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delocalized scrambling passage of CO groups from one 
metal atom to the other via bridged intermediates) does not 
occur ~ 0 ~ 1 6 %  be to prepare a molecule with nuclear spin labeling 
of the iron atoms. The practicality of this is now under study. 
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Stability constants and extinction coefficients for ion pairs between ruthenium(I1:) hexaammine and chloride, bromide 
and iodide ions were measured spectrophotometrically. The absorption spectra of the rutheniurri(lI1) hexaammine halide 
ion pairs were measured in solutions of varying sodium halide concentration. The stability constants ai zero ionic strengrh 
f l i p  and the molar extinction coefficients At at the maxima of the absorption peaks were evaluated as follows: IPIP = 
16 f 1 M-1, At 2 5 5  M-1 cm-1 for C1-; @IP = 11 i: 1 M-1, Ae = 300 iM-1 cm-1 for Br-: $)IF =L 10 k 1 k - 1 7  At 251 and 
2 5 2  M-1 cm-1 for I-. ANo and ASo were also measured for the formation of the ion pair with the chloride ion. The spectra 
were interpreted as charge-transfer transitions from the halide ions to the ruthenium ion. The spectrum of the iodide ion 
pair consisting of two maxima was described as a superposition of two gaussians and a slightly blue-shifted Ru(Ki-I3)63+ 
spectrum. The difference between the two maxima, 6590 cm-1, was interpreted as the %,u-Vi /z  doublet splitting of the 
iodide ion. For the bromide ion, a similar procedure gave a doublet splitting of  2250 cm-1. 'The transition energies of 
the R~(N1$3)63~,X- ion pairs are compared to those of the analogous cobalt(II1) complexes. 

~ f l ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

Spectrophotometric investigations of ion pairs are possible 
in systems where a significant change in the absorption 
spectrum takes place upon the formation of the ion pair. Such 
a situation is likely to be obtained when a charge-transfer 
optical transition from the anion to the associated cation is 

In our study of the base-ca.tai yzed proton-exchange reactions 
of RuJN33)63+, its ion pair with hydroxide ion as well as the 
deprotonated species Ru(NH3)15Nkl22+ was implicated in the 
exchange mechanism4 The formation of the latter species 
was indicated by the appearance of an additional absorption 
peak at 402 nm in basic solutions.' The problem of distin- 
guishing between the absorption due to the ion pair and that 
due t o  the deprotonated species stimulated our interest in the 
spectra and stability of the ion pairs formed by Ru(NH3)63+. 

possible. 1-3 

The results of a study of the ion pairs formed between Ru- 
(r\;H3)63+ and halide ions are presented here. 
~ x ~ e ~ ~ ~ ~ ~ i t ~ ~  Section 

Materiais. Ru(NH3)6CI3 (supplied by Johnson Matthey 
Chemicals) was either used wi;houi purification (batch no. 7) or 
recrystallized from 1 N HCl6 (other batches). Identical results were 
obtained in either case. The other materials were of AR grade and 
were used without further purification. 

Methods. h(NH3)6Cj3 and Na1 solutions were freshly prepared 
prior to each set of experiments. The pH of the iodide solutions was 
adjusted to 8 in order to reduce autoxidation of the iodide ion. 'The 
solutions were tested for t r a m  of 13- ion by recording their absorbance 
near the absorption maxima of'the triiodide ion a t  226 and 352 nm. 

Spectra of the Ru(KH3)sCl3-sodium halide mixtures were recorded 
as differencc qpectra with Wu(KH3)6C13 soiutians of identical 
concentration in the reference compsrtixent. For the measurements 
of the entire absorptior, curves, including The short-wavelength region 
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Figure 1. Difference spectrum of the Ru(NH,), 3t , I -  ion pair: 
points, experimental data; solid line, fitted curve; - - - -, fitted gaus- 
sian curves -.-.-, difference spectrum between shifted and not 
shifted spectra of Ru(NH,), 3 c .  
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Figure 2. Difference spectrum of the Ru(NH,), ,+,Br ion Pair. 
Curves are the same as in Figure 1. 

where the absorption due to the halide ions gave a significant con- 
tribution, two absorption cells were used in each compartment. One 
cell in the reference compartment contained Ru(NH3)6C13 solution 
and the other contained halide solutions. In the sample compartment 
one of the cells contained the mixture and the other distilled water. 

