of toiletry and 
cosmetic products. 

The relation between structure and properties in plastics used in 
packaging. 

M. BROWN 

J. THOMSON 

R. W. LINES 

M. A. PUTTNAM 

A. R. ROGERS 

F. NEUWALD 

R. J. BROOK and B. D. JOYNER 

N. R. ROWELL 

G. R. FITCH 

P. SHERMAN 

A. SHARPLES 

Symposium periods will be devoted to discussion of these papers, which will be circulated before- 
hand to registered participants. Registration forms, together with full details, can be obtained from 
the General Secretary, Mrs. D. MOIT, 18 Warner Close, Harlington, Middlesex. 

Wednesday-Friday 14-16 September 1966: Particle Size Analysis Conference 1966: Society for 
Analytical Chemistry. Loughborough College of Technology, Loughborough, Leicestershire. 

Papers and discussions will describe original work in the field covered by the review of Particle 
Size Analysis published in The Analyst, 1963, 88, 156. Critical comparison of methods and descrip- 
tions of new techniques will be welcome, but review articles will not be appropriate. Intending 
authors are asked to submit titles and IOO-word summaries of their papers to the Editor of The 
Analyst by 8 November, 1965. Further information may be obtained from the Conference Hon. 
Secretary, Mr. D. SOUL, 14 Belgrave Square, London S.W.1. 
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The Society for Analytical Chemistry has approved the formation of an Automatic Methods Group, 
concerned with “mechanised and automatic methods and equipment in analytical chemistry”. 
Members of the Society may become members of the Group on request to the Secretary of the 
Society, 14 Be&rave Square, London S.W.1. Those who are not members of the Society may receive 
notices of the meetings, efc., on application to Mr. D. C. M. SQUIRRELL, Imperial Chemical Industries 
Ltd., Plastics Division, Bessemer Road, Welwyn Garden City, Herts. 

British Standards Institution has announced the following New British Standard: 
B.S. 3900: Methods of test for paints. This includes Group B: 
of liquid paints and dried paint films. 

Tests involving chemical examination 

Part Bl : 1965: 
Part B2: 1965: 

Determination of water by the Dean and Stark method (Is.). 
Determination of volatile matter and non-volatiIe matter (Is.). 

Part B3 : 1965 : Determination of ‘soluble lead’ (2s.). 

The following Amendment Slip has also been announced: 
B.S. 1756: Methods,for the sampI@ and analysis ofjuegases: Part 2: 1963: Analysis by the Orsat 
apparatus. Amendment No. 2: PD 5534. 

UNITED STATES OF AMERICA 
Monday-Thursday 4-7 October 1965 : Twentieth Annual Conference and Exhibit: Insttxzent 

Society of America. Los Angeles, Calif. 
The following part of the programme may be of interest to analytical chemists : 

Monday Afternoon, 4 October-Analysis Instrumentation 
Applications of Electrolytic Titration to Trace Sulphur Analysis 

in Atmospheric Pollution and Hydrogen Catalytic Reforming. R. R. AUSTIN 

Mass Spectroscopy and Gas Chromatography Correlated for 
Leak Rate Measurement. G. R. TALBOTT 

Analysis Instrumentation: A Successful Method of Application 
and Utilisation. R. S. NEWMAN 

An Automatic Tristimulus Colorimeter and Spectrophotometer. J. H. GARFUNKEL, J. KILLPATRICK 
and H. G. SPERLING 

Design of a Vapour Detector using the Ultraviolet Absorption 
Principle. L. N. BOLMGREN and L. L. HILL 

Monday-Thursday 4-7 October 1965 : Annual Research Equipment Exhibit and Instrument 
Symposium: National Institutes of Health, Bethesda, Md. 

Monday-Thursday 11-14 October 1965: Seventy-Ninth Annual Meeting: Association of Official 
Agricultural Chemists. Marriott Twin Bridges Motor Hotel, Washington, D.C. 

Tuesday-Thursday 12-14 October 1965: Ninth Conference on Analytical Chemistry in Nuclear 
Technology: Oak Ridge National Laboratory, Analytical Chemistry Division. Mountain View Hotel 
and Hotel Greystone, Gatlinburg, Tennessee. 

The preliminary programme is as follows: 

Tuesday Morning, 12 October 

Session 1: ANALYTICAL CHEMISTRY OF THE TRANSURANIUM ELEMENTS 

PREPARATION AND DETERMINATION OF THE TRANSURANIUM ELEMENTS. 
Sherman Fried 

SOLID STATE COUNTERS FOR IMMEDIATE ANALYSIS DURING COLUMN 
CHEMISTRY. 
James T. Haley, Robert J, Walker and Tommy R. Corbin 

DETERMINATION OF AMERICIUM BY CONTROLLED POTENTIAL COULOMETRY. 
Renk Berger and G. Koehly 

CONTRIBUTION OF ALPHA-GAMMA AND BETA-GAMMA COINCIDENCES 
USING A SIMPLE DEVICE TO THE ANALYSIS OF PLUTONIUM-AMERICIUM, 
NEPTUNIUM-PLUTONIUM, RUTHENIUM-ZIRCONIUM-NIOBIUM MIXTURES. 
Raymond Pottier and Rent! Berger 
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THE SRL NEUTRON COUNTER AND ITS ANALYTICAL APPLICATIONS. 
H. P. Holeomb and T. R. Herold 

DETER~A~ON OF NE~UNIUM-239 IN FALLOUT BY GAMMA SPECTROSCOPY. 
Seymour Gold and J. M. Hardin 

Tuesday Morning, 12 October 

Session 2: SYMPOSIUM-ROLE OF ANALYTICAL CHEMISTRY IN PURE MATERIALS 
RESEARCH 

ANALYTICAL REQUIREMENTS OF THE PURE MATERIALS RESEARCHER. 
J. W. Cleland 

STANDARD REFERENCE MATERIALS : REQUIREMENTS AND AVAILABILITY. 
W. W. Meinke 

MASS SPECTROMETRY IN PURE MATERIALS ANALYSES. 
R. E. Ho@ 

MASS SPECTROMETRY: ACCURACY AND PRECISION STUDIES. 
G. H. Morrison 

Tuesday Afternoon, 12 October 

Session 3 : ANALYTICAL CHEMISTRY OF THE TRANSURANIUM ELEMENTS 

ADJUSTABLE a-CONTAINMENT BOX FOR HOT CELLS AND SOME METHODS 
FOR PURIFICATION AND DETERMINATION OF TRANSURANIUM ELEMENTS. 
J. Kooi, J. M. Gandolfo, W. Kraak and .I. C. Post 

SYNTHESIS AND EVALUA~ON OF SEVERAL ~LYA~O~LYCARBO~LlC 
ACIDS FOR GROUP SEPARATION OF TRANSPLUTONIUM FROM LANTHANIDE 
ELEMENTS BY SOLVENT EXTRACTION. 
R. D. Baybarr 

ANALYTICAL SUPPORT FOR THE Am-Cm EXTRACTION PROCESS. 
E. K. &&es 

DETERMINATION OF PLUTONIUM AND URANIUM JN CERAMIC FUEL 
MATERIALS. 
Y. M. Sinclair, J. L. Drummond and W. Davies 

USE OF ALCOHOLIC HCl AND HNO, ANION COLUMN IN STUDY OF DEBRIS 
FROM UNDERGROUND NUCLEAR EXPLOSIONS. 
Richard J. Morrow 

Tuesday Afternoon, 12 October 

Session 4: SYMPOSIUM-ROLE OF ANALYTICAL CHEMISTRY IN PURE MATERIALS 
RESEARCH 

ANALYSIS OF PURE MATERIALS WITH THE ION MICROPROBE SOLIDS MASS 
SPECTROMETER. 
A. E. Barrington 

ELECTRICAL TEST METHODS IN PURE MATERIALS ANALYSES. 
L. R. Weisberg 

PARTICLE ACCELERATORS IN PURE MATERIALS ANALYSES. 
R. L. Hahn 

REQUIREMENTS OF A GENERAL ANALYTICAL LABORATORY IN PURE 
MATERIALS ANALYSES. 
S. J. Adler 

AN ANALYTICAL FACILITY FOR PREPARATION AND STUDY OF ULTRA-PURE 
MATERIALS, 
C. M. Bradford 
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We~s~y Morniqg, 13 October 

Session 5: ANALYTICAL CHEMISTRY OF THE TRANSURANIUM ELEMENTS 

UNITED STATES TRANSURANIUM RESEARCH PROGRAMME. 
A. ChethamStrode 

QUA~~ATIVE ELECTRODEPOSITION OF ACTINIDES IN AQUEOUS AND 
ORGANIC SAMPLES. 
M. Y. Donnan and E. K. Dukes 

ISOTOPIC ANALYSIS OF TRANSURANIUM ELEMENTS BY MASS SPECTROMETRY. 
R. E. Eby 

DETERMINA~ON OF LOW CONCENTRATIONS OF URANIUM AND PLUTONIUM 
BY ISOTOPE DILUTION ANALYSIS AND ALPHA-RAY SPECTROMETRY. 
L. C. Nelson, Jr. 

ALPHA RADIATION EFFECTS ON CONCENTRATED SOLUTIONS OF LITHIUM 
CHLORIDE CONTAINING HYDROCHLORIC ACID. 
D. A. Costartzo, R. D. Baybarz and J. E. Btgeiow 

Wednesday Morning, 13 October 

Session 6: SYMPOSIUM-ROLE OF ANALYTICAL CHEMISTRY IN PURE MATERIALS 
RESEARCH 

DE~R~A~ON OF MINUTE QUANT~ES OF SELECTED ELEMENTS IN HIGH 
PURITY BERYLLIUM. 
W. M. Henry and E. R. Blosser 

APPLICATIONS OF ORNL SPARK SOURCE MASS SPECTROGRAPH TO HIGH 
PURITY MATERIALS ANALYSIS. 
.I. R. Sites 

EXAMPLES OF ANALYSIS OF HIGH PURITY MATERIALS ON MASS SPECTRO- 
GRAPH-ZINC, TANTALUM, PLATINUM, GOLD. 
Paul Paulsen 

ANALYTICAL CHEMISTRY IN SEMI-CONDUCTOR MATERIALS RESEARCH. 
P. F. Kane 

SOME APPLICATIONS OF SPARK SOURCE MASS SPE~R~RAPHY TO ANALYSIS 
OF ALLOYS IN PURE ELEMENTS. 
J. C. Franklin and E. B. Grtjin 

APPLICATIONS OF CORNELL UNIVERSITY SPARK SOURCE MASS SPECTROGRAPH. 
G. H. Morrison 

Wednesday Afternoon, 13 October 

Session 7 : GENERAL 

THE NATURE OF LIGHT. 
J. W. Robinson 

~CRODETER~ATION OF NIOBIUM, TANTALUM, TITANIUM, VANADIUM 
AND ZIRCONIUM IN URANIUM COMPOUNDS. 
0. A. Vita and C. F. Trivisonno 

URANIUM ISOTOPE ANALYSIS BY OPTICAL EMISSION SPECTROSCOPY USING 
THE JARRELL-ASH 3.4 METER SPECTROMETER. 
J. A. Leys and R. E. Perkins 

A 12-INCH, 90-DEGREE SECTOR, SINGLE FOCUSING MASS SPECTROMETER FOR 
ANALYSIS OF CORROSIVE GASES. 
R. N. Stover, E. G. Kerfoot and M. M. Michlik 

MASS SPECTROMETRIC ANALYSIS OF BORON TRIFLUORIDE. 
J. C. Horton 



Notices vii 

REVERSED-PHASE CHROMATOGRAPHIC SEPARATION OF RARE EARTHS USING 
METHYLENEBIS(2-ETHYLBUTYLPHOSPHINE OXIDE) AND METHYLENEBIS- 
(2-ETHYLHEXYLPHOSPHINE OXIDE) AS STATIONARY PHASES. 
J. W. O’Laughlin, G. J. Kamin, J. W. Ferguson and C. V. Banks 

Thursday Morning, 14 October 

Session 8 : GENERAL 

ZONAL CENTRIFUGE DEVELOPMENT. 
N. G. Anderson 

AUTOMATED CARBOHYDRATE ANALYSER. 
J. G. Green and N. G. Anderson 

AUTOMATED NUCLEOTIDE ANALYSER. 
N. G. Anderson and J. G. Green 

CONTINUOUS MOISTURE ANALYSER MONITORS HYDROGEN FLUORIDE OFF- 
GASES DURING OXIDE REMOVAL AT MOLTEN SALT REACTOR EXPERIMENT. 
W. S. Pappas 

PHOTON ACTIVATION ANALYSIS. 
Jacob Spira 

DETERMINATION OF FLUORINE IN PRESENCE OF OXYGEN BY FAST NEUTRON 
ACTIVATION. 
L. C. Nelson, Jr. and H. BusseN 

A SIMPLE TECHNIQUE FOR RAPID ANALYSIS OF RADIOACTIVE GASES BY 
LIQUID SCINTILLATION COUNTING. 
Mary L. Curtis, Sandra L. Ness and L. L. Bentr 

ANALYSIS OF CARBON IN SODIUM. 
V. M. Sinclair, J. L. Drummond and A. W. Smith 

Thursday Morning, 14 October 

Session 9: SYMPOSIUM-ROLE OF ANALYTICAL CHEMISTRY IN PURE MATERIALS 
RESEARCH 

ANALYSIS OF HIGH PURITY ALKALI METALS. 
S. J. Rodgers 

ANALYSIS OF HIGHLY PURIFIED PLUTONIUM METAL. 
C. F. Metz 

ABSORBANCE SPECTRA OF SINGLE CRYSTALS. 
J. P. Young and G. W. Clark 

APPLICATION OF DIFFERENTIAL CATHODE-RAY POLAROGRAPH TO DETER- 
MINATIONS OF TRACE IMPURITIES IN HIGH PURITY BERYLLIUM. 
G. C. Goode and J. Herrington 

SIMPLIFIED PRECISION COULOMETRY. 
E. L. Eckfeldt and E. W. Shaffer 

Monday-Thursday 18-21 October 1965 : Third International Symposium on Advances in Gas 
Chromatography. Sheraton-Lincoln Hotel, Houston, Texas. 

Tuesday-Thursday 19-21 October 1965: Twenty-Fiftb Ananachem Conference. Embassy Hotel, 
Detroit, Mich. 

Sunday 31 October-Friday 5 November 1965: Fifth Pa&c Area National Meeting aad Fourth 
West Coast Materials Testing Exhibit: Associationfor Testing and Materials. 
Washington. 

Olympic Hotel, Seattle, 
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NOTICES 

AUSTRALIA 

Monday 31 May- Wednesday 2 June 1965 : Fifth AusLrnliur Speetnwcow Conference: Australian 
Academy of Sciences. Perth, W. Australia. 

CANADA 
Wednesday-Friday 26-28 May 1965 : Eleventh National ISA Analysis Instnmmntatlo~~ Sympoalum, 

jointly with Sixth National ISA Chemical and Petroleum InstNmentatioll symposium with Ls&tion 
Exhibit. Sheraton-Mount Royal Hotel, Montreal. 

Monday- Wednesday 4-6 October 1965 : Meeting on In&r&al Organk Analysis: Chemical 
Institute of Cana&, Analytical Chemistry Division. Drawbridge Inn, Samia, Ontario. 

Sessions are being planned in: Trends in Industrial Analysis; Advances in Analytical Spectros- 
copy; Characterisation of Polymers. There will be three additional sessions, one of which will be 
devoted to Gas Chromatography. 

Further information may be obtained from R. M. SMALL, Research Department, Polymer 
Corporation Ltd., Sarnia, Ontario, Canada. 

CZECHOSLOVAKIA 

IV. Intermtionder Pohographiscber Kumw 

In der Zeit vom 6.9. bis 18.9.1965 veranstaltet das Institut fll physikalische Chemie der Karl- 
suniversitat und das Polarographische Institut der Tschechoslowakischen Akademie der Wissen- 
schaften einen Lehrgang in Polarographie. Dieser Kursus besteht aus Vorlesungen tiber die Gnmd- 
lagen der Polarographie, die in deutscher Sprache abgehalten werden, und einem entsprechenden 
Praktikum. Der Lehrgang ist fib Hochschulabsolventen gedacht, spezielle Vorkenntnisse der 
Polarogaphie sind jedoch nicht Bedingung. Die Zahl der Teihsehmer wrrd auf 20 begrenzt. Dieser 
Lehrgang wird vorbereitet unter Schirmherrschaft von Professor Dr. J. Heyrovskg, die Vorlesungen 
und das Praktikum liegen in den Hilnden von Fachkriiften der Karlsuniversitilt und des Polarographi- 
schen Institutes. Die Teilnahmgebtihr betritgt K& 5OO.-einschliesslich eines Austluges in die Umge- 
bung Prags und eines gemeinsamen Abendessens am Abschlusstage des Lehrganges, Unterbringung 
in Studentenheimen zu miissigen Preisen wird gewHhrleistet. 

Vorhiufige Anmeldungen mit Angabe von Titel, Name und Adresse sind an das Institut fur 
physikalische Chemie der Karlsuniversitlt, Prag 2, Albertov 2030, bis spiltestens 1. Juni 1965 zu 
richten. 

DEUTSCHE DEMOICRATISCHK REPUBLIK 

Die Unterkommission fur Gas-Chromatographie veranstaltet im Mai 1965 in Berlin ihr 

V. Symposium liber Cas-Chromatograpbie 

Wegen einer Uberschneidung hat sich der in frtiheren Anktlndigungen mitgeteilte Termin als 
ungtinstig erwiesen. Die Tagung wurde deshalb auf die Zeit 

vom 18. bis 21. Mai 1965 

verlegt 

Das Symposium steht nicht unter einem speziellen Thema, sondem es sollen gleicherrnafien 
die Theorie der Trennung, 
das Verhalten der flbssig-stationlren Phase, 
Probleme der Adsorption, 
Fragen der Detektion und Auswertung, 
methodische Arbeiten und 
spezielle Anwendungen der Gas-Chromatographie 
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hehandelt werden. Diese Absicht spiegelt sich in den hereits vorliegenden und weiter unten aufge- 
ftihrten Vortragsmeldungen wider. 

In Anhetracht der zu erwartenden starken ausllndischen Beteiligung und der Fiille des vorliegen- 
den Materials scheint es angezeigt, dem V. Symposium tiher Gas-Chromatographie den Charakter 
einer Diskussionstagung zu geben. Es sollen daher alle Beitriige als Manuskript gedruckt den 
Tagungsteilnehmem vor Beginn der Veranstaltung zugesandt werden. 

