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Coordination numbers and ligand substitution equilibrium constants for cobalt(I1) species in aqueous solution were deter- 
mined using oxygen-17 and nitrogen-14 magnetic resonance techniques. Species abundances were determined by analysis of 
chemical shift data; relaxation parameters and ligand exchange rates were obtained from line broadening over a range of 
temperatures and solution compositions. Use of both oxygen-17 and nitrogen-14 chemical shift data permitted unique 
assignment of coordination numbers of NCS- and HzO in all species involved in the stepwise equilibria and provided veri- 
fication of the assumption that essentially constant ligand chemical shifts are observed for each nuclear species in complexes 
of given symmetry a t  constant temperature. Complex species found to be present in significant amounts over the NaNCS 
concentration range 0-7.98 m are Co(H~0)8~+ ,  Co(NCS)(HzO)j+, CO(NCS)Z(HSO)Z, CO(NCS)~(HSO)-, and Co(NCS)2-. 
Those assignments are consistent with observations in other, similar sequences, where the change from six- to four-coordina- 
tion occurs a t  the neutral point in going from cationic to anionic species. Ligand hyperfine coupling constants were found 
to be as follows: tetrahedral, nitrogen-14, 1 13 X lo7 Hz; tetrahedral, oxygen-17, 3 34 X lo7 Hz; octahedral, oxygen- 
17, 1.26 X lo7 Hz. 

Introduction 
Addition of thiocyanate ions to aqueous solutions of 

cobalt(I1) perchlorate results in the formation of a 
series of complexes in which NCS- replaces ligand 
water molecules in Co (H20)e2+, the dominant species in 
the original solutions. At low NCS- concentrations 
solutions are characteristically pink, changing to  deep 
blue a t  higher concentrations. Evidence has been 
presented, based on spectroscopic and diffraction data, 
that  NCS- in cobalt(I1) complexes is bonded to  the 
metal ion through the nitrogen atom in octahedral and 
tetrahedral  specie^^,^ and that the linear NCS- groups 
are coaxial with the Co-N bond. Both classes exhibit 
spectra characteristic of the essential symmetry of the 
complex,6’6 octahedral complexes appearing pink and 
tetrahedral, blue. 

Stability constants for the several complex species of 
cobalt(I1) in aqueous thiocyanate solutions have been 
listed’ from a variety of sources. Of those the most 
pertinent for aqueous solutions are the spectrophoto- 
metric and solvent extraction results of Tribalat and 
Zeller6 and those of Senise and Perrier.* In all reported 
results coordination numbers were specified for NCS- 
only and the number of water molecules in each com- 
plex species was not given. Nuclear magnetic reso- 
nance techniques have been used to  investigate kinetics 
of ligand exchange in nickel(I1)-thiocyanate solutions 
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by Jordan, Dodgen, and Huntg and proton resonance 
shifts in cobalt(I1)-thiocyanate solutions were studied 
by Horrocks and Hutchinson.’O There it was concluded 
that the isotropic ligand-electron coupling constants 
depend upon degree of substitution, as well as essential 
symmetry of the complex. However, it has been 
pointed out1’ that such an assumption is unnecessary if 
the transition from octahedral to tetrahedral symmetry 
with increasing NCS- substitution is properly ac- 
counted for. An analysis of chemical shift measure- 
ments on I7O and 35Cl in terms of species distribution in 
aqueous hydrochloric acid solutions was done in that 
work.” Here we present additional evidence that a 
single coupling constant for a particular ligand nucleus 
in a complex of given symmetry is sufficient to correlate 
the observed chemical shift data in a complex system. 
However, linkage isomerization equilibrium in a com- 
plex species would be expected to change the coupling 
constant materially. In this instance, isomerization of 
NCS- ligands to form S bonds to  cobalt(I1) could possi- 
bly lead to such an effect. 

Experimental Section 
Reagent grade cobalt(I1) perchlorate (G. Frederick Smith 

Chemical Co.) was recrystallized twice from perchloric acid solu- 
tion. This contained adhering HClOl which caused acid con- 
centrations in the solutions to be comparable to cobalt(I1) con- 
centrations. The measurements were independent of acidity 
in the range studied (0.1-10-4 m). Sodium thiocyanate reagent 
was used without further purification. Analyses were made of 
cobalt perchlorate stock solution for total cation by absorption 
on cation-exchange resin and for cobalt(I1) by titration with 
ethylenediaminetetraacetic acid. 

