
1024 D J. BARCLAY, E. PASSEROX$ ASD F. C Xxsov Inorpi nu Chem I s f r y  

CONTRIBUTION No. 3958 FROM THE GATES ASD CRELLIN LABORATORIES OF CHEMISTRY, 
91109 CALIFORNIA INSTITUTE OF TECHNOLOGY, PASADENA, CALIFORXIA 

Multiple-Ligand Bridging by Thiocyanate in the Electrochemical 
Oxidation of Chromium(I1) a t  Mercury Electrodes 

BY DONALD J. BARCI,.L\Y, EDUARDO PASSEROS, A N D  FRED C. ASSOS 

Rrceivad October 8, 1969 

The electrooxidation of Cr(I1) at mercury in thiocyanate solutions produces mixtures of Cr(II1) products containing as 
many as four or five coordinated thiocyanate ions. Under a wide range of conditions Cr(SCS)Z+ and Cr(NCS)3 are the 
predominant products. The cis isomer of Cr(r*;CS)e+ is certainly formed preferentially and the same preference prob- 
ably obtains in the case of Cr(P.;CS)3. The preferential formation of c i s  isomers and the potential dependence of the product 
distribution are evidence that the mechanism of the electrode reaction involves ligand bridging by adsorbed thiocyanate 
between the mercury electrode and Cr(I1) in the transition state. The chromium(II1)-thiocyanate products are very ex- 
tensively adsorbed on the mercury electrode because of a strong chemical interaction between the positively charged mer- 
cury and the sulfur atom of the nitrogen-bonded thiocyanate ion. 

Experiments demonstrating that ligand bridging by 
halide occurs in the oxidation of Cr(I1) a t  mercury 
electrodes were first described by Aikens and Ross’ 
and additional evidence has been presented recently. 
It includes the facts that  CrC12f and CrBrZf, rather 
than Cr3+, are the predominant Cr(II1) products in 
chloride- and bromide-supporting electrolytes and that 
the rate of the electrochemical oxidation is enhanced 
by addition of iodide, bromide, or chloride.l<* The rate 
enhancement decreases in the order I- > Br- > C1- 
which is also the order of decreasing specific adsorption 
of these anions on mercury, The transition state pro- 
posed to account for the data involves bridging between 
the mercury surface and the Cr2+ ion by the adsorbed, 
catalyzing anion. 

The properties required of potential bridging ligands 
a t  mercury electrodes according to this scheme are 
strong adsorption on mercury and good electron-bridg- 
ing characteristics in the same sense as this term is 
applied in the analogous homogeneous redox processes 
which proceed by an inner-sphere m e c h a n i ~ m . ~  The 
thiocyanate anion meets both of these requirements 
because it is known to be strongly adsorbed on mercury 
by a sulfur-mercury bond and thus has the correct 
configuration for functioning as a good electron bridge 
to a cation such as Cr2+.4 The present study was there- 
fore initiated to determine if thiocyanate does function 
as a bridging ligand during the electrochemical oxida- 
tion of Cr(I1). As the work proceeded i t  became ap- 
parent that  the thiocyanate complexes of Cr(II1) which 
were the products of the reaction displayed peculiarly 
strong affinities for the mercury surface. This fea- 
ture of their chemistry was extensively examined 
because of its implications with respect to the transi- 
tion state involved in the thiocyanate-catalyzed electro- 
oxidation of Cr(I1). 

Experimental Section 
Electrochemical Techniques.-Solutions of the Cr(II1) 

(1) D. A. Aikens and J. W. Ross, Jr., J .  Phys.  C h e m . ,  66, 1213 (1961). 
(2) J. J. Ulrich and F. C.  Anson, Inoug. C h e m . ,  8 ,  195 (1969). 
(3) H. Taube, “Advances in Inorganic and  Nuclear Chemistry,” Vol. 6, 

(4) R. Farsons and P. C. Symons, Trans. Favadny Soc. ,  64, 1077 (1968). 
Academic Press, Inc., S e w  York, N. Y . ,  1959, Chapter 1. 

products resulting from the electrooxidation of Cr(I1) in various 
electrolytes were prepared for analysis by controlled-potential 
oxidation of Cr(I1) a t  stirred mercury pool electrodes in a nitrogen 
atmosphere. The cell and procedure followed standard pract1ce.j 
A Wenking potentiostat (Brinkmann Instruments, Inc.) was 
employed with solutions of high ionic strength (0.1-1.0 M )  and a 
higher voltage potentiostat (Chemical Electronics Co., Newcastle, 
England) was used with the less conducting solutions. The 
solutions of Cr(I1) were prepared just prior to  each run by con- 
trolled-potential reduction of Cr(II1) on a mercury pool at 
- 1050 m y  BS. sce. The Cr(I1) solutions were oxidized a t  diverse 
potentials in the presence of varying concentrations of sodium 
thiocyanate and the resulting solutions of Cr(II1) were analyzed 
spectrophotometrically, in some cases following ion-exchange 
separation of the mixture of products. 

Cyclic voltammetric6 and chronocoulometric~ experiments 
were performed with conventional two- or three-compartment 
cells and a commercially available (Brinkmann Instrpments, 
Inc.) hanging mercury drop electrode modified to  provide better 
electrical contact.* 4 drop of area 0.032 cmz was employed. 
4 saturated sodium chloride-calomel reference electrode was 
employed but all potentials are quoted zs. the saturated calomel 
electrode (sce). 

