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Insofar as this is true, the mechanism of the dis-
proportionation reaction does not appear to in-
volve either 1,10-phenanthroline or the cyanide
ion.

Attempts to measure the equilibrium constants
for reactions 1, 2 and 4 directly were unsuccessful.
In view of the experimental difficulties involved in
the study of these equilibria it seems justifiable to
make use of an approximation to at least obtain
the order of magnitude of their equilibrium con-
stants. The approximation is based on the as-
sumption that the FePh;++ and FePh(CN),~ ions
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are the predominating ionic species produced when
pure water is saturated with respect to FePh,(CN)..
In this event their concentrations are approximately
equal because of electrical neutrality considera-
tions, and K; and K, are approximately equal.
Values for the various constants approximated in
this manner are presented in Table IV.

The possible analytical applications of the reac-
tions revealed by this investigation are receiving
further attention and will be described at an early
date.

ANN ARBOR, MICHIGAN

[CoxTRIBUTION FROM U. S. GEOLOGICAL SURVEY]
A Fluorimetric Study of the Thorium-Morin System

By RoBERT G. MILKEY AND MARY H. FLETCHER
RECEIVED MAY 23, 1957

Thorium reacts with morin to yield a yellow complex that fluoresces when irradiated with ultraviolet light. The effect
on the fluorescence of such variables as concentration of acid, alcohol, thorium, morin, and complex; time, temperature
and wave length of exciting light are studied to determine experimental conditions yielding maximum fluorescence. The
effects of Zr+4, Al*3, Fe*?, Ca*? and Lat3 are discussed. The fundamental relationships between light absorption and
fluorescence are expressed in a general equation that applies to a three-component system when the fluorescence is measured
in a transmission-type fluorimeter. This general equation is used to obtain an expression for the fluorescence of the thorium-
morin system, Equations, derived from experimental data, relate both the fraction of thorium reacted to form complex
and the fraction of unquenched fluorescence to the concentration of uncombined morin. These functions, when combined
with the general equation, give an expression which relates the total net fluorescence to the amount of uncombined morin in
the solution. This last equation can be used to determine the one region for the concentration of uncombined morin that
gives maximum sensitivity for the system. Calculated standard curves are in good agreement with experimental curves.

Introduction

Morin reacts with thorium in weakly acid solu-
tions!~* to form a stable yellow complex that fluo-
resces yellow-green when its solutions are irradiated
with ultraviolet light. Both the color and fluores-
cence of this complex have been investigated.

The results of the spectrophotometric study have
been presented in an earlier paper?® which evaluates
the color system as a basis for the quantitative de-
termination of trace amounts of thorium.

This paper evaluates the fluorescent system as a
basis for the quantitative determination of trace
amounts of thorium. Some of the theoretical and
mathematical relationships between fluorescence
and light absorption, as exhibited in the thorium-
morin system, are also included. This report is
part of a program conducted by the U. S. Geo-
logical Survey on behalf of the Division of Raw
Materials of the U. S. Atomic Energy Commission.

Characteristics of Thorium-Morin System

The reaction between thorium and morin occurs
in slightly acid solution according to the equation

ThX, + 2M-H T ThM,X, + 2HX (1)
where M-H is morin (5,7,2’,4’-flavanol) having the
structure

OH
HO AN
h /OH—Q-OH
[ [ oHm
OH O
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1941).

(3) H. H. Willard and C. A. Horton, Anal. Chem., 22, 1190 (1950).

(4) H. H. Willard and C. A. Horton, ¢bid., 22, 1194 (1950).

(5) M. I Fletcher and R, G, Milkey, ibid., 28, 1402 (1956).

and X is a univalent negative ion such as Cl~ or
NO;~. The reaction is instantaneous and results
in the formation of a single, yellow, stable complex
having a molar ratio of Th:M of 1:2.

The equilibrium constant for the reaction, ac-
cording to the equation
[ThM, *2] [H *]?
is approximately 1 X 108 (5).

Solutions of the complex fluoresce a bright green
when irradiated with long wave length ultraviolet
light.'~* The wave length band of the fluorescent
light ranges from approximately 488 to 555 my,
with peak intensity between 513 and 533 my, as
determined by visual inspection with a spectro-
scope (personal communication, H. Jaffe, U. S.
Geological Survey, and C. E. White, Univ. of
Maryland, 1952). ,

Absorption spectra for solutions of the complex
(curve B) and for pure morin (curve A) are pre-
sented in Fig. 1. The region between the dotted
lines in this figure indicates the wave length band
of the fluorescent light. The fluorescence occurs
in that part of the spectrum in which light is trans-
mitted virtually completely by both the complex
and morin. Moreover, solutions with thorium
concentrations as large as 50 mg. of ThO, per 50
ml. also completely transmit all light in this spec-
tral region. The spectra indicate that light having
a wave length near 410 myu would be advantageous
for the production of fluorescence, and such light
(404.7 mu) was used to establish the experimental
conditions.

Kequil = (2)

Experimental Data
Apparatus and Reagents. Transmission Fluorimeter.—
Tlie transmission fluoritneter, especially built for this study,
is arranged so that the light senree, swmple cell and photo-
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Fig. 1.—Absorption spectra for pure mmorin (A) and
thorium-morin complex (B); arrow indicates wave lengtl
region of fluorescence: curve A, 600 ug, morin/50 ml. of
solution; curve B, 600 ug. morin plus 2 mg. ThO,/50 ml.
of solution; 2 ml. alcohol in each.

tube are on a linear vertical axis, with lamp and phototube
on opposite sides of the sample.