Solutions for nuclear measurements were prepared by mixing 
weighed amounts of stock solutions which had been made up to 
ionic strength 1.5  by adding recrystallized sodium perchlorate 
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TABLE I 
OXYGEN-17 LINE SHIFTS I N  AQUEOUS NaNCS SOLUTIONS AT 27 & 1' 

-Molality-- 
NaNCS co(cl04)z 

0.000 0.078 
0,090 0.075 
0.141 0.073 
0.219 0.081 
0.227 0.088 
0.309 0.084 
0.311 0.088 
0.384 0.071 
0.573 0.076 
0.655 0.101 
0.798 0.080 
0.937 0.076 
1.31 0.077 
2.88 0,131 
3.98 0.189 
7.98 0,144 

-Molality- 
NaNCS Co(C1Oda 
0.085 0.0006 
0.130 0.0005 
0.179 0.0005 
0.217 0.0005 
0.238 0.0007 
0.246 0.0005 
0.259 0.0006 
0.280 0.0012 
0.321 0.0005 
0.365 0.0007 
0.373 0.0005 
0.444 0.0008 
0.534 0.0010 
0.721 0.0021 
0.967 0.0037 
1.33 0,0037 
1.56 0.0058 
2.45 0.1170 
4.82 0.0964 
7.98 0.1436 

a* 
0.0000 
0.0408 
0.0674 
0.106 
0.106 
0.156 
0.154 
0.210 
0.325 
0.350 
0.465 
0,561 
0.804 
2.11 
3.22 

11.32 

a1 

0.998 
0.996 
0.994 
0,990 
0.986 
0.986 
0.986 
0.982 
0,975 
0.970 
0.965 
0.957 
0.940 
0.880 
0.836 
0.642 

a0 

1.000 
0.591 
0.450 
0.321 
0.320 
0.223 
0.225 
0.159 
0. 089 
0.079 
0.051 
0.036 
0.018 
0.002 
0.001 
* . .  

a1 

* . .  
0.367 
0,463 
0.521 
0,521 
0.534 
0.534 
0.515 
0.449 
0.432 
0,370 
0.323 
0.235 
0.068 
0.031 
0.001 

0 9  

. . .  
0.041 
0,086 
0.154 
0.155 
0,235 
0.233 
0.310 
0.428 
0.450 
0,519 
0,561 
0.617 
0.570 
0.465 
0,113 

a8 

. . .  

. . .  
0.001 
0.004 
0.004 
0.009 
0 * 009 
0.016 
0,034 
0.038 
0.059 
0.078 
0.124 
0.322 
0,422 
0.470 

U4 

. . .  

. . .  

. . .  

. . .  

. . .  

. . .  
* . .  
... 

0.001 
0.001 
0.001 
0,002 
0.005 
0.039 
0.082 
0.416 

TABLE I1 
NITROGEN-14 LINE SHIFTS I N  AQUEOUS NaNCS SOLUTIONS AT 27 k 

a& 

0.0611 
0.0931 
0.129 
0.156 
0.171 
0.177 
0.186 
0.201 
0,231 
0.262 
0.268 
0.319 
0.384 
0.518 
0.692 
0.953 
1.11 
1.71 
4.63 

11.32 

a1 

0,996 
0.994 
0.991 
0.989 
0.988 
0.988 
0.987 
0,986 
0.984 
0,982 
0.982 
0.979 
0.973 
0.964 
0.953 
0,936 
0,926 
0,898 
0.78'9 
0.642 

a 0  

0.487 
0.365 
0.276 
0.227 
0.207 
0 * 199 
0.187 
0.172 
0.145 
0.123 
0.119 
0.093 
0.070 
0.043 
0.025 
0.013 
0.009 
0.003 
0 * 002 

* . .  