The electronic apparatus employed to  impose potential varia- 
tions on the mercury drop electrode and to measure the resulting 
current and coulomb responses consisted of appropkiately 
connected operational amplifiers (Philbrick Type 656), mercury 
wetted relays, bias potentiometers, and switches. The design 
and operation of essentially identical apparatus have been de- 
scribed.9 110 For the chronocoulometric experiments, in which the 
extent of adsorption of the various chromium(II1)-thiocyanate 
complexes was measured, a previously described,” computer- 
based data acquisition and analysis system was also employed. 

In the chronocoulometric experiments the electrode was ad- 
justed to an initial potential, E, ,  where the Cr(II1) complex was 
not ieduced. The potential was then stepped to  a new potential, 
Ef, where the reduction of the Cr(II1) complex was diffusion 
controlled and the resulting charge flow was measured. To 
obtain the quantity of an adsorbed reactant from this charge- 
time data it is necessary to  know how much of the total charge 
was consumed by the double-layer capacitance at the electrode- 

( 5 )  J. J. Lingane, “Electroanalytical Chemistry,” Interscience Publishers, 

(6) R. S. Adams, “Electrochemistry a t  Solid Electrodes,” Marcel Dekker, 

(7)  F. C. Anson, Anal. Chem., 38, 54 (1966). 
(8) F. C. Anson and B. Epstein. J .  Elaclvochem. Soc.,  115, 1155 (€968). 
(9) G. Lauer, Ph.D.  Thesis, California Institute of Technology, Pasadena, 

(IO) F. C. Anson and D. A. Payne, J .  Elccl?’oanal. Chrm.,  13, 35 (1967). 
(11) G. Lauer, R. Ahel, and F. C. Anson, Anal. C h e m . ,  39, 765 (1967). 

Inc. ,  S e w  York, AT. Y . ,  1958, Chapter XIX. 

New York, N. Y., 1969, Chapter 5. 
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electrolyte interface. When the electrode reaction can be 
caused to reverse itself by stepping the potential back to  Ei, 
the charge consumed by the double layer is obtainable from an 
analysis of the charge-time data for the reverse ~ t e p . ~ ~ ' ~  This 
procedure has been employed successfully in a number of previous 
s t ~ d i e s . ' ~ - ' ~  It failed, however, in the present instance because 
with many solution compositions the oxidation of Cr(I1) during 
the reverse potential step did not produce the same chromium- 
(111)-thiocyanate complex that was initially reduced to  Cr(I1). 
This difficulty required that the change in double-layer charge 
between Ei and Er be measured in a separate experiment. This 
was accomplished by measuring the charge flowing into a dropping 
mercury electrode potentiostated at Ei in the presence of the 
initial chromium(II1)-thiocyanate complex and again a t  Et. 
The measurements a t  E! ( -  1000 mV vs. sce) were not made in 
the presence of Cr(I1) because there was no evidence of adsorp- 
tion of any Cr(I1) complexes. The theory and practice of this 
charge-measuring procedure have been described.14r16r17 

Ion-Exchange Procedures.-Cation and anion exchangela were 
employed to separate mixtures of chromium(II1)-thiocyanate 
complexes for analysis. Dowex 50W-X8 resin in the acid form 
was used for separation of cations and Bio-Rad AG2-X8 in the 
perchlorate form was used to separate the anionic complexes. 
Columns 10 cm in length and 2 cm2 in area were utilized. After 
collecting all cationic Cr(II1) species on the column, Cr(NCS)2+ 
was eluted with 0.1 M HClO4 followed by Cr(NCS)2+ with 1 M 
HC104. 

Cr(NCS)3 was isolated from mixtures by passing the initial 
effluent from the cation-exchange column through the anion- 
exchange column and collecting the initial effluent and that re- 
sulting from elution with 0.01 M HClOd. The anionic chromium- 
(111)-thiocyanate complexes remained on the column and no 
attempt was made to isolate them. 

Analytical Methods.-Quantitative analysis of the solutions of 
Cr(NCS)a+ and Cr(NCS)a+ resulting from the ion-exchange sepa- 
rations were accomplished spectrophotometrically on the basis 
of published molar absorbances a t  570 nm. These molar absorb- 
ances were confirmed by converting the Cr(II1) to chromate and 
measuring the chromate absorbance a t  374 nm. The average 
number, f i ,  of coordinated thiocyanate ions in the Cr(II1) pro- 
ducts resulting from controlled-potential oxidations of Cr(I1) was 
established in the following manner. The molar absorptions of 
Cr(HzO)$++, CrNCS2+, Cr(NCS)n+, Cr(NCS)a, and C~(NCS)F,~- a t  
570 nm are known'8,'g and increase monotonically with increasing 
number of coordinated thiocyanate ions (Figure 1). The molar 
absorptions of Cr(NCS)a- and Cr(NCS)2- were approximated by 
interpolation from the known values and rZ was estimated by 
measuring the absorbance of the oxidized solution a t  570 nm. 
That  the values of f i  resulting from this procedure were reason- 
ably accurate was established by applying i t  to  a solution con- 
taining known quantities of Cr(NCS)3, Cr(NCS)z+, CrNCS2+, 
and Cr(HzO)es+. The f i  value obtained from the absorbance a t  
570 nm and Figure 1 was within 10% of the true value. 