Source of Exciting Light.—An EH-4 high-pressure mercury
lamp operated from a Sola no. 301,883 coustant-wattage
transformer and cooled with a dark-room ventilator. The
lamp was 18 in. above the top of the solution cell. (Inten-
sity of the light supplied at wave length 404.7 mu was ap-
proximately four times the intensity of the light at 365 mu
wave length. Personal communication, C. L. Waring, U. S.
Geological Survey, 1953.)

Measuring Unit.—A 1P21 multiplier phototube powered
by a regulated high-voltage supply (Atomic Instrument Co.,
model 306) and used in conjunction with an ultrasensitive
microammeter (RCA no. WV-84A). The measuring unit
was used at the same sensitivity for all measurements in this
study.

A potential of approximately 550 volts was always applied
to the phototube. This resulted in standard deflections of
0.640 microampere for Py (404.7 my) and 0.980 miicroain-
pere for Py (365.0 niu) from the fluorescent uranium glass
standard used for calibration.

Filters. Primary Filters.—1. A combination of Coruing
filters no. 3060, 4308 and 5970 was used to isolate light of
wave length 404.7 mu. 2. A combination of Corning filters
no. 7380, 5874 and 5860 was used to isolate light of wave
length 365.0 mgu.

Secondary Filters.—Corning no. 4010 was used to isolate
the fluorescent light.

Fluorescing Standard.—Uranium glass was used to set
instrument sensitivity.

Silvered Tube.—A brass tube witli silvered interior con-
nected the phototube and sample compartments of the in-
strument. The phototube was at a distance of about 12
inches from the bottom of the sample cell.

Beckman DU Quartz Spectrophotometer.

Morin.—Morin, CisH1007-2H,0 (mol. wt. 338.26) of high
purity, was obtained from Dr. Theodor Schuchardt in
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T'ig. 2.—Effect of pH on fluorescence: curve A, complex
(37.4 ug. per 50 ml); curve B, mixture of complex plus
uncombined morin (100.6 ug. ThO; plus 165 ug. total morin
per 50 1nl.); curve C, morin (300 ug. per 50 ml); 2 ml. of
alcohol in all solutions; P, (404.7 my).

Munich, Germany. Solutions of Morin in the concentration
desired were prepared by dissolving the solid material in 95%
ethy! alcohol.

Standard Thorium Solutions.—A stock solution of tho-
rium chloride was prepared by dissolving the salt (reagent
grade) in 39, hydrochloric acid. This solution, which con-
tained 100 mg. of ThO, per ml., was standardized gravi-
metrically.

Working solutions were prepared from the stock solution
by dilution with distilled water and, when necessary, by the
addition of more acid. The acidity of all working solutions
was adjusted to give a pH of 1.9 t0 2.0.

Materials Tested as Possible Interferences.—Stock solu-
tions of the chlorides of aluminum, calcium, iron, lantha-
num and zirconium were prepared in ltydrochloric acid solu-
tions, which were diluted as required to give working solu-
tions of the proper concentration at a pH of 2.0. Tle work-
ing solutions were used immediately after dilutiour.

Effect of Experimental Variables on Fluorescence.
Acidity.—Tlie effect of acidity on the fluorescent systcn is
shown in Fig. 2. In curve B, which represeuts solutions
similar to those found iu routine analysis, the point of maxi-
mum fluorescence occurs at pH 2, and this is also the point
of maximum difference between the solutions and the blanks.
Accordingly, a pH of 2 was chosen for the fluorimetric
study.

Alcohol.—Tlie effect of alcoho! on the fluorescence of solu-
tions of complex, of complex and uncombined morin, and
of morin alone is illustrated in Fig. 3, which shows that sen-
sitivity increases with alcohol content until 20 to 25 ml. of
alcohol are present per 50 ml. of solution.

Concentration of Morin.—The effect of morin concentra-
tion when the total ThQ, content of each solution is 50.3 ug.
per 50 ml. is shown in Figs. 4 and 5. Maximum fluores-
cence is obtained from solutions containing 100 to 200 ng.
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TasLE I
SUMMARY OF EFFECTS OF OTHER IoNs

Ion

Zr+4
Alts
Fe+8

Type of interference

Forms complex which fluoresces

Forms complex which fluoresces

Quenches the thorium-morin fluo-
rescence

Ca™? Quenches the thorium-morin fluo-
rescence

Quenches the thorium-morin fluo-
rescence

la +3

of morin per 50 ml. This holds true for other concentra-
tions of ThO; of the same order of magnitude.

Temperature.—The absorbance of the thorium-morin
complex is only slightly affected by temperature. However,
in the temperature range from 10 to 50°, the intensity of
fluorescence decreases linearly with increasing temperature.
The readings on a solution that contained 25.9 ug. of com-
plex per 50 ml. decreased 159, when the temperature was
increased from 20 to 30°.

Time of Standing.—The fluorescence develops immedi-
ately and reproducible readings are obtained over a period
of several hours. Typical of the reproducibility is a series
of readings made at 30-minute intervals over a period of
several hours on a solution that contained 46.6 ug. of ThO,
and 200 ug. of morin per 50 ml.  After the initial 30 minutes,
the difference between the highest and lowest readings was
less than 29,

Method of Preparation of Solutions.—All of the solutions
used in this study were prepared in 50-ml. glass-stoppered
graduates or flasks. The procedure follows: (1) add 1.0
ml. of 0.63 N HCl; (2) add thorium solution that has a pH
of 2.0 and contains no other metallic ions; (3)adjust volume
of solution to 20 ml. with distilled water, mix; (4) add 2.0
ml. of morin solution (weight of morin added will be indi-
cated separately for each test); (5) if total alcohol content
of 12 ml. is desired, add 10 ml. of alcohol; (6) mix; (7) ad-
just volume to exactly 50 ml. with distilled water; (8)
stopper and mix well; (9) after half an hour, measure the
fluorescence of a 25-ml. aliquot.