Zur Theorie der Trennung 

G. SCHAY 

Eingegangene Vortragsmeldungen 

Zumgegenwiirr&en Stand der Theorie der Gas-Chromatographie (Hauptvortrag) 

0. GRUBN~R und E. K&ERA 

Ergebnisse der Theorie der statischen Momente und ihre Bedeutung.fiir Gas-Chromatographie 

A. Peni6 

Bemerkungen zum Begriflder Trennstufe 

M. S. WIGDGRGAUS 

&er einige Fragen der Theorie dzr Gas-Chromatographie 

Die flhsstg-station&e Phase 

H. KELUR 

Neue Ergebnisse mitfhisst$-kristallinen Schmelzen als stationare Phasen (Hauptvortrag) 

M. KRWCI, H. DUBSKY, M. RUSEK und K. TE~ABIK 

Theoretische Aspekte der Benetzung von Trtigern durch Tren@issigkeit in der Gas-Chromato- 
graphie 

C. KEHRER, H. G. STRUPPE und E. LEIENITZ 

Zum Einsatz poiarer Trenntiissigkeiten in Kapillarsiiulen 

W. ECKN~G, H. R0~zscr-1~ und H. KRIEGSMANN 

uber Zwischenmolekularkriifte und Auswahl von Trenntiissigkeiten 

E. A. KRLJGWW, K. M. WEIDBERQ und S. I. ABRAMOWITSCH 

Gebrauch von Pentaerythritiithern in der Gas-Chromatographie als station&e Phase 

F. FALK 

Verwendung von Athylenglykol-y-Ketopimilatpolyester als GC-Flhssigphase in der Fettchemie 

Fragen a& Detektion und Auswertung 

G. SCHOMBURG 

Moderne Detektoren fur die Gas-Chromatographie (Hauptvortrag) 

0. PrRmciER und E. TATARU 

Der ElektrolytleitfdhtgkeitsaWektor, Konstruktion, Arbeitsweise und Anwendung 

H. DUB~KP 

Ein Beitrag zu den in der Gas-Chromatographie angewandten Verbrennungsmethoden 

J. LEONHARDT und H.-K. BATHE 

Der Nachweis anorganischer Gase mit dent Argon-Ionisationsdetektor 

G. GNAUCK und H. SCH~~N 

Neue Ergebnisse des Nachweises von permanenten Gasen mit t!Wtrahlen-Ionisationsderektoren 

S. MATOUSEK 

Argondetektor mit zwei Ausgangstgnaien fur den AnschluB einer automatischen Auswerteein- 
richtung 
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H.-K. BOTHE, H. HJLBI~ und P. PoPP 
D& ~&ntijiz&crMg gas-chromatograph&sch getrennter Substanzen auf Grund ihrcJ Ekktronen- 
anl~erungsverm6gens 

M. WURST 

Die gas-chromatographtsche Analyse van Organosiliciumverbindungcn totter Verwen&q elne* 
Gasa’ichtewaage 

G. GARZ~ U. a. 
Die Anwendung des Plammenionisationsdetektors bei &r Analyse von siliciumotganischen 
Verbindungen 

H. HOLZI&ISER 

Studien zur quantitativen Auswertung gas-chromatographtscher AMlysen 

2. TYPLT 

Auswerteeinrichtung fiir schnellaufende Gas-Chromatographie 

G. SCHUBERT 

Etn volltransistorisiertes Bausteinsystem einesSchwirlgkondensatorverstii*kers und dessenBit&atz- 

miiglichkeiten in a’er Gas-Chromatographie 

B. PETZELT 

Neuer Universakhromatograph in Bausteinweise 

V. KUSKY und V. PR~CHAZKA 

Erf&rungen mit &r automatischen Betriebschromat~t@ie fiir die Analyse von gas~rm&en 
nnd.fliissigen Produkten 

E. GRIMM 

uber ProzeSchromatographie 

Beitriige zur Methodik 

G. GUIOCHON 

Temperaturprogrammierte Analyse mit KapillarstXukn (Hauptvortrag) 

A. A. SHUCHOWIZUI 

Betrachtung zur Vakanto- und trdgergaslosen Chromatographte 

J. NOV&K, V. VA?~AK und J. JANAK 

Eine neue cbromatographische Methods fur die Bestimmuq a& Konzentration van Spuren- 
komponenten in Gasen 

J. FRANC, F. MIKE.% und M. Pnce3 

Identtfizierung organischer Substanzen mit Hilfe der Gas-Chromatographie an Hand chromato- 
graphischer Septren 

K. H~PPNER, U. Prdbsc~ und H.-J. Z~PFL 

PrrYparative Ga.&hromatographk von Methyl- und ~thy&btnverbtndu~en 

M. &.NOLUR 

ldenttj?zierung organischer Stoffe lurch Hydrkruw 

W. G. BERESKIN und A. T. SWIA~KO 

Untersuchungen an gefdllten KapilkusUtden 

K. M. WBIBIIEXG u. a. 

Untersuchurig a?er Zusammensetz~ dcr bicycitschen aroma&hen R%hknwassersto#e mit 
Hirf der Gas-Chromatographie und Molckularspektroskopie 

10 
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F. LANGE, J. ERPENBBCK, U. PRBgQi und H.-J. if.dPFL 

Gas-chromat~raphische Unterwen 3ber & pr#arative Gustmmng &trch Z&k&r- 
d&ion 

S~zieile Attwendurlpen 

M. FILIPIXU u. a. 

Die Anwet&ng dcr Gar-Chromatogr@t2 zur Feststeillung &s absolrrtcn Alters volt Gesteinen 
nach rler Ar-K-Metho& 

H. SACKMANN, A. - und J. WILKE 

Beitrag zur Gas-Chromatographie der Tetrachlorriic von Stiicium, Zinn und Titan 

K. Tmlluc 

Die Bestimmrrrpg-&r Spurenkonzentrationen uon COS utul CS, in a& Atmosphlire 

H. W. SCHULH und~HbKz..Bo~~~ 

Gas-Clirvmatog~hie mdioaktiv markierter Substatuen 

D. A. W~c?umw 

QualitMbe und quaotitatlue 
sp Methyimetacrylat und in Met 

as-chrotnatographische Untersuchung von Verunret%men in 
ylacrylat 

M. PETER und L. TORKOS 

Gas-Chtvmatographie Anaiyse a% bei Aromat~ewinnungsoersuchen entstat&nen Extrakte 

N. I. Lumwk u. a. 

Gas-chromatqraphlrr Untersuchuqen a& &ch katalytische Hochtemperaturcrackuv 
erhaitenen Benzins 

J. CABAL 

Analyse hochsiedender paraflnischer Produkte 

A. G. WERE~TSCHAGIN 

ldent~$kation und quantitative Bestimmung hfiherer Fetts&ren durch Verteiluws-Gas-Chroma- 
tographie 

K. R- und G. MICHAEL 

Neue Versuche zur Gas-Chromatographie der Aminostiurc-Silylderivate 

Probleme der Sorption und Mnit$zierung 

A. v. &%LEV 

Die Rolle der geometrischen und chemischen Faktoren der Struktur der Aa!sorbentien und 
Tr&er ftir die Gas-Chromatographie (Hauptvortragl 

D. A. WIACHIREw 

A&orption undgas-chromatograph&che Eigenschaften des mit Kalila~e behan&ten Kiese&els 
und lessen Verwenduq zur Analyse von Kohlenwasserstofiemischen 

N. P. DIMOV 

Chromatographie der Ieichten Gase auf metallcrsctzbaren Silikqqelen 

K. I. SAKODYNSKI 

Prtiparative Trennung auf modijizierten Adrorbenten 

G. GNAUCK 

Beitrag zur Anwendung von poriisen Gl&ern in a% Gas-Chromatographie 

K. D. STSCHERRAKOWA 

EirJous der Dehydroxylieruq der O&@&he breitporieer Silikageie auf das chemiscke Modi@- 
zieren und die Gas-Chromatographie 



I. A. MUSSABW und P. I. - 

Untersucung fester Tr@er fur dic Gas-Chromatogra~ie 

0. GWIBXUR und R. VIBP~C 

D& Messung der Sorptionsisothermen eon organischen -fen thach eine modifizierte Methode 
von Glueckauf 

H.-undG.Sczwr 

Restimmw von Adsorptiomlsothermen und Ober$Wchet@8en nach einer modifizierten 
Sorptiometermethode 

E. SMOLKOVA, 0. GRWNBR und L. FI%TL 

&Jtimmw klebter Ober@chen von puloerfZrmigen Stoffen mit dcr iUeth& &r Wiirmedesorp- 
tion 

0. PIRIIWER und E. TATAN 

Die Anwet&crqp &r Gas-Chromatogrq& zu Chemisorptiomumersuchungen des Wasserstoffs 
an Metallen 

R. KOMERS 

Untersuchung a& Sorption non organischen Verbbubatgen &rch eine dpamische Puknethode 

L. FELT-L, 0. GRIJBNER und E. SM~LKOVA 

Messue a& Sorption von organischen mmpfen an puloerformtgen porosen Sorbenten akrch die 
Methoaiz &r frontalen Gas-Chromatographie 

W&we das Symposium bctr&nde Anfrap richten Sic bittc an die 

Untcrlcommission f& Gas-Chromatographi&krcta$at 

705 LEIPZIG, PermoserstraBe 15, Deutsche Demokratische Republik 

FRANCR 

Vendredi 7 mai 1%5 : Journbe de Chimie Analytique dam Ic cadre de 1’Assemblce annuelle de la 
So&e Chimique. 

Mardi 11 mai 1%5: La @&uu&w de &mwawna 
&XIRDoN, B 17 h 45, & la Facultt de Pharmacie de Paris. 

et sea appibtions malytiques, par M. R. 

Mar& 25 mai 1965: L’aaalyse &&an@&&: &veloppum&a~ r6cents. Perspective d’avadr, par 
M. J. C. LEFEBVRE, B 17 h 45, B la Faculte de Pharmacie de Paris. 

UNITED KlNGDGM 

Fridr?y-stutday 9-10 April 1965: I&ured Spe&osco~: Society for Analytical Chemistry, 
Microchemical Methods Group and Spcial Techniques Group. University of Sussex, Faber, 
Brighton. 

The programme is as follows: 
Friday Evening 

Some Ad&nces and Trends in lnfiared S’ctros- 

co Y- 
4 

D. M. w. ANDERSON 
st of Chelate Compoundv by lnfkred Spectros- 

InTr’m?d Spectroscopy applied to Very Small 
R. J. MAGEE 

Quantities. H. A. Wrurs 

Satur&ay Morn& 
Infrared Sjrectra of Inorganic Materials. D. F. EVANS 
Applbxtion of Loq- ~~~~~nGas Cells to 

Ana&sis of Atmosp l!Zl . L. c. THOMAS 
Infrared Analysis by Attenuated Total RepCetance. N. A. PUITNAM 

We&s&y 14 April 1965: m Abrorptioo Appuatw MM: So&ty for Anal tical 
C&&.v~~ Atom&Absorption Speetrosco~ Group. Sheffield College of Technology, Pond met, !I 



vi Notices 

There will be a demonstration of commercial apparatus starting at 10.00 a.m. followed by a 
discussion at 7.00 p.m. 

Tuesday 4 May 1965: Some Prohkms in Water Conservation, F. LAW and L. R. BAYS: Society 
for Analytical Chemistry, North of E@md Section and Royal Institute of Chemistry, North Lancashire 
Section. Harris Technical College, Preston, 7.15 p.m. 

We&e.r@ 5 May 1965: Contributions from Research Workers in Universities and Colleges of 
Advanced Technology. Bradford Institute of Technology, 2.30 p.m. 

Weak&y 26 May 1965 : Disaw&n Meeting: Society for Analytical Chemistry, Microchemical 
Methodr Group. Tk Feathers, Tudor Street, London E.C.4, 6.30 p.m. 

Weaitessdy 30 March 1966: Symposium on Noclear Maguetk Resonance aad Electron Spin 
Remnaace: Society for Analyt&al Chemistry, M&&m& Section and Spsclal Techniques Group: Royal 
Institute of Chemistry, Birmiqqham and Mhllana!s Section: Society for Chemical Industry, Midlands 
Section. University of Birmingham. 

Anyone wishing to attend the meeting or to receive further information should communicate with 
Mr. M. L. RI CHARDSON, John and E. Sturge Ltd., Lifford Lane, Kings Norton, Birmingham 30. 

TUGS&~-ThursOy 14-16 September 1966: Conference on Particle Size Analysis. Loughborough 
College of Technology, Leicestershire. 

Papers and discussions will describe original work in the field. 

At the Annual General 
1965, the following were elected 

President: A. A. SE~ULBS 

Sodety for Analytical chemistry, held on Friday, 5 March, 
and Members of Council for the forthcoming year : 

Past Presidents serving on Council: A. J. Amos, R. C. CHIRNSIDB, D. C. GARRAIT, 
J. H. ICE 

Vice-Presidents: A. G. JON@& C. WHALLZY 
Hon. Treasurer: D. T. Lawrs 
Hon. &retary: S. A. Pmca 
Hon. Assistant Secretaries: B. S. Coopan (progranunes), D. W. WIL.%N 

At the Annual Genera1 Meet&q of the Mklhmds Section of the See&y for Andyticd Chemistry, 
held on Friday, 12 March, 1965, the fogowhrg were elected G&et-s for the forthcoming year: 

Chairman: W. T. ELWELL 
Vice-Chairman: H. E. BROKE 
Hon. Secretary: M. L. RICHARDSON, John and E. Sturge Ltd., Lifford Lane, Kings Norton. 

Birmingham 30 
Hon. Treasurer: G. INGRAM 
Hon. Assistant Secretary: R. ADKINS 

British Stmdards Jmtkution has announced the following New British Stanakis:-B.S. 3727: 
MethA for the analysis of nkhelfor use in electronic tubes and valves: Part 11: 1965 : Determination 
of silicon 0.001-0.020% (photometric method.). Part 13: 1965: Determination of titanium (photo- 
metric method). For each part of the reagents required, the test procedure and the necessary details 
are s i&d for each determination. (Price: 4s. each) 

r e following Amendment Slip arc also announced : 
B.S. 1673 : Me&a% of test@ raw rubber and unvulcanised compounded rubber: Part 2: 1954: 

iUethoa!s of chemical analysis. Amendment No. 5. PD 5408. 
B.S. 1902: Methods for testing refractory materhals: Part 2 A: 1964: Chemtcal analysis of h&h 

stltca and aluminosilicate materials. Amendment No. 1. PD 5427. 
B.S. 3210: 1960: Methods for the analysis of water-soluble coal-tar dyes permittedfor use in foods. 

Amendment No. 1. PD 5430. 

UNlTED STATES OF AMERICA 
TuesdayFrt&ay 4-7 May 1965: @ring Meet-fug, idudin SympoSimn 011 Physical and Chemicpl 

Testits& American Chemtcal Society, Dhnkton of Rubber C emistry. Fontainebleau Hotel, Miami t 
Beach, Fla. 
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I+‘e&resduy-Saturday 5-8 May 1965 : Sixth International Pulp and Paper Imtrumentation Sympo- 
sium: Instrument Society of America. Hotel Northland, Green Bay, Wis. 

Thursday-Saturday 6-8 May 1965: Conference on Puri&ation of Materials. Waldorf Astoria 
Hotel, New York City. 

Wednesday-Thursday 12-13 May 1965: NM Fonm~ on Cm&o1 of Water Quality: American 
Society for Testing and Materials. ASTM Headquarters, Philadelphia, Pa. 

Swulay-Frtiy 16-21 Ma,y 1965 : Tbhteenth Annual Conference on Mass Spectrometry and AlRed 
Topics: American Societyfor Testing and Materials, Committee E-14 on Mass Spectrometry. Sheraton- 
Jefferson Hotel, St. Louis, Missouri [see Tulantu, 1964,11(12) ii]. 

Wednesday-Friday 25-27 August 1965: Fourteenth Ammo Conference on Applbtions of X-Ray 
Analysis: Metallurgy Division, Denver Research Institute, Untversfty of Denver. Albany Hotel, 
Denver, Colorado. 

Sessions are planued on X-Ray Diffraction, 
-Absorption and Microsco 

Emission Spectrosco y, -Microprobe Analysis, 

will be special sessions on l 
mapl y, -Instrumentation, -Topography and -S Angle Scattering. There 

oft X-Rays and Effects of Chemical Combination on X-Ray Spectra. 
Papers are invited, of which titles and abstracts are due on 16 April. 

Thursday-Friday 3-4 February 1966: First Middle Atlantic Regional Meeting: American Chemical 
Society. Sheraton Hotel, Philadelphia, Pa. 

This Meeting will be the first of an annual series, 
r% Metropolitan Regional Meetings. The cosponsoring A 

lacmg the former Delaware Valley and 
S local sections are Delaware, Lehigh 

Valley, Momnouth County, New York, North Jersey, Philadelphia, Princeton, South-Eastern Penn- 
sylvania, South Jersey and Trenton. 

There will be nine scientific divisions for the presentation of papers, including one on Analytical 
C’kemistry (Cbaimwx Mr. 0. I. MILNER, Socony Mobil Gil Co.). Further information may be 
obtained from Dr. WALTER CLAVAN, Pennsalt Chemicals Corporation, TechnoIogical Center, King 
of Prussia, Penna. 19406. 

Monday-Friday 9-13 August 1965: Gordon Research Conference on Am@tkal Chemistry. New 
Hampton School, New Hampton, New Hampshire. 

The programme is as follows: 

Monday, 9 August 

Applications of NMR to Polymer Structure Determination. W. M. -Y 
Cation-Sensitive Electrodes: Theory and Z’ractice. G. A. RECHNITZ 

Tuesday, 10 August 

Applications of Differential Thermal Analysis to Polymers. B. WUND~CH 
General Applications of Differential Scanning Calorimetry. A. P. GRAY 
Applications of Differential Thermal Analysis to Non-polym- 

eric Systems. P. D. GARN 

We&&y, 11 August 

Modernisation of Microana[ytical Methods. H. MALISSA 
Use of Group Z+equency Shifrs in Interpreting Infrared 

Spectra. W. J. Ponx 
Applications of Znfrared Spectroscopy to Bio-Medical Ana- 

lytical Problems. D. ERLBY 

Thursday, 12 August 

Advances in Spark Source Mass Spectrometry. 
Open Session. 

Friday, 13 August 

A. J. AHEARN 

Analytical Problems in Drug Metabolism Studies. A. J. GLAZKO 

Further information may be obtained from Dr. W. GBORGE PARRS, University of Rhode Island, 
Kingston, Rhode Island. 
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NOTICES 

DENMARK 

Saturday-Friday 14-20 August 1965: Eighth European Congress on Molecular Specboscopy: 
Dansk PoreniT for Molekylpektroskopi. H. C. Brsted Institute, Copenhagen, Denmark [see Tahmta, 
1965, 1x3). i]. 

PUERTO RICO 

Suna&Sunday 1-8 August 1965 : IX Latin American Chemical Congress. San Juan, Puerto Rico. 
One section of the Congress is devoted to Analytical Chemistry. 

UNITED STATES OF AMERICA 

Monday-Friday 2-6 August 1965: Second Instrument Society of America Research Conference 
on Instnm~entation Sc&sce. William Smith College, Geneva, N.Y. 

Monday-Friday 9-l 3 August 1965 : Gordon Research Conference on Analytical Chemistry. New 
Hampton School, New Hampton, New Hampshire [see Tahznta, 1965, 12(4), vii]. 

Sunday-Fiday 22-27 July 1965: l!h% Interaationnl Sympusiam on Microchemical Tw: 
American Microchemical Society with sponsorship of I.U.P.A.C., Commission on Microchemical 
Techniques, Division of Analytical Chemistry. 
Pennsylvania. 

Pennsylvania State University, University Park, 

The following lectures will be presented : 

Plenary Lectures 

P. ELVING 
H. A. FLAXHKA 
0. KovaCs 
M. KUHNERT-BRANDST~TTER 
P. L. KIRK 
T. Mrrsur 
E. SAWICKI 

C. B~tmr 

M. T. BECK 

R. BELCHER and G. INGRAM 

G. BERNATH 

F. BERMEJO-MARTINEZ 
A. G. BLAS 
1. I. BRADD~CK 

L. BRANCONE 

W. B. BURTON 
K. L. CHENG 

F. W. CH~NG 

Microchemistry: The Present and the Future 
Photometric Titrations 
Techniques in Orpanic Microsynthesis 
Present Status and Future of Chemical Microscopy 
Recent Microtechniques in Forensic Science 
Organic Microanalysis in Japan-Past and Future 
Identification and Determination of Unusual Punctional Groups 

Session Speakers and Topics 

Purification of C-14 Labeled Compounds by Preparative Gas Chroma- 
tography 

Determination of Mercury(D) Based on Catalytic and Inhibition 
Effects 

Some Observations on Microdetermination of Oxygen in Organic 
Materials 

Experiences in Teaching Theory and Practice of Organic Micro- 
preparative Technique 

Photometric Determination of Copper with DTPA 
Spectrophotometric Determination of Chromium with DTPA 
Use of Reflectance Spectra for Estimation of Barbiturates by Spot 

Test Techniques 
Applications of Dtrerential Thermal Anal_vsis in Examination of 

Synthetic Organic Compounds 
Microsynthesis of Radioactive Vinyl Phosphates 
4,4’-Bis(dimethylamino)thiobenzophenone as a Sensitive Reagent for 

Mercury and Palladium 
Microdetermination of Oxyethylene Groups in Glycols and Ethylene 

Oxide Adducts 
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c. w. CiilLDS 
P. CLosE 

R. CONI)ON 
J. Co- 
G. CROSSMAN 

S. S. CRUIKSHANK 

A. K. DEY 

H. DIBHI. 
M. DIMBAT 

M. I. FAUTH 
R. W. FB~LL 

J. FILLXS 

M. FUJIM~TO 

L. W. GAMBLE 

C. GEORG~SCU 

H. W. GERARDE 
C. E. GLEFT 
G. GORBACH 

B. W. GRUN~AUM 
W. GULDNER 
G. M. GUSTIN 

J. B. HEADRIDGE 

G. E. HEINZE 
R. HOFSTADER 

A. HOLA~EK 

Z. HOLZBECHER 

F. D. HGUG~ON 

K. HOZUMI 

L. IC. HUNT 
S. S. ISRAELSTAM 

S. JACOBS 

S. JARMELL 
J. JORDAN 
J. KAIIARA 
w. KEMULA 

G. KA~NZ 

M. T. KELLEY 

W. J. KIRSTEN 

Notices 

A Study of the Pregl Carbon-Hyarogen ~te~i~tion 
Pofentiometric Titration of Micra Amounts of Iron(H) with Very 

Dilute Cerium(IY) S&hate 
A New Automat& drg&c Elemental Microanalyser 
A Flexible Procedure for Karl Fischer Microtitrations 
Some Macro and Microscopic Applications of Dispersion Staining as 

Applied to Industrial Hygiene and Air Pollution 
Oxygen Determination on Compounds Containing Loosely Bound 

Wafer or Volatile Solvents 
Chromotrope 28 as a Chromogenic Reagent for Photometric 

Determlnafion of Rare Earths 
Skther Work on Nature and Uses of Calcein 
Use of Pyrolysis Gas-Liquid ~hro~t~raphy for Determination of 