That the chromium(II1)-thiocyanate species which was re- 
tained by neither the cation- nor the anion-exchange resin was 
indeed Cr(NCS)3 was confirmed by direct analysis for chromium 
and thiocyanate. Chromium was determined by oxidation to 
Cr 0 4 2 -  with hydrogen peroxide in alkaline solution and measure- 
ment of the absorbance of the resulting chromate ion a t  374 nm. 
Thiocyanate was determined by degradation of the complex in 
NaOH followed by acidification to pH 1.0 and potentiometric 
titration with Ag+ or measurement of the absorbance of the 

The elution rate was 2-3 ml/min. 
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Figure 1.-Molar absorptivities a t  570 nm of the Cr(NCS),a-n 
complexes as a function of n. The values a t  n = 2 and n = 3 
are from ref 18. For n = 0 and n = 6 values given in ref 19 
were used, although they refer to 575 and 565 nm, respectively. 
(The absorptions show very little wavelength dependence in 
this portion of the spectrum.) The value for n = 3 resulted 
from the present study. 

ferric thiocyanate complex a t  460 nm. When the latter method 
was used, any free NCS- which might be present and which 
would lead to erroneous results for the thiocyanate to chromium 
ratio was determined prior to degradation of the complex, a 
correction being made for the absorbance of Cr(NCS)a a t  460 nm. 
I n  some instances it was found that a small amount of free NCS- 
passed through the anion-exchange column. Because of the 
extensive reaction between Cr(NCS)B and Ag+, such free NCS- 
could not be determined by titration with Ag' in the presence of 
Cr(NCS)? so the ferric thiocyanate method was preferred in 
general. Ratios of thiocyanate to chromium of 3.02, 2.98, 
and 2.88 were obtained from analysis of aliquots from three 
different electrochemical preparations. The molar absorptivity 
of the Cr(NCS)a which resulted from the electrochemical oxidation 
of Cr(I1) in 0.02 M NaNCS was B 67, A,,,, 569 nm. The stereo- 
chemical purity and configuration of this species were not estab- 
lished. 

Reagents.-All reagents were analytical grade and solutions 
were prepared with triply distilled water. Chromium(II1) per- 
chlorate was obtained by reduction of NazCrzOi with Ha02 in an 
excess of HC104. The Cr(II1) solutions were kept acidic, 0.1 M 
HC104, to minimize polymer formation and were periodically 
examined spectroscopically according to the criteria of Posthmus 
and Kingzo to ensure the absence of significant polymerization. 
Most experiments were performed with solutions containing 0.01 
M HClOa but the Cr(II1) was exposed to this highei pH only 
for the duration of the experiment (never more than 4 hr). 
Sodium perchlorate stock solutions (8 M)-were prepared by mix- 
ing equivalent amounts of concentrated perchloric acid and 
sodium carbonate. The resulting solution (pH 8) was heated 
overnight on a hot-water bath and then filtered through sintered 
glass. COa was eliminated by bubbling Nz through the filtrate. 
The pH was finally adjusted to 2 with HClOa. 

Sodium thiocyanate solutions were prepared from reagent 

(20) C. Posthmus and E. L. King, J .  Phys.  Chem., 69, 1216 (I%%). 
- -___ 
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Figure 2.-Cyclic voltammetry of Cr(1II) in thiocyanate. 
I :  0.5 m X  Cr", 1 M XaC104, and 0.01 M HC104; scan rate 
25 T/sec. I1 : identical with I except the solution also contained 
2 mill NaSCS. 

grade salt and were discarded after ca.  1% hr. Prepurified nitro- 
gen was further purified by passing it through heated copper 
turnings, then through a Dry Ice-acetone trap, and, finally, 
through 1 M HClOl to adjust its humidity. A11 experiments 
were performed a t  room temperature (25 =k 2 " ) .  

Results 
Cyclic Voltammetry.-The cyclic-voltammetric be- 

havior of Cr3+ in the absence and presence of thio- 
cyanate (shown in Figure 2) gives a clear qualitative 
picture of the catalytic effect of small amounts of thio- 
cyanate on the oxidation rate of Crz+. Curve I shows 
the typical pair of cathodic and anodic 1%-aves obtained 
with solutions of Cr3+ in perchlorate electrolytes. 
Curve I1 shows the different behavior resulting from 
the presence of 2 m M  sodium thiocyanate. At the 
peak of the anodic wave in curve 11, peak D, the rate 
of oxidation of Cr2+ is proceeding about 250 times greater 
than a t  the same potential in curve I The cathodic 
peak labeled C in curve 11 appears only on the second 
and all subsequent cycles. This indicates that  the 
species being reduced at peak C was not initially pres- 
ent in the solution but was produced during the first 
anodic-going half-cycle of the potential sweep. The 
proximity of peak C to the anodic peak D suggests that  
the product or products of the anodic reactions pro- 
ceeding a t  peak D are the species which subsequently 
give rise to cathodic peak C. This interpretation is 
supported by the observation that peak ,4, which cor- 
responds to the reduction of Cr3+ to Cr2+, and peak 
B, which corresponds to the reverse of this reaction, 
remain undiminished on repeated cycling in the ab- 
sence of thiocyanate but virtually disappear in the pres- 
ence of thiocyanate because the Cr2f is oxidized almost 
exclusively to chromium(II1)-thiocyanate complexes 
which are reduced a t  potentials near peak C. 

That  N-bonded Cr(II1) -NCS complexes are re- 

sponsible for peak C in Figure 2 ~ a 5  verified by exam- 
ining the cyclic-voltammetric behavior of CrNCSz 
and Cr(NCS)*+ (prepared chemically by the method 
of King, et ~ 1 . ' ~ )  and Cr(NCS)a (isolated by passing the 
chemically prepared mixture of Cr(II1)-NCS species 
successively through cation- and anion-exchange res- 
ins). At a scan rate of 25 V/sec the cathodic peak 
potentials of CrNCSz-, Cr(NCS)2+, and Cr(NCS)d 
were - 930, - 670, and -7OU mV, respectively. Thus, 
peak C, which occurs a t  -G80 to -700 mV on the 
second and subsequent potential sweeps, apparently 
arises from the reduction of Cr(II1) complexes that 
contain a t  least two coordinated thiocyanate ions. 

