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Whether this proceeds completely or equilibria similar 
to ( 2 )  exist in the solutions cannot be decided on the 
basis of the present results. 

The spectral behavior is qualitatively similar to that 
of the salicylaldimines. 12 ,64-66  Interestingly, whereas 
((sal)2en)Cu exists as a dark green dimerj7,j8 in the 
crystalline state and gives violet monomeric solutions 
in, e . g . ,  chloroform, the complex ((hac)2en)Cu is violet 
both in the solid state and in solution. Electronic 

spectra are very similar in both phases. Apparently 
solid-state dimerization does not occur in the case of 
( (hac)2en) Cu. 
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Chronopotentiometry and linear-scan voltammetry are used to demonstrate that  the oxidation of Ni(mnt)%z- and the 
reduction of Ni(mnt)a- are diffusion controlled in acetonitrile in the presence of (CBH:,)JC104 and that  neither species is elec- 
troactively adsorbed onto platinum. Electron transfer is exceedingly rapid, k s , h  > 1 cm sec-I. The substantial decrease in 
anionic mobility with increasing negative charge is attributed to the electrostriction effect. Trapor pressure osmometry 
demonstrates that  Ni(mnt)s2- but not Ni(mnt)z- is ion paired, Ki = 500 A C 1 .  After correction for ion-pair formation and 
changes in activity coefficients, E" = - (0.17 i 0.01) V DS. Ag+(O.Ol M)1Ag. 

Introduction 
Voltammetric and polarographic current-potential 

curves proved to be exceedingly useful for demonstrat- 
ing the existence and interconversion of the several 
members of particular transition metal 1,2-dithiene 
oxidation-reduction series. Such experiments have 
also demonstrated ligand exchange between complexes 
and the dimeric nature of certain iron and cobalt bis 
complexes in dichloromethane. Half-wave potentials 
have guided synthetic work and served for the compari- 
son of relative thermodynamic stabilities. l s 2  We are 
investigating the kinetics of the electrochemical 
interconversion of representative dithiene complexes 
and in this communication we present our results for 
nickel complexes with the maleonitriledithiolate ligand 
in acetonitrile. We have demonstrated that the elec- 
tron-transfer step for the oxidation of bis(ma1eonitrile- 
dithiolate)nickel(II), Ni (mnt)22-, is exceedingly rapid 
at platinum and is uncomplicated by electrochemically 
significant solution reactions. This complex and its 
one-electron oxidation product Ni(mnt)?- are not 
adsorbed onto platinum. Ni(mnt)??- hut not Xi- 
(mnt)2- is ion paired with the supporting electrolyte 
cation. Activity coefficient and ion-pairing correc- 
tions accurately reproduce the shift of half-wave poten- 

(1) G. N. Schrauzer, T ~ ~ i i s i l i o n  Metal Chem., 4, 299 (1868). 
(2) J .  A. McCleverty, Pyogr .  Znorg. Chenz., 10, 49 (1968). 

tial with supporting electrolyte concentration. The 
fortuitous use of larger cation electrolytes and/or a 
single electrolyte concentration doubtless prevented the 
earlier observation of this ion-pairing phenomenon. 

Experimental Section 
The synthesis of transition metal dithiolates has been reviewed." 

The salts [(CHa)4N] &i(mnt)z, [(CzH:,)2JlaXi(mnt)~, [ ( C Z H ~ ) ~ ~ ]  2- 

Pt(mnt)a, and [(CaHa)&] Ki(mnt)? mere prepared as previously 
d e ~ c r i b e d ; ~  elemental analyses were in excellent agreement with 
the theoretical stoichiometries. 

This system appears to be insensitive to  small amine and un- 
saturated nitrile impurities in the acetonitrile since no differences 
were observed using Eastman practical grade acetonitrile purified 
by method F of Forcier and Olver,j the second distillation beiug 
from sulfuric acid, as compared with Matheson Coleman and 
Bell Spectro Grade solvent. Water content is also relatively 
unimportant since the deliberate addition of ly0 water does not 
affect the position or shape of linear-scan voltammograms. 

Tetraethylammonium perchlorate was obtained from Eastman 
Chemical Co. (White Label) and was recrystallized from water 
and dried a t  room temperature in a vacuum desiccator. Benzil 
of unknown origin was recrystallized three times from ethanol- 
water. 