Submkrogram Quantities of Polymer 
Micr~t~~ion of Nitrogen in ~p~si~s 
Ana&& of Otganlc Mater&B on Centrgram Scale: Mechanisation, 

~~~nta~ion, and Automation of Laboratory Analysis 
Submilliprom Determination of Su&hur in Organic Compounds by 

Hot-Flask Combustion Method 
Demction. of Minute Amounts of Tungsten with Ammonium Thio- 

cyanate and T&t(H) Chloride Using Anion-Exchqe Resin Beads 
Comparison of Two Rapid Techniques for Determining Molecular 

Weight Distribution of Polymers 
Protein and Amino Acid Metabolic Disturbances in Certain Collagen 

Diseases 
Unopette System in the Clinical Laboratory 
Recovery and Chemical Analysis of Submicrogram Particles 
Methoa!s of Micro&hro~togr~hy on Torsion Bakznces of Htgh 

E@&tCy 
A Se~~~onta~d and Portable Micr~hemi~al Laboratory 
Flash Pyrolysis-A remonstration 
New Absorption- Weighing Techniques for Micro Carbon and 

Hydrogen Methods 
Pohzrographic Determination of Lead in Steels and High-Temperature 

Alloys 
Determination of Menthol in Lozenges by Gas Chromatography 
Application of the “Auto-Analyzer” to Automation of Some Micro- 

chemical Procedures: Microdetermination of Trace Quantities 
of Organic Chloride by a Micro Coulometric Technique-Application 
to Low Boiling Liquids 

A Continuous Record& of Colloidal Substances Passing Separation 
Columns, A High Pre%isjon Weighing Pipette for Milliiker Amounts 

Fluorimetric Determination of Scandium and Gallium with Derivatives 
of Sali~ylaldehy~ e 

Thin-Layer ~hro~tographic Meth~s Applied to Inorganic Micro- 
~lysis 

An Instru~ntal Method for S~uitaneous Micr~termi~tion of 
Carbon, Hydrogen, and Nitrogen 

Pyridylalpyridylhydrazine, A New Reagent, for Cobalt 
A Rapid and Simple Semimicro Method for Determining Carbon and 

Hydrogen in Organic Compounds 
Determination of Amino Acids in Food Hydrolysates Using a 

Stabilised Indanetrione Hyrdate Reagent 
A New Low Cost Deferential Thermal Analyser 
Micro-calorimetric Titrations and Injection Enthaplimetry 
Occurrence of Natural and Artificial Methyl Esters in Lipid Extracts 
Application of Chromatopolarography to Analysis of Mixtures of 

Organic Compounds 
Determination of C-14, H-3, and S-35 after Combustion of the 

Otgani% Sam&e at a System of Nozzles 
Controlled-Potential Po~ography and Coulometry as Micro 

AMI~~ical Techniques: Determi~tion of Trace Quantities of 
Charum by Contro~ed-Potential DC Polarography of a TrioctyI 
Phosphine Oxide Extract 

ukamicro Determination of Phosphorus 
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D. LIEDERMAN 

T. S. MA 
L. MACI~HERNDL 

R. J. MAGEE 

H. K. MANGGLD 

R. K. MAURMEYER 
W. C. MCCRONE 

C. D. MILLER 

0. 1. MILNER 

G. M%LER 
S. NATEWN 

E. PJXL 
F. H. POLLARD 

A. RfNGBoM 

R. C. RITTNER 
ROTH, M. 
C. A. RUSH 

F. SALZER 

E. SAWICKI 

H. F. SCHAEFFER 

H. H. 0. SCHMID 

G. SCHNEIDER 
E. SEOANE 

R. M. SILVERSTEIN 

w. SIhiON 

H. SPITZY 

A. STRICKLER 

W. STUCK 

L. SZEKERE~ 
M. L. TEFFI’ 

C. TIEDCKE 
R. D. TIWARI 
G. TOELG 

K. UENO 

5 

A Modified Wickbold Combustion Apparatus for Determination of 
Su@ur in Liquid Hydrocarbons 

Micro Se~at~n and Determ~tion of Isomeric Phenolic Compounds 
A Statisrical Stuay of the Ox~en-Filled Fiask Methods for the 

Determination of Halogen, Suiphur and Phosphorus in Organic 
Samples 

Determination 
Amounts of 
photometry 

Thin-Layer Chro~togr~hy as an Analytical and Preparaioe Tool 
in Lipid ~ockemistry 

of Trace Amounts of Nickel in Presence of Large 
Associated Elements by Colloid Absorption Spectra- 

Micro~ter~‘~tion of Primary Amino Groups 
Devices for Dispersion Staining, A Demonstration: Micro Melting 

Points 
A New H&h Speed Analyser for Accurate Determination of Carbon 

and Hydrogen 
Application of Atomic Absorption Spectroscopy to Trace Analysis of 

Petroleum 
Automation of the Kinetic V,O, Determi~tion 
Instrumentation for Concentrating Trace Components of a Mixture 

for Gas Chromatography: Determination of Etkanol, Methanol, 
and 2-Propanol in Blood 

Recent Results in Relative Conductometric Elemental Microanalysis 
Critical Examination of Use of Thin-Layer and Paper Ckroma- 

tograpky of Inorganic Compounds, Especially Species of Pkos- 
phorus and Sulphur 

A S~ctropkotometric Method for Simultaneous Deter~~ation of 
Small Amounts of Magnesium and Calcium 

Simultaneous Microdetermination of Carbon, Hydrogen, and Surphur 
Light-Scattering Techniques in Use in Biological Microchemistry 
Microdetermination of Molecular Weigkt by a Modified Signer 

Method 
General Range of Application of Rapid Co~ustion Apparatus with 

Electric Indication for Determi~tion of Carbon and Hy&ogen 
Chromatograpkic Separation and Spectral Analysis of Polynuclear 

Aromatic Amines and Heterocyclic Imines 
Chemical Microscopy of the Platinum Metals and Gold: Reactions 

with Acridine and 1 -Adamantanamine 
Characterisation of Organic Compounds by Their Critical Solution 

Temperatures 
Mi~ros~ale Synthesis of Some Substituted 1,3- Dioxenium 
Demonstration of Furictional Groups in Indole Compounds by 

Microscale Reactions 
Spectrometric Identification of Organic Compounds in the Milligram 

Range 
Structural Elucidation with a Thermal Fragmentation-Gas Ckroma- 

tography-Mass Spectrometry Combination Thermoelectric ( Va- 
porometrlc) Determmation of Molecular Wetgkt on O-001M 
Solutions: A New Detector for Liquid Chromatography 

A New Type of Radiometric Titration: Redox and Ckelometric 
Microtitrations: Separation and Determination of Thyroid 
Hormones in the Nanogram Range by means of the Sorption 
Properties of Sephadex 

Continuous Micro;fractionation of Particle Mixtures by Electro- 
pkoresis 

Determination of Micro Quantities of Carbon in Aqueous Pkases by 
a Di~erential Conductometri~ Method 

Determination of Arsenie(Iif) Compounds by Precipitation Titration 
Improred Combustion Techniques for Microdetermination of Nitrogen 

in Organic Compounds with an Automatic Analyser 
Micro Carius Eombtube Method 

’ Determination of Acetic Ankydride in Presence of Acetic hid 
Methods of Organic Elemental Analysis with Microgram Amounts of 

Sample 
Application of a Zone Refinirtg Tecknique to Inorganic Micr~~lysis 
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M. VEeIiiiA 
J. R. WAQNER 
w. WAUscli 

J. WIBERLEY 
C. L. WU3ON 
M. ZAMmRescu 

J. 2%~ 

Study of Some Basic Reactions Used in Organic Analysis’ 
A Technique for Microdetermination o Melting and Boiling Points 
An Automatic Submicro Method or Determination of Alkoxyl if 

Content Ultra Micro C-H-N Analysis with Liquicis and Hygro 
scopic Solti 

Chemistry in Capillaries 

-GHEORGHIU 
Teaching for Instrumentation 
Ceruloplasmine Clinical Analysis: Characterisation After Micro- 

electrophoresis and in Specific Immune Precipitates 
Microtitrations with Iron(U) SuIphate in Alkaline Solutions of 

Triethanolamine 

Monday 30 Alqpust-I+iday 3 September 1965: Fotutb Natiod Mee& of So&Q for AQQkd 
speeboscopy. Denver Hilton Hotel, Denver, Colo. 

Activation Analysis 

Use of neutron-activation analysis to determine 
trace elements in hair: L. C. BATE and F. F. DYER 

Some recent measurements in applicability of 
neutron-activation analyses to detection of vari- 
ations in ab&es of stable isotopes: JAMB T. COW 

Requirements for activation awlysis research lab- 
oratories: D. E. WOOD 

Precision neutron-activation analysis of zinc and 
timnium oxides in organic coating pigments V. L. EGGEBRAATEN and L. E. MILLER 

Arc-Spark 

Applications of microspark emission spectrography 

Evaluation of vacuum cup electrode system for 
spectrochemical analysis of solutions: 

A comparison of performance and characteristics of 
accurately timed spark and of internal volrage 
stabilised spark as spectrochemical light sources: 

Design, adjustment and operation of an ofiaxis 
Schmidt spectrograph for plasma applications: 

Spectroscopic properties and some analytical appli- 
cations of an induction-coupledplasma discharge: 

A device for measuring spectral line widths: 
Our present understanding of transition probability 

for optical transitions: 
Determination of lead in whole urine by emission 

spectrography: 
Determination of colour temperatures of commer- 

cial flashbulbs by emission spectrographic tech- 
niques: 

Thermography of spectroscopic electrodes 
An automatic discriminating print-out system for 

quantometric analysis: 
Determination of organically bound arsenic in 

surface waters-wet chemical versus spectro- 
graphic: 

Spectroscopic properties of arcs of extreme power 
&nsity : 

Leo. J. GARBINI, JOHN B. MOONEY and Cm 
SCHODeR 

L. ZANE MCCULLEY 

A. STRASHEIM and I. K. A. KOVACX 

EUGENE B. Tw and E. JOHN EAS~OND 

F&HARD H. WBNDT and V~LMBR A. FASSEL 
PAUL R. BARNEY 

RAY HEFFEUIN 

RICHARD L. KUNTZ 

D. J. Brucco and S. W~BERGER 
C. J. LEI~TNER and G. T. SERMON 

JOHN W. THEIRING and CHARLES E. PEPPER 

JON F. KOOP, Mow E. GALES and DONNA LEB 
FERRIS 

F. WALTER 

Atomic Absorption 
Selection of wavelengths for atomic absorption 

spectroscopy: MARVIN MARGiXXHEs 
Pa&al analljtis of rocks by atomic absorption: 
Atomic absorption methodr for analysis of natural 

CHARLES BANKS BELT, JR 

waters: _ 
- ., 

MARVIN J. FISHMAN 



Notices 

Atomic absorption determination of strongly 
emitting elements: 

Spectral references in atomic absorption spectrom- 
etry: 

Atomic absorption analysis of caesium in graphite: 

Extension of atomic absorption limits: 
Atomic absorption behaviour of rhenium: 

A comparison of automated calcium &terminations 
by atomic absorption spectroscopy and colori- 
metric analysis: 

ROBERT 0. BRACE 

S. R. KOIR~VOHANN and EDWARD E. PICKEIT 
C. W. GULLIKSON, R. W. LAMB, and D. W. 

SEEGMILLER 
w.SLAVlN 
W. G. SCHRENK, D. A. LEHMAN and LORIN 

NEUFELD 

PAUL P. WARING, RICHARD S. HARDING, JACK 
A. MOORMAN and ZIGMUND S. ZIP~RIN 

Chromatography 

Gas chromatographic behaviour of polar solutes on 
polar substrates: 

Trace elements in NBS stanakds as determined by 
radiochromatography: 

A study of the reaction between magnesium and 
potassium chlorate usinggas chromatography and 
thermonanalysis: 

Performance of a universal, recording detector for 
liquid-elution chromatography: 

A new trpe of argon-ionisation, helium-electron 
capture detector for gas chromatography: 

DTA 

Deferential thermal analysis of polymers: 

Calorimetric measurements by aYi&rential thermal 
analysis: 

Rapid determination of specific heats by diferential 
scanning calorimetry: 

Thermal dkomposition studies of propellants using 
diferential thermal analysis: 

Direct measurement of thermal d@iivity: 

PAUL URONE and JON F. PARCXER 

GEORGE A. WELFORD, ROBERT S. MORSE and 
ELUS L. CHIOTIS 

FRANCIS R. TA~OR and CLEMENT CAMPBELL 

RIcHHaRD E. POuLsoN 

K. F. SPOREK 

7GA 
C. F. COURTNEY, R. M. CLJIUEE, D. RICHARD 

ANDERSON and J. M. HO~VKA 

I. M. SARASOHN 

MICHAEL J. O’NEILL 

JACK M. PAKULAK, JR 
ERWIN L. DOSCH 

General 

Separation and iakntifiation of basic nitrogen com- 
pounak in Wilmington petroleum by use of chro- 
matography and NMR, UV, MASS and IR 
spectroscopy: C. F. BRANDENBURG and D. R. LA~M 

Application of spectroscopy in polymer research: fix KRONSTEIN 
Contamination analysis in aerospace systems: RUSSELL G. LUNDY 

Infrared 

Infrared spectra of new terpenes and terpene 
alcohols: BERNARD M. MITZNER 

Infrared spectra of two crystal forms of 1,3-poly-3- 
methyl-1-butene: J. J. ELLIOTT and J. P. KENNEDY 

Far infrared studies of hydrogen bonding: R. J. JAKOBSEN and J. W. Brusc~ 
Infrared spectra of hydroxy-bridged copper 

compounds: JOHN R. FERRARO and W. R. WALKER 
Effect of oxidation on morphology of hexagonal 

pol_yoxymethylene by X-ray dtjkction and infra- 
red soectronhotometrv: LOUIS’ B. JASSIE and PAUL G. KELL.EH 

A study of hydrogen bonding by far infraredspectro- 
SCODV: R. E. WITKOWSKI, G. L. CARL~~N and W. G. 

1, 

FATELEY 

Infrared spectra of polybutene-1 polymorphs: J. P. LUONOO and R. S~~0m.u 

A method for continuous analysis of unsaturates in 
motor vehicle emissions: E. W. LARD, H. A. BROWN and R. L. THRIFT 



vi Notices 

Low-frequency infrared spectra of unsaturated 
carbonyl compounds: W. R. Fpmum~~ and J. E. KATQN 

Anrrlysl of a dot&k base solidpropelhant: IRWIN D. SMITH 
M&ma& in the for jfrared: TEDDY L. BARUER 
Znfared spectrum of deuterated toluene: M. C. GOLDBBRQ and R. L. W-w 
H&h sensitivity injirared analysts for dcrection of 

glycol and glycol *r&tion pro&ts in lubri- 
cants: BRENT~N H. MADIXIN 

Easer and Electron Probe 

Elcftron microprobe applications to glass tech- 
nology: 

Recent developments in electron probe micro- 
analysis: 

Corrections for interelement e$ects in electron 
probe microa&ysis: 

Ap lications of microprobe in technical and service 
Lo ratory: 

Recent advances in scanning electron probe micro- 
analysis: 

Quantitative investigation with electron micro- 
probe of exsolution, mantling and zoning in 
calcium, magnesium, iron, ah4minium silicates: 

Electron probe analysis in a service laboratory: 
Microprobe examination of irradiated nuclear fuel 

materials: 
Electron probe analysis of coatings for columbium 

base alloys: 
A new electron microprobe microanalyzer: 
Affects of metal constituents of carbides and oxides 

on carbon and oxygen X-ray intensities: 
High performance organic mass spectrometer, 

moa?fied CEC 21-103C: 
Response of photographic emulsions to photons and 

kilovolt-energy charged particles: 
On the problem of selective vaporisation in spark 

source mass spectrography: 
Appliication of a dual emulsion technique in spark 

source mass spectrography : 
Ionisalion probabilities in a spark source mass 

spectrometer: 
Analysis of surface layers by spark source mass 

spectrometry : 

WILLIAM P. WmTNEY 

ARNO ARWC 

G. R. LACHANCE and R. J. TRAILL 

H. T. DRYER and V. E. SHULL 

P. W. WRIGHT and I. K. OPENSHAW 

PAUL W. WERILEN and GLEN R. HIMMMELBERG 
SELBY E. SIJMMERS 

WILLIAM F. Z~LEZNY 

P. L~BLIN and W. J. S~TKOWSKI 
H. B. MERRILL, JR 

D. E. FORNWALT and A. V. MANZIONS 

A. L. BIJRLING~~ME and F. C. WALLS 

J. M. MCCREA 

W. REAR and J. D. Kupms 

W REIJTER and J. C. WEB~ER 

ARTHUR j. SOCHA and ROBERT K. WILLARDSON 

THOMAS H. BRINGS 

Applied microwave spectroscopy: R. H. BAIJHAUS and H. W. HARRINGMN 
Applications of microwave spectroscopy in aerospace 

life support research: W. F. WHITE 

NMR EPR 
Manganese(I1) interactions in KF WM. J. VEIGELE 
EPR and NMR data analysis using digital com- 

puters: J. R. SINGER 
NMR spectra of pyridines found in shale oil: F. R. MCDONALD and G. L. Coon 
NMR study of solvent-solute interaction between 

Lowry-Bronsted bases and aliphatic alcohols: C. A. GLASS 

Applications of lasers in raman spectroscopy: S. P. S. PORTO 
Sample techniques and problems in laser excitation 

of raman spectra: R. C. HAWES, D. C. NJXS~N and K. P. GEORGE 

UV Visible 
An automated ultraviokt spectrophotometric method 

for &termination of lactic acid by enzymatic 
assay: JACK A. M~~RMAN and RI~IURD 6. HARDING 



Notices vii 

Accessories for a new precision spectrophotometer 
Performance evaluation of spectrophotometer: 
A multiple putpose jlame accessory for UV visible 

spectrophotometers: 

Identtjication of some anthraquinone derivatives by 
jlourescence spectrometry: 

Flourescence spectroscopy: progress in 1964: 
Dtrraction of a diverging beam: 
A new moving-object scanning spectrometer for 

ballistic-range radiometry: 

JAMES J. Cxusoul 
w. KAYE 

JUAN RAMERIZ-MUNOZ, AUGUST HELL and 
NORMAN Snmu~ 

FRANCIS R. TAYU~R and D~vm A. AND-N 
HUGH K. HOWERTON 
ELM E. WHIl-lNG 

ELU E. WHITING 

X-Ray Emission and Absorption 
Semimicro X-ray fluorescence techniques as applied 

to Feochemical oroblems: HARRY J. Rose. JR and FRANK C~TITITA 
Dete;mination of’total bromine in brines by XRP: 
Detectors for soft X-rays: 
Applications of an X-ray pulse spectroscope: 
Rapid analysis with X-ray polychromators: 

Absorptiometry with beta-excited X-ray photons: 
A compilation of X-ray spectra of the beta-excited 

source: 
Energy dispersion for quantitative X-ray spectro- 

chemical analysis-l: mathematical technique: 
Energy dispersion for quantitative X-ray spectro- 

chemical analysis-II: experimental results: 

POLLY J. D&N 
W. L. BARN and D. W. Fmcxm 
L. SEIFERT and GEOROB A. BROWN 
E. DAVIDSON, A. W. GIL.KWSON and W. G. 

SHEQUEN 
L. E. PREUSS and C. MIZGALA 

L. E. PREuss and C. MIZGALA 

R. J. LABRIE, J. W. Cms and L. S. Bnucs 

L. S. BIRKS, R. J. LABRIIZ and J. W. Cruss 

Symposium: Geologic Applications of Mass S’ctrometry 
High resolution mass spectrometry: application to 

organic geochemistry: A. L. BUWNGAME and PAT ~IJG 
Measurement and application of delta Cl8 values by 

ratio mass spectrometry: Dam Huma 

. Symposium: Spectroscopy of Nuclear Materials 
X-ray absorption et&e determination of plutonium 

in nitric acid solutions: E. A. HAKKILA, R. G. HIJRL.EY and G. R. 
WA’IERBURY 

Emission spectrochemical analysis of high-purity 
plutonium by the anion exchange-graphite spark 
technique: Jbrms F. MURPHY 

Spectrochemical &termination of yttrium in tanta- 
lum and tantalum-tungsten alloys: OLIVRR R. SIMI 

Rare earth analysis by a rotating platform silver 
spark technique: T. R. LYON 

Present status of description and analysis of optical 
spectra of uranium: DAVIS W. STEINHAUS 

The determination of silicon in plutonium: ROY Ko 

Smyposium: Application of Spectroscopy to Semiconductor Materials 
Analysis of semiconductors by spark source mass 

spectrometry: A. J. AIIEARN 
Determination of epitaxial firm thickness using an 

IR ellipsometer: A. RAY HILTON and Chum E. Jo~ss 
Determination of composition of epitaxial 111-V 

alloys by reflection spectroscopy: CHARLIE E. JONES, JR 
Quantitative trace analysis in submicrogram region: 

NBS plans for standard reference materials: w. WAYNE MEINKE 

Symposium: Time-Resolved Spectroscopy 

Correlation of temperatures and thirdpartner effects 
in time resolved spark discharges: A. SWIM, L. KRAVSS and A. J. Bomrcm~ 

Combustion of Zirconium droplets studied by ji”mh 
heating and time-resolved spectroscopy: L. S. NELSON 



. . . 
VII1 Notices 

A muhtple scan rapid s~ctrogr~h: 
Tine-resoloed spectroscopy of air fluorescence 

produced by a higltalttitude nuclear explosion: 
A new electromechanical shutter for time-resolved 

spectroscopy using the induction force principle: 