The spectra were recorded on a Cary 17 spectrophotometer using 
quartz cells with 1.0-cm optical length. The temperature was 
controlled with a Colora thermostating bath; the temperature of the 
solutions was measured with a copper-constantan thermocouple prior 
to recording their spectra. The accuracy of the temperature was 
i=0.5°C. 
Results 

The solutions of ruthenium(II1) hexaammine in the presence 
of halide ions were found to exhibit some extra absorption 
which could not be attributed either to the ruthenium(II1) 
hexaammine ion or to the halide ions separately. This extra 
absorption was tentatively assigned to a charge-transfer (CT) 
spectrum of ion pairs of Ru(NH3)63+ and the halide ions. 
While in the case of iodide ion it appears as two extra peaks 
located at longer wavelengths than the Ru(NH3)63+ absorption, 
the extra absorption looks like a shoulder in the case of bromide 
ion and like a red shift in the case of the chloride ion. This 
extra absorption was observed more clearly by recording 
difference spectra, using the ruthenium hexaammine solutions 
without added halide salts as a reference solution. The shapes 
of the difference spectra for the chloride, bromide and iodide 
ions are shown in Figures 1--3. 
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Figure 3. Spectrum of Rh(NH,), ",Cl- ion pair: __- , spectrum 
of the ion pair; - --, spectrum of the free Ru(NH,), ,+ ion; -.-.-, 
difference spectrum of the ion pair. 
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Figure 4. Difference absorbance, at various wavelengths, of Ru- 
(NH,), 3 +  solutions, as a function of sodium iodide concentration. 
Ruthenium hexaammine concentration was 2.8 X IO-, M ;  tempera- 
ture was 24.7'. The solid lines are calculated with the fitted pa- 
ramaters given in Table I. 

For the evaluation of the ion-pair formation constants and 
their molar extinction coefficients, difference spectra were 
recorded at various halide concentrations. Plots of observed 
absorbance differences (AOD) at various wavelengths as a 
function of halide concentration are given in Figures 4-6. 
Since in our measurements, concentrations of the halide ions 
were in a large excess over that of the ruthenium hexaammine, 
the absorbance difference is given by 

where Ac is the difference between the molar extinction 
coefficients of the ion pair and its constituents, KIP is the 
ion-pair formation constant, and the subscript zero denotes 
total concentrations, Our experiments were not done at a 
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Figure 5. Difference abasorhance, at various wavelengths, of Ru- 
(NH3), 3 +  solutions, as a function of sodium bromide concentration. 
Ruthenium hexaammine concentration was 2.0 X 10 iM. lempera- 
ture was 24.7'. The ~o l id  lines are calculated w i t h  Lhe fitted pararn- 
eters given in Table I. 
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Figure 6. Difference absoibance, at various wavelengths, of Rw- 
(NH,), 3t solutions as a function of sodium chloride concentration. 
Ruthenium hexaammine concentration was 2.0 X M ;  teinpera- 
ture was 24.7". 

constant ionic strength. We have chosen to do so since 
maintaining a constant ionic strength requires the presence 
of another anion which may also form i.on pairs with the 
Ru(NH3)63+ ion, and this makes the interpretation of the 
results more complex. Thus we have found that even bulky 
anions like c104- and CI43S03- do form ion pairs with 
Ru(NPI3)63+ (in agreement with the results found for the 
Co(NH3)63+$104- ion pair7) and therefore compete with the 
formation of ion pairs with the halide ions. 