The Ag-hg+(O.Ol M),(CaH;)JTClO.(O.l M )  electrode in aceto- 
nitrile solvent was used as the reference electrode in order to 
avoid any possible difficulties in reproducing the liquid junction 

( 3 )  A.  Davison and R. H. Holm, Z m i g .  S y n . ,  10, 8 (1967). 
(4) E. Billig, K.  Williams, I. Bernal, and H. B. Gray, I n o i g .  C h e w . ,  3, 883 

(1964). 
( 5 )  G. A Forcier and J.\V Olver, A n d .  C h e m . ,  37, 1447 (1965). 
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Figure 1 .-Plots of the chronopotentiometric constant v s .  
square root of transition time for oxidation of Ni(mnt)zz- and 
Pt(mnt)22- in AN. Ni(mnt)Z2- in 0.4 M 
(C~Hj)4NC104, 0.1 M (C2Hs)4NC104, and 0.032 M ( C Z H ; ) ~ N C ~ O ~ ;  
and Pt(mnt)e2- in 0.1 M (CzH,)4NClOd. Intercept values are 
indicated on the figure. 

From top to bottom: 

between acetonitrile and an aqueous calomel reference electrode. 
This electrode was isolated from the test solution with a cracked- 
glass frit. The potentials reported here may be converted to 
potentials vs. the aqueous KCl saturated calomel electrode by 
adding 291 f 1 mV.6 These potentials may be converted to 
potentials vs. the aqueous hTaC1 saturated calomel electrode used 
by Davison, et d.,7 by adding 283 + 2 mV. 

The linear-sweep voltammetric experiments were carried out 
with operational amplifier circuitry of conventional design.* 
The chronopotentiometric experiments employed a 360-V battery 
bank in series with a large dropping resistor as the constant- 
current source; a break-before-make relay was employed to 
avoid shorting the working and auxiliary electrodes momentarily 
during the switch from the dummy circuit to the cell c i r c ~ i t . ~  

The working electrode was an unshielded planar platinum disk, 
Beckman No. 39273, of area 0.203 cm2. The auxiliary electrode 
was a flat coil of platinum wire immersed in the test solution. 
The cell resistance was measured t o  be 280 ohms a t  1000 Hz for a 
solution 0.4 M in (C2H;)4NC104. 

The vapor pressure measurements employed a Hewlett-Packard 
Model 302 vapor pressure osmometer and were carried out a t  
37" All other experiments were conducted a t  25.0 f 0.1". 

Solutions for the electrochemical experiments were deaerated 
with argon. 

Chronopotentiometric Results 
Measured values of the chronopotentiometric con- 

stant io~1'2/C10 are plotted as a function of 71/211 in 
Figure 1 for the oxidation of Ni(mnt)? and Pt(mnt)22- 
for several supporting electrolyte concentrations. Data 
for the reduction of Ni(mnt)2- are similar. Because 
no upturn is observed a t  the shorter transition times, 
we can conclude that these species are not electro- 
actively adsorbed to a significant extent under these 
conditions.12 Because no downturn is observed a t  the 
shorter transition times, we can conclude that the elec- 
tron-transfer step is not preceded by a chemical trans- 
formation of half-life comparable to the shortest transi- 

(6 )  R. C. Larson, R. T. Iwamoto, and R. N. Adams, Anal .  Chim. Acta, 
B. Kratochvil, E. Lorah, and C. Garder, Anal .  Chem., 41, 

(7) A. Davison, N. Edelstein, R. H. Holm, and A. H. Maki, Inoig.  Chem., 

(8) E. R. Brown, D. E. Smith, and G. L. Booman, Anal .  Chem., 40, 1410 

(9) F. C. Anson, ibid., 36, 520 (1964). 
(10) P. Delahay, "New Instrumental Methods in Electrochemistry," 

Interscience Publishers, New York, N. Y., 1954, Chapter 8. 
(11) P. J. Lingane, Anal .  Chew.,  36, 1723 (1964). 
(12) P. J. Lingane, ibid., S9, 485 (19671, and especially references therein. 

25, 371 (1961); 
1793 (1969). 

a ,  1227 (1963). 