Time-resolved spectroscopy in the far-vacuum 

ultraviolet (100400~): 
Study of fast gas reactions by h&h resolution 

absorption spectroscopy andjash photolysis: 
Applications of time-resolved spectroscopy to 

spectrochemical analysis: 

.RONALD A. HILL 

S. STONE, H. HOGRLIN and D. R. WESRRVELT 

PAUL A. KENDALL 

N. J. PEACOCK, G. A. SAWYER and K. S. THOMAS 

ROLF ENGLEMAN, JR 

HAROLD M. BURNETT 

We~s~Fri~y 25-27 August 1965: Annual Denver Research Institute X-Ray Cenference. 
Denver, Colorado. 

Wednes~y-Satur~y 25-28 August 1965 : Twenty-Third Annual Meeting: Electron Microscopy 
Society of America. Statler-Hilton Hotel, New York City. 

,Suna%ry 29 August-Thursday 2 September 1965 : Seventeenth Annual Meeting: American Associa- 
tion of Clinical Chemists. Sheraton-Park Hotel, Chicago, Ill. 

Monday 30 August-Friday 3 September 1965: Fourth NationaI Meethr~: Society for AppIied 
S’ctroscopy. Denver-Hilton Hotel, Denver, Colorado. 

Monday-Tuesday 27-28 September 1965 : Fifth Informal Confermce on Vmum Mkrobakmce 
T.B. The Nassau Inn, Palmer Square, Princeton, N.J. 

Papers are invited on the following topics: Theory, New Types of Balance, Difficulties, Associated 
Equipment, Other Microweighing Methods, Applications. Title and abstract of about 150 words 
must be submitted by 30 July to Dr. KLAUS H. BEHRNDT, Bell Telephone Laboratories, Murray Hill, 
N.J. 

This Conference immediately proceeds the Twelfth NatienaI Vaeaunn Sy~~FesIum [see Tafanta, 
1965, U(5), iii]. 

Monday-Thursday 1 l-14 October ,196s : Seventy-Ninth Annual Me&g: Association of Ofjkiat 
Agricultural Chemists. Marriott Motor Hotel, Twin Bridges, Washington, D.C. 

Plans are underway to have six noted scientists give key addresses on such topics as statistics, 
modern instrumentation, laser beam applications, and organoleptic techniques. Over 200 other 
scientific papers on analytical methods will he presented on a variety of topics, including antibiotics, 
cosmetics, drugs, feeds, food additives, fertilisers, sanitation analysis, microbiological assays and 
flavous. 

Additional information is available from LUTHER G. ENSMINGER, A.O.A.C., Box 540, Benjamin 
Franklin Station, Washin~on, D.C. 20044. 

Monday-pride 21-25 February 1965: Seventeenth Pittsburgh Conference on Analytical Chomstry 
and Applied Spectroscopy. Penn-Sheraton Hotel, Pittsburgh, Pennsylvania. 

About 250 papers on all phases of analytical chemistry and spectroscopy will be presented. 
Symposia on the following subjects are being arranged : 

1. 

3: 
4. 
5. 
6. 

:: 

1:: 
11. 
12. 
13. 

Combined gas chromatographic-mass spectrometric techniques. 
Fast reaction kinetics, 
Electron spin resonance. 
Electron microprobe. 
Process control X-ray spectrometry. 
Atomic absorption. 
Coblenz Society Svmposium. 
Gas chro~to~a~hy-utilising pyrolytic techniques. 
NMR soectra of polymeric materials. 
Nuclea; magnetic double resonance. 
Magnetic optical rotatory dispersion. 
Analytical instrumentation in the space 
New instrumentation techniques. 

programme. 



Notices ix 

Original papers on all phases of analytical chemistry and spectroscopy are invited. A brief 
abstract (150 words) of each paper will be printed in the progranune. 
with a letter listing the names of the authors, etc., 

Three copies of this abstract, 
should be addressed to Dr. R. E. HEWN, Mellon 

Institute, 4400 Fifth Avenue, Pittsburgh, Pennsylvania, 15213. 
is 1 October, 1965. 

The final date for receipt of abstracts 

U.S.S.R. 

Monday-Sunday 12-18 JuQ 1965: KXth International Cengrem of Pare and Applied Chmdatry: 
Academy of Sciences of U.S.S.R. on behalf of Z.U.P.A.C. Moscow State University. 

T’he programme for the Section on Anal@lal Chemistry ls as foBows: 
Tuesday Morning, 13 July-Physical and Physicochemical Methods of Analysis 

Use of atomic spectroscopy for solving problems of 
automation of analysis. B. v. L’vov 

Determination of some heavy metals by atomic 
absorption spectroscopy. L. ERDEY and G. SVEHLA 

Spectroscopic observations on the interconal zone 
of pre-mixed, fuel-rich, oxyacetylene flames. V. A. FASSEL, R. N. KNISBLEY, V. M. MOSSOTTI, 

T. C. COWLEY and D. GOLIGHTLY 
Atomic absorption spectrophotometry using metal 

complexes in organic solvents. S. GOMI&EK and H. MALT 
Investigations of the mechanism of the effect of cer- I. A. Vor~ovrrcrr, M. HAMFAU, J. LEORAND and 

tain organic reagents inflamespectrophotometry. L. KATZ 
Use of bisolvents in atomic absorption spectroscopy. J. W. ROBINSON 

Tuesday Morning, 13 July-Methods of Separation and Concentration of Elements 

Systematic analysis by solvent extraction. 
Extraction of some tervalent metal chlorides by 

tertiary and quaternary amines. 
Solvent extraction studies with 2-thenoyltripuor- 

acetone. 
Concentration and separation of indium, gallium, 

thallium, antimony and bismuth by extraction 
with aIkylphosphoric aciris. 

Distribution constants of certain 8-quinolinols and 
their copper chelates in a series of solvent pairs. 

Estimation of heterogenous extraction constants by 
an indirect way. 

Solvent extraction of chelate compounds of 
elements with l-phenyl-3-methyl+-benzoylpyra- 
ZOZOne-5. 

On the role of the hydrogen bond in alkylamine 
extraction processes. 

R. CIUL~ERS 
A. S. Kaa-rxs, G. SCIBONA, J. F. BYRUM, K. 

KIMURA, S. BASOL and J. W. IRVINE, JR. 

A. DE 

I. s. LEVIN, A. A. %LtTALOVA, T. G. AZARENKO, 
I. A. VORSINA and N. A. BURT~VAYA 

H. Mo~~~LA and H. FRELS~R 

H. SPECKER 

Yu. A. ZOLOTOV, V. G. LAMBREV, M. K. 
CHMUTOVA and N. T. SUONENKO 

V. M. VD~VENKO and A. A. LIPOVSKY 

Wednesday Evening 14 July-Physical and Physicochemical Methods of Analysis 

Use of spectral methods for determination of 
isotopic composition in analytical chemistry. A. N. ZAIDEL 

Some applications of the d.c. plasma jet to analysis, 
with special reference to the elimination of 
matrix effects. M. S. W. WEBB 

On the concept of analytical accuracy. S. M. RAYSKY 
Sensitivity increase of direct spectral analysis. Yu. I. BELYAEV, L. M. IVA~SOV, B. I. KOSTIN 

and V. V. SHEMET 
On the problem of increase in sensitivity of 

emission spectral analysis. V. V. NEDLER 
Some techniques for raising the sensitivity and 

precision of emission spectral analysis. YA. D. RArKIiaAUM 
Investigation of the scintillation method of spectral 

analysis. Yu. I. STAKHEYEV 
Application of some radar methodr for increasing 

the sensitivity of emission spectral analysis. V. I. MA~LOV 

Wednesday Evening, 14 July-Organic Reagents in Analytical Chemistry 

Hydrogen bridges and donor a-bond in the salicylal- 
doxime complexes of transition metals: Effect 
of electrophilic and nucleophilic substituents. K. BURGER, F. RUFF, I. RUFF and I. EGYED 



X Notices 

New s 
R 

ctrophofometric inorgunic reagents of very 
hip selectivitv and sensitlvitv. T. S. WEST 

Co&ex salts d of &mercapt&@toline and its 
derivatives Yv. A. BANKOVSKI and A. F. YE~IN’CH 

Intuence of substituems on properties of metal 
reagents with phenolic hya?oxyl groups. G. ACKERMANN and D. Hms~ 

Analytical application of arsenazo Ill and its 
anahrgues-2,2-bis-asoderivatives of chromo- 
tropic acid. S. B. SAVVIN 

Some new analogues of arsenazo III. B. BUDE~INSKY 

Wednesday Evening, 14 July-Methods of Separation and Concentration of Ebsments 

Separation procedures for substoichiometric deter- 
mination of traces of metals. J. RPIZIEKA, J. STAR+ and A. ZEMAN 

The methodof concentration-a+endent distribution 
in the use of radioisotopes in quantitative 
analysis. M. KYRS 

Concentration and separate determination of 
alkaline earth elements with aso-asoxy com- 
pounds. F. P. GORBENKO 

Separation and purification of protactinium-231 A. V. D~vy~ov, B. F. MyAsoewv, Yu. P. 
and -233. NOVIKOV, P. N. PALEY and E. S. PALSCHIN 

Diagrams of distribution and separation on 
extraction. A. V. NIKOLAJW 

Anion exchange in acetate buffer medium: Adrorp- 
tion and separation of sonte metallic elements, 
especially uranium( VI). B. TREMlLLoN and M. vAlSS= 

Investigation of ion-exchave chromatographic 
separation of high-valency elements. B. I. NABIVANETS and L. N. KVDRCEZKAYA 

Concentration of rare earth impurities of highgrade 
rare earth samples using partition chromatog J. BOSHOLM, H. GROSSE-R~~YCKEN, N. A. 
raphy. LEBEDEV, E. H~RRMANN, and V. A. HALKIN 

Thursday Morning, 15 July-Physical and Physicochemical Methods of Analysis 

Trace element &termination in mercury and high C. CHEWIER, M. NALBANMOLU and P. C. 
purity acids by spark source mass-spectrometry. F’ECHNEY-SAINT-GOBAIN 

Chromate Mass Spectrometry. V. L. TALROSE, G. D. TANTZYREV, V. I. 
GORSHKOV and S. T. Kozmv 

Comparison of theoretically calculated and 
practically measured line intensities in X-ray 
fluorescence analysis. K. H. GRO’IHE and G. KRAUSE 

Quantitative analysis of highly radioactive ma- 
terials: Spectrochemical and X-ray techniques. C. FELDMAN 

Electron probe measurements of impurity reactions 
in solid state diffusion. L. S. BIRKS and D. J. NAGEL 

X-ray spectral quantitative analysis of complex 
substances of constant qualitative composition. M. A. BLOKHIN 

Quantitative X-ray microanalysis without a 
standard. N. P. ILYlN and L. E. LOEVA 

X-ray &termination of technetium and uranium. F. Lux, F. AMMENTORP-SCHMIDT, C. HER~ET and 
W. OPAVSKY 

Thursday Morning, 15 July-Organic Reagents in Analytical Chemistry 

Spectrophotometric determination of traces of 
gallium and indium with I-(2-pyridylazo)-2- 
naphthol (PAN). K. L. CHENG and B. L. GOYDISH 

Spectrophotometric characteristics and choice of M. K. AKH~DLI, E. L. GLUSCHENKO and 
organic reagents. P. B. GRANOVSKAYA 

Photometric determination of rare earths with A. K. DEY, K. N. MUNSHI, S. P. SANOAL and 
ammonium aurintricaroxylate (aluminon). S. N. SINHA 

Spectrofiuorimetric &termination ofsubmicrogram 
amounts of aluminium and beryhium. G. F.KIRKBRIGHT, T. S.WEST and C. WOODWARD 



Notks xi 

New method for s~tro~t~tri~ ~te~~~ 
of super mkroamoun~s ofcopper. Y. KAKITA, M. NAMIKI and H. Gur8 

PetsPWives of a%+20 coquoun& in a+ytical 
chemWy of mre elkments: Some reagents for 
ZirCORiMm. D. I. RYAEXXIKOV and Yu. M. DBDK~V 

Use of some anabasine &rivartivcs in analytical 
chemistry. R. H. DWNLIAEVA and SH. T. TALIIWV 

Thutsaky Mormkg, I5 July-Metho& of Separation and Concentration of Elements 

Preconcentration 
ion exchange. 

of trace elements by precipitation 

Clwice of cot&ions of chromarqraphic sewration 
of mixtutes of his. 

Silica el as a carionite. 
Use 0 P cellulose base ~~~~ers for concen&t- 

tkm of otpni? ions. 
Anion exchaqqe in hydto&oric acid solutions and 

its application for separation of elemen& 
Use of teak kchaqgers in analytical chemistry. 
Development of partition chromatography of inor- 

ganic substances. 

0. H. MORRISON, F. T~lu and R. RVCH 

M. M. SFBYAWN 
V. MARXCWA and F. VYDRA 
E. S~HULEK, Zs. Rw~~RT-HoRvA~, A. 

LAszmy and E. K~R& 

v. s. PAHOLKOV 
B. SANSoNI 
B. K. PREOINUENSKY, L. N. M~SWIN and 

G. S. Knnc~m 

Thursday Evening, 15 July--Physical and Physicochemical Methoak of Analysis 

The state and dcterminaHon of wabsr content in A. V. KARYAKIN, A. V. P~TROV and Yu. B. 
solurions and some extractive systems. GERLlr 

Raman spectra excited by a hzset emisskm at CAGNARD, COSSARD, On-o, TAG aad 
6328 A. TROYAN~WSKY 

Appliieation of Raman spee~m for ifuzst&ation of 
dispetsed media. M. M. Su~~~~SKY and A. S, L’VOVA 

Gas and uapout abyss by infrared untesolued 
spectra. B. S. NEP~RENT 

Use of thermogrravime~ry and infrared spectroscopy 
to follow reactions in the solid state. C. DUVAL 

Qualita&e and quantitative analysLv of qqanic 
compounds by quasi-lineat spectra. E. V. SI-WXSKY 

Use of impulse heat@ for rapid determination of 
oxygen in reftactory materials and metals. 2. M. T’UROV~ZEVA and A. M. VASSBRMAN 

Some tecent advances in atomic absorption spectto- 
scopy. A. WALSH 

Thursday Evening, IS July-Organic Reagents 

Attempts io syn&esise and study spray teagents for 
inorganic chto~t~r~hy. 

Some means of takjg the se&&My of oganic 
analytical reqents and their reactions. 

Designing tegents speez@c fat ~lla~um. 
A selective and sensitive colout of fhotesceme 

tea&on for silwr. 
Mechanism of inremction of hydroylic organic 

regents with ions of polyvalent metals. 
Chelates of germanii4m(IV). 
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Page 427, line four of third paragraph : For these questions read the question. 
Page 427, line five of third paragraph: For or whether they are read and. 
Page 427, first sentenee of fourth paragraph: This should read Undoubtedly, nearly every erudite 
reader could have presented his own “account” to the authors, but it would hardly be possible for them 
to satisfy all possible claims of this type. 
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British Standards Instiiution has announced the following Revised British Starukzrd: B.S. 1016: 
Methodr for the analysis and testing of coal and coke: Part 3: 1965: Proximate analysis of coal. 
(Price: 7s. 6d.). The determination of moisture, volatile matter and ash in coal is detailed. 

UNITED STATES OF AMERICA 

Monday-Thursday 24-27 January 1966: Nineteenth Aanual Symposium on Modem Methods of 
Analytical Chemistry. Louisiana State University, Baton Rouge, La. 

Sunday 30 January-Friday 4 February 1966: A.S.T.M. Committee Week: American Society for 
Testing and Materials. Shoreham and Sheraton-Park Hotels, Washington D.C. 

Monday-Friday 13-17 June 1966: Fifth National Meeting: 
Sheraton-Chicago Hotel, Chicago, Ill. 

Society for Applied Spectroscopy. 

Original papers are being solicited in all areas of theoretical and applied spectroscopy and gas 
chromatography, including X-ray spectroscopy, arc-spark emission, flame emission, atomic absorp- 
tion, infrared, ultraviolet, visible, Raman, far infrared, NMR-EPR, nuclear particle spectroscopy, 
activation analysis and solid state spectroscopy. Anyone wishing to submit a paper is encouraged to 
send a title and abstract (not more than 200 words) before 1 March to Dr. E. LANTERMAN, Borg- 
Warner Corp., Des Plaines, Ill. 60018. 

American Society for Testb and Materials has announced the availability of the following 
publication : 

Hydrocarbon Analysis-STP 389: 426~~. (Price: $8.50; to ASTM members: $5.95). Sponsored 
by Research Division IV of ASTM Committee D-2 on Petroleum Products and Lubricants, the book 
is divided into four sections: 

(1) Where We Are and a Look Ahead; 
(2) Potential Analytical Developments; 
(3) Integrated Methods Approach; 
(4) Hydrocarbon and Non-Hydrocarbon Impurities. 

To closely link the programme of the NBS Office of Standard Reference Materials with research 
efforts in other laboratories, a publication series entitled Stan&d Reference Materials has been 
initiated as a medium for broad and rapid dissemination of the results of standard materials investiga- 
tions at National Bureau of Standards. 

The basic publication in this series, NBS Misc. Publ. 260, is subtitled Catalog and Price List of 
Standard Materials Issued by the National Bureau of Staruhtrds. This basic section is kept up to date 
quarterly by issuing supplementary insert sheets as new standards are prepared, old ones are exhausted, 
renewals issued and others are discontinued. 

Other publications in this series are numbered as Misc. Publ. 260-1, Misc. Publ. 260-2, and so 
forth. Thus far the following 

B 
ublications have been issued: 260-1, Preparation of NBS White Cast 

Iron Spectrochemical StanaItr s; 260-2, Preparation of NBS Copper Base Spectrochemical Standards; 
260-3, Metallogrqohic Characterization of an NBS Spectrometric Low-Alloy Steel Standard; 260-4, 
StanaIard Reference Materials: Sources of Information; 260-5, Accuracy of Solution X-Ray Spectro- 
metric Analysis, of Copper-Base Alloys; and 260-6, Methods for the Chemical Analysis of White Cast 
Iron Stana%wds. Several more publications in this Series are under way. 

ERRATUM-Volume 11 
Page 1353, Fig. 5 : The legend should read as follows 

FIO. 5.-Working curves for tellurium(IV) : 
- HCIOI system, 
---- HCl system. 
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PAPERS RECEIVED 

Photometric determination of niobium with axe compounds: I. P. AL- and S. B. SAVVIN. 

(7 October 1965) 

Some new heterocyciic compounds as analyticai reagents: F. H. POLLARD, G. N1cmzs.v and R. G. 
ANDERSON. (7 October 1965) 

Amperometry with two pobuixable electrodes-XI: Determination of bismuth by RDTA titration: 
F. VYDRA and J. VORL&K. (7 October 1965) 

Contributions to the basic problems of complexometry-XXI: Determination of nickel in the presence 
of cobait: R. P&BIL and V. Vm&. (7 October 1965) 

Determination of gold by X-ray fluorescence methods: A. CHOW and F. E. BEAMISH. (8 October 1965) 

A study of 3-methyithiaxoiidin~2-thione as a reagent for spectrophotometric determination of copper: 
J. A. CORBBIT. (13 October 1965) 

pH caladations for aqueous solutions of monofuuctional acids and bases: U. A. Th. BRINKMAN. 
(14 October 1965) 

A new method for titrhnetric determination of per&orate: G. ARAVAMUDAN and V. KRW-INAN. 

(14 October 1965) 

A new method for spectrophotometric determination of supermicroamount of copper: YACHIYO Kurr~, 

Mrcmco NAMIKI and Hhmmo G~To. (16 October 1965) 

Preparation of iodic acid by direct oxidation of iodine with percbloric add dihydrate: JOHN M. HAYES, 
HARVEY DIEHL and G. FRBDERICK SMITH. (20 October 1965) 

Spectrofluorhnetric determination of submicrogram amounts of ahrminium using salicyiidene-o-amino- 
phenol: R. M. DAONALL, R. SMITH and T, S. WEST. (22 October 1965) 

Qualitative and quantitative analysis of mixtures of 2,4-tohdlene diamine and 2,4-toi~ene diurea by 
infrared spectroscopy: K. EROSS, G. SVEHL.A, L. ERDEY and E. VA~SONYI. (25 October 1965) 

Investigation of thermal aging of barium sulphate precipitate by electron microscope: E. BUZAOH-GERE. 
F. PAULIK and L. ERDBY. (25 October 1965) 

Use of gas-liquid and thin-layer chromatography in characterisiag air pollutants by fluorometry: E. 
SAWICKI, T. W. STANLEY, S. MC~RSON and M. MORGAN. (26 October 1965) 

“Stability” of aciditied aqueous chioramine-T: C. G. R. NAIR. (25 October 1965) 

A critical review of gravimetric and titrim et&reagents for tbe noble metals-II: F. E. BEAMISH, 
(26 October 1965) 