The potential of the anodic peak D in Figure 2 is a 
very sensitive function of the concentration of free 
thiocyanate ion, Table I. The shift of the peak po- 
tential for Cr(I1) oxidation to more cathodic values as 
the concentration of thiocyanate increases reflects 
the strong catalytic effect of the thiocyanate anion. 
That the site of the catalysis is the electrode surface 
is indicated by the temperature dependence of the 
anodic peak potential, Table 11. The shift in the 

TABLE I 

POTENTIAL FOR OXIDATION OF Cr(I1) (PEAK D IN FIGURE 2)" 
EFFECT O F  THIOCYANATE COSCEh'TRATlON ON THE PEAK 

[Thiocyanate], Ic r (W1,  Peak potential, 
m J 1  m J 1  mV v s .  sce 

0 0 . 5  + 50 
0 . 4  0 . 2  - 330 
0 . 5  0 . 5  - 360 
1 . 0  0 . 5  - 407 
1.34 0 .67  - 424 
1 .5  0 . 5  - 450 

Potential sweep rate 25 V!sec. 

TABLE I1 
TEMPERATURE DEPENDENCE OF THE PEAK 

POTESTIAL FOR Cr(I1) OXIDATION I N  'rHIOCYANATE' 

Temp, O C  Peak potential, mV vs. sce 

25 - 470 
70 - 330 

' 1  [Cr(II)] = 2 m X ;  [SCS] = 1.5 mM; sweep rate 20 Y/sec. 

peak potential to more anodic values at the higher 
temperature corresponds to a decreased overall reaction 
rate a t  the higher temperature. This seems surely to 
reflect the decrease in specific adsorption of thiocy- 
anate at the higher temperaturez1 which results in a 
decline in the surface catalysis. More positive poten- 
tials are required to achieve the same rate at 70' 
because i t  is necessary to bring the thiocyanate adsorp- 
tion back to the value prevailing at 25". 

T o  confirm that the catalysis resulting from the 
addition of thiocyanate arises entirely from thiocyanate 
ions which are adsorbed on the mercury surface, the 
cyclic voltammetry of a solution containing both thio- 
cyanate and a larger amount of iodide 17-as examined. 
Iodide ion is more strongly adsorbed on mercury than 
t h i o ~ y a n a t e ~ , ~ ~  but has a very much smaller tendency 

(21) S. hIinc and J .  Andzejczak, J .  E l e d i . ~ ~ i i ~ l .  C h e u . ,  17, 101 (I'J6E) 
(22) 1). C. Giahame, J .  A m .  C h e m  Soc., 80, 4 2 0 1  (1HR8). 
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TABLE I11 

Cr(II1) PRODUCTS RESULTING FROM 
ELECTROOXIDATION OF Cr(I1). 

AVERAGE NUMBER OF COORDINATED THIOCYANATE IONS I N  THE 

Potential Absorb- 
a t  which ance of 

[Thio- Cr(I1) was product Calcd equil 
value of G c  cyanate], oxidized, solution at 

mM mV vs. sceb 570 nm n Cr(II1) Cr(I1) 

10 -150 0.27 0 . 7 5 +  0 . 1  0.3 0.01 
30 -250 0.49 1 . 8 O i  0 .2  0 .9  0.02 

100 -350 0.76 3 .5*  0.3 2 .7  0.10 
1000 -550 1.04 4 . 5 +  0 . 4  4.2 1.00 
a The Cr(I1) concentration was 10 mM. * The oxidation po- 

tentials were chosen to avoid any oxidation of mercury while 
keeping the amount of adsorbed thiocyanate fairly constant a t  
each concentration. Calculated from equilibrium constants 
given in ref 24. The values of R for Cr(1I) are probably some- 
what too low a t  the two highest concentrations of thiocyanate 
because no constants are available for higher complexes than 
Cr (NCSla. 

to coordinate with Cr2+ in the bulk of the solution.2a 
Therefore the addition of iodide to a thiocyanate solu- 
tion of Cr2f should not alter the concentrations or rate 
of formation of any chromium(I1)-thiocyanate com- 
plexes but should decrease the amount of thiocyanate 
adsorbed on the mercury surface by replacing it with 
iodide. The result of this experiment was that the 
chromium(I1) oxidation wave (peak D, Figure 2) 
shifted from -550 to -520 mV when the 0.5 m M  
chromium(II1)-10 mM NaNCS solution was made 0.1 
M in NaI. This anodic shift in peak potential reflects 
a marked decrease in the catalytic effect of thiocyanate 
in the presence of excess iodide ion. 

Controlled-Potential Electrolyses.-Exhaustive elec- 
trolyses of Cr(I1) solutions a t  stirred mercury pools 
were carried out to obtain sufficient quantities of the 
Cr(II1) products for ion-exchange separation and/or 
spectrophotometric analyses. The average number, 
a, of coordinated thiocyanate ions in the Cr(II1) 
products was estimated spectrophotometrically as ex- 
plained in the Experimental Section. Table I11 shows 
the variation of with the thiocyanate concentration 
and compares the measured values of fi with the values 
that would be observed if the chromium(II1) or 
chromium(I1) were allowed to reach equilibrium in 
each thiocyanate s0lution.2~ The significant feature 
of these data is the coordination of much more than 
the equilibrium quantity of thiocyanate in the Cr(II1) 
product. The inertness of Cr(II1) toward substitution 
of thiocyanate means that all of the coordinated thio- 
cyanate ions appearing in the product must have been 
present in the transition state for the electrode reac- 
tion. 

