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Abstract: The infrared and photoelectric laser-Raman spectra of NaCo(CO)4 in the THF solutions were ex
amined in the CO stretching region. Temperature variation of the complex infrared band envelope reveals the 
presence of two kinds of anion environment and permits the spectra to be divided into four band components. 
A study was made of the variation of these band components with salt concentration in the range from 0.03 to 
0.0007 M and with temperature from 29 to —42°. Adding the results of these studies to a comparison of the 
spectra with selection rules for the most probable anion sites permits the major anion sites in this concentration 
range to be identified as solvent-separated ion pairs and contact ion pairs. The attachment of the cation to the 
anion in the contact pair is indicated as monodentate. It is considered most likely that cations in both sites are 
contributing to the single far-infrared band which has been associated with the Na+ vibration. The CO stretching 
frequency assignments are F2 = 1886, A1 = 2005 for the solvent-separated ion pair and A1 - 1855, 2005, E = 
1898 cm - 1 for the contact ion pair. The molar integrated intensity for each vibration in the infrared was approxi
mated by an extrapolation procedure and leads to the population of the anion sites. The equilibrium constant for 
the conversion of contact pairs to solvent-separated pairs at 29° obtained in this way is K = 0.45 with AH = 3.7 
kcal and AS = 14 eu. The AH value is compared with that for two sodium carbanions in THF and the differences 
are interpreted in terms of the basic steps involved in the conversion of a contact ion pair into a solvent-separated 
ion pair. 

I n the preceding paper,2 it was shown that the Co-
( C O ) 4

- ion exists in two different kinds of environ
ment in T H F solutions of NaCo(CO) 4 . Each kind of 
environment can arise from at least two different anion 
sites (e.g., free ions, contact ion pairs, etc.). One objec
tive of this research was to identify the anion sites associ
ated with each kind of environment. Another was to de
termine the population of each site and to evaluate the 
thermodynamics of the equilibria involved. To these 
ends, we have examined the CO stretching region of the 
infrared and Raman spectra of NaCo(CO) 4 in T H F , 
divided the complex bands into components, and com
pared the results with theoretical expectations for the 
more probable anion sites. In addition, the variation 
of the components of the complex infrared band with 
gross salt concentration and with temperature change 
has been studied. The results have been examined for 
their implications. 

Experimental Section 
The experimental details involved in obtaining the infrared 

spectra are outlined in the preceding paper.2 Cell thicknesses 
were determined by the interference-fringe method. The low-
temperature cell is shown in Figure 1. The cell body was made of 
copper. Silicone O rings were used to effect the seals between 
the two cell pieces and between them and the cell windows. The 
cell was filled through the threaded port in the top which was 
sealed by a screw which was tightened onto an O ring via a washer. 
It was found useful in maintaining the vacuum tightness of the cell 
to cover this O ring with stopcock grease where it contacted the 
metal surfaces. Cell windows were of Irtran-2 ground to a thick
ness of 0.5 mm and polished. Thermal insulation was provided 
by the vacuum jacket shown in Figure 2. It is made of a glass 
T 71/60 joint sealed to a Kovar cup which, in turn, is silver sol
dered to the copper block in which the cell is mounted. The KBr 
windows of the jacket were sealed to it with Glyptal. The tem
perature of the cell was measured with an iron-constantan ther-

(1) Based in part on the Ph.D. thesis of J. Lyford, IV, Aug 1969. 
(2) W. F. Edgell, J. Lyford, IV, A. Barbetta, and C. I. Jose, J. Amer. 

Chem. Soc, 93, 6403 (1971). 

mocouple in intimate contact with it. Refrigerant was added to 
the cup in such quantities and at such frequencies as to 
maintain the desired temperature level. Through this method, 
it was possible to keep the temperature constant during the course 
of a run to ±2°. 

The Raman spectra were excited oby a He-Ne laser (Spectra 
Physics, Model 125) and the 6328-A exciting line was isolated 
from sundry weak emissions by a spike filter. The spectra were 
recorded photoelectrically by photon counting with both a Spex 
Industries and a Jarrell-Ash Raman spectrophotometer. Polar
ization measurements were made by taking the ratio of the in
tensity with the polarization vector of the laser beam before the 
sample set parallel to the direction of observation to that with it 
set perpendicular while the analyzer is set to pass the vector per
pendicular to the slit. 