Since, as a consequence of the variation in the ionic strength, 
KIP was not constant during a particular set of  measurements, 
the common procedures of eva.iuating KIP and AE by a lin- 
earization of eq 1 could not be applied here. Therefore, using 
a nonlinear least-mean-squares computer program, the ex- 
perimental data were fitted to eq I with the following De- 
bye-Huckel type expression for the dependence of the ion-pair 
formation constant on the ionic stsength, P 

where 

Chlorjcie 294 2.55 i 1 5 ~  
2A.7 .k 16" 

Bromide 306 
Iodide 320 

400 
a M o p 3  and 11 an: ifie ~ C S L ~ ~ S  

ing eq 1 and 2 to ihc experimental dat 
tions with chloride ion ~oricentraiion~ rrc to I .O M, 
solutions with chlorid~ ions coircenira 

V:,lucs for 

Figure 7. A semilogarithmic plot of the formaiion constant of the 
Ru(NW,), "",CI-ion pa&, a t  zoro ionic sirength, lis. f.hs reprocica.1 
absolute temperature. 

$flip is the formation mnsta.xrS. a i  zero sti.:ngth; D9 the dieiectric 
constant of the solvent, was taken from the lierature;g a, thc 
distance of closest approach fw the Ru(1VI.I3)63+,X- ion 19airs 
was estimated on the basis of X-ray d 
4.ik34.ti, and 4.8 A €or the chloride, bs 
pairs, respectively. A correction in the absorbance due to the 

of clnloride ions which w a x  introdnced by the 

is given in Table I. The standard deviatiosn in thc fitting 
procedure was &out 8 X 1 &3 abeorbaace unit for the Ck9 B r ,  
and I- ion pa&. 

The values of @w and At obtained for the Wu(NH3)63+,@l- 
ion pair 'were similar in the ~ W Q  sets of experiments listed in 
Table I, v~haae the maximum concentca.tione of NaC3 were 

signifieailtiy different. A possibk I 
tribution of a double ion pair a!, high NaCl concentrations. 
Preliminary cxperiments at NaCl concen"era~ic?ns up t5 3 M 
indeed showed a further increase in ihc optical absorption 
indicating the existence of multiple ion pairs at this con- 
centration range. 

Theoretical curves calcuk.ted on the basis of she parameters 
listed in Table I are given as the solid lines in Figures 4-6. 

ndence of the i m p a i r  formation 

ary with the I.emperature, the f w  
t was found to increase upon increasing 

temperature. The § e ~ ~ ~ o ~ a s ~ t ~ ~ ~ ~ e  plot of the formation 
constant at zero ionic strength, Korp vs. reciproeal temperature, 
is given in Figure '7 ; this plot gives AH' = 2 3  Kcal mol-1 and 
AS" = 14 eu. The value d h1P is sa er than the valmc of 

either 0.5 O r  1.0 h'. MOVv'eYIC;l', 

the Cast: O f  chiOride iOXl \vhile lhjC 
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Figure 8. Spectrum of the Ru(NH,), 3+,I-ion pair: points, experi- 
mental data; Solid line, fitted spectrum; - - - -, fitted gaussians and 
the shifted spectrum of the Ru(NH,), '+ion; -.-.-, spectrum of the 
free R~(NkI,) ,~ ' ion.  

Table 11. Gaussian Resolution of  the Absorption Spectra of 
Ru(NH,),'+ Ion Pairs with Bromide and Iodide - 

emax,  
Amax, 10-3vma.x, ,w' Shift 7 

Anion nm cm-' cm'' AF,cm-' nm 
Bromide 301 33.2 147 2980 0.7 

Iodide 318 31.5 245 5790 7 

a Shift of the contribution of the Ru("H,), '+ spectrum to the 

323 31.0 222 5570 

402 24.9 244 6379 

spectrum of the ion pairs. 

~air.12~13 It is interesting to note that the temperature de- 
pendence of the ion-pair formation constant calculated using 
the Fuoss expression14 leads to an apparent AHo of 1.2 kcal 
mol-' and aS" of 10.7 eu which are of the same orders of 
magnitudes as our observed values. 