U1 

0.435 
0.497 
0.521 
0.522 
0.520 
0.518 
0.515 
0,509 
0.494 
0.476 
0.473 
0.443 
0.416 
0.346 
0.275 
0.200 
0.167 
0.095 
0.014 
0.001 

a2 

0.077 
0.135 
0.198 
0.242 
0,263 
0,272 
0.286 
0.305 
0.343 
0.377 
0.384 
0.431 
0.470 
0.542 
0.595 
0.629 
0.634 
0.605 
0.353 
0.113 

ua 

0.001 
0.003 
0.006 
0.009 
0.011 
0.011 
0 I 013 
0.014 
0,019 
0,023 
0,024 
0.033 
0.044 
0.069 
0,102 
0.151 
0,179 
0.272 
0.489 
0.470 

u4 

. . .  
* . .  
. . .  
. . .  
. .  
. .  
.. 
. . .  
. . .  
. . .  
* . .  

0 * 001 
0.001 
0.002 
0.004 
0.008 
0.011 
0.026 
0.144 
0.416 

Molality 
of free 
NCS- 

0.000 
0.057 
0.095 
0.150 
0.151 
0.222 
0.220 
0.299 
0.465 
0.507 
0.668 
0.806 
1.16 
2.57 
3.48 
7.50 

1O4(Aw'cO(i7o)/  

Calcd Exptl 
0170) 

863 849 
829 823 
815 807 
800 797 
786 815 
786 804 
787 808 
775 776 
756 757 
752 758 
737 721 
726 708 
699 686 
592 517 
522 500 
257 267 

lo 
Molality 
of free 7 
NCS- 

0.085 
0.129 
0.179 
0.217 
0.237 
0.245 
0.259 
0.279 
0.320 
0.364 
0.372 
0.443 
0.532 
0.718 
0.960 
1.32 
1.54 
2.18 
4.55 
7.50 

L04(h'Co(14N) I014N) 
Calcd Esptl 

12.7 12.7 
21.7 16.6 
37.7 31.5 
53.8 51.6 
63.1 66.1 
67.3 77.1 
73.8 87.1 
84 101 

105 111 
128 131 
132 134 
167 166 
216 212 
279 266 
337 343 
397 390 
424 421 
493 484 
639 638 
767 780 

dissolved in stock solutions. A few concentrated P1.5 44) 
solutions of NaNCS were prepared by adding weighed amounts 
of crystals. In those cases the ionic strength was greater than 

(11) to total HzO or to total NCS-. Thus, change 
reflects not only the behavior of &,,/a but of the quan- 
tity nZaZ as well (ni is the number of complexed ligands 1.5  ^.". 

Nuclear measurements of naturally occurring 1 4 ~  were made a t  
4.000 MHz and of enriched 1 7 0  at 8.000 MHz. Solutions were 
enriched to 2 4 %  in ' 7 0 .  Details of other experimental tech- 

of interest in species '6 and at is the fraction of total 
co(II) in species i). In each measurement, shifts were 
determined relative to  NCS- in equivalent solutions 

niques and measurements have been given previously.ll As in 
previous work, shift measurements at 300'K were done with 
samples in spherical bulbs to minimize the bulk susceptibility 
correction. which in a m  event is nerrlirriblv small comDared to 

not containing paramagnetic species: 

are given in Figures 3-6. 
Line broadenings for similar solutions and conditions 

Line widths for - -  - 
the observed contact shifts for nuclei such as oxygen-17 and 
nitrogen-14 in cobalt(I1) solutions. 

broad lines were obtained from peak-to-peak distances 
of the derivative of absorption. Modulation amplitude 
and frequency were kept sufficiently low that broaden- 

Results ing from those sources was less than 3% of the measured 
Paramagnetic line shifts were measured in aqueous width. In  some instances narrow lines were modula- 

NaNCS solutions containing Co(I1) a t  a variety of tion side-banded and their widths were determined a t  
temperatures and NCS- concentrations for both 14N half-maximum amplitude of the side-band peak. In  
and 1 7 0 .  Results are given in Tables I and I1 and in both modes radiofrequency power broadening was 
Figures 1 and 2. Observed fractional line shifts Aw'/w minimized by maintaining the power level within the 
were normalized by the factor p', the mole ratio of Co- region of linear response. 
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I I I I I I I 

Figure 1.-Temperature dependence of 1 7 0  shifts in cobalt thiocyanate solutions: 0,0.113 m Co(C104)2; 8 ,  0.081 m CO(c104)2, 0.219 m 
NaNCS; 0, 0.129 m Co(C104)2, 1.09 m NaNCS; 8, 0.125 m CO(c104)2,3.60 m NaNCS; 0,  0.144 m CO(ClO4)z, 7.98 m NaNCS. 