(1968), and references therein. 

tion times (about 10 msec) employed. Current-re- 
versa1 experiments with these systems using forward 
electrolysis times of about 1 sec yielded the theoretical 
ratio within about 5%. Consequently, the reaction 
Ni(mnt)2- + e = Ni(mnt)Z2- appears to be diffusion 
controlled and free of any complications. Less exten- 
sive data a t  other concentrations indicate that this 
conclusion is independent of the complex concentration 
over the range 1-10 mM.13 

TABLE I 
I-- [(CzHa)aNClOa], 1M ------ 
--0 .4-- --0,10--- --0,032--, 
Volt. Chrono Volt. Chrono Volt. Chrono 

1. K(mnt)eZ- 
E m ,  mV -56 -56 -84 f 3a -83 -102 -100 
lo", cm2/sec 1.12 1.14 1 .36  i 0 04a 1 . 4 0  1.42 1 . 3 2  

2. Ni(mnt)z- 
EVZ, mV - 58 - 87 -89* -110 
lo", cm%/sec 1.49 1.76 + 0.06a 1.77  1.78 

Mean El/*,  mV - 57c - 86 - 105' 
a Mean of two determinations. Precipitate appeared subse- 

Neglects slight quently in reference electrode compartment. 
correction ( 1 2  mV) for difference in liquid-junction potentials. 

Diffusion coefficients calculated from eq 1, the Sand 
equation, are summarized in Table I for the nickel 

ior1/2/C F T ' / ~ D ' / ~ / ~  (1) 

complexes. For Pt(mnt)22-, D is 1.26 X cm2 
sec-' in 0.1 M supporting electrolyte. The significant 
decrease in D for the nickel complexes in 0.4 M (C2H5)4- 
NCIO, probably results from the increased viscosity of 
this solution. 

The chronopotentiometric potential-time curve for a 
one-electron oxidation process is given by eq 2 and was 
obtained by combining eq 2-14, 8-5, and 8-6 in ref 10. 

This equation is applicable to the oxidation Ni(mnt)22- 
= Ni(mnt)2- + e, where yo and YR are the activity 
coefficients of the Ni(mnt)z- and Ni(mnt)22- species 
and E o  is the standard (reduction) potential of the 
couple. Here, Y R / ~ O  = y+3. 

If ks,h7' / '  is very large, eq 2 reduces to the form 
familiar for a "reversible" process a t  25' 

E = El/> - 0.059 log [(r/t)'" - 11 (3) 
where El/, is the (polarographic) half-wave potential 
and is given by 

El,, = E o  - 0.059 log [ y * 3 ( D ~ / D ~ ) 1 ' 2 ]  (4) 

Plots of E v s .  log [ ( ~ / t ) ~ "  - 11 are linear for the oxida- 
tion of both Ni(mnt)z2- and Pt(mnt)22- and for the 
reduction of Ni(mnt)z- and have the expected slope 
even a t  very short transition times (Figure 2). Conse- 

(13) L. D. Wiersma, unpublished wsrk, University of Minnesota. 1969. 
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Figure 2.-Plots for electrochemical reversibility for the oxida- 
tion of Ki(mnt)22- and Pt(mnt)z2- in AN. The potentials have 
been corrected for uncompensated resistance. The lines are 
drawn with slopes of 59 mV. 

quently, the rate constants for these heterogeneous 
electron-transfer reactions must be quite large. 

Although we cannot determine rate constants from 
our data since the systems appear reversible even a t  
the highest current densities, we can set lower limits by 
determining the smallest values of kn,h such that the 
fit of the data to eq 2, assuming a equal to 0.5 and 
Do/DR = 1, is equally good as the fit of the data to eq 3. 
The x 2  test was chosen as the goodness of fit criterion.14 

This novel approach is preferred to the log plots of 
Figure 3 because the result is less qualitative and, of 
most importance, because the limit set on k s , h  will 
automatically reflect the magnitude of the experimental 
error, moving to lower values for data of lower precision, 
and the magnitude of the transition time, moving to 
higher values for data a t  shorter transition times. 