The solvents2 and the salt3 were prepared as previously described. 
Concentrations were determined by analyzing for Co by the 
nitroso-R salt method.4 

Results 

The infrared spectrum of NaCo(CO) 4 in T H F shows 
two bands in the CO stretching region. A weak band 
of simple form appears at 2003 c m - 1 , while the very 
strong band of complex envelope is found at about 1890 
c m - 1 . This band changes its envelope as the tempera
ture is lowered. As can be seen in Figure 3, the inten
sity of the band falls in the region near 1855 c m - 1 , in
creases near 1886 c m - 1 , and falls again at higher fre
quencies. This finding is in striking similarity to what 
happens when water is added to this solution.2 In con
sequence, the band can be divided into three compo
nents corresponding to the three areas which change. 
This was done with the aid of a D u Pont curve resolver 
using a band-shape intermediate between that of the 
Gauss and the Lorentz form. Because of the form of 
the Beer-Lambert law, the decomposition of the band 
into components was done on the absorbance curve 

(3) W. F. Edgell and J. Lyford, IV, Inorg. Chem., 9, 1932 (1970). 
(4) W. F. Edgell, M. T. Yang, and N. Koizumi, J. Amer. Chem. Soc, 

87, 2563 (1965). 
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Figure 1. The low-temperature infrared cell. • indicates O rings; 
the cross-hatched areas are the windows. 

Figure 2. The vacuum jacket for the low-temperature cell showing 
the cell in place. 
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Figure 3. The 1890-Cm"1 infrared band of NaCo(CO)4 dissolved 
inTHF: —,at29°; —,a t -20° . 

rather than the transmission curve. The results are 
shown in Figure 4 for a 0.025 M NaCo(CO)4 solution. 
The frequencies of the several infrared band compo
nents are collected in Table I. Those at 1855, 1898, and 

Table I. Anion Frequencies (cm-1) and Assignments for the 
Infrared and Raman Band Components from NaCo(CO)4 in THF 

Environment 

Kind I 

Kind II 

Infrared 

1886 

1855 
1899 
2003 

Raman 

1889(0.76)« 
2005 (~0 .1 ) 
1857(0.74) 
1905(0.76) 
2005 ( ~ 0 . 1 ) 

Assignment 

Td, F2 
Ti1A1 

C3,, A1 

Ctv, E 
C51., A I 

1900 

Figure 4. The division of the 1890-cnr1 infrared band into com
ponents. 

" Single depolarization measurement made at band maximum at 
1890 cm-1. 

Figure 5, Plot of Ejt vs. salt concentration for the three infrared 
band components. Ejt is in units of 102 cm-2, c is in 1O-8M. 

2003 cm - 1 are assigned to one kind of anion environ
ment because they move together with temperature 
change, while that at 1886 cm - 1 is assigned to another 
kind because it moves in the opposite way to the former 
components. 

It is natural now to inquire how these band compo
nents vary with salt concentration. To answer this 
question, the infrared spectrum in the 1900-Cm-1 re
gion was obtained for NaCo(CO)4 solutions in the con
centration range from 0.0007 to 0.03 M. The absor-
bances were computed, the absorbance vs. frequency 
curves plotted, and the latter resolved into the three 
components. The curve resolver yields these areas in 
arbitrary units. To convert them to the proper units, 
the total area under the absorbance vs. frequency curve 
for each band was obtained by planimeter and divided 
into three parts in proportion to the area values ob
tained by the curve resolver. Each such area is the 
integrated absorbance (E) for that band component, 
e.g., E1 = /"log (To/T^idi'. The results are collected in 
Table II and plotted in Figure 5. Two conclusions 
may be drawn at once. The first is that the integrated 
absorbance for each component varies linearly with 
gross salt concentration. The second is that the ratios 

Journal of the American Chemical Society / 93:24 / December 1, 1971 



6409 
Table n. Integrated Absorbances (E) for Infrared Band 
Components Due to Anion for NaCo(CO)4 in THF at 
Various Salt Concentrations 