As was mentioned above and can be seen in Figure 1, the 
difference spectrum of the Ru(NH3)63+ ,I- ion pair exhibits 
two maxima. In addition one can see in the figure a negative 
difference absorption spectrum which becomes positive again 
at  shorter wavelength. In our efforts to explain this phe- 
nomenon, we found that a good least-mean-squares computer 
fitting could be achieved if the observed spectrum of the ion 
pair was described as a superposition of two gaussians and a 
spectrum (designated as E ' R ~ ( ? ) )  identical with the spectrum 
of Ru(NH3)63+ but slightly shifted toward shorter wavelength. 
Thus, the observed spectrum, e ( ; ) ,  could be fitted to the 
expression 

e@-) = 
(3) 

where A? is the full bandwidth at half-maximum intensity. The 
difference and the full absorption spectra, along with the 
experimental points, are shown in Figures 1 and 8, respectively. 
In the case of the bromide ion the fitting of the spectrum to 
two gaussians (see Figures 2 and 9) also required the use of 
a slightly shifted spectrum of the Ru(NH3)63+ ion, though the 
resultant shift was very small (see Table 11). For the chloride 
ion pair (Figure 3) the spectrum could not be fitted to gaussian 
absorption curves in any satisfactory manner. The results for 
the fitted parameters for the bromide and iodide ion pairs are 
given in Table 11. Our observed absorption maxima are in 
agreement with the approximate values reported recently.15 

exp [-4 In 2(Vl - C)2/(AFl)2] + 
E ( ~ ) ~ ~ ~  exp [-4 In 2(V2 - V)'/(AT2)'] 4- 

Figure 9. Spectrum of Ru(NH,),~+,BI- ion pair. Curves are the 
same as in Figure 8. Due to the small shift, the shifted and un- 
shifted spectra of Ru(NH,), 3+ could not be drawn separately. 

''ol-----l 

(1-S )x-. h c o l  m o l @ - l  

Figure 10. Linear plot of the charge-transfer absorption maxima of 
the Ru(NH,), ",X ion pairs YS. the difference in the ionization 
potentials and solvation energies of the X' ions: 0, CT transitions 
leading to halogen atoms in their ' P 3 / 2  states; e, CT transitions lead- 
ing to halogen atoms in their 2Pl,z  states. The values of the ioniza- 
tion potentials for the 2Ps12 states were taken from ref 9. For the 
IP,,, states, the doublet splittings of the gaseous halogen atoms'" 
were added. Values of the solvation energies were taken from ref 
23. 

Similar absorption has been found also in solutions of Ru- 
(en)$+ and I- and was assigned as CT transition from an 
outer-sphere iodide ion to the ruthenium complex.16 
Discussion 

A criterion for the assignment of a spectrum as a 
chargetransfer transition is a correlation between the transition 
energy and either the ionization potential of the donor or the 
electron affinity of the acceptor. For ions in polar solvents 
the change in solvation energy should also be taken into 
account. In our case the nature of the donor, which is the 
halide ion, is varied, while the acceptor, Ru(NH3)63+, is 
constant. Thus, the energy of the CT transition Mn+,X- - 
M(n-l)+,X is expected to be a linear function of the difference 
of the ionization potential and the (negative) solvation energies 
of the halide ions17 ( I  - S)x-. This is seen to be the case in 
Figure 10. 

It has been suggested415 that the yellow color associated with 
the absorption maximum at 402 nm obtained for Ru(NH3)63+ 
ion in basic solutions is due to the formation of its deprotonated 
species Ru(NH3)5NH$+. Another alternative is the ion pair 
with OH- ion. However, the charge-transfer absorption 
maximum of the Ru(NH3)63+,OH- ion pair can be roughly 
estimated from Figure 10: using a value of (I - S)OH- = 168 
kcal/mol, the absorption maximum is expected to be at 305 
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ylm. 'li'his value, which is very far from the observed maximum 
at 402 nm, seems to rule out the ion-pair hypothesis and thus 
supports the assignment as a deprotonated species. 