An automatic recording titrator and its applications: SHINGO MIYAICE. (2 Novem&er 1965) 

. . . 
111 
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Sunday-Friday 13-l 8 June 1965 : Sixty-Eighth Annual Meeting: American Society for Testing 
and Materials. Purdue University, Lafayette, Ind. 

Monday-Thursday 14-17 June 1965: Sixteenth Mid-America Symposium on Spectroscopy. 
Sheraton-Chicago Hotel, Chicago, Ill. 

Monday-Tuesday 1415 June 1965 : Twentieth Annual Northwest Regional Meeting: Pacific 
Northwest Secrions of American Chemical Society. Oregon State University, Corvallis, Ore. 

Monday-Friday 14-18 June 1965 : Symposium on Molecular Structure and Spectroscopy. Ohio 
State University, Columbus, Ohio. 

Thursday-Saturday 24-26 June 1965 : Conference on Small-Angle X-Ray Scattering. Syracuse 
University, Syracuse, N.Y. 

Wednesday 29 September-Friday 1 October 1965: Twelfth National Vacuum Symposium: 
American Vacuum Society. Statler-Hilton Hotel, New York City, N.Y. 

The Programme Committee solicits the submission of contributed papers for presentation at the 
Symposium. Abstracts should be submitted by 5 July to the Chairman: R. L. JEPSEN, Varian 
Associates, 611 Hansen Way, Palo Alto, California 94303, U.S.A. 

Contributed papers should report significant results of new and original work, either experimental 
or theoretical in nature, in an area relating to production, measurement or application of vacuum. 
Papers dealing withfundamental aspects of vacuum production, vacuum measurement and behaviour 
of materials and surfaces in a vacuum environment are particularly welcome. Papers on new or 
improved vacuum components and vacuum systems are also welcome provided they are truly 
technical rather then commercial in nature. 

Of special interest this year are papers on such ‘Space-Related Problems” as friction, sticking 
and wear under conditions of outer space, and measurements of densities and pressure of various 
molecular species at high altitudes. Another timely area is electron microscope inspection of micro- 
circuits. Thin films, of course, constitute one of the most important applications of vacuum; it is, 
therefore, hoped that a large number of good papers will again be contributed in this area. 

Following last year’s procedure, the Thin Film Division of the American Vacuum Society plans 
to hold a special Thin Film Division Symposium, also at the Statler-Hilton Hotel, on September 28, 
the day preceding the National Vacuum Symposium. This special Symposium will consist exclusively 
of invited papers on such topics as nucleation and growth, dislocations, and low energy electron 
diffraction studies. 

American Society for Testing and Materials has announced that the following publication is now 
available : 
Techniques of Electron Microscopy, D@action and Microprobe Analysis: STP 372: 90 i_ vi pp. 
with heavy paper cover. ($3.75 or $2.60 to ASTM members.) 

This presents new techniques and applications of electron microscopy, diffraction and microprobe 
analysis in research studies. It is well illustrated with photographs, drawings and charts. 

UNGARN 

8.6. bis 12.6.1965: Budapest: Konferenz des wissenschaftlichen Vereins fur die Silicatindustrie 
und der Universitlt der chemischen Industrie, Veszprem. 

Auskunf?: Konferenzausschub Budapest V (Ungarn), Szabadsag-t&r 17, Haus der Technik, 
Silikonf. 

ERRATA 

Volume 12 

Page 186, Table I: The heading to the second column should read 

Na.S& 
ml 

Page 401: The address of the authors should read Faculty of Technical and Nuclear Physics, 
Page 405, line 2: for tartarate read tarirate. 
Page 405, Table II: In the footnote read inrerfering for inrerferring. 
Page 406, line 5 from bottom of page: For interferring read interfering. 
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At the Twenty-First Annual General Meeting of the ~Methe&creupofthesoe&ty 
for Analytical Chendstry held on 19 February, 1965, the following OBkers were elected for the. 
forthcoming year: 

Chairman: R. GOULDEN 
Vice-Chairman: T. R. F. W. FENNELL 
Treasurer: F. H. OLMZR 
Secretary: Mrs. D. E. BIJT~RWORTH, National Chemical Laboratory, Teddington, Middksex. 

UNITED STATES OF AMERICA 

Sunday-Friday 4-9 April 1965: 149th Nat&n& Mm: American Chemical Society. Detroit, 
Michigan. 

Monday-Wednesday N-21 April: Third National Bbmedicd Sciences hstnmmbtion Sym 
posium: Instrument Society of America. Dallas, Texas. 

Monday-Thursday 19-22 April 1965 : 1965 International Conference on Modern ‘Trends in Actlva- 
tion Analysis. College Station. Texas A and M University, Texas [see Talanta, 1965, U(2), iii]. 

WednesdayFririday 21-23 April 1965: Third Mu&e Sdences hmentatbn Sym&8m1: 
Instrument Society of America. Miami, Florida. 

Monday-Thursday 4-7 October 1965: Twentieth Annual htenmtioml Conference nnd Exhibit: 
Instrument Society of America. Los Angeles, California. 

.The theme of the 1965 meeting is New Measures of Progress in Iostn~mentatioa Further in- 
formation is available from Dr. E. M. GRABBE, 1965 Conference Programme Coordinator, c/o 
Instrument Society of America, 530 William Penn Place, Pittsburgh, Pa. 15219. 

Monday-Thursday 11-14 October 1965: Seventy-Ninth Annual General Meeting: Association 
of Oflcial Agricultural Chemists. Marriott Motor Hotel, Twin Bridges, Washington, D.C. 

For information contact LUTHER G. ENSMIE~GER, A.O.A.C., Box 540, Benjamin Franklin Statipa, 
Washington, D.C. 20044. 

1965 Book of ASTM Stundords : Issued periodically by American Society for Testing and Materials 
in 32 parts, it will contain approximately 3700 standards of which more than 1260 will be new or 
revised since publication of the 1%4 Volume. Each of the parts, brought up-to-date and available 
on the same monthly schedule each year, covers a specific field of interest and includes a detailed 
index, table of contents and a numeric list of standards. 

ERRATA-Volume 12 

Page 134, first line: This should read . . . .aduantage of high hydrogen overvo~t~e 
Page 136, Table II: Heading to final cohunn should read Dietert furnace 
Page 136, line 6 from bottom: For dimethylglyoxine read dimethylglyoxime 
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-- -, Transition potentials of triph&$me’thane dyestuffs . . . . 
- -1 Review of radio-frequency methods . . . . . . . 
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Tungsten, Ion-exchange behaviour . . . . . . . . . 

Uranium fission products, Separation by ring oven . . . . . . 
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Voltammetry, Anodic stripping, Determination of mercury . . . . . . 651 
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Analysis of Ancient Metals: EARLE R. CALEY (International Series Monographs on Analytical 
Chemisfry, Vol. 19). Pergamon Press, Oxford, 1964. Pp. xi + 176.70s. 

Introduction. The Heterogeneity of Ancient Metals and the Sampling Problem. Preliminary 
Observations and Measurements, Qualitative Tests and Choice of Quantitative Method. Gold 
and its Alloys. Silver and its Alloys. Copper and its Alloys. Various Non-ferrous Metals and 
their Alloys. Iron and Steel. The preparation of Reports. Index. 

Kinetics of Precipitation: AUNE E. NEILSEN (International Series of Monographs on Analytical 
Chemistry, Vol. 18). Pergamon Press, Oxford, 1964. Pp. x + 153.40s. 

Energetics of Nucleation. Kinetics of Nucleation. Diffusion Controlled Growth. Nucle- 
ation Controlled Growth. Dislocation Controlled Growth. Compound Growth Mechanisms. 
Precipitation with Homogeneous Nucleation. Precipitation with a Generating Process. Sec- 
ondary Growth. Seeding and Dissolution. Particle Shape. Adsorption. Appendix. References. 
Author Index. Subject Index. 

PUBLISHER’S ANNOUNCEMENT 
REPRlBTS OF REVIEW PAPERS 

Reprints of the following reviews published in Talanta are available from Journals Department, 
Pergamon Press Ltd., Headington Hill Hall, Oxford, England, at 7s. or 91 per copy, on a cash with 
order basis only: 

“Precipitation of Metal Chelates from Homogeneous Solution” by F. H. Fiisching. 

‘Recent Developments in the Ring Oven Technique” by H. Weisz. 

“Adsorption Indicators in Precipitation ‘l&rations” by R. C. Mehrotra and K. N. Tandon. 

f‘Radiometric Titrations” by T. Braun and 3. T6lgyes-s~. 

“Recent Uses of Liquid Ion Exchangers in Inorganic Analysis” by H. Green. 

“Applications of Nuclear and Electron Magnetic Resonance ln Analytical Chemistry” by B. D. 
Flockhart and R. C. Pink. 

“A Critical Evaluation of Colorlmetric Methods for Determination of Noble Metals-III: Palladium 
and Platinum” by F. E. Beamish. 

“A Critical Evaluation of Colorlmetric Methods for Determination of the Noble Metals-III: Rhodium, 
Iridium, Ruthenimn, Osmium and Gold” by F. E. Beamish. 

“Present State of Complexometry-I: Determination of Quadrivalent and Tervalent Metals” by 
Rudolf Pfibil. 

“Some Recent Developments in Radloactivation Analysis: A Review of Improvements in the Analytical 
Technique” by F. Girardi. 

“Separation of Transplutonlmn Elements” by J. SW. 

“Diierential Spectrophotometry” by G. Svebla. 

Single copies of the Heyr0vs.G Honour Issue of Talanta, December 1965, ma 
r be obtained from Journals Dept., Pergamon Press Ltd., Headington Hill Hal, 

Oxford, England, at f2 or $6.50 per copy on a cash with order basis only. 
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REPRINTS OF REVIEW PAPERS 

Reprints of the following reviews published in Talanta are available from Journals Department, 
Pergamon Press Ltd., Headington Hill Hall, Oxford, England, at 7s. or $1 per copy, on a cash with 
order basis only: 

“Precipitation of Metal Chelates from Homogeneous Solution” by F. H. Firsching. 

“Recent Developments in the Ring Oven Technique” by H. Weisz. 

“Adsorption Indicators in Precipitation Titrations” by R. C. Mehrotra and K. N. Tandon. 

“Radiometric Titrations” by T. Braun and J. Tiilgyessy. 

“Recent Uses of Liquid Ion Exchangers in Inorganic Analysis” by H. Green 

‘~Applications of Nuclear and Electron Magnetic Resonance in Analytical Chemistry” by B. D. 
Flockhart and R. C. Pink. 

“A Critical Evaluation of Calorimetric Methods for Determination of Noble Metals-III: Palladium 
and Platinum” by F. E. Beamish. 

“A Critical Evaiuation of Calorimetric Methods for Detezmination of the Noble Metals-III: Rhodium, 
Iridium, Ruthenium, Osmium and Gold” by F. E. Beamish. 

“Present State of Compiexometry-I: Determination of Quadrivalent and Tervalent Metals” by 
Rudolf piibil. 

“Some Recent Developments in Radioactivation Analysis: A Review of Improvements in the Analytical 
Technique” by F. Girardi. 

“Separation of Transplutonium Elements” by J. Sk@. 

“Differential Spectrophotometry” by G. Svehla. 

Single copies of the Heyrovsk$ Honour Issue of Talanta, December 1965, may 
be obtained from Journals Dept., Pergamon Press Ltd., Headington Hill Hall, 
Oxford, England, at $2 or $6.50 per copy on a cash with order basis only. 
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Open Tubular Colunms in Gas Chromatography: L. S. Errax. Plenum Press, New York, 1965. 
Pp. xix + 164. $4.95. 

In&oducrion. Origins; Nomenclature; Terms and Definitions: Characterisation of a Peak, Partition 
Process, Peak Separation, Column Efficiency, Flow Rate and Gas Velocity. Theory and Practice. 
Basic Golay Equation; Practical Conclusions from Golay Equation: Column Efficiency, Carrier 
Gas Flow, Selection of Carrier Gas, Liquid-Film Thickness; Comparison with Packed Columns: 
Influence of/l Values on Column Characteristics, Changes in Necessary Column Efficiency, Influence 
of Column Permeability, Performance Index, Modified Expressions related to Plate Number Concept, 
Practical Applications; Influence of Temperature; Sample Capacity; Open Tubular Columns of 
Various Diameters. Preparation of Open Tubular Columns. Tubing: Plastic Tubing, Glass Tubing, 
Metal Tubing; Coating of Column Tubing: Cleaning of Column Tubing, Dynamic Coating Method, 
Static Coating Method, Elimination of Secondary Adsorption Effects of Column Tubing, Column 
Conditioning and Storage, Recoating of Open Tubular Columns; Testing of Open Tubular Columns: 
Use of “Polarity Mixture” for Testing, Determination of “Air Peak” Time; Increase of Inside 
Surface Area of Column Tubing: Chemical Treatment of Inside Wall of Tubing, Deposition of 
Porous Support Layer on Inside Wall of Tubing; Adsorption-Type Open Tubular Columns: Plating 
Methods, Adsorption Columns with Chemically Modified Inside Wall, Open Tubular Columns 
Coated with an Adsorptive Layer, Modification of Van Deemter-Golay Equation for Open Tubular 
Adsorption Columns. Gas Chromafogruphic System. Sample Introduction: Sample Introduction 
Systems, Split Systems; Pneumatic System: Carrier Gas Regulation, Connecting Tubes; Column 
Heating: Isothermal Operation, Programmed-Temperature Operation, Applications of Temperature- 
Programmed Open Tubular Columns, Compensation of Liquid-Phase Bleeding during Temperature 
Programming; Detection and Recording: Commonly used Detectors, Auxiliary Detectors, Recording 
Systems. Bibliography. Supplements. Calculation of “Air Peak” Time: Method of Peterson and 
Hirsch, Method of Gold; Instrumentation. 



Notices ix 

B&y&Rubber Standard No. 388a replaces No. 388. 
Barium Cyciohexanebutyrate No. lOSla, Ba-29.1x, replaces No. 1051. 
Calcium 2-Ethylhexanoate No. 1074, Ca-13.4x, replaces calcium cyclohexanebutyrate No. 1054. 
Cobalt Cyclohexanebutyrate No. 1055a, Co-17.4 and Ni-4I.05 %, replaces No. 1055. 
Nickel Cyciohexanebutyrate No. 1065a, Ni-16.8x, replaces No. 1065. 
Sodium Cyciohexanebutyrate No. 1069, Na-11.9 %, replaces No. 1069. 
American Society for Testing and Materials has announced the availability of the following 

publications : 
ASTM Standards for General Testing Methocis: Part 31, 1965 Book of ASTM Standards on 

Metallography; Non-Destructive Testing; Radioisotopes and Radiation Effects; Industrial Chemicals; 
Emission, Absorption and Mass Spectroscopy. 740~~. 67 Stamkuds. $13.00 or $9.10 (members). 

Application of Advanced and Nuclear Physics to Testing Materials-STP 373. 140~~. t6.25 or 
$4.35 (members). Directed primarily at technologists in the building materials field. 

ERRATUM-Volume 12 

Page 391, lines 5-8 from bottom: These should read The Kar radiation in thejrst order was used 
except in the case when second order Ka radiation was usedfor the lower concentration range. The Ni K,s 
radiation interfered at low concentration of copper but the second order Kol was found to be more sensitive 
than the first order copper Ks radiation. It is possible . . . 
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Pergamon Press Ltd., Headington HIII Hall, Oxford, England, at 7s. or $1 per copy, on a cash with 
order basis only : 

“Precipitation of IMetal Chelates from Homogeneous Solution” by F. H. Firsching. 

“Recent Developments in the Ring Oven Technique*’ by H. Weisz 

“Adsorption Indicators in Precipitation Titrations” by R. C. Mehrotra and K. N. Tandon. 

“Radiometric Titrations” by T. Braun and J. Tolgyessy. 

“Recent Uses of Liquid Ion Exchangers in Inorganic Analysis” by H. Green. 

“Applications of Neutron and Electron Magnetic Resonance in Analytical Chemistry” by B. C 
Flockhart and R. C. Pink. 
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Coulometric Analysis: K. ABRESCH and I. CLAASFEN, translated by L. L. LEVESON. Chapman & Hall, 
London, 1965. Pp. xi + 27% 36s. 

Part I. Principles, Apparatus and Inst~mentation: Introduction; Section 1, Electrochemical 
Theory--Ohm’s law, Faraday’s laws, E.m.f. of galvanic cells, Polarisation, Electrode potential, 
Nomenclature; Section 2, Principles of Coulometry-Controlled, constant potential coulometry 
(potentiostatic coulometry), Uncontrolled potential and constant current (coulometric titration), 
Constant potential and constant current, Continuously varying potential; Section 3, Current 
Efficiency; Section 4, End-point Deteetion-Colorimetric and spectrophotometric end-point 
detection, Electrometric end-point detection; Section 5, Inte~retation of Current-voltage Curves ; 
Section 6, Electrolysis App~tus-El~trodes, Diaphragms, Electrolysis cells; Section 7, 
Measurement of Quantity of Electricity-Weight coulometers, Mercury coulometers, Gas 
coulometers, Titration coulometers, Calorimetric coulometers, Coulometric coulometers, Eleetro- 
mechanical coulometers, Electronic coulometers ; Section 8, Control of Potential (Potentio- 
stats)-Manual control, Electromechanical potentiostats, Electronic potentiostats; Section 9, 
Control of Current-Indirect regulation, Direct regulation; Section 10, Time Measurement; 
Section 11, Automatic Titrators-Controlled addition of titrant, Coulometric generation of 
reagents, Continuous titration; Section 12, Pulse Coulomet~-Constant current pulses, Constant 
potential pulses. 

Part II. Analytical Applications: Section 1, Potentiostatic Coulometry-Direct determina- 
tions. Indirect determinations, Table 1, Potentiostatic-Coulometric Determinations; Section 2, 
Coulometric Titrations-Acidibase titrations, Redox titrations, Precipitation and complex titra- 
tions, Table 2, Coulometric Titrations; Section 3, Miscellaneous-Determination of film thick- 
ness, Voltammetry, Table 3, Coulometric Dissolution with Continuously Changing Potential, 
Determination of polarographic n-values, Internal electrolysis, Determination of oxygen, Deter- 
mination of water, Reaction kinetics, Other methods. 

References. Index. 

Die komplexometrische Titration: GEROLD SCHWARZENBACH und HERMANN FLASCXKA. Ferdinand 
Enke Verlag, Stuttgart, 1965. Pp. xvi + 339. 

Teil I. Allgemeines tlber Titrationsmittel, Indikatoren und Instrumentelle Endpunkts- 
indikation: Titration mit Komplexbildnem; Aminopolycarbonsluren; Bildung und Stabilitlt 
der Komplexe; Titmtions-ku~en der Komplexometrie; Farben- und Fluores~~indikatoren 
der Komplexome~ie-Far~chwache Indikatoren, Metall~hrome Indikatoren, Fluoreszen- 
zindikatoren, Redoxindikatoren, Herkunft, Reinheit und Benennung der Indikatoren; Der 
Farbwechsel metallochromer Indikatoren-pH- und pM-Indikatoren, pH-Abhingigkeit der 
Indikatorkonstanten, Indikatorkonstanten, Umschlagskurven, Sichtbarkeit des Farbwechsels; 
Instrumentelle Endpunktsanzeige-Photometrische Titrationen, Potentiometrische Titrationen, 