In Figure 3, x 2  is plotted as a function of k, ,h/D1" for 
the nickel data of Figure 2. As anticipated, the values 
of x 2  decrease rapidly with increasing ks,h and then be- 
come constant. From the position of the transition 
we conclude that k s , h  must be at least 1 cm sec-l. 
Assuming the Marcus relationship, k , ~  2 d k , , / l O 3 ,  
this translates into a homogeneous electron-exchange 
rate of a t  least 1000 M-l sec-I. The shifts in the posi- 
tion of the transition for the three curves in Figure 3 
most likely reflect differences in the precision of the 
data and in the values of 7 aqd should not be interpreted 
as implying that k s , h  is a function of supporting electro- 
lyte concentration. The heterogeneous exchange rate 
for the Pt(mnt)2--Pt(mnt)22- couple appears equally 
fast. k s , h  values of this magnitude are rare; they exceed 
the constants appropriate to the halogen-halide couples 
a t  platinum electrodes, for example. l5 

Linear-Scan Voltammetric Results 
The peak current density for the initial scan is given 

by eq 5 for a diffusion-controlled, reversible system.l6 
i, = 2.72 x 1 0 j n 3 ~ 2 ~ 1 / 2 y 1 / 2 ~  

___ 

( 3 )  
(14) K. A. Brownlee, "Statistical Theory and Methodology," 2nd ed, 

(15) M. Spiro, Electrochim. Acta,  9 ,  1531 (1964). 
(16) P. Delahay, ref 10, Chapter 6. 

John Wiley and Sons, Inc., New York, N. I,,, 1965, Chapter 5. 
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Figure 3 . - ~ 2  plots to set lower limit on k s , h  for oxidation of Si- 
(mnt)z2- in A S  for three supporting electrolyte concentrations. 

Figure 4.-Plots of normalized peak current us. square root 
of sweep rate for oxidation of Ki(mnt)s2- and Pt(mnt)22- in AN.  
From top to bottom: Si(mnt)Z2- in 0.4 LM (C2H:)&C10;, 
0.1 (C2H3)&C104, and 0.032 M (C2IX:)tNClOd; and Pt -  
(mnt)**- in 0.1 M (CzH:)dC104. 

v is the sweep rate in volts per second. As may be seen 
in Figure 4, the peak current densities fall slightly below 
the theoretical values a t  the higher sweep rates due to 
the presence of uncompensated resistance, R,. As 
may also be seen in Figure 4, the curvature of the plots 
disappears upon feeding back to the summing point of 
the control amplifier a signal equal to iR,.8 Values of 
D calculated from the slopes of these plots are summa- 
rized in Table I and are in agreement with the chrono- 
potentiometric values. 
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Both tke chronopotentionietric quarter-wave poten- 
tial, which is given by eq 3 with t = r/4,  and the linear- 
scan peak potential, which is given by eq 6,16 should be 
independent of either the current density or sweep rate 

E,  = El/, 0.028 V (6) 

since the system under study is reversible. Since there 
is significant uncompensated resistance, however, we 
would expect both these quantities to be shifted by an 
amount iRu and that therefore plots of quarter-wave 
potential vs. the constant current and of peak potential 
vs. the peak current should be linear with slopes Ru. 
Values of R, determined in this fashion were about 
10% of the total cell resistance. The values of E,,, 
appearing in Table I were calculated from the i = 0 
intercepts. 

Vapor Pressure Measurements 
The shift of EL,2 with supporting electrolyte concen- 

tration might indicate that one or both members of this 
couple are ion paired with (CzH6)4N+. To test this 
possibility, the vapor pressure of acetonitrile was deter- 
mined as a function of [(CZH5)4N]zNi(mnt)z and (CZHF,)~~ 
NNi(mnt)2 concentrations by the thermoelectric dif- 
ferential vapor pressure method. 17-19 This method 
rests on the assumption that  the observed temperature 
lowering upon the addition of a solute is proportional 
to the difference in chemical potential between the pure 
solvent aiid the solvent in the solution. Since this 
temperature lowering is accurately proportional to the 
change in the resistance of the thermistor used to moni- 
tor the temperature, it  can be shown18 that 

AR = kn4m (7) 
where k is the calibration constant, nm is the number of 
particles (units: kg-I), and 4 is the molal osmotic 
coefficient of the solvent. 