T h e  possibility that  Cr2f coordinates with several 
thiocyanate ions in a homogeneous chemical reaction 
just prior to formation of the transition state for the 
electrode reaction could not be ruled out by resorting 
to the arguments given previously2 to demonstrate 

(23) S. Arhland, J. Chatt, and N. R. Davies, Quavl. Rev. (London), 12, 

(24) A. Martell and L. G. Sillen, "Stability Constants," Special Publica- 
265 (1858). 

tion No. 17, The Chemical Society, London, 1064, p 126. 

the absence of such prior complexation reactions in the 
cases of chloride and bromide ligands, because the 
equilibrium stability of chromium(I1)-thiocyanate 
complexes is considerably greater than the halide com- 
plexes. However, strong evidence against the likeli- 
hood of prior complexation between chromium(I1) 
and thiocyanate is provided by the potential depen- 
dence of the composition of the chromium(II1)- 
thiocyanate products. Table I V  gives the results of a 

TABLE IV 

THIOCYANATE IN THE Cr(II1) PRODUCTS RESULTING FROM 

ELECTROOXIDATION OF Cr(II)& 

POTENTIAL DEPENDENCE OF THE AMOUNT OF COORDlNATED 

-Fraction of Cr(II1) appearing as- Higher 

mV vs. sce e r a + *  CrNCSz+ (NCS)z+ (NCS)a plexes 
- 15OC -0.2 <0.05 0.25 0.5 < 0 . 0 5  
- 3OOc -0.2 < 0 . 0 5  0.25 0.5 < 0 . 0 5  
- 550d -0.3 0 . 2  0 .45  0.05 <0.05 

Potential of oxidn, Cr- Cr- com- 

Equil distributione 0.18 0 .68  0.09 0.05 . . . 
Equil distribution of 

corresponding Cr(I1) 
complexese 0.80 0.18 0 .02  . . .  . . .  
5 Each solution contained 10 mM Cr(II), 20 mM NaSCN, and 

0.01 M HClOa. Analyses were performed spectrophotometrically 
following separation of the products by ion exchange. Cra+ 
was found by difference. Incomplete reduction of the Cra+ dur- 
ing the preparation of the Cr2+ solution and some oxidation of 
Cr2+ by residual oxygen probably account for the bulk of this 
species in the product. Oxidation was complete in ca. 60 min. 
d A t  this potential the electrode reaction proceeded so slowly 
that 6 hr was required to complete the oxidation. To check 
that the initial electrode products would persist during this 
period it was ascertained that Cr(NCS)s could be kept over a 
stirred mercury pool for 8 hr without appreciable decomposition. 
e Calculated from equilibrium constants given in ref 24. 

series of controlled-potential oxidations of chromium(I1) 
in a 20 mM thiocyanate solution a t  three different po- 
tentials. It is evident from these data that more 
thiocyanate is incorporated into the chromium(II1) 
product, the more positive is the potential a t  which 
the chromium(I1) is oxidized. 

Stereochemistry of the Chromium(II1) Products.- 
The appearance of Cr(NCS)2+ and Cr(NCS)a among the 
oxidation products of Cr (11) permitted an investigation 
of possible stereospecificity in the electrode processes 
which lead to these products: King, et ul.,25a have 
shown that in an equilibrium mixture of the two iso- 
mers of Cr(NCS)2+ the ratio of the trans to the cis 
isomer is 0.53 and that the two isomers can be distin- 
guished by measuring the ratio of their absorbances a t  
300 and 270 nm. For the trans isomer this ratio of 
A300/A270 is 1.31 while for the cis isomer the same ratio 
is 0.95.26a 

The products from the controlled-potential oxidations 
of a series of solutions containing 10 mM Cr(I1) and 
20 m M  NaNCS were separated by ion exchange and 
the absorbance ratio A3CO/A270 was measured for the 
most readify eluted aliquots containing a mixture of 
the cis and trans isomers of Cr(NCS)2+. In four ex- 
periments in which oxidation potentials of -550, 

(25) (a) J T. Hougen, K. Schug, and E. L. King, J. A m .  Chem. SOL., 79, 
5lY (1857); (b) D. W. Carlyle and E, L. King, piivate communication. 
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-300, -200, and -150 mV were employed, the dis- 
tribution of products varied (Table IV) but the Cr- 
(NCS)2+ fraction in each case gave the same absor- 
bance ratio, A300/A270 = 1.01 i. 0.01. A linear inter- 
polation from King’s values for the pure isomers leads 
to a ratio of 0.17 for the ratio of truns to cis isomers in 
the electrochemically prepared complex compared with 
0.53 for an equilibrium mixture. The numerical value 
(0.17) of this experimentally measured ratio is probably 
a reasonably good estimate of the amount of cis isomer 
produced because the rate of cis to trnns isomerization 
is too slow to alter the ratio during the several hours 
required for the ion-exchange separation and elu- 
t i ~ n . ~ ~ ~  I t  seems certain, therefore, that the cis 
isomer is produced in greater than equilibrium amount 
during the electrochemical production of Cr(NCS)2+ 
and that this preferential formation of the cis isomer is 
independent of the fraction of the total Cr(I1) that is 
oxidized to this complex. 