Charge-transfer transitions with halide ions as donors should 
have two excited states, having the halogen atoms in either 
2P3p or 2P1/2 states. This 2P3j~--~Pi/2 doublet splitting was 
observed in the charge-transfer to solvent (CTTS) spectra of 
iodide in aqueous solution and bromide in acetonitrile and was 
found to be 735018 and 3000 cm-l 19 for these two ions, re- 
spectively, as compared to 7603 and 3685 cm-1 20 in the iodine 
and bromine gaseous atoms. In our case, two absorption peaks 
a u l d  be resolved for the R u ( N H ~ ) ~ ~ + , I -  and R u ( N H ~ ) ~ ~ + , B ~ -  
ion pairs, separated by 6590 and 2250 cm-1, respectively. It 
scems very probable that also in this case the origin of the 
separation is the halogen 2P3/2-2Pip doublet splitting. It 
should be noted. however, that while, in the case of the iodide 
ion pair, the two peaks in the difference spectrum are clearly 
seen and therefore the resolution into the gaussians is very 
reliable, this is not the case for the bromide ion pair. Moreover, 
while two gaussians with almost equal intensities were obtained 
in the iodide case, the fitting procedure yielded two gaussians 
with very different intensities for the bromide ion pair, in 
contrast to the almost equal intensities in the CTTS spectrum 
of bromide in acetonitrile.19 

The ion pairs between halide ions and Ru(NI3[3)63+ may 
be of two kinds: contact and solvent-separated ion pairs. It 
is interesting to note that our experimental formation constants 
are compatible with those calculated for both kinds of ion pairs 
using the Fuoss equation 
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457N 
3000 

KoIP = --a3 exp[-z ,z,e2/DkTa] (4) 

The calculated values assuming contact ion pairs and using 
the values for the distances of closest approach listed in Table 
I are 28, 24, and 24 M-1 for the C1-, Br-, and I- ion pairs, 
respectively. For the ion pairs with one water molecule 
separating the cation and the anion the calculated KOIP is 18 
M-1 for the three halide ions. The reason for the insensitivity 
of the calculated SIP to the distance a is that, for large values 
of a, the electrostatic energy becomes comparable to the 
thermal kT and the preexponential factor, which increases with 
a3, begins to influence the behavior of KO,,. 

It is impossible to distinguish between these two alternatives, 
just on the grounds of concentration dependence, since they 
differ only with respect to solvent molecules, the concentration 
of which does not change significantly during the variation 
of the concentration of the added halide ions. The absorption 
intensity, however, can give us some clue, since the 
solvent-separated ion pairs are expected to have a negligible 
absorption intensity due to the small electronic overlap. On 
the basis of our measured molar extinction coefficients, which 
are not very high, one still may consider a mixture of contact 
and solvent-separated ion pairs in which only the first species 
contributes to the CT absorption. The solvent-separated ion 
pairs will affect the results by competing with the formation 
of the contact ion pairs. 

For a mixture of those two species of ion pairs, contact (IP') 
and solvent-separated (IP") ones, a rederivation of eq 1 gives 
the same general form, but KIP is now the total ion-pair 
association constant for the formation of both IP' and IP" 

The apparent extinction coefficient difference A€ has the 
meaning 

Ae = a&' + (1 - CY)&" (6) 
where 

Ae' = q p '  - ERu - ex' 

ERu - fx-  &" I eIp" - 

a is the fraction of ion pairs in the form ol' contact ion pa.irs 

if there is a mixture of the two species of ion pairs IP' and I P ,  
then, provided that KIP' and KIP! do not have accidentally the 
same temperature dependence, the experimental LIE should be 
temperature dependent. Ow m e a s u r m "  for the Ru- 
(NH3)63+,CI- system yielded within experimental error the 
same A€ at various temperatures. Since, identical temperature 
dependence of KIP and of KIP 1 is not very probable, this may 
serve as an indication that in our system there are either contact 
or solvent-separated ion pairs, but not a mixture of both, and 
the existence of the CT absorption indicates that only the first 
type is prevailing. The magnitude of our observed cxtinction 