0 

I I I I I I I I 1 I I I 
2.8 3.0 3.2 3.4 3.6 3.8 0. I 2.6 

I / T  x lo3 OK-' 

Figure 2.-Temperature dependence of 14N shifts in cobalt thiocyanate solutions: 0 ,  0.000555 m cO(c104)2, 0.321 m NaNCS; 0, 
0.000551 m (CoC104)2, 0.502 m NaNCS; 8,0.00646 m Co(ClO&, 1.540 m NaNCS; @,0.1436 m Co(C104)2,7.98 m NaNCS. 
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I , I I I I - 

I / T  x lo3 OK-' 

Figure 3.-Temperature dependence of "0 line broadening in 
solutions of cobalt thiocyanate: 0, 0.100 m CO(C1Oa)z; 8 ,  0.081 
m C O ( C ~ O ~ ) ~ ,  0.219 m NaNCS; CB, 0.129 m CO(c10&, 1.09 m 
NaNCS; 0, 0.125 m Co(C104)~, 3.60 m NaNCS; a), 0.144 m 
Co(C104)?;, 7.98 m NaNCS. 

In  derivative of absorption measurements, the recip- 
rocal of nuclear transverse relaxation time is TZ-' = 
~ ? T ~ / % A V ~ - ~ ,  and for side-banded signals, T2-l = TAU,/ ,  
(Av  in hertz for each). Line broadenings were found 
by subtracting the natural width for 14N or 1 7 0  in cor- 
responding solutions not containing paramagnetic ions. 
That  implies the absence of second-shell broadening 
effects, which in the past has proved to  be a reasonable 
assumption where coordination sphere relaxation is 
large. Again, observed line broadenings were nor- 
malized with the factor @'. 

Treatment of Data 
Published datas** on the cobalt(I1) thiocyanates indi- 

cate the formation of four complexes. Those results 
refer to degree of thiocyanate coordination and are not 
concerned with extent of aquation and total coordina- 
tion number. The latter may be obtained by utiliza- 
tion of oxygen-17 shifts and in this work both six- and 
four-coordinate complexes were considered. Quantita- 
tive treatment of the data was based on the following 
four equilibria among the several complexes 

KI 
C0(Hz0)2+ + NCS- Co(NCS)(Ha0)6+ + Ha0 (1) 

Kn 
CO(NCS)(HZO)~+ + NCS- _J Co(NCS)z(HzO)z + 3Hz0 (2) 

Ks 
Co(NCS)z(HzO)z + NCS- __ Co(NCS)s(HtO)- + HzO (3) 

Co(NCS)a(HzO)- + NCS- 1_ Co(NCS)42- + HzO (4) 
K4 

A number of alternate reaction schemes wherein change 
from six- to  four-coodination occurs a t  a different step 
were inconsistent with the use of a constant shift 
parameter for each ligand in a given coordination sym- 
metry. Designating cobalt species by the fractional 
abundances at, with i specifying the number of co- 

IO6 I I I I I I I I I I I  

i 

2.6 2.8 30 3,2 34 3.6 
I / T  X I $  OK-' 

Figure 4.-Temperature dependence of 14N line broadening in 
solutions of cobalt thiocyanate: 0, 0.000551 m CO(c104)2, 0.502 
m NaNCS; 0, 0.00646 m Co(ClO&, 1.540 m NaNCS; 0,0.0482 
m Co(C104)2, 3.77 m NaNCS; 63, 0.1436 m CO(ClOa)z, 7.98 m 
NaNCS. 

'"I 

MOLALITY NCS- 

Figure 5.-Oxygen-17 line broadening a t  27" as a function of thio- 
cyanate concentration. 

0 

I I I I 
OO &; 3 4 5 6 

MOLALITY NCS- 

Figure 6.-Nitrogen-14 line broadening a t  27' as a function of 
thiocyanate concentration. 
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ordinated thiocyanate ions, the successive equilibrium 
constants are, with a1 for water activity and a& for 
mean ion activity of NaNCS, as follows 

in which it is assumed that the ratio of activity coeffi- 
cients for the cobalt(I1) complexes is constant. 