The stereochemical configuration of the Cr(NCS)8 
obtained from electrolyses was not established. The 
electronic spectra of chemically and electrolytically 
prepared solutions of this complex were not different 
enough to enable an unambiguous differentiation to be 
made. However, samples of Cr(NCS)3 prepared chem- 
ically display a slightly smaller tendency to adsorb on 
the surface of mercury electrodes than do electrochem- 
ical preparations of the same complex. As is elaborated 
in the following section, this difference is in the direction 
to be expected if the electrochemically prepared com- 
plex contains a higher percentage of the cis isomer. 

Adsorption of Chromium(II1)-Thiocyanate Com- 
plexes on Mercury.-Tanaka and coworkers26 estab- 
lished from electrocapillary measurements that a 
number of mixed-ligand thiocyanate complexes of 
chromium(II1) are adsorbed on mercury electrodes. 
As part of the present study we investigated the ad- 
sorptions on mercury of the four complexes Cr(HaO)s- 
NCS2+, Cr (H20) (NCS)2 + j  Cr (H20)3 ( NCS)3, and Cr- 
(NCS)63-. The magnitude and strength of the adsorp- 
tions seemed worth pursuing quantitatively because 
the adsorbed chromium(II1) complex is a good model 
for the transition state in the thiocyanate-catalyzed 
electrooxidation of chromium (11). 

Tables V and VI summarize the adsorption data 
obtained. The most important features to be noted 
are the increase in adsorption as the number of coor- 
dinated thiocyantes increases from 0 to 3, the slightly 
but uniformly higher adsorption of the electrolytically 
prepared Cr(NCS)*+ and Cr(SCS)3, the relatively 
minor potential dependence of the adsorption, and 
the decrease in adsorption produced by the presence 
of free thiocyanate ions. 

The increase in adsorption with the number of coor- 
dinated thiocyanates reflects both the increasing num- 
ber of bonding sites and the decreasing coulombic 
repulsion between the positively charged electrode and 
the adsorbing cation. The maximum adsorption at- 

(26) N. Tanaka, E. K ~ U I I V ,  G. Sat6,  and R. Tamamushi, J .  Phys.  Chein., 
66, 2706 (1962). 

TABLE 

’1DSORPTION O F  CHROMIUM(III)-’~HIOCYANATE 
COMPLEXES ON MERCURY ELECTRODES 

-.-----iollrCr(II 1) ,a ,b moI/cm2---------- - 
Poten- CrNCS* + -Cr(NCS)* +- --Cr(NCS)3--- 
tial, Chemi- Electro- Chemi- Electro- Chemi- 
mV talc 1yticd calC 1yticd calC 
DS . syn- syn- syn- syn- syn- CI-- 
sce Cr3+ thesis thesis thesis thesis thesis ( 

200 0 0 . 6  1 2 . 5  . . .  . . .  . . .  . . .  
100 0 0 .8  10.6 . . . . . .  . . .  1 8 2  

0 0 1.1 9 . 8  8 . 5  2 5 . Z a  22.7  l K 7  
-100 0 1 . 3  9 . 0  7.9 2 2 . 6  21 .3  2 0 . 0  
-200 0 1 . 3  7 .9  7 .2  20 .3  1 9 . 5  1 9 . 8  
-300 0 1 .0  7 .6  7 . 0  19.9 17 .5  1 7 . 2  
-400 0 1 .0  . . .  , . .  . . .  . . .  1 2 . 5  

The concentration of the complex was 0.5 miW in each casc. 
The supporting electrolyte was 0.01 iW HC104-0.99 M KaC104. 

The values of I’cr(IIr) were evaluated chronocoulometrically as 
described in the Experimental Section. The values listed are 
estimated to be accurate to AO.5 X mol/cm.2 Synthe- 
sis and ion-exchange separation of the product mixtures fol- 
lowed the directions of King and Dismukes.18 The neutral coni- 
plex was separated as described in the Experimental Section. 
* Electrolytic synthesis involved oxidatioii a t  a stirred mercury 
pool of a solution containing 10 m M  Cr(I1) and 20 m M  NaNCS 
(also containing 0.01 M HCIO4 and 0.05 iM SaC104) at -300 mV 
followed by ion-exchange separation of the product mixture. 
e This value may be somewhat too large because of an incipient 
reaction between the electrode and the complex at  this potential. 

TABLE VI 
DEPENDENCE OF THE ADSORPTION OF Cr(NCS)a 

ON THE THIOCVASATE CONCENTRATION” 
Thiocyanate concn, dl---------.---. 

Potential, o 5 x 10- 2,s x 10-8 10-1 1 
mV us. sce io l l rCr ( I r I ) , b  mo~/cm*-------- 

0 22.7 13.8 . . *  j . .  . . .  
- 100 21.3 17.9 15.4  . . .  
- 200 19.5 19.0 17.5 13.6: 
- 260 18.9 18.8 17.9 13.9 4 . 9  
- 300 17.5 18 .5  17.4 15.1. 5 .3  
- 350 15.1 17 .5  16.9 14.9 5.4 
- 400 # * .  14.5 5 . 5  

a The concentration of Cr(NCS)3 was 0.5 mil% The complex 
was prepared chemically and isolated by ion exchange. The 
rcrlrII) values were evaluated chronocoulometrically and are 
estimated to be accurate to iO.5 X 10-11mol/cm.2 

tained with the neutral and presumably most W.l.eakly 
hydrated complex, Cr(NCS)3 would probably be sharper 
except that the electrode surface is virtually fully 
covered by 26 X mol/cm2 of Cr(NCS)3 and the 
fact that the adsorption of the anionic complexes re- 
sulting from coordination of additional thiocyante ions 
is enhanced by their more favorable coulombic inter- 
action with the positively charged electrode. The 
slightly larger adsorption of the Cr(NCS)2+ prepared 
electrochemically is consistent with the previous dem- 
onstration that the cis isomer of this complex is formed 
preferentially during the electrolytic synthesis. The 
parallel behavior displayed by the two preparations of 
Cr(NCS)3 provides some evidence to support the 
expectation that preferential formation of the c i s  iso- 
mer of this complex is achieved during its electrolytic 
preparation. 