+- halide ion pairs is compatible 
transition, considering the ex- 

pected low electronic overlap between the highest filled orbital 
on the halide ion and the Iowest unfilled orbital on the Ru- 
(NM3)63+ ion, even for contact ion pair species. It may be 
noted that even the extinction coefficients of the CT bands 
of the corresponding inner-sphere Ru(NH3)5X2+ complexes, 
with the presumably much higher electronic overlap, about 
2 X 103 M-1 cm-1, are only one order of magnitude higher 
than the outer-sphere complexes investigated here. 

It is interesting to compare the transition energies of the 
Wu(NH3)63+,X- ion pairs with those of the analogous CQ- 

balt(II1) complexes. Altholigh the absorption maxima for the 
latter complexes could not be resolved,12 lower limits for the 
CT absorption maxima can be estimated as 41,700 and 36,900 
cm-1 for cobalt(II1) hexaammine ion pairs with bromide and 
iodide, respectively. For the eo(NK3)63+,1- ion pair an 
absorption maximum at 37,300 cm-1 h been obsewed,21 but 
it seems that, by analogy with Ru(N 3)63+, a blue-shifted 
spectrum of the Co(NH3)63+ free ion should be included in 
the gaussian analysis; this will tend to shift the absorption 
maximum to even shorter wavelengths. Thus, taking this latter 
value of 37,300 cm 1 as a lower limit for the CT transition 
energy for the C0(rqH3)6~+ ion pair, the difference between 
the CT transition energies in the cobalt(II1) and the ruthe- 
nium(II1) ion pairs would be greater than 12,400 cm-1. A 
comparison of these data with the oxidation-reduction po- 
tentials of the ruthenium(I1I) and the cobalt(II1) hcxaammine 
complexes may seem contradictory at first glance. In both 
the charge-transfer transition and the redox half-cell, the 
trivalent metal ion is reduced to its divalent state by an added 
electron. Yet while the ruthenium and the cobalt complexes 
differ considerably in their charge-transfer transition energies, 
both complexes have almost identical redox potentials of about 
0.1 V.22 A closer look, however, resolves this apparent dis- 
crepancy. The redox potential is an equilibrium property and 
the reduction products are ground-state, fully relaxed, divalent 
metal corilplexes, while according to the Franck-Condon 
principle the excited states of the charge-transfer transitions 
contain divalent metal complexes in the nuclear configuration 
of the trivalent ones. The Franck-Condon energy is expected 
to be higher for the cobalt complex since the added electron 
enters an eg orbital which is a o-antibonding orbital, and 
therefore a larger effect on bond distances is anticipated. Also 
in the case of the cobalt complex a low-spin electronic con- 
figuration of tzg6eg is obtained by the CT transition which has 
higher energy than the high-spin hg5eg2 ground state of the 
Co(NH3)62+ ion. On the other hand, the low-spin electronic 
configuration t Q  which is obtained by the CX' transition in 
the ruthenium case has the electronic configuration of the 
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ground state Ru(NH3)62+. Thus, both the excess Franck-- 
Condon energy and the high-spin-low-spin energy difference 
in Co(NH3)63+ are likely to account for our estimated dif- 
ference in the CT excitation energies in the R u ( N H ~ ) ~ ~ + , X -  
and co(NH3)63+,X- ion pairs. 

In conclusion, one may say that the absence of absorption 
lines in the visible region in 1 he spectrum of the R u ( N H ~ ) ~ ~ +  
free ion and the relatively low excitation energies for the CT 
transitions of its ion pairs make this complex an excellent ion 
for spectrophotometric investigations of  ion pairs. 