In  principle, one should observe a separate resonance 
absorption line for a given nucleus in each chemical 
environment occupied by the nucleus. However, if one 
environment predominates] nuclei in that state are 
those principally observed, and if chemical exchange is 
relatively rapid, the effects of mixing nuclei between 
bound sites and bulk solution species are observed in 
the behavior of the bulk solution resonance. Both 
line widths and positions are affected. In  the following, 
attention is focused on the predominant solution species 
for oxygen-17 (HzO) and nitrogen-14 (NCS-). Water 
and thiocyanate ions bound in the several complex 
species are assumed to  exchange primarily with the 
bulk species and intercomplex exchange is neglected. 
Experimental results may then be correlated with line 
positions expected for nuclei in bound ligands relative 
to  those in the bulk species HzO or NCS-. The differ- 
ence is the ligand shift parameter, which may arise 
through the averaged dipole-dipole nuclear (pseudo- 
contact) interaction or through the isotropic hyperfine 
or Fermi contact interaction as described in detail 
below. Calculations done in connection with previous 
work1' indicate that pseudocontact interactions con- 
tribute essentially nothing to  the observed shifts, which 
are taken to be the result of isotropic contact interac- 
tions alone. Assuming contact ligand shift values to  
depend upon coordination number and configuration 
only, there are four shift parameters to  be considered 
in the treatment of experimental data: Awl, Awz, Aw3, 
and Aw4, corresponding to octahedral 14NCS-, tetra- 
hedral 14NCS-, octahedral HPO,  and tetrahedral 
Hzl'O, respectively. The observed shift values in the 
solutions corrected for slow exchange are then given by12 

Aw(14N) = p'[alAwl(l + T ~ N ~ A W ~ ~ ) - ~  + 
2a2Aw2(1 + T ~ N ~ A . W ~ ~ ) - '  + 3Cu&dz(l + T ~ N ~ A W Z ~ ) - '  + 

4cY4AWz (1 f T~N~AW~~)>- ' ]  (9a) 
and 
Aw("'0) = fl '[BaoAwa(l + T002AW?,2)-1 + 
5alAw3(1 + T ~ o ~ A w ~ ~ ) - ~  + 2azAw4(1 + T ~ o ~ A o ~ ) - - '  + 

The T ~ N  and rso are ligand residence times for NCS- 
and HzO, respectively, and are related to ligand-ex- 
change rate constants by 

T ~ N - ~  = k ' t ~ a k  = (Kt~/*t)a* (10) 
(12) T. J. Swift and R. E. Connick, J. Chem. Phys., 81 ,  307 (1962); Er- 

ratum, ibid., 11, 2563 (1964). 

and 

Aw varies with temperature as indicated in eq 12, below, 
while equilibrium constants, K, and exchange rate con- 
stants, k or k', are exponential functions of temperature. 
Note that if r is sufficiently long in a given term, that 
term becomes very small and makes no contribution to  
the observed shift in the bulk species. Equations 10 
and 11 are given as single-term expressions. Other 
terms could be significant] giving a more complicated 
dependence on temperatures and solution composition. 
However, no improvement was noted in the analysis of 
data when such terms were introduced. One might 
expect an HzO-dependent term in eq 10 or an NCS-- 
dependent term in eq 11, but they are apparently not 
necessary for satisfactory interpretation of the results 
and have been omitted. 

Rate-determining exchange reactions of CO(NCS)~- 
(H2O)- may then be represented by 

7 t O - l  = k'soal = (kto/*t)al (11) 

Co(NCS)a(HzO)- + NCS- + Co(NCS)s(HzO)- + NCS- 
Co(NCS)a(H$O)- + HzO * Co(NCS)a(H20)- + HzO 

and similarly for other complex species. Necessity for 
inclusion of water activity] al, in eq 11 is not firmly 
established in these experiments although the subse- 
quent analysis of broadening data gives best results 
with that factor present. The alternative dissociation 
process for HzO exchange 

must also be considered as a possibility. In any event, 
with a1 referenced to unity a t  infinite dilution the rate 
constants kto are of first-order form. 