Experimental Standard Curves.—Typical standard curves
are presented in Figs. 6 and 7 (solid lines) and in Fig. 8.
The curves in Figs. 6 and 7 indicate that thorium concentra-
tions ranging from 10 to 150 ug. of ThO; can be measured
with good accuracy.

In Fig. 8, however, which covers the thorium range most
important to trace analysis and refers to a more sensitive
instrument scale, the curves are not as well defined as those
for the higher thorium range even though each point on the
curves represents the average obtained from readings on
four different solutions. In the linear part of the curve ob-
tained with an exciting wave length of 404.7 my in Fig. 8,
a difference in fluorescence readings of 0.100 is equivalent
to 1.10 ug. of ThO,. As the instrument can be read to a
difference of 0.004, the possibility of detecting a concen-
tration difference of 0.044 ug. of ThO; per 50 ml. is indicated
if the 0.1 instrument scale is used. Unfortunately, it is
impossible to take advantage of this sensitivity at present
because random errors from unknown sources often occur;
tliese antount to approximately =#0.5 ug. of ThO; on the
individual readings.

Comparison of Fluorimetric and Spectrophotometric
Methods.—A scnsitivity of 0.5 ug. of ThO; is slightly less
than but comnparable to that of the spectrophotometric
method.5 Potentially, however, .the sensitivity of the
fluorimetric inetliod is far greater than that of the spectro-
pliotometric method, provided the random errors can be
eliminated from the fluorimetric method. As indicated
above, tlie limit of detection of the fluorimetric method is at
present as low as 0.044 ug. Moreover, in contrast to the
sensitivity of the spectrophotometric method, which can be
improved only by such litnited means as increasing the light
path beyond 5 cm., the sensitivity of the fluorimetric method
could be increased greatly by several different means, such
as by increasing the amplitude of the photocurrent, or by
increasing the intensity of the exciting light.

Effect of Other Ions.—Zirconium, aluminum and ferric
ions that are serious interferences in the spectrophotometric

Sensitivity of fluorescence of interfering ion

ZrOq and ThO; ca. the same
AlQy about 1/g as sensitive as ThO,

Amount of interfering substance that causes
109, error in amount of ThOs found

ZrO; = 109, of amount of ThO, present
AlLQO; = amount of ThO, present
15-20 ug. FesO; per 50 ml.

2 mg. CaO per 50 ml

5 mg. LasO; per 50 ml.

method, and calcium and lanthanum, which might be useful
as carriers in separations of thorium from other ions, were
tested for their fluorescent reactions with morin. In all of
these tests the solutions contained 2 ml. of alcohol and the
ion was tested both alone and in the presence of 5 ug. of
ThO; per 50 ml. of solution. Zirconium and aluminum were
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Fig. 3.—Effect of alcohol concentration on the fluores-
cence: curve A, complex (18.7 ug. per 50 ml.); curve B,
mixture of comnplex plus uncombined morin (20.12 ug.
ThO; plus 165 ug. total morin per 50 ml.); curve C, morin
(300 ug. per 50 ml.); Po(404.7 my).

tested with exciting wave lengths of both 404.7 mix and
365.0 mu, and as the effects of these ions were the saine at
both wave lengths, ferric, calcium and lanthanum ions were
tested at 404.7 mu only. Both zirconium and aluminum
fluoresce with morin and would cause a positive error in
analytical work. Ferric ions seriously quench the fluores-
cence of thorium and would cause a negative error. Small
amounts of calcium and lanthanum produce little or no
effect, and apparently small amounts of either could be
used as a carrier in separations of thorium from other ions.
A summary of these tests is given in Table I.



5428

110

RoBERT G. MILKEY AND MARY H. FLETCHER

Vol. 79

YT

.00 °ﬁ‘

900" T

TTT

.800

‘IHIIIIIII

.700

600/~

SCALE.

FLUORESCENGE -
D
o
(@]
TT 71

12 ml,

L i | ; : | | :
el b Lo cid i b L g

alcohol

3650 mp
I ! +
bl ] g

L) L1

0 500 1000 1500

2000 2500 3000 3500 4000

Total morin added - micrograms per 50 ml.
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Basic Theory of Fluorescence: Application to
Thorium-Morin System

The theoretical factors affecting the fluorescence
of the thorium-morin system are more complicated
than those of the spectrophotometric system. To
understand the fluorescent system better, it was
studied in the following manner. A mathematical
analysis of the relationship between light absorp-
tion and fluorescence was made and a general equa-
tion derived for the fluorescence produced in a

three-component system assuming that all three
components absorb exciting light, all three fluoresce,
and all three absorb the fluorescence. This gen-
eral equation reduces to simpler forms when applied
to less complicated systems where many of the
terms of the general equation become zero. A
specific expression that applies to the thorium-
morin system was obtained from one of these sim-
pler equations by addition of a quenching factor
and substitution of the proper constants. The
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validity of this expression is shown by the close
agreement between calculated and experimental
standard curves.