Figure 5 is a plot of the ALP values observed for the 
two nickel salts and for benzil (which was assumed to 
be monomeric with osmotic coefficient unity for cali- 
bration purposes). The data for (CzH6)4NNi(mnt)z 
fall on the calibration curve, up to the solubility limit, 
which suggests that  it is not associated ; this conclusion 
agrees with the conductance data for this sa l tm The 
data for [(CzH5)4N]~Ni(mnt)~ fall well below the cali- 
bration curve which is consistent with ion-pair forma- 
tion. [(CHa)4N]2Ni(mnt)z and [(CzH&N]pPt(mnt)z 
are also significantly ion paired by this ~r i te r i0n . l~  

The osmotic coefficients for these salts were cal- 
culatedzl assuming the extended Debye-Hiickel equa- 
tion22 with the constants evaluated for a dielectric con- 
stant of 36.OZ3 and an ion-size parameter of 6 au. The 

(17) A. P. Brady, H. Huff, and J. W. McBain, J .  Phys.  Colloid Chem., 55, 

(18) D. E. Burge, J .  Phys.  Chem., 67, 2590 (1963). 
(19) R. J. Farm and S. Bruckenstein, Anal .  Chem., 40, 1651 (1968). 
(20) A. Davison, D. V. Howe, and E. T. Shawl, Inovg. Chem., 6,  458 

(1967). 
(21) R. A. Robinson and R. H. Stokes, "Electrolyte Solutions," 2nd ed, 

Butterworth and Co. Ltd., London, 1959, eq 2.28. 
(22) R. A. Robinson and R. H. Stokes, ref 21, eq 9.7. 
(23) D. F. Evans, C. Zawoyski, and R. L. Kay, J .  Phys.  Chem., 69, 3878 

(1965) . 

304 (1951). 
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Figure 5.-Experimental AR values V S .  osmotic concentration, 
in AN a t  37": benzil and (CzHs)4NNi(mnt)s, curve 1; [(C2H5)4- 
NIzNi(mnt)n, curves 2 (Ki = 250 M - I )  and 3 (Kr = 750 

latter value was chosen to be compatible with the sum 
of the hydrodynamic radii ~ a l c u l a t e d ~ ~ ~ ~ ~  from the lim- 
iting conductivitiesz0 of these salts. As may be seen 
bp examining the data in Table 11, the osmotic coeffi- 
cients are changed only a few per cent upon changing 
the ion-size parameter over the range 4-8 au and thus 
the qualitative conclusions inherent in Figure 5 are 
justified. 

I TABLE I1 
MOLAL OSMOTIC COEFFICIENTS OF ACETONITRILE AT 25" 

AS A FUNCTION OF IONIC STRENGTH 

p / 2  

0.02 
0.04 
0.06 
0.08 
0.10 
0.12 
0.14 
0.16 
0.20 
0.30 

4 

0.976 
0.955 
0.936 
0.919 
0.904 
0.890 
0.878 
0.866 
0.847 
0.813 

-Ian-size parameter, au- 
6 

0.977 
0.957 
0.941 
0.927 
0.915 
0.904 
0.895 
0.888 
0.876 
0.857 

--. _I_ 

8 

0.978 
0.960 
0.945 
0.933 
0.924 
0.916 
0.909 
0.904 
0.896 
0.887 

Quantitative interpretation is less definitive, how- 
ever, because the value of the formation constant is 
very sensitive to experimental error and because ac- 
tivity corrections are extremely important. Neverthe- 
less, it  would appear that  a formation constant of 
about 500 M-' (37") is compatible with the observa- 
tions. The theoretical curves in Figure 5 ,  calculated 
for kf = 250 and 750 M-l,  were obtained by attribut- 
ing the deviation from the calibration curve to a deficit 
of x - 1 particles where x, the fraction of the ion pair 
dissociated, is calculated from eq 8. C is the molar 

(1 - x)/x(l + X) = K ~ C T * ~  (8)  
concentration of the complex and the activity coeffi- 
cients are based on the (molar) ionic strength a t  equilib- 
rium, ; .e. ,  assuming 40-8070 ion pair. 