All chemical shift data reported in Tables I and I1 
and shown in Figures 1 and 2 were used in obtaining the 
necessary parameters for all pertinent relations by a 
nonlinear least-squares program for the CDC-6600 
computer.13 The solid curves drawn in Figures 1 
through 7 were computed using the equilibrium and 
shift parameters listed in Tables I11 and IV and line- 

TABLE 111 
EQUILIBRIUM PARAYETERS FOR COBALT(II) SPECIES 

IN AQUEOUS NaNCS SOLUTIONS 

Co(NCS)s(HsO)- + Co(NCS)a- + Ht0 

Equil const 
(300'K) Value AH,a kcal/mol 

Ki 15 2C 7 4 .1  f 1.4 
Kz 2.8  31 0.2 - 5 . 7  f 1.8 
Ka 0.24 rt 0.03 1 .8 f  1.1 
K4 0 , 0 5 0 2 ~  0.006 1.6 f 1.2  

a The constants K ,  are semithermodynamic and do not con- 
tain the ratios of cobalt(I1) complex species activity coefficients. 

TABLE IV 
SHIFTS AND COUPLING CONSTANTS FOR OXYGEN-17 AND 

NITROGEN-14 I N  COBALT(II)-ISOTHIOCYANATE COMPLEXES 
(300'K) 

14N Tetrahedral 233 i. 3 1.13 
17 0 Octahedral 158 2C 2 1.26 
1 7 0  Tetrahedral 368 + 7 3.34 

Nucleus Symmetry l O 4 ( A ~ ~ / w )  lO-T(A/h), Hz 

(13) This program is based on work by R. H. Moore and R. K. Zeigler, 
Report LA-2367, Los Alamos Scientific Laboratory, Los Alamos, N. M., 
Oct 19.59. It is available from the Clearinghouse for Federal Scientific and 
Technical Information, National Bureau of Standards, U. S. Department of 
Commerce, Springfield, Va. 
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TABLE V 
LINE-BROADENING PARAMETERS FOR OXYGEN-17 AND NITROGEN-14 IN AQUEOUS NaNCS SOLUTIONS OF C O B A L T ( ~ ~ )  

k'(300°K)," E., h(-'(30OoK), ETz& 
sm-1 kcal/mol sec -1 kcal/mol 

1 7 0  C O ( H ~ O ) ~ ~ +  (2.45 f 0.10) X 108 11.5 f 0 . 4  (1.40 f 0.20) X lo4 -1.5 i: 0.3b 
Co(NCS)(HzO)s+ (9.46 f: 0.95) X 108 10.7 f 1 . 1  (1.25 i: 0.28) X lo4 -1 .5  f 0 . 3  
Co(NCS)c(HaO)z 2-4 x 108 11-14 (2.0 ~t 1.0) x 104 -2 .2  Zk 1 . o c  
CO( NCS)s(HzO)- >5 x 108 (5.6 f 1.8) X lo4 -2 .2 i: 1 . 0  

k'(30OoK), M-1 am-1 

I4N Co(NCS)(HzO)s+ 1.8 X 10s. 14. 2 . 5  X lo8* -1.5' 
-2 .2  f 0.30 Co(NCSMHe0)z (3.0 f 0 .2 )  X 106 12.6 f 0 .6  (1.5 f 1.0) X loa 

Co(NCS)s(HzO)- (4 .7 f 0.1) x 106 10.2 f 1 .7  (7.5 & 2.5) X 108 -2 .2 f 0 . 3  
Co(NCS)P > i .o  x 107 (1 .1 A 0.2)  x 104 -2.2 i: 0.3  

(I For a given ligand: k' = k / n .  Overall exchange rate is given by: R = ~[CO(NCS)~(H~O),+Z-']U~,O. Assumed to be the same 
for all octahedral species. Assumed to be the same for all tetrahedral species. k' = k /n .  R ~[CO(NCS),(H~O),+~-"]U*,(N~N~~), 
e Values were inferred from low-concentration behavior but are essentially indeterminate within the experimental error limits. In this 
case the constant is pseudounimolecular with units of sec-'. 

broadening parameters listed in Table V. Nitrogen-14 
shifts attributable to Co(NCS) (H20)5+ made little 
contribution to the overall observed values except at 
very low NCS- concentrations, where measurements 
are quite difficult to make with accuracy. The least- 
squares program failed to find a significant value for 
Aula On the basis of ratios for octahedral and tetra- 
hedral parameters observed" for ''0 and *C1 and on 
preliminary values for Au2 obtained a t  high NCS- con- 
centrations, the octahedral value was fixed a t  1.0 X 
10+ in the final analysis of data. Other choices in the 
range 0.7 X 10-2-1.3 X did not significantly change 
results obtained for the remaining parameters. 