Registry No. Ru(NH3)63+,Cl-, 53293-35-9; Ru(NH3)tj3+,Br-, 
53293-36-0; Ru(NH3)63’,I-, 53293-37-1. 
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Seven compounds of hexaamminenickel(II), [Ni(NH3)6]A2, or the deuterated dis analogs, [Ni(ND3)6]Az, where A- = 
CI-, B r ,  I-, Clod-, or PF6-, were studied by means of electronic absorption and magnetic circular dichroism (MCD) techniques 
at several temperatures (ca. 12-300’K). The absorption spectra in the d-d excitation region of six parity-forbidden bands 
permitted the observation of numerous vibronic progressions of the (NiN6) skeletal normal modes and the symmetric stretching 
mode, vs(N-H), which are modes of the electronic excited states. These are progressions of aig or eg built on tiu and t 2 ~  
modes. The temperature-dependent MCD spectra through 3Tig(tzg5eg3) experimentally confirm the earlier suggestion that 
second-order spin-orbit coupling is important in the ground state 3A2g(tz&eg2) so as to give this state angular momentum 
from the excited state 3Tzg(tzgSeg3). Finally, the band position of 3A2g - *Aig(tzg6eg2) is an excellent probe for the interaction 
between the lattice counterion and the complex ion [Ni(NH3)6]*+. 

Introduction 

The most recent report2 dealing with the nature of electronic 
excited states of the important parent complex ion hexa- 
amminenickel(II), or [Ni(NH3)6]2+, contained descriptions 
of vibronic structural features on two d-d excitations, 3A2g - 3Tlg and ‘Ais, between ca. 600 nm (16,670 cm-1) and 430 
nm (23,260 cm-1). This was observed at 8O0K for the C1- and 
C104- salts of the complex ion and complemented ambient 
room-temperature solution spectra measured previously by 
others.3 The present paper reports on newly observed vibronic 
structure, measured between 12 and 80”K, with distinct vi- 
bronic progressions on 3T2g(t2g5eg3; 3F), 3Tig(t$eg3; 3F), 
‘Eg(tzg6eg2; ID), lAig(tzg6eg2; 1G), 1T2g(t2g4eg4; ID), and 
‘Tig(tzg5eg3; 1G) which represent intra- as well as intercon- 
figurational excitations. Some of the identifications of vibronic 
progressions were substantiated by preparing and studying the 
deuterated d18 complex, [Ni(ND3)6] (PF6)2. In all, seven salts 
were studied, and the counterions were C1-, Br-, I-, PF6-, and 
Clod-. 

It was also possible experimentally to substantiate some 
suggestions made by Harding, Mason, Robbins, and Thornson4 

about the MCD spectrum of [Ni(NH3)6]2+; Le., we measured 
the MCD spectra at 18 and 27’K of [Ni(NH3)6]C12. The 
latter data contribute importantly to the understanding of 
excited-state structure of the hexaammine. 
Experimental Section 

1. Instrumentation. MCD spectra were obtained with a JASCO 
spectropolarimeter (Model ORD/UV/CD-5 with the SS-20 elec- 
tronics modification). Low temperatures for MCD were attained by 
throttling vapors from a liquid helium reservoir past the sample. 
Near-ir, far-ir, and Raman spectra were measured on Perkin-Elmer 
521, Perkin-Elmer FIS-3, and Jarrell-Ash 25-100 instruments (4880-A 
Ar laser line), respectively. Low-temperature electronic absorption 
spectra were obtained by using an all-glass exchange-gas dewar and 
an all-glass dewar whose internal compartment and sample are cooled 
by throttling vapors from a liquid helium reservoir into it. Au-Co 
vs. Cu and constantan vs. copper thermocouples were used following 
their calibration. The matrices of the crystalline samples were either 
KBr disks or Kel-F mulls. 

2. Compounds. The syntheses of [Ni(NH3)6]A2 complexes, where 
A- = CI-, Br-, I-, and c104-, are well known.5 The syntheses of 
[Ni(NH3)6](PF6)2 and its di8 deuteration analog were devised as 
follows. [Ni(NH3)6](PF6)2 was prepared by the metathetical re- 
placement reaction between [?Ji(NH3)6]Ch (in an ammoniacal 