Discussion 
On the basis of the data presented, we conclude that 

thiocyanate ions, which are adsorbed on the mercury 
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electrode surface, bind to Cr2+ in the transition state 
and serve as electron-transfer bridges during the oxida- 
tion of Cr(I1). Five aspects of the results support this 
conclusion. 

The dependence of the composition ( i e . ,  num- 
ber of coordinated thiocyanate ions) of the chromium- 
(111) products on the electrode potential (Table IV) 
indicates that  the number of thiocyanate ions in the 
transition state is affected by electrode potential. The 
number of adsorbed thiocyanate ions is known4sZ1 to 
increase steadily as the electrode potential becomes 
more positive while the concentrations of all unadsorbed 
ions are unaffected by changes in electrode potential. 
(This ignores the enhancement and depression of ion 
concentrations within the diffuse double layer, but 
the observed potential dependences are in the opposite 
direction from any expected double-layer contributions 
which should be very small in any case a t  p = 1.0.) 
The electrode surface seems, therefore, to be the site 
a t  which the transition state is assembled from adsorbed 
thiocyanate ions and a Cr2+ ion. 

The fact that  iodide ion depresses the catalytic 
effect of thiocyanate even though iodide offers little 
competition to  thiocyanate for the Cr2+ ions in the bulk 
of the solution can be understood in terms of the com- 
petition between iodide and thiocyanate for the elec- 
trode surface and, thereby, for a place in the transition 
state which is formed there. 

The preferential formation of the cis isomers of 
Cr(NCS)n+ and (probably) of Cr(NCS)3 during the 
electrooxidation of Cr (11) provides particularly clear 
evidence for a surface transition state with bridging 
thiocyanate ions attached by mercury-sulfur and chro- 
mium-nitrogen bonds. The ability of the mercury 
electrode to stabilize such a configuration is indicated 
by the unusually strong adsorption of the products, 
Cr(NCS)z+ and Cr(NCS)3. The fact that  some trans- 
Cr(NCS)2+ results from the electrooxidation suggests 
that  oxidation of CrNCS2+ via a single adsorbed thio- 
cyanate ion may be an additional reaction pathway. 

The apparently anomalous sign of the tem- 
perature dependence of the peak potentials for the oxi- 
dation of chromium(I1) (Table 11) seems less unusual 
when compared with the temperature dependence of 
thiocyanate ion adsorption, which has the same sign.21 
The fact that  the rate of oxidation of chromium(I1) 
follows the thiocyanate adsorption so closely strongly 
implicates the electrode surface as the seat of the rate- 
determining process. 

The failure of the chromium(II1)-thiocyanate 
product distribution to follow more closely the equilib- 
rium distribution of chromium(I1)-thiocyanate com- 
plexes (Table 111) argues circumstantially against a 
homogeneous complexation reaction prior to the elec- 
trode reaction as the source of the catalysis of chro- 
mium(I1) oxidation by thiocyanate. The thiocyanate 
concentration dependence of the observed product dis- 
tribution can be understood in terms of a strong kinetic 
preference for oxidation of Cr2+ ions which are attached 
to the electrode surface by two or three adsorbed thio- 
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Figure 3.-Potential dependence of thiocyanate ion adsorp- 
tion and of the distance between sulfur atoms in adsorbed tliio- 
cyanate. Adsorption data are from Parsons and Symons4 for a 
25 mM NaNCS solution. 

cyanate ions. Analogous examples of kinetic prefer- 
ence for a multiply bridged transition state are known 
for a few inner-sphere homogeneous redox reactions. 27 

The increase in n to values greater than 4 in 1 .M so- 
dium thiocyanate (Table 111) probably reflects a reaction 
pathway in which Cr(NCS)z and CrNCSf ions, formed 
in the bulk of the solution, coordinate with three addi- 
tional adsorbed thiocyanate ions prior to  electron trans- 
fer. 

The chromium(II1)-thiocyanate complexes which 
result from controlled-potential electrolyses have the 
spectra of the nitrogen-bonded isomers.20 The possi- 
bility that  the sulfur-bonded linkage isomers might be 
formed initially2* could not be ruled out in these experi- 
ments because of the rapid isomerization of the sulfur- 
bonded complexes induced by the presence of Cr2+.29 
However, in rapid potential sweep experiments the 
presence of significant amounts of the sulfur-bonded 
isomer could have been detected from its characteristi- 
cally different reduction potential. 30 No evidence for 
this species was found and we are reasonably confident 
that  the more stable, nitrogen-bonded complexes are 
the primary products of the electrode reaction. 

Larger amounts of Cr(NCS)z+ and Cr(NCS)3 appear 
in the reaction products (Table IV) a t  more positive 
potentials. This indicates that  transition states with 
two and three bridging ions are favored a t  more positive 
potentials. This trend may reflect nothing more than 
the changes in surface concentration of thiocyanate 
that changes in the potential produce. Figure 3 shows 
how the amount of adsorbed thiocyanate and the equi- 
librium distance between the centers of the sulfur atoms 
in the adsorbed thiocyanate ions depend upon the elec- 
trode potential in a 25 m M  thiocyanate solution. The 

(27) J. P. Chandlin, K. A.  Taylor, and D. T. Thompson, “Reactions of 
Transition Metal Complexes,” Elsevier Publishing Co., New York, N. Y., 
1968, p 191. 