Values of K obtained in this analysis are in reasonable 
agreement with stability constants previously ob- 
tained8I8 after correction for water and mean ion activ- 
ities in ammonium thiocyanate and sodium thiocyanate 
solutions, respectively. The distribution of species a t  
300°K is shown in Figure 7. 

I I I I I I 

MOLALITY NCS- 

Figure 7.-Fraction of Co(I1) species as a function of free 
thiocyanate concentration: 0, Co(HtO)e*+; 1, Co(NCS)- 
(HzO)s+; 2, Co(NCS)z(HzO)s; 3, Co(NCS)aHzO-; 4, Co(NCS)ra-. 

Activity data used for the calculations were obtained 
from Miller and Sheridan14 and Robinson. l6 The data 
were fitted with an extended Debye-Hiickel equation.16 

(14)  M. L. Miller and C. L. Sheridan, J .  Phys. Chcm., BO, 184 (1956). 
(15) R. A. Robinson, J .  Amer. Chem. Soc., 69, 3131 (1940). 
(16) H. S. Harned and B. B. Owen, "The Physical Chemistry of Electro- 

lyte Solutions," 3rd ed, Reinhold, New York, N. Y., 1968, p 620. 

The parameters found by least-squares error program 
wered' = 1.584, B = 0.04095, and D' = 0.005120. 

Temperature-dependent data for the activity of so- 
dium thiocyanate solutions were unavailable. Those 
were approximated by assuming the same temperature 
dependence as the corresponding NaCl solutions (see 
p 726 of ref 16). The activity of water in each instance 
was obtained by integration of the Gibbs-Duhem 
equation over the appropriate range of molality. Free 
thiocyanate ion concentrations and ionic strengths 
were corrected for complexed thiocyanate ion by suc- 
cessive approximations. Mean ion activities have 
been used throughout since single-ion activities are not 
known. Values of the equilibrium constants and their 
temperature dependences are given in Table 111. 
Shift values used and the corresponding coupling con- 
stants are listed in Table IV. The latter were calcu- 
lated using*' 

AW/u = s(s f l)(AN/3kT)(geffP/~YN) (12) 
The value of geif for tetrahedral species was chosen 

to be consistent with peft = 4.40 BM6 and for octahedral 
species, 5.00 BM.18 The YN for 14N and 1 7 0  are 1.9328 
X lo8 and -3.6267 X lo8 radians sec-' G-l. 

Analysis of line shift data required estimation of ex- 
change-rate parameters to account for some degree of 
nonaveraging between ligand and bulk solution species. 
That effect is apparent in Figures 1 and 2 where varia- 
tions of TAW a t  low temperature are attributable to slow 
exchange as well as to species changes. 

First estimates of the k, were made on the basis of 
temperature dependence of the line shifts. However, 
better values were obtained from line broadening] 
which were then used to reevaluate the shift data. 
Only final values are given in the tables. 

Broadening results were treated using the relation12 

(13) 
and summation over i. The T2( are transverse relaxa- 
tion times for nuclei in the complex species i and ( T2p-1)r 
is the contribution of the species to overall broadening. 

(17) N. Bloembergen, .I. Chcm. Phys., 9'7, 596 (1957). 
(18) R. L. Csrlin, Tron:ilion Mclol Chem., 1 ,  22 (1965). 
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Applicability of the equation requires p'crani << 1 and 
that no direct exchange occur between complex species. 
For HzO exchange in Co(NCS)3(H20)- and NCS- ex- 
change in Co(NCS)2- the limiting equation 

( T Z ~ ) ~ - ~  = P'nmi(Td-' (14) 

may be used. With species concentrations suggested 
by the analysis of shift data we obtained the parameters 
given in Table V. As the Tzi are determined predom- 
inantly by isotropic spin exchange 

T z t - '  = I/QS(S + 1)(-4N/h)2[Te Te(1  - ws2TeZ)-'] 

(15) 

Te- l  T1e-l + 7 t - I  (16) 

and if TI,  = Tze 

it might be expected that Tzt would vary as T ~ - ~  with 
species. The longitudinal electronic relaxation time, 
Tie> for cobalt(I1) species is of the order of 10-13-10-12 
sec so that re = T 1 e  and wsZre2 << 1. Using the ob- 
served coupling constants and relaxation parameters 
we find the values for re given in Table VI.  