Concentration, M 

6.69 X 10-* 
3.67 X ICr* 
8.31 X 1(T3 

1.08 X ICT2 

1.13 X 10~2 

1.61 X 10"2 

1.80 X 10~2 

2.51 X 10"2 

2.97 X 10-2 

t, mm 

1.033 
0.522 
0.205 
0.0390 
0.0390 
0.0390 
0.0830 
0.0390 
0.0390 

0 Units for E/t, 10s cm"1. 

EiIt" 

1.22 
1.89 
4.20 
6.61 
7.50 
9.90 
9.14 

15.27 
18.42 

EuIt" 

1.22 
1.89 
4.20 
7.86 
8.17 
9.90 
9.14 

16.95 
20.37 

Emit" 

2.05 
3.17 
7.45 

13.85 
13.76 
17.40 
16.73 
27.87 
34.35 

of the integrated absorbance of the band components 
assigned to the two kinds of anion environments, EijEu 

and Em!En, are independent of salt concentration in 
this concentration range. 

The integrated absorbance for a band component is 
related to the concentration (c) of the anion in that kind 
of solution environment which produces it, the infrared 
cell thickness (0> and the molar integrated intensity (B) 
for the band component. Thus, one has the relations 

E1 = CIZ-B1 

En — CntBii (1) 

Since components I and III are assigned to the same 
kind of environment, one expects to find that C1 = c m . 
If one has values for the B's, one can compute the anion 
population in each kind of environment (the c's). But 
both the c's and the B's are unknown. The usual treat
ment of this kind of problem to obtain the B's is to 
extrapolate the E vs. salt concentration data to limits 
where only one kind of environment prevails. How
ever, the fact that Ei/En and Em/En are independent of 
concentration makes this approach impossible. Yet it 
is not unreasonable to expect that the B's are tempera
ture independent, and this provides a method to esti
mate their values. It was found above that decreasing 
the solution temperature increased the absorption of 
band component II while decreasing those of I and III. 
Therefore, extrapolation of E vs. temperature data to 
O0K will provide a value of B11. Conversely, extrap
olation to infinite temperature will provide values for 
Bi and Bm. These extrapolations are best done by 
combining eq 1 with 

c = C1 + C11 = cm + cu (2) 

to obtain the relationships 

E1Jc = tBi - (tBi/tBu)(Eii/c) 

E1nIc = JB111 - (tBiulIBn)(E1Ilc) 

(3a) 

(3b) 

Here c is the salt concentration at the temperature to 
which the experimental values of Eu En, and Em apply. 
According to eq 3a, a plot of the values of E1Ic at the 
several temperatures against the corresponding values 
of En/c should yield a straight line. Extrapolation of 
this line to the intercept En/c = 0 gives the value of 
tBx and extrapolation to the intercept Ei/c = 0 gives 
tBn. Similar extrapolation of the straight line of eq 
3b to the intercepts gives J-B111 and a second, indepen
dent evaluation of tBn. Table III gives the experi-

Figure 6. The reciprocal relation of EiIc to EuIc and EmIc to 
EnIc. The units are 102 l./(mol cm). Intercepts (see text) are tBi = 
\\.2,tBu = 29.5, tBiu = 24.2, tBn = 28.4 in the above units. 

mental data for the temperature-variation runs. Con
centrations at lower temperatures were obtained from 
the room-temperature value by correcting for the 
volume change of the solution using the density data of 
Szwarc and coworkers for THF.6 Figure 6 shows the 
integrated absorbances at the several temperatures 
plotted in the manner of eq 3. Straight lines are indeed 
found and the intercepts give B1 = 8.39 and B n = 
22.0 X 104 l./(mol cm2) from eq 3a and B111 = 18.1 
and Bn = 21.2 X 104 l./(mol cm2) from eq 3b. These 
values were used to calculate the concentrations of the 
two kinds of anion environment at the several tempera
tures, with the results to be found in Table III. With 

Table III. Integrated Absorbances (E) for 
Infrared Band Components Due to Anion for NaCo(CO)4 in 
THF at Various Temperatures. Concentrations of Kinds of 
Anion Environment 