Derivation of the General Equation.—Consider a
cell containing a solution with the light source
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above the solution and the phototube below the
cell.

ll l P, (exciting light)

{ Pl Si | s
|

l l l F (fluorescent light)

Assume that the exciting light is monochromatic
and that the absorption follows Beer’s law

P = P, (e=kes)

where

P is light intensity

¢ is concentration

k is absorptivity

s is distance from the surface of the solution to the fluo-
rescing substance in differential layer ds

Fluorescence of Metal Ion.—If the solution con-
tains a metal ion, the reagent and the complex, and
if all three absorb exciting light, then the intensity
of the exciting light (P) entering the layer ds is
expressed.

P = Pge—*1e1 +koca +kicads
where the subscript 1 refers to the metal ion, sub-
script 2 refers to the reagent, and subscript 3 refers
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to the complex. Then, the light intensity ab-
sorbed in the differential layer ds is given by the
expression

dP = — Py(kicr -+ kacs + Escz)e (k11 + kuey + kacpeds

Let Ky = factor for conversion of the absorbed
exciting light to fluorescent light when the metal
ion is the fluorescent component. V = fraction of
unabsorbed fluorescent light which impinges on the
phototube, the geometrical factor. (If the dis-
tance from the solution cell to the phototube is
much larger than the distance 4, then V will be
substantially constant for all values of s or all posi-
tions of ds.) ks = absorptivity of the metal ion
for the fluorescent light emitted by the metal ion.

ks = absorptivity of the reagent for the fluores-
cent light emitted by the metal ion. ks = absorp-
tivity of the complex for the fluorescent light emit-
ted by the metal ion.

(As the wave lengths of the fluorescent light emit-
ted would probably extend over a range of values,
the ks, ks and kg are understood to be average values
for the wave length band.)

The fluorescent light, dFwm, arising from the
metal ion in the element ds is proportional to
the fraction of light absorbed by the metal ion in
the element ds

dFy, = Ky

klcl ] [
kicy + kacy + ks
The unabsorbed fraction of this fluorescence
which impinges on the phototube is expressed by
the equation
dFu = KiPo(kicr) [e~hier + koy + Breas] ¢
[e—theer + by + kep®s — 0] ds
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where Ky = VKu
dFy = K1Po(kicy) [e~Caer + ke + beadd]

[e=tk1 = ker + (ky — alea + (kg — kpea]e d5

The fluorescent light (due to the metal ion in the
entire solution) which i impinges on the phototube is
obtained by a summation of the differential ele-
ments ds between the limits of zero and b and re-
sults in the integrated expression

K1 Po(kicy)
T~ ko F (b — ko)es + G — ke)C:

[e~Wer + ke + keeadd — g—(kie1 + kaey + kaea)b]  (3)

Fy

Fluorescence of Reagent.—By a similar pro-
cedure, an expression can be obtained for the fluo-
rescent light arising from the reagent in the solu-
tion.

Let Kr = conversion coefficient for exciting light
to fluorescent light when the reagent is the fluores-
cent component. V = fraction of unabsorbed
fluorescent light that impinges on the phototube.
kr = absorptivity of the metal ion for the fluores-
cent light emitted by the reagent. ks = absorp-.
tivity of the reagent for the fluorescent light emitted
by the reagent. %y = absorptivity of the complex
for the fluorescent light emitted by the reagent.

Again, the absorptivities are assumed to be
average values for the wave band of fluorescence.
Accordingly, the expression for the fluorescence
due to the reagent in the solution which impinges
on the phototube is

KaPo(kaca)
(By — Er)er + (ke — ks)er + (ks — ks)Cl

[e=threr + kics + koepb — g—(kier + ooy + keed]  (4)

where K; = VKg.

Fluorescence of Complex.—Let K¢ = conver-
sion factor for exciting light to fluorescent light
when the complex is the fluorescent component.
V = fraction of unabsorbed fluorescent light that
impinges on the phototube. %, = absorptivity
of the metal ion for the fluorescent light emitted
by the complex. %y = absorptivity of the reagent
for the fluorescent light emitted by the complex.
ki; = absorptivity of the complex for the fluores-
cent light emitted by the complex.

The absorptivities again are assumed to be
average values for the wave band of the fluores-
cence.

Then the fluorescence, due to the complex in the
solution, which impinges on the phototube is

K;3Po(kscs)

Fr =

Fo= (Br — kw)er + (ks — kues + (ks — klz)ﬁs
[e—Chwer + kries + kraepb — g—(kier + kaog + km)b] (5
where K3 = VK.

Total Fluorescence.—In eq. 3, 4 and 5, the expo-
nential functions are expressed to the base e.
In practical usage, however, the exponentials are
usually expressed to the base 10, and in this case,
the absorptivities %, of eq. 3, 4 and 5 become
0.434k,. Moreover, to be more specific in ter-
minology, when the concentrations ¢;, ¢; and ¢; are
expressed as weight per unit volume, the absorp-
tivity 0.434k, is expressed as a, (e when concen-
tration is in terms of moles per liter). Thus, ex-
pressing the expomnential functions to the base 10
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and the concentrations in terms of weight per unit
volume, the final equation for total fluorescence
reaching the phototube becomes
F=FM+FR+-F(}=
KIPO(GLCL)[IO —lager + agoy + egdb — () (aier + ey + azc;)b]
[(ar — aner + (o2 — as)er + (a5 — as)as]
KzPo(azﬁz)[lo_(a"” + agey + ageddb— () (161 * azeq + ﬂtcs)b]
[(a1 — erla + (a2 — as)e= + (a3 — as)es
K3 Polase,)[10~(ener + aney + arpeb— J()~(arer + ages + ageph]
a1 — a)a + (a2 — au)ez + (a2 — ar)cy)
(6)
Application to Simplified Systems.—Equation 6
represents the generalized case where all three of
the components in the solution absorb the exciting
light, all three fluoresce and all three absorb the
fluorescent light. In actual practice most systems
will be much simpler than this, and the equation
will accordingly be much simplified. Thus, when
the complex alone absorbs exciting light and fluo-
resces, exciting light is not absorbed by the other
two components, and fluorescent light is not ab-
sorbed by any of the three components, the equa-
tion reduces to the form