Konduktometrische Titrationen, Hochfrequenztitrationen, Amperometrische Titrationen, 
Coulometrische Titrationen, C~onopotenti~metris~he Titrationen, Thermometrische Titra- 
tionen. Radiometrische Titrationen: Titration~~en und erzielbare ~naui~keit-Direkte 
Titration, Rticktitration, Substituti~nstitration Summen- und Selektivtitratio;, Komplexo- 
metrie in Kombination mit Flllungsreaktionen, Cyanidmethoden, Amalgam-Methoden, Alkali- 
metrischkomplexometrische Titration; Selektivitlt-Trennungen, Maskieren, Demaskieren, 
Folgetitrationen, Indirekte Analyse. 

Teil II. Titrationsverfahren und Arbeitsvorschriften: MaOliisungen, Indikatorzubereitungen, 
Putferaemische. Weitere Chemikalein, Lithium, Natrium, Kalium (Rb, Cs), Beryllium, Mag- 
nesium und Calcium, Barium und Strontium, Bor, Aluminium, Scandium, Yttrium und S&e& 
Erden (==SE‘r. Plutonium. Titan. Zirkon (Hafni~), Thorium, Vanadium, Niob und Tantal, 
Chrom, Molybdln, Wolfmm, Uran, Mangan, Rhenium, Eisen, Kobalt, Nickel, Platinmetalle, 
Kupfer, Silber, Gold, zink, Cadmium, Quecksilber, Gallium, Indium, Thallium, KohlenstotT- 
Derivate, Silizium, Germanium, Zinn, Blei, Stickstoff-Derivate, Phosphor, Arsen, Antimon, 
Wismut, Sauerstoff, Schwefel-Derivate, Selen, Fluor, Halogene (ohne Fluor). 

Literaturver-zeichnis, Autorenverzeichnis, Sachregister. 
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Publications received X 

International Series of Monographs on Analytical Chemistry, Vol. 9: Analytical Chemistry of the 
Act&de Elements: ALFRED J. MOSES. Pergamon Press, Oxford, 1963. Pp. vii + 137. 4%. 

Introduction; Nuclear properties and synthesis of the actinides; Nuclear instrumentation; 
Preliminary treatment of samples; Separations; Nuclear methods; Spectrophotometric 
methods; Emission spectroscopy and mass spectrometry~ El~trochenlical, X-ray and fiuori- 
metric methods; Non-instrumental methods; Isotopic analysis of uranium and some other 
actinides; Miscellaneous methods; Nuclear data on actinides; The radioactive series; Thermal 
neutron activation and fission cross sections; Laboratory standards; Standard oxidation 
potentials of actinides; Abbreviations; List of general references; Subject index. 

Spectroscopic Techniques in Organic Chemistry: Spectroscopy in Education, Vol. 2: A. J. BAKER and 
T. CAIRNS. Heyden & Son Limited, London, 1965. Pp. iv i 87. 

Infrared Spectroscopy: Introduction, Experimental, Correlation tables, Interpretation of 
infrared spectra; Nuclear Magnetic Resonance Spectroscopy: Introduction, Tables, Interpre- 
tation of proton magnetic resonance spectra; Mass Spectrometry : Introduction, Interpretation 
of mass spectra; Ultraviolet Spectroscopy: Introduction, Experimental, Chromophores, Inter- 
pretation of ultraviolet spectra ; Bibliog~p~y : General, Infrared spectroscopy, Nuclear magnetic 
resonance spectroscopy, Mass spectrometry, Ultra-violet spectroscopy. 

PU~LISH~R’S ANNOUNCEMENT 

REPRIN% OF REVIEW PAPERS 

Reprints of the following reviews published in Talanta are available from Journals Department, 
Pergamon Press Ltd., Headington Hill Hall, Oxford, England, at 7s. or $1 per copy, on a cash witb 
order basis only : 

“P~~pi~tio~ of Metal Chelates from Homoge~us Solution” by F. H. Firsching. 

“Recent Developments in the Ring Oven Technique” by H. Weisz. 

‘~A~o~tion Indicators in Pr~ipitation Titrations” by R. C. Mehrotra and K. N. Tandon. 

“Radiometric Titrations” by T. Braun and J. Ttilgyessy. 

“Recent Uses of Liquid Ion Exchangers in Inorganic Analysis” by H. Green. 

‘~AppIications of Nuclear and Electron Magnetic Resonance in Analytical Chemistry’* by B. D. 
Flockhart and R. C. Pink. 

“A Critical evaluation of Color~e~ic Me~ods for Dete~~ti~ of Noble Metals-III: 
Palladium and Platinum” by F. E. Beamish. 

“A Critical Evaluation of Calorimetric Methods for Determination of the Noble Metals-III: 
Rhodium, Xridium, Ruthenium, Osmium and Gold” by F. E. BEAMISH. 

Yresent State of Compfexometry-I: Determination of Quadrivalent and Tervalent Metals” by 
Rudolf Pribil. 



Notices V 

Wednesday Afternoon, 20 October 
~~a~~d Flavours of Wine, Rum and Brandy by Gas Chromatog 

Gas ~~omatograp~c Analysis of Steam Volatile Aroma Constit- 
uents: Application to Coffee, Tea and Cocoa Aromas. 

Gas Chromatography of Sesquiterpenoids. 
Behaviour of Stationary Phases at Cryogenic Temperatures. 

Thursday Morning, 21 October 
Efficiency of Molecule Separators in Gas Chromatography- Mass 

Spectrometry I~truments. 
Micro Gas chromatography. 
A Spectf?c Detector for Phosphorous and for Suiphur Compounds- 

Sensitive to Subnanogram Quantities. 
New Column Systems for Gas Chromatography. 

E. BAYER 

D. REYMOND 
R. TERANISHI 

C. MERRITT, JR. 

R. RYHAGE 
W. F. WILHITE 

S. S. BRODY 
R. P. W. SCOTT 

Wednesday-~iday 3-5 November 1965: Tweuty-Third Pittsburg Diffraction Conference. Mellon 
Institute, Pittsburgh, Pa. 

Friday-Monday 5-l 5 November 1965 : First Midwest Regional AC3 Meeting. University of 
Missouri, Kansas City, MO. 

Tuesday-Thursday 16-18 November 1965: Atom Fair ‘65 held in conjunction with AMII~I Con- 
ference of Atomic Industrial Forum and 1965 Whtter Meeting of American Nuclear Society: Sheraton- 
Park Hotel, Washington, D.C. 

Wednesday-~iday 17-19 November 1965: Seventh Eastern Analytical Symposium. Statler Hilton 
Hotel, New York City. 

ERRATA-Volume 12 

Page 764, Reagent No. 6 in Table 1: The reference should read 128 and not 297. 

Page 772, The following additional reference is necessary 

r** N. C. Sogani and S. C. Bhattacharyya, Analyt. Chem., 1957, 29, 397. 

Page 836, line 3 of It footnote to Table IV: For (p. 7) read (p. 835). 

Page 857, line 3 of Experimental: For hy~ochorlic read hydrochZoric. 
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Some new calorimetric reagents for the determination of platinum metals: KRISHNA K. SAXENA, 
KAIJASH N. MUNSHI and ARUN K. DEY. (3 March 1965) 

A review of organic compounds bonds P=S and P@)SH groups as separation and analytical 
reagents: THOMAS I-I. HANDLEY. (3 March 1965) 

Application of activation analysis to the determination of some impurities in nuclear-grade uranium: 
L. KOSTA and G. B. COOK. (4 March 1965) 

S~~~~ det~&~ of i$&n and :tP in shellfish by ~di~i~l techniques: 3. L. SETTER 
and T. C. ROZZELL. (8 Mar& 1965) 

Recent developments in radioactivation analysis: F. GIRARDI. (8 March 1965) 
Photometric determination of tervalent gallium, indium and thallium witb Xylenol Orange: CHANDRA 

D. DWIVEDI and ARUN K. DEY. (11 March 1965) 
Precipitation of metal-cupferron complexes from homogenous solution-l: Determination of copper: 

ARNO H. A. HEYN and NATWAR G. DAVE. (12 March 1965) 
Precipitation of metal-cupferron complexes from homogenous solution-II: Titanium: ARNO H. A. 

KEYN and NATWAR G. DAVE. (12 Murch 1965) 
interliu8ua: A. GODE. (1.5 March 1965) 
Thermoanalytical properties of analytical grade reagents-IV: L. ERDEY, J. SIMON, S. GIL and 

G, LI~TAY, (16 March 1965) 
~t~~ti~ of magnesium by attic-auction spectrophotometry combiaed with extraction: 

MA~AMI SUZUKI, MA~AAKI YANAGISAWA and TSUGIO TAKFUCHI. (18 March 1965) 
Determination of plutonium in uranium-plutonium solutions by direct alpha-counting: H. H. PH. 

MOEKEN. (18 MarcA 1965) 
Effect of dielectric constant on the Rf vaIues of metal ions in some formic acid-alcohol systems: MOHSIN 

QURWHI and MUKHTAR A. KHAN. (22 March 1965) 
Spectrophotometric extraetive titrations for determination of traces of met&-k AFTANAS GALIK. 

(22 March 1965) 
Polarography in polymer science: JUNJI UKIDA, SHIRON USAMI and TSUGUO KOMINAMI. (22 Murch 1965) 
Inorganic polarography in organic solvents: REIJI TAKAHASHI. (24 March 1965) 
On the question of sensitivity evaluation of trace analysis methods: RUWLPH ALEXANDER GEI-TZ. 

(26 March 1965) 
Reversible indicators for titrations with hypochlorite: R. BELCHER, I. EL-KHIAMI and W. I. STEPHEN. 

(27 March 1965) 
Nondestructive activation determination of arsenic in manganese-rich ores and rocks: N. NENOV, 

H. POPOV, T. TOMOV and G. STEFANOV. (26 Murch 1965) 

J. Heyrovsky and the development of polarography: P. ZUMAN. (29 March 1965) 
Applications of polarography in heterocyclic chemistry: J. VOLKE. (29 March 1965) 
Polarography of proteins and its analytical aspects: R. BRDI&A, M. B~~EZINA and V. KALOUS. 

(29 March 1965) 
Separation and spectrophotometric determination of trace quantities of lithium in high-purity beryl- 

-1ium oxide: d. F. APPLE and J. C. WHIM. (1 April 1965) 
-_ _ 

A highly sensitive precipitant for aalladium: L. S. BARK and D. BRANDON. (2 Aorff 19651 - _ 
New principle of &h&ion am&is separations-X: Substoichiometric deiern&nation of traces of 

gallium: A. ZEMAN, J. R~~IEKA and V. KUVIK. (5 April 1965) 
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PAPERS RECEIVED 

Direct determination of small quantities of rare earth and yttrium oxides in thoria by emission spectros- 
copy: A. MYKY~UK, D. S. RUSSELL and S. S. BERMAN. (2 November 1964) 

Determination of minor and. trace elements in nickel by X-ray spectrometry: N. M. SINE and C. L. 
LEWIS. (9 November 1964) 

A modification of Leithe’s method for determining nitrate: G. W. LATIMER, JR. and 0. K. CHAMBERS. 
(9 November 1964) 

Group separation of metal ions by circular TLC: M. H. HASHMI, MAQBOOL AHMAD SHAHILI and 
A. A. AYAZ. (9 November 1964) 

Behaviour of silver(D) in phosphoric acid media and a general mechanism for solvent oxidation: G. A. 
RECHNITZ and S. B. ZAMOCHNICK. (10 November 1964) 

Analysis of the composition of metal chelates-IV: Simultaneous determination of metal and ghydroxy- 
quinoline in I-hydroxyquinolates by polarography: YACHIYO TANIGAWA, SATOKO MINAMI and 
KAZWO~HI TAKIYAMA. (11 November 1964) 

A new oxidimetric reagent: Potassium dichromate in a strong phosphoric acid medium-VII: Titrimetie 
determiuation of vanadium(III) alone and in mixture with vauadium(IV): G. GOPALA RAO and 
P. KANTA RAO. (11 November 1964) 

Use of iron(&IO-phenanthroline complex in presence of liiht as an oxidising agent in organic 
analysis: JOSEF NOVAK. (12 November 1964) 

Potentiometric determination of substituted amino-N-carbodithioates (dithiocarbamates): A. HULANICKI 
and L. SHISHKOVA. (14 November 1964) 

Liquid-liquid extraction of uranium(VI) with mesityl oxide separation from mixtures: S. C. DHARA and 
S. M. KHOPKAR. (16 November 1964) 

Theory of complexometric titrations based on extractive end-point detection: EBBE STILL. (17 November 
1964) 

Concerning a certain international experiment: R. A. GEITZ. (19 November 1964) 
A simple computer circuit for automatic spectrophotometric analysis of binary mixtures by differential 

reaction rates: DANIEL PINKEL and HARRY B. MARK, JR. (21 November 1964) 
Measurement of deuterhun in water near natural concentrations using a standard infrared spectrometer: 

P. J. FYDELOR and D. S. RAWSON. (21 November 1964) 
Carrier precipitation of trace silver: Radioisotope evaluation of recovery and separation and deter- 

mination of silver in copper, lead and thorium: YASUKE UJIHIRA. (24 November 1964) 
Carrier precipitation and photometric determination of traces of palladium with @imethylamiuo- 

beozylidenerhodauiie: YU~UKE UJIHIRA. (24 November 1964) 
Detenuiuation of aminoalkylthiophosphorus copounds and thiols with palladium(H) ions as reagent: 

HERMAN HAGLUND and INGER LINDGREN. (24 November 1964) 
Interaction of di(l,2,3&enxotriaxoiatlum)hexacyanoruthenate(IV) with certain organic amlnes: RAY F. 

WILSON and PHILIP MERCHANT. (26 November 1964) 
A survey of the potentialities of liquid-liquid, discontinuous, counter-current solvent extraction for 

determination of trace constituents in geoloical materials-I: Extraction with solvents lighter than 
water: R. R. BROOKS. (1 December 1964) 

A survey of the potentialities of liquid-liquid, discontinuous, counter-current solvent extraction for 
determination of trace constituents in geological materials-II: Extraction with solvents heavier 
than water: R. R. BROOKS. (1 December 1964) 

Separations of protactinium from niobium, tantal~ and other elements by solvent extraction using 
N-benxoyl-N-phenylhydroxylamlne: S. J. LYLE and A. D. SHENDRIKAR. (2 December 1964) 

Application of anodic stripping voltammetry to determination of mercury in lithium sulphate: P. EMMO~T. 
(3 December 1964) 

Spectrotluormetric determination of micro-amounts of thallium: GORDON F. KIRKBRIGHT, T. S. WEST 
and COLIN WOODWARD. (4 December 1964) 

V 
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PAPERS RECEIVED 

Determination of manganese in high-pnrity niobinm, tantalm, molybdennm and tongsten metals with 
PAN: EUIE M. (PENNER) DONALDSON and W. R. INMAN. (30 August 1965). 

The mechanism of paper chromatogrsphy-A new explanation: P. B. JANARDHAN and AGNES PAUL. 
(3 September 1965) 

Contributions to the basic problems of complexometry-KK: Determination of cslcinm and magnesia: 
RUDOLF P&B% and VLADIMIR VESEL~. (6 September 1965) 

Dicbloramine-T in anhydrous acetic acid as an oxidimetric t&rant: C. G. R. NAIR and T. JOSE JACOB. 
(6 September 1965) 

Derivatives of pyrsxolone as reagents for the extrnctive-spe&ophotometric determination of tellnrinm: 
A. I. BUSEV and N. L. BABENICO. (6 September 1965) 

Cerate oxidhnetry of alpha-hydroxy and alpha-keto acids in acetic acid: JOHN T. GAT~O and KENNJZTH 
G. STONE. (7 September 1965) 

Precipitation of nickel and palladiam dimethylglyoximates from homogeneous sohttion: Lour~ 
GORDON, P. R. ELLEFSEN, GEO. WOOD and 0. E. HIL~MAN, Jr. (8 September 1965) 

Extractive-spectrophotometric determination of pailadinm using 1-(~pyridylaxo&vorch1ol: A. I. 
BUSEV and B. M. IVANOV. (8 September 1965) 

Micro determination of primsry amides: R. D. TIWARI, J. P. SHARMA and I. C. SHUKLA. (10 Sep- 
tember 1965) 

Determination of orthoesters by hydrolysis and Karl Fischer titrhnetry: DONALD J. CLANCY and 
DAVID E. K~AMM. (10 September 1965) 

Spectrophotometric determination of antimony: R. M. MATXJLIS and J. C. GIJYON. (13 September 
1965) 

Ein Vorschlag zor Darstelhmg der Analyseergebnisse in “Ionenform” s&on vor der A~~sarbeitong der 
Ionentheorie: ZOLTAN SZOKEFALWNAGY und FERENC S~ABADV~Y. (14 September 1965) 

Determination of small amounts of snlphate in alkali-halide crystals: K. FUNK and I. VELXX.&. 
(14 September 1965) 

Stability of acid&d aqueous solutions of cbloramhie-T: E. B~OP and V. J. JOGS. (20 
September 1965) 

Potassium dicbromate as an oxidimetric reagent: G. GOPALA RAO. (20 September 1965) 

Scheme for semimicro analysis of common elements and some rare earths: R. P. AGARWAL and SA~~IR 
KUMAR GHOSH. (20 September 1965) 

Chromotropic acid azo dyes of the pyridine series: Spectrophotometric determination of nickel and 
cobalt from all ions and their simultaneous determination: A. K. MANMDAR end A. B. 
CHATTERTEE. (20 September 1965) 

Amperometric determination of palladium, silver and copper with 2-snlphydrilmethylbenxhnidaxole: 
B. C. BERA and M. M. CHAKRABARTTY. (20 September 1965) 

Quantitative gaschromatographiscbe Bestimmung der Inhaltsstoffe des technischen Divinylbcnzols: 
E. BLASIUS und H. LOHDE. (20 September 1965) 

Diffe ential spectrophotometry: G. SVEHLA. (21 September 1965) 

The response time of pH measurements: E. BISHOP. (21 September 1965) 

v 



vi Papers received 

Continuous introductions of solid, powdered substances into spectroscopic light sources: L. ERDEY and 
T. KANTOR. (21 September 1965) 

tier die Verwenduog metallspezi5scher Indikatoren bei F~ungstitrationen. JX: Der Einflub van 
Sulfat- und Fluoridionen auf die Fiillungstitration von Molybdat bxw. Wolframat unter Verwendung 
von Bleimablikwmg und PAR aIs Indikator: E. LASSNER und H. SCHEDLE. (22 qepfember 1965) 

Copper-cadmium separations: A review including new methods: N. S. POONIA and H. K. L. GUPTA. 
(27 September 1965) 

pH calculation in dilute solution: U. A. Th. BRINKMA N. (27 September 1965) 

Use of an asymmetrically polarhI dropping mercury electrode in controlled-potential polarography: 
T. DAMOKOS and E. Jtiz. (28 September 1965) 

Spectrophotometric determina tion of antimony with Bromopyrogallol Red: D. H. CHRISTOPHER and 
T. S. Wm”r. I (30 September 1965) 

Determination of bafnium in zirconium by neutron-activation analysis and gamma-gamma coincidence 
measurements: H. A. DAS and J. ZONDERHIJI~. (1 October 1965) 

Titrimetric method for determination of palladium: 0. C. SAXENA. (2 October 1965) 

Spectrophotometric determination of gallipm(III) with Xylenol Orange: Research on the complex- 
formation: RAHILA D~ICHEVA, SIIKA POPOVA and EMILIA MITROPOLITSKA. (6 October 1965) 



vi Notices 

ERRATA-Volume 11 

Page 1307, line 2: For though read through. 

Page 1311, reference 46: This should read 1963,18,18. 

Page 1607, line 8 : This should read hydriodic acid and stannic tetra-iodide . . . . 

ERRATA-Volume 12 

Page 127: The German and French summaries are as follows 

Zusamme&ssung-Einige 4-substituierte 1,2-Phenylendiamine wurden untersucht, urn festzustellen, 
ob sie bei der spektralphotometrischen Restimmung von Men(W) empfindlicher seien als 1,2- 
Phenylendiamin. 3.4Dichlor-1,2-phenylendiamin ist anscheinend das emptindlichste unter den 
studierten Reagentien. 

R&am&On a 6tudi6 quelques 1,2ph6nylenediamines substittkes en 4 afin de vkifier si elks offrent, 
par rapport a la 1,2ph6nyl&ediamine, une sensibilitt accrue dans le dosage spectrophotometrique 
du s6lenium(IV). Le plus sensible des r6actifs ttudib se r6vele i?tre la 3,4-dichloro-1,2-phenylene- 
diamine. 

Page 130, last line of Selectivity group: For g read ax. 



vi Notices 

ERRATA-Volume 11 

Page 1307, line 2: For though read through. 

Page 1311, reference 46: This should read 1963,18,18. 

Page 1607, line 8 : This should read hydriodic acid and stannic tetra-iodide . . . . 

ERRATA-Volume 12 

Page 127: The German and French summaries are as follows 

Zusamme&ssung-Einige 4-substituierte 1,2-Phenylendiamine wurden untersucht, urn festzustellen, 
ob sie bei der spektralphotometrischen Restimmung von Men(W) empfindlicher seien als 1,2- 
Phenylendiamin. 3.4Dichlor-1,2-phenylendiamin ist anscheinend das emptindlichste unter den 
studierten Reagentien. 

R&am&On a 6tudi6 quelques 1,2ph6nylenediamines substittkes en 4 afin de vkifier si elks offrent, 