Temp, 
0C 

[Salt], 
c, IO-3 

M EiIc EuIc Em/C 

Cl, 

10-3 
M 

ClI , 

10-3 

M 

cm, 
10-3 

M 

29 4.24 7.92 9.00 16.56 3.00« 1.29« 
1.34" 2.90" 

2 4.36 6.22 12.91 12.96 2.41 1.91 
1 98 2 33 

-20.5 4.48 4.10 18.35 8.67 1.64 2.78 
2.89 1.61 

-42 4.58 3.18 21.51 8.43 1.30 3.33 
3.46 

" This pair is evaluated from the intercept pair (see text) Bi = 
8.39, 5n = 22.0. b This pair is evaluated from the intercept pair 
Bui = 18.1, S n = 21.2. B is in units of 104 l./(mol cm2). Cell 
thickness 0.134 mm. ° Units for E/c, 102 l./(mol cm). 

the exception of the one point which is clearly off the 
straight line, good agreement is obtained between the 
concentrations calculated from each pair of B values. 
Note that Ci = c m within the limits of the measure
ments. 

The formation of an anion in an environment of the 
first kind (band component at 1886 cm -1) from an en
vironment of the second kind (band components at 
1855, 1898, and 2003 cm-1) is clearly exothermic. The 
thermodynamic quantities accompanying this process 
can be approximated from the data of Table III. Av
eraging the concentrations determined in the two ways 
yields the equilibrium constants found in Table IV and 
whose temperature variation is shown in Figure 7. 

(5) C. Carvajal, K. Tolle, J". Smid, and M. Szwarc, / . Amer. Chem. 
Soc, 87, 5548 (1965). 
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I/ T X IO3 — 

Figure 7. The temperature variation of In K for conversion of 
kind II environment to kind I environment. 

From the slope of the straight line representing the In K 
vs. l/T data, one obtains AH = —3.7 kcal for the pro
cess. Combining the values of In K with AH yields the 
entropy changes tabulated for the process. A con
stant value of AS = — 14 eu is obtained. 

Table IV. Thermodynamic Quantities for the Process 
Co(CO)4- (kind II) = Co(CO)4 (kind I) 

Temp, 0C 

29 
2 

-20 .5 
- 4 2 

K 

0.45 
0.82 
1.8 
2.6 

AH0IT, 
cal/(°K mol) 

- 1 2 
- 1 3 
- 1 5 
- 1 6 

AS°, 
cal/(°Kmol) 

-14 
-14 
- 1 3 
-14 

In order to aid in the identification of the kinds of en
vironment in which the anion is found in these solu
tions, photoelectric tracings of the laser-Raman spectra 
of NaCo(CO)4 in THF were made for the C-O 
stretching region. Figure 8 shows such a run after the 
background count has been subtracted. The strong 
band centering at about 1890 cm - 1 is clearly complex 
and, indeed, the Raman spectrum is very similar to the 
infrared spectrum. The strong Raman band is di
vided into three components whose centers are listed in 
Table I and which are located on Figure 8 by arrows. 
Polarization measurements were made at the center of 
the 2003-cmr1 band and at 1855 and 1889 cm-1 for the 
strong band, with the results listed in Table I. 

Discussion 

The shape of the envelope of the strong infrared band 
centered about 1898 c m - ' together with the variation in 
this shape as the solution temperature is changed leads 
to the conclusion that there are two kinds of solution 
environments for the Co(CO)4

- ion in NaCo(CO)4 so
lutions in THF. The Raman band also shows a sim
ilar complexity. The frequencies of vibration of the 
anion in these two kinds of environment (see Table I) 
may be compared with the theoretical expectations for 
the Co(CO)4

- ion in several kinds of solution structure. 
In assessing the amount and character of the solvent 
interactions with the anion, it is good to recall that 
CCl3H, as well as water, hydrogen bonds to the N O 3

-

ion in solution.6-7 THF may be expected to interact 

(6) D. E. Irish and A. R. Davis, Can. J. Chem., 46, 943 (1968). 
(7) A. R. Davis, J. W. Macklin, and R. A. Plane, /. Chem. Phys,, 50, 

1478 (1969). 