F = K;Py(1 — 1070s) )

(hereafter referred to as system I). This is the
form of the equation usually found in the litera-
ture.8-8

When the complex and reagent both absorb ex-
citing light, but the complex alone fluoresces, and
fluorescent light is not absorbed by any of the
three components, the theoretical equation be-
comes

= K\ Py (ascs)
(azt2 + ascs)

(hereafter referred to as system II). Braunsberg
and Osborn® have derived an equation, similar to
this, to show the effect on fluorescence when the
exciting light is absorbed by an impurity in the
solution. Other systems can be postulated and
analogous equations can be derived.

The derived equations express the fluorescence
theoretically possible in solutions of fluorescent
substances. However, if fluorescence quenching
should occur in the solutions, then the derived
mathematical expressions would be multiplied by
an extra term, which would express the fraction of
maximum fluorescence that remained unquenched.

Study of the Fluorescence of the Thorium-
Morin System.—In applying the general equation
(no. 6) to a study of the thorium-morin system, it
was necessary to consider each of the following
variables: the concentrations of excess thorium, of
complex, of excess morin, and of alcohol and also
the wave length of exciting light.

In these studies the concentrations of each of the
reactants and of the complex were varied individ-
ually to determine how each affects the fluores-
cence. Also, in many of these tests two different
concentrations of alcohol, 2 and 12 ml., and two dif-
ferent wave lengths for the exciting light were
used to study the effect on the fluorescence when it

[1 — 10~ (exs + agedd] (8)

(6) H. Braunsberg and S. B. Osborn, Anal. Chim. Acta, 6, 84 (1952).
(7) J. L. Lauer, J. Opt. Soc. Amer., 41, no. 7, 482 (1951).
(8) G. F. Lothian, J. Sci. Instr., 18, 200 (1941).
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is produced under varying conditions of light ab-
sorption and also to determine whethet K, the fac-
tor for conversion of exciting energy to fluores-
cence, varies with alcohol concentration or wave
length of exciting light.

The absorbance data presented in Fig. 1 were
considered in choosing the wave lengths to be used
in the excitation of the fluorescence. At 410 mu
the absorbance of the complex is at its peak (curve
B). Furthermore, the difference between the
absorptivity of complex and the absorptivity of
morin is at a maximum at 410 myu; as a conse-
quence, interference resulting from light absorp-
tion by uncombined morin should be at a minimum
at this wave length. By analogous reasoning, at
350 mu interference resulting from light absorp-
tion by the uncombined morin should be at a max-
imum. Thus, from the standpoint of light ab-
sorption only, 410 my should be the most advan-
tageous exciting wave length and 350 myu the least
advantageous.

These two wave lengths are quite close to the
wave lengths of light emitted by the high-pressure
mercury lamp—one of the most generally used
sources of ultraviolet light. This mercury lamp
gives intense radiation at both 404.7 and 365.0
my, and light at each of these wave lengths can be
isolated by filters. Accordingly, both the 404.7
and 365.0 my radiations of the mercury lamp were
used as exciting wave lengths in this work.

Effect of the Concentration of Excess Thorium,—
To test the effect of excess thorium on the fluo-
rescence, a series of solutions were prepared in
which the thorium concentration was increased to a
point of great excess over that of the morin. In
Fig. 9 the fluorescence of these solutions is shown as
a function of the thorium concentration.

It has been shown?® that 600 ng. of morin is more

. than 989, reacted to form complex when as little

as 7.5 mg. of ThO, is present in 50 ml. of solu-
tion. The horizontal part of the fluorescence
curve (Fig. 9) is representative, therefore, of solu-
tions that are mixtures of a constant amount of
complex with varying amounts of excess thorium,
and it shows that amounts of thorium as large as
50 mg. of ThO, interfere in no discernible way with
the fluorescence of the complex, as any quenching
or absorption of either the exciting light or fluores-
cent light by the thorium would result in decreas-
ing fluorescence as the thorium content increased
and any enhancement of fluorescence due to in-
creased thorium concentration would cause the
curve to rise. Thus, insofar as the fluorescence is
concerned, solutions containing a mixture of the
complex and a large excess of thorium can be
considered as solutions of the pure complex alone.
In this study 50 mg. of ThO, was always used in
the preparation of solutions of the so-called pure
complex to ensure that all of the morin would be
completely converted to the form of complex.
Effect of the Concentration of the Complex.—
To determine the effect of the concentration of the
complex on the fluorescence, two series of solutions
were prepared in which amounts of morin ranging
from O to 4000 ug. were converted completely to
the complex by a large excess of thorium (50 mg.
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Fig. 9.—Effect on fluorescence of adding increasing
amounts of thorium to a constant amount of morin (600
micrograms per 50 ml.; alcohol 2ml.; P, (404.7 my).

ThO, per ml.). In one series of solutions the al-
cohol content was 2 ml., whereas in the other series
it was 12 ml.