(28) N. Sutin, Eleclvochim. Acta, 13, 1175 (1968). 
(29) A. Haim and N. Sutin, J. Am. Chem. SOL., 88, 434 (1966). 
(30) D. I. Bustin and J. E. Earley, Inorg. Chem., 7 ,  1438 (1968) 
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equilibrium distance between coplanar sulfur atoms in 
the octahedral complexes cis-Cr(H20)4(NCS)z+ and 
C ~ ~ - C ~ ( H ~ O ) , ( N C S ) ~  can be calculated to be ca. 8-10 8. 
Thus, Figure 3 shows that a t  -500 mV a substantial 
rearrangement of the adsorbed thiocyanate ions would 
be required to obtain a double- or triple-ligand bridge, 
while a t  -250 mV the adsorbed ions are quite favorably 
placed for the formation of multiple bridges. 

No evidence for multiple-ligand bridging was found 
during electrooxidation of chromium(I1) in halide solu- 
tions2 and it seems likely that this capability may be 
restricted to thiocyanate and very similar ambidentate 
ligands which leave a nicely positioned coordination 
position exposed after forming a strong bond with the 
mercury surface. In addition, some unusual chemistry 
appears to be responsible for the stabilization of the 
multiply bridged transition state and for the remarkably 
strong adsorption of the chromium(II1) products. 
The cationic Cr(NCS)2+ ion is adsorbed more strongly 
on mercury than is free NCS- ion itself a t  comparable 
concentrations in spite of the fact that  the mercury 
surface is positively charged a t  the potentials involved. 
For example, a t  -300 mV where the mercury surface 
bears a charge of ca. + 5  pC/cm2, 7.6 X mol/cm2 
of Cr(NCS)2+ is adsorbed from a 0.5 m M  solution 
while only 4 X 10-11 mol/cm2 of NCS- is adsorbed a t  
the same electrode charge from a 1 m X  s o l ~ t i o n . ~  The 
dependence of the adsorption of Cr(NCS)2+ upon the 
electrode potential (and, therefore, surface charge 
density) shown in Table V is very much smaller than 
for thiocyanate ion itself, suggesting that purely cou- 
lombic forces are not the major factor controlling the 
adsorption of the complex. The data in Table V make 
it clear that  the adsorption of Cr(NCS)3 is not similar 
to the “anion-induced” adsorption of white metal 
cations (Cd2+, Zn2+, In3+) that have been studied in 
some detaill4,lb because no free thiocyanate ion is re- 
quired for the adsorption to occur. The fact that rather 
high concentrations of free thiocyanate are required to 
alter significantly the adsorption of Cr(NCS)3 (Table 
VI) shows that thiocyanate ions are able to win out over 
the complex in the competition for the electrode surface 
only when the thiocyanate is given the advantage of a 
much larger activity. 

We believe this unusual adsorption behavior of the 
chromium complexes is understandable in terms of its 
similarity to the surprisingly strong affinity that several 
positively charged chromium(II1)- and cobalt(II1)- 
thiocyanate complexes display toward mercury(I1) 
cations.31 For example, Armor and Haim have shown 
recently32 that the reaction Hg2+ + CrNCS2+ = Cr- 

(31) \V. C .  m‘aggener, J. A. Mattinern, and G. H. Cartledge, J .  A M Z .  Che?~?. 
Soc., 81, 2958 (1959). 

NCSHg4+ has an equilibrium constant of lo4  M-l. 
The stability of such highly charged mercury(I1) ad- 
ducts arises in part from an increase in the ligand field 
stabilization energy produced by an increase in the 
ligand field a t  the nitrogen atom when the sulfur- 
mercury bond is formed. 33 Spectral experiments sug- 
gest that the increased ligand field a t  nitrogen results 
from an increase in chromium to ligand T bonding when 
mercury(I1) binds to In  any case, the simi- 
larity between a mercury(I1) cation and a positively 
charged mercury metal surface seems close enough to 
justify the assertion that very similar chemistry is in- 
volved in the interaction of both with chromium(II1)- 
thiocyanate complexes. 

If this explanation is basically accurate, one is led to 
expect adsorption on positive mercury surfaces of many 
nitrogen-bonded transition metal-thiocyanate com- 
plexes. The extent of the adsorption is predicted to be 
greater, the larger the value of the ligand field stabiliza- 
tion energy (LFSE).36 This prediction is borne out by 
the systems which have been investigated up to now. 
Both vanadium(I1) and vanadium(II1) thiocyanates 
are adsorbed but the latter (wi;th the larger A) much 
more strongly than the former.36 Nickel(I1) (with a 
large LFSE) is adsorbed from thiocyanate solutions 
while manganese(I1) (LFSE = 0) is not3’ 

The chemical properties of the mercury electrode 
clearly play a key role in the electrooxidation of chro- 
mium(I1) via thiocyanate ligand bridges. (The overall 
process bears much similarity to the oxidation of Cr2+ 
by solid AgSCN which also leads to CrNCS2+.38) The 
unusual ability of thiocyanate ion both to bind certain 
transition metal complexes to mercury surfaces and to 
catalyze their oxidation or reduction may be exploita- 
ble in a number of interesting ways. The possibility of 
stereoselective electrolytic preparations of metal com- 
plexes is apparent from the present work with chro- 
mium(I1) oxidation. Another possible application, pres- 
ently under investigation, is the use of metal-thio- 
cyanate complexes, adsorbed on mercury, as sites for 
the binding and subsequent (possibly catalyzed) elec- 
troreduction of suitable ligands. 
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