par rapport a la 1,2ph6nyl&ediamine, une sensibilitt accrue dans le dosage spectrophotometrique 
du s6lenium(IV). Le plus sensible des r6actifs ttudib se r6vele i?tre la 3,4-dichloro-1,2-phenylene- 
diamine. 

Page 130, last line of Selectivity group: For g read ax. 
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PUBLICATIONS RECEIVED 

Les s@arations par les r&ahtes &augeuses d’ious: B. TREMILLON. Gauthier-Villars, Paris, 1965. 
Pp.viiif400. 

PREMIERE PARTIE-Propritkh Fondamentales ah Rksines Echangeuses d’lons: Introduc- 
tion; Les &@ibres entm une r&sine echangeuse d’ions et des solutions aqueuses; Influence de 
reactions chimiques; Les Bchangeurs d’ions dans les solvants autres que l’eau; Applications 
g&&ales des eChangeurs d’ions. 

SECONDE PARTIE-Fonctionnement et Applications des Colonnes CrEchaqeurs d’ions: 
Introduction; Fixation dans une colonne d%changeur d’ions; Les separations il des fins 
analytiques: le developpement par elution; Les separations a des fins preparatives: le developpe- 
ment par d&placement; Principes des colonnes d’echangeurs d’ions a contre-courant ; Appllca- 
tions electrochlmiques des r&sines echangeuses d’ions; 

Append&-Bases de la technique exp&imentale des e&angeurs d’ions. Annexe-Valeurs 
exp&imentales des coe5cients-limites de partage des elements metalliques. Bibliographie 
g&&ale, Notations et abreviations utilisees, Index alphabetique. 

Gravimetric Analysis: Part II: L,+sm ERDEY. Pergamon Press, Oxford. Pp. xv + 796. f6. 
Group I Cations: Silver, Lead, Mercury, Copper, Bismuth, Cadmium; Group II Cations: 

Arsenic, Antimony, Tin, Germanium, Gold, Platinum and Platinum Metals, Selenium, Tellurium; 
Group III Cations: Aluminium, Iron, Chromium, Nickel, Cobalt, Zinc, Manganese, Titanium, 
Zirconium and Hafnium, Thorium and the Rare Earths, Scandium, Niobium and Tantalum, 
Molybdenum, Tungsten, Vanadium, Uranium, Thallium, Indium, Gallium, Beryllium; Group 
IV Cations: Calcium, Strontium, Barium; Group V Cations: Magnesium, Sodium, Potassium, 
Lithium, Ammonium Ion; Methods of Separation of the Cations of the Alkali Metal Group; 
Author Index; Subject Index. 

RadIochemistry of Rhodium: Monograph in the Series on the Radiochemi~ of Elements: JAWS C. 
ARMWRONO, JR. and GREOORY R. CHOPPIN. Subcommittee on Radiochemistry, National Academy 
of Sciences-National Research Council, U.S.A., NAS-NS-3008 (Rev. 1965). Pp. vi + 75. 81.00. 

General references on the inorganic and analytical chemistry of rhodium; Rhodium separation 
bibliography; Isotopes of rhodium; Review of the chemistry of rhodium; Separation chemistry; 
Biological aspects of rhodium; Activation analysis; Counting techniques; Collection of detailed 
radiochemical procedures. 

vii 
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Quantitative determination of iron, copper and aluminium by gas-liquid chromatography: R. W. 
MOSHIER and J. E. SCHWARBERG. (26 July 1965) 

Separation of uranium from other metals by partition chromatography: JAMES S. FRITZ and DONALD 
H. SCHMITT. (27 July 1965) 

Eine manometrische Metbode zur Bestimmung von Karbonaten in Mineralien und Gesteinen: NIKOLAJ 
JORDANOV. (29 July 1965) 

Determination of oxygen-18 in inorganic compounds: BASSAM 2. SHAKHASHIRI and GILBERT GORDON. 

(31 July 1965) 

Investigation of the solvent extraction of Cf, Fm and Md: K. A. GAVRILOV, E. GVOZDZ, J. STAR* and 
WANG TUNG SENG. (6 August 1965) 

Newer acetylation methods for the determination of organic hydroxyl and amino compounds: N. K. 
MATHUR. (6 August 1965) 

The structures of the uranyl chelates of 8-hydroxyquinoline: ROBERT J. MAGEE and IDA WOODWARD. 
(9 August 1965) 

Potentiometric determination of plutionum by argentic oxidation, ferrous reduction and dichromate 
titration: J. L. DRUMMOND and R. A. GRANT. (11 August 1965) 

A gas cbromatographic study of the pyrolysis of potassium salts of xanthic acids: INGER TYDBN. (13 
August 1965) 

Ionisation corrections in the determination of impurities in solids by means of the MS7 mass spec- 
trometer: H. G. SHORT and B. J. KEENE. (20 August 1965) 

Estimation of thioacetamide by oxidation with chloramine-T: T. JOSE JACOB and C. G. R. NAIR. (24 
August 1965) 

Stability of acidified aqueous solutions of cholramine-T: C. G. R. NAIR. (24 August 1965) 

A separation of protactinium from neutron-irradiated thorium: S. J. LYLE and A. D. SHENDRIKAR. 
(25 August 1965) 

Separation of technetium from rhenium by liquid-liquid extraction with potassium xanthogenate: 
TOSHIYASU KIBA, KIKUO TERADA, NAGISA ~KAWA and SUSUMO ~SAKI. (25 August 1965) 

Comment on the interpretation of dynamic derivative thermogravimetric curves: A. E. NEWKIRK and 
E. L. SIMONS. (1 September 1965) 

Spectrophotometric extractive titrations-II: Determination of the sum of dithizone metals in gallium 
arsenide: AFTANAS GALfK and MIROSLAV KNfiEK. (1 September 1965) 
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PAPERS RECEIVED 

A chemical-spectrographic procedure for the analysis of some trace elements in steel and nickel-base 
alloys: G. L. VASSILAROS and J. P. MCKAVENEY. (8 April 1965) 

Radio-frequency methods in analytical chemistry: M. F. C. LADD and W. H. LEE. (8 April 1965) 
Luminol as a fluorescent acid-base indicator: L. ERDEY. K. VIGH and I. Bum. (10 Aoril 1965) 
Photometric titrations XI: Construction and evaluation oia semi-immersion phototitktori H. FLA&KA 

and J. BUTCHER. (12 April 1965) 
Determination semimicrovolumetrique de bases organiques-au moyen du laurylsulfate de sodlmn- 

inthrence des groupements fonctionnels: F. PELLERIN, J. A. GAUTIER et D. DEMAY. (15 April 1965) 
A graphic method for the determination of titration end-points: FOLKE INGMAN and EBBE STILL. 

(21 April 1965) 
Interlingua: FOR-T F. CLEVELAND. (23 April 1965) 
Electrometric hull&or in the amperometric titration of cations and acids without applied BMP: 

Part I-precipitation reactions: Part II-sodium arsenite and tetraborate reagents in precipitation 
and neutralization reactions: Part III-potassium cyanide in reactions involving complex formation: 
WALENT~NA RUSKUL. (23 April 1965) 

A contribution to amperometry with a single polarized electrode: Depolarization end-point perman- 
ganatometric determination of hydrogen-peroxide and manganese: M. S. JOVANOVIC and E. M. 
PETROVIC. (23 April 1965) 

Depolarization end-point: Argentometric determination of iodide and cyanide: M. S. JOVANOVIC, 
F. D. SIGULINSKY and M. DRAGOJEVIC. (23 April 1965) 

Potentiometric titration of quaternary ammonium iodide salts: G. C. GIJILBAULT, B. C. TYSON and 
D. CROWNOVER. (26 April 1965) 

Direct titrhnetric determination of chlorites in acid solution in presence of chlorates, chlorine dioxide 
and chlorides by oxidation with chlorine or hypochlorite solution: J. KEPWSKI and G. BLASZKEIWICZ. 
(27 April 1965) 

Complexes of TI(III) with Methylene Blue and Methyl Violet and use of these dyes as metal hrdicators 
in direct complexometric titration of TlfIII) with etbylenedbuninetetm-acetic acid: R. C. A~GARWAL 
and A. K. SRIVASTAVA. (27 ApriZ 1965) 

PolarofIra&ie des polyanions: P. SOUCHAY. (28 April 1965) 
Errors of kinetic data obtained from tbennogravimetric curves at rising temperature: JAROSLAV 

SES~AK. (30 April 1965) 
Chemical species to be determined: A. L. WILSON. (1 May 1965) 
Selectivity index: A. L. WILSON. (1 May 1965) 
Substoichiometric determination of traces of gold by neutron-activation analysis: D. A. BEARDSLEY, 

G. B. BRISCOE, J. R~J~IEKA and M. WILLIAMS. (3 May 1965) 

“II 
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PUBLICATION RECEIVED 

Thht-Layer C~~t~~y: A Laboratory Handbook: Edited by Eao~ STAHL. Sprin r-Verlag, 
ark-Heidel~r~-New York, und Academic Press Inc. Publishers, New York an P London. 
1965. Pp. xv -t 353. DM. 68: 

General&&on. History of the Development of Thin-Layer Chromatography: &3ON STAHL; 
Instruments used in Thin-Layer Chromatography and their Operation: EGON STAHL; Coating 
Materials for Thin-Layer Chromatography: D. WALDI; Special Techuiques: EWON STAHL; 
Documentation of Thin-Layer Chromatograms: H. GAN~I~~T; Quantitative Evaluation of 
Thin-Layer ~~ornato~~: H. GANSHIRT; Isotope Techuiques: HELMUT K. MAW~_~; 
Theoretical Asuects of Thiu-Layer Chromatoaraphv: M. BRBNNER et al. 

S’&l &&ion. Introduction: Eoo~ S&r&;’ Ahphatic Lipids: Ha- K. MANGOLD; 
Terpeue Derivatives, Essential OiIs, Balsams, and Resins: EOON STAHL and H. JORK; Vitamins: 
H. R. B~LLIGER; Steroids (Sterols; Pregmme-, Androstane-, aud Estraue-Compounds; Bile 
Acids and Cardiac Glycosides): D. WALDI; Organic Bases: D. WALDI and fhON ST-; 
P~~~uti~ Products: H. GANSHIRT; Thiu-Layer C~omato~phy iu Clinical Diagnosis and 
Pharmacology: D. WALDX; Synthetic Organic Materials: H. GAN~H~T, D. WALDI and EXXON 
STAHL; Hydrophiiic Constituents of Plants: EOON STAHL and P. J. SCHORN; Ammo Acids and 
Derivatives: M. BRENNER, A. NIEDEXWESER and G. PATAKI; Nucleic Acids and Nucleotides: 
HELMUT K. MANG~LD; Sugars and Derivatives: Eoo~ STAHL and U. KALXENBACH; Thin-Layer 
Chromatography of Inorga&z Ions: H. SEILER; Spray Reagents for Thin-Layer Chromatography: 
D. WALDI: Terminologv of Thin-Layer ~hromato~aohv ~n~ish-~~~-F~nch): H~LLUT 
K. MANG~LD and M. B&NMER; Commercial Suppli& ’ . ” 

Conversion table for Rf into Rm and vice versa; Author Index; Subject Index. 

vii 
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PAPERS RECEIVED 

A critical evalllntion of calorimetric methods for the determhmtion of the noble metals-ID: F. E. 
BEAMISH. (3 December 1964) 

Nickel(D) a-benzildioximate: Red or orange ?: R. J. MAGEE, J. C. ROWE and L. GORDON. (3 December 
1964) 

A study of the cobalt chforo-complexes in dimethylformamide and the use of one of them for the 
spectrophotometric determination of cobalt: LEROY F’IKE and JOHN H. YOE. (7 December 1964) 

A new principle in activation analysis separations-IX: Substoichiometric determination of traces of 
bismuth: J. RPIZI~KA, A. ZEMAN and I. OBRUSN~K. (8 December 1964) 

Spectropbotometric determhmtion of selenium in technical sulphuric acid by o-pbenylenediamhte: 
KYOJI 7-8~1 and KEIKO IT& (9 December 1964) 

Spectrophotometric determination of cerium with sulphanilic acid: P. L. SARMA and LOWELL H. 
DIETER. (10 December 1964) 

Applications de la chelatometrie-XVf: Emploi du complexe cuivrique de 1’E.D.T.A. pour le dosage 
volumetrique du glucose: CLAUDE HENNART. (19 December 1964) 

Determination of lead with 4-(2-pyridylazo)-resorcinof-I: Spectrophotometry and solvent extraction: 
R. M. DAGNALL, T. S. WEST and P. YOUNG. (19 December 1964) 

Determination of lead with 4-(2pyridylazo)-resorcinol-II: Application to steel, brass and bronze: 
R. M. DAGNALL, T. S. WEST and P. YOUNG. (19 December 1964) 

Vanadium compounds in reducthnetric titrations-I: Standardisation of vanadium(D) sulphate with 
iron solution: K. L. CHAWLA and J. P. TANDON: (21 December 1964) 

Substoichiometric determination of copper in highly pure metals by activation analysis: M. KRIVANEK, 
F. KUKULA and J. SLUNB~KO. (21 December 1964) 

Photometric titration of cobalt with hexacyanoferrate(D1): H. POPPE and G. DEN BOEF. (23 December 
1964) 

Determination of lanthanides in uranium by neutron-activation analysis: M. VOBECK~, A. MASTALKA 
and J. MAREEEK. (1 January 1965) 
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PUBLICATIONS RECEIVED 

Termoanaliiis (Thermal analysis): F. PAULIK and J. PAULIK. Miiszaki Kiinyvkiado, Budapest, 1963. 
Pp. 280. 26 Hungarian forint (in Hungarian). 

*Introduction. hypes of chemical boid. High temperature acid-base theory. Thermal analysis; 
Differential thermal analysis; Thermogravimetry; Thermogasometry; Dilatometry; Thermo- 
magnetometry. Complex thermal methods. Derivatography. Thermodynamic relations of 
high temperature reactions. 

Absorption spectra in the ultraviolet and visible region: Edited by L. LANG (Budapest) in collaboration 
with A. BARTECKI (Poland), J. SZ~KE, G. VAR~ANYI and M. VIZESY (Hungary). Text Volume 
(second, revised English edition 1961). Pp. 56. Volume I.(second, revised English edition, 1961), 
Pp. 414, Volume II.(first English edition, 1961), Pp. 408, Volume IV. (first English edition, 1962), 
Pp. 424. Akademiai Kiadb, Budapest. 

Introduction. Theory of absorption spectra. Conversion Tables. 170 + 179 + 179 spectra 
(log # us. wavelength in m,u) together with experimental conditions (solvent, instrument, cell 
length). Further volumes are under preparation. 

Gyakorlati spektroszk6pia (Practical spectroscopy): TIBOR MATRAI. 
1963. Pp. 464. 49 Hungarian forint (in Hungarian). 

Mtiszaki Kiinyvkiadb, Budapest, 

Introduction. Optical background of experimental spectroscopy. Spectrosconic theory 
Physics of spectrographic instruments. Structure of various types oyspe&ograph. A Auxiliary 
optical methods. Physics of optical radiation measurements. General rules for obtaininp 
spectra. Spectroscopic measurements. 
38 tables. 3 spectrum photographs. 

Methods of absorption spectroscopy. Appendi; 
References (119). Author and subject index. 

Vegyeszek zsebkiinyve (Handbook of chemists). MIKL~S PREISICH: 3rd enlareed edition. Miiszaki 
Konyvkiado, Budapest, 1963. Pp. 1118. Ill Hungarian forint (in HungaFian). 

Introduction. List of 304 tables. Mathematics. Physics. General Chemistry. Physical 
Chemistry. Nuclear Chemistry. Properties of Materials. Analytical Chemistry (qualitative, 
quantitative, photometric and gas analysis). Chemical Engineering. Chemical Engineering 
Processes. Automatic Process Control. Health preservation. 

Ioncsereliik analitikai alkahnadsa (Analytical use of ion exchangers) JANOS INCZEDY. Miiszaki 
Kiinyvkiadd, Budapest, 1962. Pp. 356. 32 Hungarian forint (in Hungarian). 

Introduction. Historical. Ion exchange materials. Theory of ion exchange. Ion exchange 
columns in the laboratory. Examination of ion exchange columns. Ion exchaneers in inorganic 
quantitative analysis. Ion exchangers in inorganic qualitative analysis. Ion’ exchange& in 
organic analysis. Other laboratory uses of ion exchangers. Special types of ion exchanger and 
their use. Appendix. References (775). Subject index. 

Oszcillometria C konduktometria (Oscillometry and conductometry) ERNC~ RJNGOR. Akademiai 
Kiado, Budapest, 1963. Pp. 175. 42 Hungarian forint (in Hungarian). 

Introduction. Conductivity, dielectrical constant and methods of their measurement in 
solution. Conductometric and oscillometric instruments. Acid-base titrations. Precipitation 
titrations. Complexation titrations. Redox titrations. 
oscillometry. 

Other uses of conductometry and 

Structure Elucidation of Natural Products by Mass Spectrometry, Vol. 2: Steroids, Terpeaoids, 
Sugars and Miscellaneous Classes: HERBERT BUDZIKIEWICZ, CARL DJERA~~I and DUDLEY H. 
WILLIAMS. Holden-Day, Inc., San Francisco, London, Amsterdam, 1964, Pp. x + 306. $10.50. 

Steroidal alkaloids: Ethylene ketal and dimethylamine derivatives of steroids and triterpenes: 
Estrogens: Steroidal ketones : Miscellaneous steroids: Steroidal sapogenins: Pentacyclic 
triterpenes: Lower terpenes: Long chain compounds: a-Amino acids and peptides: Carbohy- 
drates: Polycyclic microbial metabolites: Oxygen heterocyclics: (Appendix; Calculation of 
molecular formulas in high-resolution mass spectrometry, by J. LEDERBERG): Subject index. 

vii 
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Applications of Nh3R Spectroscopy in Organic chemistry: Illustrations from the Steroid Field: 
NORMAN S. BHACCA and DUDLEY H. WILLJAMS. Holden-Day, Inc., San Francisco. London. 
Amsterdam, 1964. Pp. ix + 198. $7.95. 

Introduction : Methyl resonances : Methylene, methine and olelinic protons ; basic concepts : 
Methylene, methine and olefinic protons; effects of specific functional groups: Long-range 
spin-spin coupling: The determination of configuration and conformation: Solvent effects: 
Miscellaneous topics: Subject index. 
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PAPERS RECEIVED 

Zur ultrarotspektrographischen Analyse von Y/La-Oxhmtgemischen: R. NEEB. (5 July 1965) 
The Wollack titration of thiosulphate: G. W. LATIMER. JR. (6 Julv 1965) 
Gas chromatographic determioaiion of helium in neutrod-irradiated beryllium oxide: JAMES 0. HIBBITS. 

(6 July 1965) 
Sur un principe de colorim&rie en milieu non aqueux-IV: L’emploi du 2,4dinitrophCol pour le 

dosage des acides carboxyliques: MAURICE PESEZ et JAROSLAV BARTOS. (8 July 1965) 
Volumetric determination of thorium with hexacyanoferrate(II) and oxalate ions using adsorption 

indicators: P. S. DUBEY and K. N. TANDON. (9 July 1965) 
Ion-exchange resins in non-aqueous solvents-II: Sorption of p-nitroaniline and other weak bases in 

water-organic solvent mixtures: DONALD J. PIETRZYK. (12 July 1965) 
A new polarograpbic method for the determination of iridium: J. E. MUNZ and G. A. RECHNITZ. 

(16 July 1965) 
Determination of silver carbonate in silver oxide (Ag,O) by infrared spectroscopy: N. G. KEATS and 

P. H. SCAIFE. (17 July 1965) 
Precise titrimetric determination of uranium in high-purity uranium compounds: LEON PSZONICKI. 

(19 July 1965) 
Behaviour of glass-Ag/AgCl electrodes in non-aqueous solvents: KARIN NORBERG. (19 July 1965) 
Microdetermination of oxygen, carbon and water in inorganic materials using a carrier-gas technique: 

J. J. ENGELWAN, A. MEYER and J. VISSER. (20 July 1965) 
Polarography in neutral fluoride solution with particular reference to lead: J. B. HEADRIDGE. (22 July 

1965) 
Separation of transplutonium elements: JIRf STAR+. (23 July 1965) 
Direct spectrophotometric determination of minor and trace elements in HCI-soluble fraction of car- 

bonate rocks-I: Determination of iron: P. AVINUR, D. H. YAALON and I. BARZILY. (23 July 
1965) 

Direct spectrophotometric determination of minor and trace elements in HCI-soluble fraction of car- 
bonate rocks-II: Determination of copper and lead: D. H. YAALON, P. AVINUR, V. HERMAN and 
I. BARZILY. (23 July 1965). 

Bromimetric estimation of phenols and aromatic amines using “dead-stop titration” method: D. SINGH 
and UMA BHATNAGAR. (26 July 1965) 

Substoichiometric determination of manganese by activation analysis: ADOLF ZEMAN, JARMILA 

PR~ILOVA and JAROMfR R%%KA. (27 July 1965) 
Titration of acidic cations in molten nitrates with electrolytically generated oxide ions: G. G. BOMBI 

and M. FIORANI. (29 July 1965) 

. . . 