TABLE VI 
ESTIMATED ELECTRONIC RELAXATION TIMES FOR C O B A L T ( I 1 )  

,-- 1 0 1 S ~ ~ ,  sec 7 

--Octahedral--- ,-- Tetrahedral- 7 

Co(NCS)- Co(NCS)z- Co(NCS)z- 
Co(H*O)ez+ (H2O)b + (Hz0)z (Hz0)- Co(NCS)rz- 

data 8 .  9 8 . 0  1.9 5 . 1  
I4N data 1 . 2  6 . 0  8.8  

Discussion 
The exchange rate for HzO in Co(NCS)(HzO)j+ is 

3.9 times larger than that in C0(Hz0)6~+, which is prob- 
ably attributable to decreased overall ionic charge. 
In  a previous paper" values for HzO exchange in Co- 
(HzO)e2+ and CoC1(H20)j+ were reported to be 2.6 X 
IO6 and 1.7 X lo7 sec-l) respectively. The small 
deviation in the first value from that given in this work 
is attributable to  differences in media (aqueous HC1 
solutions for the aquochloro complex). The increase 
of the HzO exchange rate in that instance, upon sub- 
stitution of C1- for H20,  was larger (a factor of 6.5) 
but  not significantly so. 

Exchange of NCS- between Co(NCS)z(H,0)2 or 
CO(NCS)~(HZO) - and bulk solution is measurably slow 
and required an NCS--dependent bimolecular term in 
the analysis of data. For Co(NCS)h2-, NCS- ex- 
change is too rapid to  obtain a meaningful rate con- 
stant and the same is true for all tetrahedral species 
with respect to HzO exchange. The principal reason 
for rapid NCS- exchange in CO(NCS)~~-  is apparently 
the high NCS- concentration required for observation 
of the species. A similar restriction applied to  all 
tetrahedral aquochlorocobalt(I1) complexes in HC1 
solutions and direct comparisons of rates cannot be 
made. 

For nitrogen-14 in neutral nitrogen atoms, Azs/h 

= 1.545 X lo9  Hz,19 SO that in tetrahedral species the 
fractional s character in the ligand NCS- nitrogen 
atoms iszo 

fs = 2SAr*./Azs = 0.0220 (17) 
A value fs = 0.023 was observed for nitrogen in bis- 
(ethylenediamine)eopper(II) where ligand hyperfine 
interaction is restricted to the four planar nitrogens. 
It might be expected that s character of the Co-N 
bond in the thiocyanate is greater than that of the 
Cu-N bond in the ethylenediamine complex ion and 
that the corresponding fs would be somewhat larger. 
That  it is actually slightly smaller suggests that r 
bonding to  the cobalt(I1) contributes a negative factor 
or that possibly a portion of the NCS- is bonded 
through S. The slight decrease in observed 14N shift 
values in 7.98 m NaNCS solution a t  high temperatures 
may also be attributable to equilibrium between 
S-bonded and N-bonded ligands. However, devia- 
tions from calculated values are not sufficiently large 
to  draw any positive conclusions on that score. 

The assumption of constant isotropic coupling con- 
stants for ligands in a given symmetry leads to  rea- 
sonable and self-consistent equilibrium constants, 
Ki. The dual requirement to fit both 14N and 1 7 0  

shift data reduces the ambiguity of interpretation in 
terms of solute species. If the complexes are re- 
stricted to six- and four-coordination, consistency of the 
interpretation suggests strongly that the hyperfine 
interaction does not vary with substitution in a com- 
plex of given symmetry. 

The calculated fractional shifts, A w l @ ,  for 170 in 
octahedral and tetrahedral aquoisothiocyanato com- 
plexes are 1.58 X and 3.68 X Those values 
may be compared with 1.70 X 
obtained for the corresponding aquochloro complexes 
in aqueous HC1 solutions.11 In these cases, neighboring 
groups have little influence on hyperfine coupling to a 
given ligand nucleus. 

It would have been desirable to  take more data in 
the region in which the lower complexes dominate the 
distribution, in order to get good kinetic parameters 
for Co(NCS)(H20)6+. However, the gross NCS- 
concentration in that range is very small and measure- 
ments are difficult, if not impossible, with available 
techniques. Several experiments were tried with highly 
enriched nitrogen-15, with no better results. 
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