(24) R. A. Robinson and R. H.  Stokes, ref 21, eq 2.498. 
(25) J. F. Coetzee and G. P. Cunningham, J .  Am. Chem. Soc., 87, 2529 

(1965). 
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Discussion 
Although the structural parameters of Ni(mnt)22- 

and Ni(mnt)2- are very similar,2 the diffusion coeffi- 
cient of the former and, hence, its mobility are consid- 
erably smaller than those of Ni(mnt)z-; the diffusion 
coefficients of Ni(mnt)22- and Pt(mnt)22- and, hence, 
their mobilities are similar, however. This apparent 
dependence of the mobility of the charge of the ion 
appears to be a general phenomenon. For example, 
limiting ionic equivalent conductances for a variety of 
dithiolate anions, calculated from the conductance pa- 
rameters of Davison, et uL.,*O taking the equivalent con- 
ductances of (n-CdHg)qN+ and (CaH5),N+ as 61.93 and 
85.05 cm2/ohm equiv, respectively, z6 are presented in 
Table 111. The limiting conductances of the dinega- 

TABLE IIIa 

I. Dinegative Monomers 
((C4H9)4%Cu(mnth 187 125 
( ( C&)4%Co(mnt)~ 188 126 

A0 xo - 

( ( C ~ H I  )aK%Si(mnt 1% 190 128 

11. Mononegative Monomers 
((C*Ha)&)Ni(mnt)z 169 84 
((C&)&)Ni(tdt)z 145 83 
((C4H9 )4N )Co(tdt )z 142 80 

111. Dinegative Monomers 
((C4H9)4N)2 [Co(mnt)zlz 166 104 
((CaHg)dN)* [ C O S ~ C ~ ( C F ~ ) ~ I Z  160 98 
(CzHa)&)* [ C O S ~ C ~ ( C F E ) ~ Z  184 99 

mnt = maleonitriledithiolate; tdt  = toluene-3,4-dithiolate. 

tive monomers are in excellent internal agreement, as 
are the conductances of the mononegative monomers, 
but the relative conductances of these two groups are 
not in the 2 :  1 ratio that would be expected were the 
mobilities of these two groups equal. Further evi- 
dence is found by examining the conductivities of HS04- 
and Sod2- in acetonitrile, 100 us.  120 cm2/ohm equiv,26 
again suggesting a lower mobility for the dinegative 
species. 

Tuan and Fuoss27 have explained the abnormally 
large B (viscosity) coefficients of sniall ions in acetoni- 
trile by proposing an interaction of these ions with the 

(26) I. M. Kolthoff and >I. K. Chantooni, Jr.,  J .  A m .  Chem. Soc., 90, 5961 
(1968). 

( 2 7 )  D. F-T. Tuan and R. W. Fuoss, J .  Phys .  Chem., 67, 1343 (1'363). 

dipolar solvent molecules ; this interaction effectively 
"solvates" the moving ion, thereby increasing the vis- 
cosity of the solution. This "electrostriction" must 
also act to decrease the mobility of the moving ion and, 
since it should increase with increasing charge, it is 
probably the explanation for the effect observed here. 
It would be of interest to test this possibility by mea- 
suring the conductance of these anions in less polar sol- 
vents. 

If the Ni(mnt)22- entity is significantly ion paired, 
an additional term must be addedz8 to eq 4, aiz. 

Ell2 = E" - 0.059 log Y * ~ ( D ~ / D R ) ' ' ' ~  + 
0.059 log [l + KfCy*4] (9) 

where C is the supporting electrolyte concentration. 
(C2H3)INC104 is not associated in acetonitrile.z9 

In calculating values of E" from eq 9, activity co- 
efficients were again estimated by the extended Debye- 
Huckel equation, Kt was taken as 500 J M - ~ ,  and the 
term 0.039 log (DO/DR)"' was taken equal to 3 mV. 
The results are summarized in Table IV. I t  would 

TABLE I V  
59 log 

177 log Y*.  (1 + K C r * 9 ,  
c, Jf E m , m V  mV mV E O ,  mV 

0 . 4  - 57 -63.3 49.6 - 172 
0 .1  - 86 -47.1 38 .2  - 173 
0.032 - 105 -33.8 29.8 - 170 

appear that the activity coefficient and ion-pairing cor- 
rections adequately explain the observed shift in half- 
wave potential with supporting electrolyte concentra- 
tion and that the standard potential of the Ni(mnt)z-- 
xi(mnt)22- couple is - 172 i. 10 mV us. Ag+(O.Ol M)l 
Ag or about + 120 mV us. aqueous sce. 
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