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PUBLICATIONS RECEIVED 

EDTA TitraGond: An Introduction to Theory and Practice: H. A. FLASCHKA. Pergamon Press Ltd., 
Oxford, 2nd Edition, 1964. Pp. 144.42s. 

Introduction: EDTA. The-Acid,its salts and complexes: Experiments with EDTA complexes: 
EDTA as a Want (Titration curves): End-noint detection in EDTA titrations: Some imwrtant 
metal indicators: ‘Selectivity of EDTA ti&ations: Mask@: Types of titration: St’andard 
solutions of EDTA: Reagents and solutions: Hints for practical work: Examples of direct 
titrations: Examples of back-titrations: Examples of replacement titrations: Examples of 
indirect titrations: Examples of multicomponent mixtures: Potentiometric titrations: Poten- 
tiometric titration using the mercury electrode: Photometric titrations : Appendix A. Questions : 
Appendix B. Problems: Author Index: Subject Index. 

The Solvent Extraction of Metal Chelates: J. STAR*. Pergamon Press Ltd., Oxford, 1964. Pp. 
xiv + 240. 60s. 

Introduction: Composition and stability of metal chelates: Theory of the solvent extraction 
of metal chelates : Analytical applications of the solvent extraction of metal chelates : Systems : 
Selective extraction procedures for individual metals : Appendix : References : Index. 

ztroscopy and photockemistry of uranyl compounds: EUGENE RABINOWITCH and R. LINN BELFORD. 
Pergamon Press Ltd., Oxford, 1964. Pp. x + 370. 80s. International Series of Monographs on 
Nuclear Energy (General Editor: J. V. DUNWORTH): Division XII-Chemistry: Volume I. 

Spectroscopy of Uranyl Salts in the Solid State: Introduction. Qualitative interpretation of 
the uranyl spectrum; Studies of fluorescence and absorption spectra of solid uranyl salts (except 
those. of Dieke and Duncan); Infrared spectrum of uranyl salt crystals; Analysis of uranyl 
spectrum by Dieke and coworkers: Additional spectroscopic data on some uranyl salts; 
Spectroscopy of Uranyl Compounds in Solution: The free (hydrated) uranyl ion and the 
products of its hydrolysis; Absorption spectra of uranyl ions complexed with anions; Spectra 
of uranyl compounds in organic solvents; Raman spectrum of uranyl salt solutions; Infrared 
spectra of uranyl compounds in solution; Uranyl Fluorescence Intensity and Decay: Pre- 
liminary remarks on slow-decaying fluorescence; Intensity and decay of uranyl fluorescence in 
crystals; Intensity and decay of uranyl fluorescence in solutions; Quenching of uranyl fluores- 
cence in solutions ; Photochemistry of Uranyl Compounds : Introduction ; Photochemical 
reactions of uranyi ions with inorganic comp&mds; photochemical reactions of uranyl ions 
with oreanic acids: Photochemical reactions of uranvl ions with alcohols; Theorv of Electronic 
StructuTe and Spe&a of the Uranyl Ion: Electron& structure of the u&nyl ioi; Near-visible 
spectrum-Interpretational attempts; Bibliography: Addendum; Additional references: 
Author Index: Subject Index. 

Practical Handbook on Spectral Analysis: V. S. BURAKOV and A. A. YANKOVSKII, translated from the 
Russian by R. HARDFWTLE, translation edited by S. TOLANSKY. Pergamon Press Ltd., Oxford, 
1964. Pp. xiv -I- 190. 80s. 

Introduction: Light Sources for Spectral Analysis: Visual Methods of Spectral Analysis; 
Photographic Methods of Spectral Analysis : Procedures for the Spectrographic Quantitative 
Analysis of Metals and Alloys: Methods of Spectral Analysis of Powders and Solutions: 
Setting up a Spectral Analysis Laboratory : References : Index. 



PUBLISHER’S ANNOUNCEMENT 

REPRINTS OF REVIEW PAPERS 

Reprints of the following reviews published in Talanta are available from Journals Department, 
Pergamon Press Ltd., Headington Hi11 Hall, Oxford, England, at 7s. or $1 per copy, on a cash with 
order basis only : 

“Precipitation of Metal Chelates from Homogeneous Solution” by F. H. Firsching. 

“Recent Developments in the Ring Oven Teclmiie” by H. Weisz. 

“Ad~~ti~ I&cators in opine Titrations” by R. C. Mehrotra and K. N. Tandon. 

“Radiometric Titrations” by T. Braun and J. Tblgyessy. 

“Recent Uses of Liquid Ion Exchangers ln Inorganic Analysis” by H. Green. 

“its of Neutron aad Electron Magnetic Resommee in Analytical Chemistry” by B. C. 
FIockhart and R. C. Pink. 
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?red@tation of M&l ckhtea from mmogamw Solution” by F. H. Firsching. 

“Recent Devem in the Ring Oven Tedmique” by H. Weisz. 

‘%dwr@n mkmtom L Precipktion Thrathm” by R. C. Mehrotra and:K. N. Tandon. 

%a&mtrk Titr&om*’ by T. Braun and J. T&lgycssy. 

“Rcecnt Usea of Li@d Ion Exdmoged in Inorganic Am~Iysls” by H. Green. 
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Publications received X 

International Series of Monographs on Analytical Chemistry, Vol. 9: Analytical Chemistry of the 
Act&de Elements: ALFRED J. MOSES. Pergamon Press, Oxford, 1963. Pp. vii + 137. 4%. 

Introduction; Nuclear properties and synthesis of the actinides; Nuclear instrumentation; 
Preliminary treatment of samples; Separations; Nuclear methods; Spectrophotometric 
methods; Emission spectroscopy and mass spectrometry~ El~trochenlical, X-ray and fiuori- 
metric methods; Non-instrumental methods; Isotopic analysis of uranium and some other 
actinides; Miscellaneous methods; Nuclear data on actinides; The radioactive series; Thermal 
neutron activation and fission cross sections; Laboratory standards; Standard oxidation 
potentials of actinides; Abbreviations; List of general references; Subject index. 

Spectroscopic Techniques in Organic Chemistry: Spectroscopy in Education, Vol. 2: A. J. BAKER and 
T. CAIRNS. Heyden & Son Limited, London, 1965. Pp. iv i 87. 

Infrared Spectroscopy: Introduction, Experimental, Correlation tables, Interpretation of 
infrared spectra; Nuclear Magnetic Resonance Spectroscopy: Introduction, Tables, Interpre- 
tation of proton magnetic resonance spectra; Mass Spectrometry : Introduction, Interpretation 
of mass spectra; Ultraviolet Spectroscopy: Introduction, Experimental, Chromophores, Inter- 
pretation of ultraviolet spectra ; Bibliog~p~y : General, Infrared spectroscopy, Nuclear magnetic 
resonance spectroscopy, Mass spectrometry, Ultra-violet spectroscopy. 

PU~LISH~R’S ANNOUNCEMENT 

REPRIN% OF REVIEW PAPERS 

Reprints of the following reviews published in Talanta are available from Journals Department, 
Pergamon Press Ltd., Headington Hill Hall, Oxford, England, at 7s. or $1 per copy, on a cash witb 
order basis only : 

“P~~pi~tio~ of Metal Chelates from Homoge~us Solution” by F. H. Firsching. 

“Recent Developments in the Ring Oven Technique” by H. Weisz. 

‘~A~o~tion Indicators in Pr~ipitation Titrations” by R. C. Mehrotra and K. N. Tandon. 

“Radiometric Titrations” by T. Braun and J. Ttilgyessy. 

“Recent Uses of Liquid Ion Exchangers in Inorganic Analysis” by H. Green. 

‘~AppIications of Nuclear and Electron Magnetic Resonance in Analytical Chemistry’* by B. D. 
Flockhart and R. C. Pink. 

“A Critical evaluation of Color~e~ic Me~ods for Dete~~ti~ of Noble Metals-III: 
Palladium and Platinum” by F. E. Beamish. 

“A Critical Evaluation of Calorimetric Methods for Determination of the Noble Metals-III: 
Rhodium, Xridium, Ruthenium, Osmium and Gold” by F. E. BEAMISH. 

Yresent State of Compfexometry-I: Determination of Quadrivalent and Tervalent Metals” by 
Rudolf Pribil. 
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Pergamon Press Ltd., Headington Hill Hall, Oxford, England, at 7s. or $1 per copy, on a cash with 
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“Precipitation of Metal Chelates from Homogeneous Solution” by F. H. Firsching. 

“Recent Developments in the Ring Oven Technique” by H. Weisz. 

“Adsorption Indicators in Precipitation Titrations” by R. C. Mehrotra and K. N. Tandon. 

“Radiometric Titrations” by T. Braun and J. TGlgyessy. 

“Recent Uses of Liquid Ion Exchangers io Inorganic Analysis” by H. Green. 

“Applications of Nuclear and Electron Magnetic Resonance in Analytical Chemistry” by B. D. 
Plockhart and R. C. Pink. 

“A Critical Evaluation of Calorimetric Methods for Determination of Noble Metals-III: 
Palladium and Platinum” by F. E. Beamish. 

“A Critical Evaluation of Calorimetric Methods for Determination of the Noble Metals-III: 
Rhodium, Iridium, Ruthenium, Osmium and Gold” by F. E. BEAMISH. 
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PAPERS RECEIVED 

Fkto&eWic tit&ion of calcium, magnesium and iron with Cakein Blue h&a&r: A. M. E~~~ILLA. 
(1 June 1965) 

Qualitatiye and quantitative sensitivity in frame photometry: JUAN RA&wz-M~oz. (1 June 1965) 
Divan of sulphate aad nitrate in plut~~ ~~ by infrared spectroscopy: A. J. JOHNSON 

and E. VEJVODA. (7 June 1965) 
Determimation of boron in nickel-base alloys by the dienthrbniie method: Kern E. BURKE and 

C. H. ALBRIGHT. (7 June 1965) 
A high-temperature inert-gas fusion apparatus: ARTHUR W. MOSEN, RAY E. KELLEY and HOLLEN P. 

MITCHELL, JR. (8 June 1965) 
L’application des radioisotopes P la chromatographie sur colonnes de celluloses substituQs I: Le Cobalt. 

(9 June 1965) 
Complexometric determhm tion of Mercury(U) using Congo Red as metallochromic indicator: K. N. 

TANDON. (10 June 1965) 
Quantitative determhm tion of micro and semi-micro concentrations of acylating agent% by 4-@- 

nitrobenxyl)-pyrkline reagent: A. M. AGREE and R. L. MEEKER. (10 June 1965) 
Thin-layer chromatography of halide ions: L. S. BARK, R. J. T. GRAI~AM, D. MCCORMICK. (10 June 

1965) 
Pur&ation and preparation of some caesium compounds: E. L. SIMONS, E. J. CAIRNS and L. D. 

SANGERMANO. (11 June 1965) 
Amperometrie titration of mercury with a stationary platinum electrode in stirred solutions: BIMAL C. 

BERA, M. QIAKRABARTTY, SA~WATI P. BAG and KANAI L. MALLIK. (14 June 1965) 
Coulometric reduction of iridium(IV) in perchloric acid media: EDWARD J. ZINSER and JOHN A. PAGE. 

(14 June 1965) 
Determhmtion of ahnnhdum by homogeneous precipitation of basic aluminium benxoate: R. J. IRVING. 

(14 June 1965) 
Le chlorure de triph&nyltetrazolium en tant que &ctif dans la chhnie analytique-41: Time volu- 

m&rique du zinc: A. ALEXANDROV et P. VASSILEVA-ALEXANDROVA. (14 June 1965) 
Untersuchungen-iiber den Mechanismus der Selen(IV): Extraktion mit gesiittigten sliphatischen 

Monoketonen: N. JORDANOV and L. FUTEKOV. (15 June 1965) 
Zur oscillometrischen Auswertung von Papierchromatogrammen: GERHARD ACKERMANN. (16 June 

1965) 
Dithiionates of gold and palladium: D. A. BEARDSLEY, G. B. BRISCOE, 3. RIXIEKA and M. WILLIAMS. 

(1’7 June 1965) 
C~~orne~ie studies on the q~titative ~~ipi~tion of ~~~, ~~y~urn and turn 

as normal ~s~te: SARJU PRA~AD and RAJENDRA SWARUP. (17 June 1965) 
Recovery of milligrams of products in acetle acid at rnil~~l~ concentration via solvent extraction: 

ROBERT E. Au~uu>~sff, JR., KENNETH G. SINE and HENRY G. Yu. (18 June 1965) 
Gravimetric determination of silicon in organic materials on the milligram scale: A. J. CHRISTOPHER 

and T. R. F. W. FENNELL. (19 June 1965) 
Determination of certain trace impurities in uranium concentrates by activation analysis: A. A. ABDEL- 

RA.S~OUL, S. S. WAHBA and A. ABDEL-AZIZ. (21 June 1965) 
Removal of organic acids and hydroxy compounds in qualitative analysis: N. S. P~~NLA and W. V. 

BHAGWAT. (21 June 1965) 
Analysis of rare earth sulphides, selenides and telltides: OWEN H. KRIE~E and MARY LOUISE THEODORE. 

(23 June 1965) 
Theoretical considerations in the zone melting of organic compounds-II: The diffusion gradient: 

R. FRIEDENBERG, P. J. JANNKE and W. HILDING. (24 June 1965) 
Vanadium compounds in reducthnetric titrations-II: Standardisation of vanadium(D) sulphate with 

common oxidising agents and det~i~ti~ of binary mixtures: K. L. CHAWLA and J. P. TANWN. 
(24 June 1965) 

Reoktion von ~2-~a~laso) resorcin mit Kupfer(II), Blei(II), Zii(II), Cabin) und Bided: 
M. HNILI~KOVA and L. SOMMER. (25 June 1965) 

xi 



xii Papers received 

Radiochemical determination of cadmium isotopes in radioactive debris: N. CHU, L. SALTER and D. 
STuRNIOLO. (25 June 1965) 

Heterogeneous and homogeneous nucleation of strontium sulphate: DAVID H. KLEIN and JAMES A. 
DRIY. (28 June 1965) 

A comparison of neutron-activation analysis and hot extraction analysis of the oxygen content of steel: 
LASZLO C. PASZTOR and D. E. WOOD. (28 June 1965) 

Polarographic determination of magnesium in calcium carbonate: MERVYN L. RICHARDSON. (30 June 
1965) 

Distribution of certain gquhtolinols and their copper(D) chelates in a series of organic solvent-aqueous 
pairs: HORACIO A. MOTTOLA and HENRY FI&ISER. (2 Jub 1965) 

Uher die Wechselwirkina von Aminooolycarbontiuren mit Cer(IV)salxen-I: Die Oxvdation und 
cerimetrische Restht&ng der Ni&triessigstiuree (NTE): i-l. .HOLZAPFEL und K: DITTRICH. 
(2 Ju& 1965) 

Uber die Wechselwirking von AminopoIyca&ons&uren mit Cer(IV)salxen-II: Die Oxydation und die 
cerimetrische Restimmung der MethyIimbmdiessigsi%rre (MIDE) und Athylimino diessigtiure 
(AIDE): H. HOLZAPFEL und K. DTTTRICH. (2 July 1965) 

Uber die Wechselwirkbtg von Ambropolycarbontiuren mit Cer(IV)saIzen-III: Uber die Oxydation der 
Hydroxytithyliminodiessigsgure (HIMD,E), Athylendiamintetrae@gs3iu~e (AeDTE) und Uber den 
Oxydations-medmnismusder Oxydationsreaktionen: H. HOLZAPFEL und K. DJTTRICH. (2 Jti/y 1965) 

Preparation, visible absorption spectra and configuration of some amine complexes of copper(D) 
phthaIbnide: GOPAL NARAJN. (5 July 1965) 

Continuous substoichiometric analysis: J. RIXIEKA and M. WILLIAMS. (7 July 1965) 
Semimicro-method for determination of linalotil: K. R. MANOLOV and E. GEORGJEV. (7 July 1965) 
Determination of free acid in antimony(II1) and bismuth(II1) solution: R. KRISHNA IYER and T. R. BHAT. 

(7 July 1965) 
Polarography at high pressure: GRAHAM J. HILLS. (7 July 1965) 
CorreIation of polarographic half-wave potentials with quantum-chemical CharaCtefiStiCS : R. ZAHRADNf K 

and C. PARKANYI. (7 July 1965) 
Die Redeutung der Adsorption in der Polarographie: B. KASTENING und L. HOLLECK. (7 J&y 1965) 
Pohuographic reduction of hydrogen ion in non-aqueous solvents: PHILIP J. ELVING and MICHAEL S. 

SPRITZER. (7 July 1965) 
Effect of the composition of aqueous-organic solvents on the pohtrographic behaviour of organic com- 

pounds: S. G. MAJRANOVSKJJ. (7 Jury 1965) 
Polsrography of alicyclic compounds: P. ZUMAN. (7 July 1965) 
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to satisfy all possible claims of this type. 
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Page 1307, line 2: For though read through. 
Page 1311, reference 46: This should read 1963,18,18. 
Page 1353, Fig. 5: The legend should read as follows 

Fro. 5.-Working curves for tellu~~(~: - HCIOr system, - - - - HCl system. 
Page 1607, line 8: This should read h~dri~dic acid and strmnic tetr~i~~~ . . . . 
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Page 127 : The German and French summaries are as follows 
Zusammenfassung-Einige 4-substituierte 1,2-Phenylendiamine wurden untersucht, umfestzustellen, 
ob sie bei der suektralnhotometri~hen Bestimmune von Selen(IV) emRfin~icher seien als 1,2- 
Phenylendiamin- 3,~~ichlor-1,2-phenylendiam~ i; anscheinend das emplindlichste unter den 
studierten Reagentien. 
R&snm&Gn a emdie quelques 1,2-phenylenediamines substituees en 4 a6n deverifier si elles offrent, 
par rapport a la 1,2-ph~nyl~n~~~e, une sensibilite accrue dans le dosage s~trophotom~~que 
du se&ium(IV). Le plus sensible des reactifs &dies se r&ele &re la 3,4dichloro-1,2- 
phdnylenediamine. 

Page 130, last line of Selectivity group: For g read RX. 
Page 134, first line: This should read . . . advantage of high hydrogen overvoltage 
Page 136, Table II: Heading to tial column should read Dieter-t furnace 
Page 136, line 6 from bottom : For dimethy@yoxine mad dimethylglyoxime 
Page 186, Table I: The heading to the second cohunn should read 

Na&G,, 
ml 

Page 391, lines 5-8 from bottom: The&should read The & radiation in the~rst order was used except 
in the case when second order K, radiation was used for the lower concentration range. The Ni Ke 
radiation interfered at the low concentration of copper but the second order & was found to be more 
sensitive than thefirst order copper Kp radiation. It is possible . . . 

Page 401: The address of the authors should read Faculty of Technical and N&ear Physics. 

Page 405, line 2: For tartar-ate read tartrate. 
Page 405, Table II: In the footnote read interfering for interferring. 
Page 406, line 5 from bottom of page: For j~terferri~ read interfering. 
Page 427, line four of third paragraph: For these questions read the question. 
Page 427, line five of third paragraph: For or whether they are read and. 
Page 427, first sentence of fourth paragraph: This should read V~ubte~y, nearIy every erudite 

reader could have presented his own ‘kccount” to the authors, but it would hardly be possible for them 
to satisfy all possible claims of this type. 

Page 764, Reagent No. 6 in Table I: The reference should read I28 and not 297. 
Page 772, The following additional reference is necessary 
lz8 N. C. Sogani and S. C. Bhattacharyya, Analyt. Chem., 1957,29,397, 
Page 831, line 11 of Reagents : For molar extraction coejicient read molar extinction coe@cient. 
Page 832, legend to Fig. 2: For 80% substoichiome#ry read 80% stoichiometry. 
Page 833, column one of Table I: For Antimony(IZl)(Zmg) and Arsenic(DI)(2 mg) read 

Antimony(ZZl)(2 mg)$ and Arsenic(IZZ)(2 mg)$. 
Page 834, column one of Table II: For Totaal activity added, counts]~~ see read Total activity added, 

counts/B? sec. 
Page 834, column one of Table II: For Activity of substoichiometric extract, counts110 set read 

Activity of substoichiometric extract, counts/SO sec. 
Page 834, Table II: Only the activities recorded for IoePd are actually in counts110 sec. 

Page 836, line 3 of tt footnote to Table IV: For (p, 7) read (p, 835). 
Page 857, line 3 of Experimental: For hydrochorlic read hydrochloric. 
Page 901, reference 23 : This should read 
a3 M. I. Kabachnik, S. T. Ioffe and T. A, Mastryukova, Zhur. obshchei Khim., 1955,25,684. 
Page 1012, line four from bottom: This should readphotometer (see Table v). 0.25% Solutions. . . 
Page 1013, Table V: The second value in the column headed ~ta~ard deviation should read 30 and 

not 74. 
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