Figure 8. The laser-Raman spectrum of NaCo(CO)4 dissolved 
in THF in the CO stretching region. Arrows indicate band com
ponents. 

weakly with the Co(CO)4
- ion, possibly through hy

drogen bonding to its oxygen atoms. Because this 
interaction is expected to be weak, almost all of the 
force resisting the stretch of the CO groups is expected 
to come from within the anion. When the Co(CO)4

-

ion finds only THF molecules in its near-neighbor en
vironment, the CO stretching motion will take place in 
a tetrahedral field if the interaction with the THF mole
cules is either negligible or essentially equal at each CO 
group. Such a situation is expected to apply when the 
anion moves independently of the cation. Then, Td 

symmetry applies and one triply degenerate (F2) fre
quency can appear in both the infrared and Raman 
spectra as well as one nondegenerate (Ai) frequency 
which is only active in the Raman spectrum. The F2 

frequency will give a strong band in both infrared and 
Raman spectra, while the Ai Raman band will be sur
prisingly weak.8 The F2 Raman band will be depol
arized (dp) but the Ai band will be highly polarized (p). 

In a contact ion pair, the Na+ will have a pronounced 
effect upon the Co(CO)4

- ion. When this interaction 
is monodentate or tridentate, a cylindrical axial field is 
introduced and the symmetry is C38. As a result, the 
dengeneracy of the F2 frequency is partially lifted to 
produce in its place a doubly degenerate E frequency 
and a nondegenerate Ai frequency. The former can be 
expected to produce a strong infrared band and a 
strong, depolarized Raman band. The latter can be 
anticipated in the infrared spectrum as a band of 
medium intensity and in the Raman spectrum as a 
medium-intense band which is polarized (see, however, 
the discussion below). In addition to these, one will 
have an Ai frequency which is closely related (similar 
atom displacements, etc.) to the Ai frequency of the Td 

case. It will appear as a weak, polarized Raman band 
at or near the position of the corresponding Ai fre
quency for the Ti case. Any intensity which this fre
quency shows in the infrared spectrum arises from the 
difference between the unique CO group and the other 
three which is induced by the Na+. As a consequence 
it will yield a weak infrared band. 

It is also possible that a contact ion pair might be 
formed as a result of a bidentate interaction of the Na+ 

ion with the anion. In this case, the symmetry is C2v 

and the degeneracy of the Td F2 frequency is completely 
lifted to give three well-spaced infrared bands of 
medium intensity (Ai + Bx + B2). These vibrations 
would be expected also to give three Raman bands of 
medium intensity, one of which, the Ai, would be 
polarized. In addition, there would be another Ax 

(8) W. F. Edgell and J. Lyford, IV, ibid., 52, 4329 (1970). 
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vibration which would appear near the Td A1 frequency 
as a weak infrared band and a weak, polarized Raman 
band. These results are summarized in Figure 9. 

The case of the triple ion in which two anions are in 
intimate contact with one Na+ is an interesting case not 
only for its solution properties but also from a theoret
ical point of view. We consider only the case where the 
interaction is monodentate and assume that Na+ pro
duces the same cylindrical symmetry in each anion that 
is found in the contact ion pair and that each anion is 
equivalent in that each feels the same force when dis
torted in an equivalent manner. The vibration of one 
anion in the triple ion may be viewed as being coupled 
with the same vibration in the other anion, producing 
two vibrations, one in which the motions of the two 
anions are in phase with one another and the other in 
which they are out of phase. The CO stretching vibra
tions of this triple ion may be classified in terms of the 
local symmetry of the motion (Ai or E) and in terms of 
the phase relation of the motion in the two anions 
(ai = in phase or a2 = out of phase). For example, a 
vibration of symmetry type Aia2 has local symmetry Ai, 
while the two anions move out of phase. As a result of 
the coupling, each frequency of the monodentate con
tact ion pair (symmetry C311) gives rise to two frequencies 
in the triple ion. The complete set of CO stretching 
frequencies for this triple ion and their symmetry types 
are shown in column 3 of Figure 9. As can be seen, six 
frequencies are expected, two of which (Eai and Ea2) are 
doubly degenerate. 