The fluorescences of these solutions were deter-
mined using exciting lights having wave lengths of
404.7 and 365.0 myu and a light path through the
solutions of 3.241 cm. The absorbances of these
solutions at these wave lengths were calculated
from data obtained with the Beckman spectro-
photometer. As each of these solutions contained
complex only plus a large amount of excess tho-
rium, the complex was the only component of the
solutions that absorbed the exciting light or emit-
ted fluorescence and the system was similar to that
described under Derivation as system I. Thus,
the fluorescence produced in these solutions should
obey eq. 7, F = KPP, (1 — 10™4), where
A = absorbance = a3¢;b.  Accordingly the fluores-
cence was plotted as a function of (1 ~ 10-4)

which is equivalent to the fraction of exciting light -

absorbed by the complex. Curves A and B, Fig.
10, are representative of the solutions that con-
tained 12 and 2 ml. of alcohol, respectively, when
the exciting light had a wave length of 404.7 muy.
The curves obtained with an exciting light of wave
length 365.0 mu are not presented because they are
similar to those of Fig. 10.

The curves in Fig. 10 show that, within the limits
of experimental error, the fluorescence increases
linearly with the fraction of exciting light absorbed,
(1 — 104); thus, in this region of linearity the
conversion factor K (Kj; of eq. 7) is a constant, and
the fluorescence of the complex obeys the basic
equation,

The slopes of the curves in Fig. 10 are equivalent
to K Py of the equation, and the empirical values for
K P, calculated from the curves are given in Table
II. The values obtained with exciting light of
365.0 mu are included also.

TasLE II
EMPIRICAL VALUES FOR K P, (FOR FLUORESCENCE READINGS
oN 10 ScaLe)

Wave length of Empirical values for X P,

exciting light (my) 2 ml. of alcohol 12 ml. of alcohol
404.7 0.317 0.514
365.0 0.746 1.125

Fig. 10.—Fluorescence of the complex as a function of the
fraction of exciting light absorbed. Curve A, 12 ml. of
alcohol per 50 ml.; curve B, 2 ml. of alcohol per 50 ml.;
Py (404.7 mu). For each curve the concentration of the
complex varied from 0 to 4934.4 ug. per 50 ml. of solution.

As Table II shows, the value of KP, is affected
by alcohol content, but as Py is constant for each ex-
citing wave length used, the change in KXP, for each
wave length reflects a change in the factor K only.
Thus, when the alcohol was increased from 2 to 12
ml. and the exciting light had a wave length of
404.7 myu, K was increased by 62%: when the ex-
citing light had a wave length of 365.0 mu, X was
increased by 519.

The data in Table II also can be used to obtain
a rough comparison of K at the two different wave
lengths. The ratio of KP, (404.7 mu) to KP,
(365.0 mu) for each concentration of alcohol is
roughly 1 to 2. But the ratio of Py (404.7 my) to
Py (365.0 my) is about 1 to 4 for the particular light
source used.

When this difference in Py is considered, it be-
comes evident that K (404.7 my) is about twice as
large as K (365.0 mu). Thus, not only (1 — 1074),
the fraction of P, that is absorbed by the complex,
but X also is greater when the exciting wave length
404.7 my is used rather than 365.0 mu. Accord-
ingly, for light sources of equal energy at both
wave lengths, sensitivity will be considerably
greater when the exciting wave length is 404.7 mu
rather than 365.0 mg.

As shown in Fig. 10, a sharp break occurs in each
curve when the fraction of light absorbed (1 —
10—4), equals nearly 1, and any further increases
in light absorption that result from increasing the
concentration of complex are too small to result in
a measurable increase in fluorescence. As a con-
sequence the curves should terminate at this point
of maximum fluorescence, which is equal to KP,.
However, at this point the curves in Fig. 10 break
sharply and drop vertically, showing that increases
in the concentration of the complex actually re-
sulted in a slight decrease in the fluorescence.

A 159, decrease in fluorescence occurred when
the concentration of the complex was increased
from about 500 to nearly 5000 ug.

Decrease in fluorescence readings could result
from absorption of fluorescence by the complex, as
curve B in Fig. 1 shows that the complex may absorb
slightly in the wave length region of the fluores-
cence. In addition, once maximum fluorescence is
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reached, increasing the concentration of complex
results in the fluorescence becoming concentrated
in an increasingly thinner layer at the surface of
the solution, thus increasing the distance between
fluorescence region and the phototube; decrease in
fluorescence readings could result from this increase
in distance. (The fluorimeter was designed to
minimize the consequences of changes in the dis-
tance between fluorescence region and photo-
tube, but the effect could not be overcome en-
tirely.)

Taking these two effects into account, it is evi-
dent that the experimental curves over their en-
tire range have the shape that would be expected
from the basic equation with no evidence of sig-
nificant self-quenching or enhancement of the
fluorescence or changes in the value of K.

Effect of the Concentration of Uncombined
Morin.—To determine the effect of uncombined
morin on the fluorescence of the complex, two
series of solutions were prepared. In ome series,
each solution contained 50.3 ug. of ThO,, 12 ml. of
alcohol, and amounts of morin which ranged from
0 to 4000 ug. per 50 ml. of solution; in the second
series, each solution contained 50.3 ug. of ThO,, only
2 ml. of alcohol, and amounts of morin which ranged
from 0 to 1200 ug. per 50 ml. of solution. Again the
fluorescence intensity and the absorbance were
measured, using exciting light having wave lengths
of 404.7 and 365.0 mu for each set of measurements.

The fluorescence readings were then plotted as a
function of the total morin added. Curves A and
B, Fig. 4, are representative of the solutions which
contained 12 ml. of alcohol when the exciting wave
lengths were 404.7 and 365.0 myu, respectively;
and curves A and B, Fig. 5, are representative of
the solutions which contained 2 ml. of alcohol.
when the exciting wave lengths were 404.7 and
365.0 mgy, respectively.

If the uncombined morin, like the uncombined
thorium, had no effect on the fluorescence, the
curves in Figs. 4 and 5, like the curve in Fig. 9
should simply reflect the progress of complex for-
mation. However, the experimental curves show
that the fluorescence increases with the morin con-
centration until a maximum point is reached, after
which the curves break sharply and the fluores-
cence decreases as the amount of morin increases.
The sharp break, which appears well before the
point of complete reaction, and the subsequent
decrease in the fluorescence, are the result of two
effects: absorption of exciting light by the non-
fluorescent component of the solution (uncombined
morin), and quenching of the fluorescence by un-
combined morin.

An idea of the extent of this interference by un-
combined morin can be obtained by considering
the fluorescence of the solution which contained
4000 pg. of morin and 12 ml. of alcohol. The tho-
rium in this solution wasreacted completely to form
158.9 ug. of complex, and this amount of complex in
the absence of free morin should have given a
fluorescence reading of 0.295 on the 10 scale of the
fluorimeter. But the actual reading (curve A,
Fig. 4) was equivalent to 0.0092 on the 10 scale,
which shows that the fluorescence had been reduced
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to less than 39, of its value by the presence of ex-
cess morin.

It has been shown that the complex dissociates
and that most of the thorium reacts to form com-
plex only when relatively large amounts of uncom-
bined morin are present.®* Thus, in addition to its
absorption of exciting light, uncombined morin
affects the fluorescence in two opposing ways.
The fluorescence decreases with increase in morin as
a result of quenching and increases with morin as a
result of the law of mass action.

Calculation of Degree of Reaction.—To make a
more exact analysis of the effects of uncombined
morin, calculations were made to determine the
components in the solutions of Figs. 4 and 5. This
was done using eq. 8 of the spectrophotometric
paper,® which relates the absorbance of the solution
to the amount of complex formed. The results of
these calculations are shown in Fig. 11, where the
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Fig. 11.—Fraction of total thorium converted to comn-

plex as a function of uncombined morin in the solution;
thorium constant at 50.3 ug. of ThOs per 50 ml.

fraction of total thorium that reacts to form com-
plex in each solution is plotted as a function of the
uncombined morin in the solution. The equation
of this curve was derived as a function of the un-
combined morin. For amounts of uncombined
morin up to 110 ug. the curve is represented by the
expression

R, fraction of total ThO, reacted =
()
332 — 0.04(M-H)

where M-H = uncombined morin, ug./50 ml.
And for amounts .of uncombined morin {from 110
to 200 ug., the expression is

R, fraction of total ThO, reacted =
M-H

0006ME F 220 10


va.fi

5434

Determination of Quenching by Uncombined
Morin.—With the aid of the above mathematical
expressions, it is possible to determine the relation-
ship between the amount of uncombined morin
present and the quenching of the fluorescence.
Most of the solutions whose data are plotted in Fig.
11 represent examples of system II (eq. 8), be-
cause sizable amounts of uncombined morin are
present as well as complex and both absorb signifi-
cant amounts of exciting light. Accordingly, the
total fluorescence that is theoretically possible in
these solutions is represented by the following
equation when the exciting wave length is 404.7
my

_ K3P0<03CR)
Total fluorescence ZMH <+ a,CR [1
10 —tesM-H + a,CR)b]
where
K;3P, = 3.17 (for a total alcohol content of 2 ml.)(1.0
scale)
= 5.14 (for a total alcoliol content of 12 ml.)(1.0
scale)
ay = (6.179 X 1075) = absorbance of 1 ug. of morin/50
ml, 1 em. light path
as = (9.404 X 10~%) = absorbanceof 1 ug. of complex/
50 ml.,, 1 em. light path
M-H = unconibined morin, ug./30 ml.
c = max, complex possible from 50.3 ug. ThO,
= 158.9 ug.
R = fraction of total thorium reacted, represented

either by eq. 9 or 10
= 3.241 cm.

g.
|

Using this equation, calculations were made for
the total theoretical fluorescence corresponding to
the different levels of uncombined morin. Experi-
mnental values for the fluorescence of these solutions
were obtained from the curves in Figs. 4 and 5 by
reading the fluorescence for concentrations of total
morin equivalent to the different levels of un-
combined morin.

Division of the experimental value by the theo-
retical value for cach amount of uncombined
morin gave the fraction of the total possible
fluorescence that remained unquenched. These
values for the unquenched fluorescence, U, have
been plotted in Fig. 12. Curve A, Fig. 12, repre-
sents those solutions containing a total alcohol con-
tent of 12 ml, and curve B represents those with
a total alcoho! content of 2 ml.

Equations for these curves were derived. For
curve A, the fraction of unquenched fluorescence
as a function of M-H, the uncombined morin, is
expressed by the formula

i M-I — 50
T o= — L1 74¢
= 0.864 [ 514 + 11920 H,l

and for curve B, the expression is

" M-H — 43.16
U= 0801~ | i 1iisarH |
These expressions apply for values of M-H greater
than about 50 micrograms; for smaller values of
M-H the points defining the curves in Fig. 12 were
erratic.
Calculation of Optimum Morin Concentration.—
As the quenching is a function of the uncombined
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morin only, the above expressions should apply
for all levels of ThO, concentration and should be
inserted in the general equation for fluorescence asa
common multiplier. Thus, the equation of system
II may now be expressed as it applies specifically to
the thorium-morin fluorescent system when total
alcohol content of the solutions is 2 ml.

M-H — 43.16
F= [0'861 81 + L115M- H] X

K;Po((l, CR)

TMH F auCR |1~ 107ORE ¥ o]
gVl 3

€3))

where
C

max. complex possible from the ThO, present in
ug. per 50 ml, of soln.

fraction of total ThO, reacted to form complex

complex present in solution in ug. per 50 ml.

R
CR

This equation is useful because the fluorescence
of any solution can be calculated, provided the con-
centrations of complex and of uncombined morin
are known. Such concentrations were calculated
from experimental data for two series of solutions:
the solutions of the one series containing a total of
50.3 pg. ThO, per 50 ml. and varying amounts of
total morin; and the solutions of the other series
containing a total of 15 ug. ThO; per 50 ml. and
varying amounts of total morin.

Then, using eq. 11, the fluorescences of these solu-
tions were calculated. Curves in which the cal-
culated fluorescences were plotted as a function of
uncombined morin were similar to curve A in Fig.
5. TFigure 13 shows the portions of the calculated’
curves, between 50 and 200 ug. of uncombined
morin, which include the peaks of the curves. The
peaks of both these curves, and thus the region of
greatest sensitivity, occur when the uncombined
morin is near 100 ug.; furthermore, the maximum
variation in fluorescence is less than 59, when nio-
rin varies from 75 to 130 ug.

The almost constant fluorescence indicates that
in this limited range the effect of increased complex
formation resulting from increased morin concen-
tration is almost exactly counterbalanced by the
increased effects of quenching and absorption of ex-
citing light by morin.

This result is fortuitous for the construction of
standard curves. If the total morin reagent added
to the solutions results in amounts of uncombined
morin between the limits of 75 and 150 ug. per 50
ml., then close to maximum sensitivity and linearity
for the standard curve are attained. A choice of
100 ug. totalmorin content results in values for un-
combined morin near the lower limit of this range
(see crosses in Fig. 13) and a choice of 165 ug. of
total morin results in uncombined morin values
neilr the upper limit of the range (circles in Fig.
13).

Calculation of Standard Curve.—Equation 11
was used to compute standard curves after the
term CR (amount of complex formed) was evalu-
ated for thorium concentrations in the range of the
standard curve. This evaluation is necessary be-
cause R, the fraction of total thorium reacted to
form complex, was derived only for solutions hav-
ing total thorium concentrations of 50.3 and
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Fig. 12.—Fraction of fluorescence remaining unquenched
as a function of the uncombined morin. Thorium constant
at 50.3 ug. of ThO; per 50 ml. Curve A, 12 ml, of alcohol;
curve B, 2 ml. of alcohol; P, (404.7 mu).

15 ug. of ThO,. CR was evaluated using the mass

action law
(CR)(E*)? _x
(ThO, — CR)(M-H — 2CR)* B
where
(CR) = complex formed, moles per liter
(M-H) = total morin, moles per liter
(M-H — 2CR) = uncombined morin, moles per liter
(ThO;) = total thorium, moles per liter
(ThO; — CR) = uncombined thorium, moles per liter

E equilibrium constant

KEg had been determined previously®; for thorium
concentrations in the range of the standard curve
the average values of Kg are 1.45 X 10 when total
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Fig. 13.—Calculated fluorescence as a function of un-
combined morin in the solutions: curve A, total thormum
50.3 ug. of ThO; per 50 ml.; curve B, total thorium 15 ug.
of ThO, per 50 ml.; 2 ml. of alcohol; Py (404.7 my).

morin is 100 pg., and 0.95 X 10¢ when total morin
is 165 ug.

The calculated standard curves are shown in Figs.
6 and 7 as dashed lines; they coincide very closely
with the experimental curves. Both the region of
linearity and slope predicted by the calculated
curves are corroborated by the experimental
curves. It is possible, thus, to use the derived
mathematical expressions for fluorescence to cal-
culate a family of curves that show, without actual
experimentation, the characteristics of the stand-
ard curves to be expected for total morin concentra-
tions that vary over a wide range.

WasmiNnGgTON 25, D. C.
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Color Transitions in Fused Nickel(IT)-Alkali Halide Systems

Bv FrREDERICK M. HORNYAK!
Rece1veD JUNE 18, 1957

Nickel(II) chloride (or sulfate) fused with alkali chlorides or bromides gives, respectively, a blue or green melt. On
cooling a yellow solid is formed. The color transition is abrupt and reversible and occurs very close to the melting point.

During the course of work on molten salt sys-
tems it was observed that fusion of yellow anhy-
drous nickel(II) chloride and potassium chloride
gives a blue liquid. On cooling, the melt becomes
a blue semi-solid and finally over a short tempera-
ture interval undergoes a striking color transition
to a yellow solid. Since materials which undergo

(1) R. A. Taft Sanitary Engineering Center, 4676 Columbia Pkwy.,
Cincinnati, Ohio.

distinct color changes at definite temperatures are
rather rare it was decided to observe various fused
salt systems to determine the generality of the
phenomenon. The relationship of color transition
temperatures to phase transition temperatures was
also investigated.

Observations and Discussion.—The nickel chlo-
ride-potassium chloride system exhibited the
phenomenon for all compositions having a nickel