The selection rules for these frequencies will depend 
upon the spatial orientation of the two anions relative to 
each other. The rules listed in Figure 9 are for the 
likely case that the anions are on opposite sides of the 
Na+ ion. Then the number of infrared bands and their 
relative intensities anticipated for the triple ion is the 
same as for the contact ion pair. The same is true for 
Raman bands. The difference between the two cases 
lies in the fact that the frequency of each infrared band 
coincides with that of a Raman band for the contact ion 
pair, while no coincidences occur between infrared and 
Raman bands for this triple ion. In the event, how
ever, that the anions as described above are not on op
posite sides of the Na+, all six frequencies become ac
tive in both infrared and Raman spectra. 

We have seen that a free anion, symmetrically sol-
vated, gives expectations based on Td symmetry. This 
same near-neighbor environment for the Co(CO)4

- ion 
can also occur for the solvent-separated ion pair. In 
such a situation, all the evidence to date indicates that 
the disturbance of the anion by the Na+ is muted and 
the expectations are also those for Td symmetry. One 
other possibility will be considered here. When solvent 
molecules interact strongly enough with the Co(CO)4

-

ion that their contribution to the forces resisting the dis
placement of the atoms in the vibration are not neg
ligible, the Td symmetry will not apply for the free anion 
if it is solvated unsymmetrically. If three CO groups 
were different from the fourth, the C%v symmetry expec
tation would apply; if two, C2„. 

We are now in a position to evaluate the information 
in Table I. It is seen that the infrared data for the Co-
(CO)4- environment of kind I correspond to the anion in 
a Td situation. The infrared data for the kind II en
vironment satisfy the expectations for both a C3v and a 

A1O1Ip) 

C1(P*,!) ^s"^ A|(p,I) 

^ ~ ^ ^ A|OgB) 

AiO1(P) 

A i (P) A1Ip1I) ^ ^ A1Ip1I) 

^ V ^ AiO2(I) 

Figure 9. Schematic representation of the CO stretching frequen
cies expected for the Co(CO)4

- ion in several types of solution sites 
(also see text). 

CzJ X C5' condition. Since the differences between the 
frequencies of the corresponding infrared and Raman 
band components are small and within the uncertain
ties in their values, these data best satisfy the criteria for 
a C3, condition. The assignment of the observed band 
components to the allowed frequencies on this basis is 
made in Table I. Two points deserve comment. The 
first has to do with the relative intensities of the Ai 
and E infrared band components at 1855 and 1898 cm - 1 , 
respectively. If one takes a rough model the anion with 
four equivalent CO groups and the same vibrational 
motions as in the Td condition, one would find the in
tensity of the Ai band to be half that of the E band. As 
the data of Table II show, this intensity ratio is close to 
that which is observed. This consideration was then 
basis for the assignment of Table I. The second point 
has to do with the depolarization ratios for the Raman 
band components. As can be seen, the expectation 
that depolarized bands would yield an intensity ratio in 
the polarization measurement of p = 0.75 and that for 
polarized bands p < 0.75 is satisfied for all but the Ai 
band at 1855 cm -1 . It is shown in the Appendix, how
ever, that a value of p near 0.75 is expected for this 
mode in the rather special case here. It results from the 
form of the mode of vibration and the fact that both the 
structural units off the C8 axis and that on the C3 axis 
are the same, i.e., CO groups. 

One concludes that the data of Table I are consistent 
with the anion in a kind I environment being in a free-
ion site or a solvent-separated-ion-pair site, while the 
anion in a kind II environment may be in a mono
dentate or tridentate contact-ion-pair site or in a free-
ion site with a significant unsymmetrical solvation. 
Further, in a triple ion, the magnitude of the frequency 
difference between an infrared and Raman frequency 
which differ only in the phase of the motion in the two 
halves of the ion depends upon the extent of the cou
pling between the two anions. When this is small, there 
is a near coincidence between the Raman and infrared 
band. Consequently, the data of Table I for the kind II 
environment are also consistent with anions in triple ion 
sites where the anion-anion coupling is small. 

Equilibria involving sites consistent with the infrared 
and Raman spectra include 

Edgell, Lyford j Anion Sites for ^VoCo(CO)4 in THF 
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A" + S = SA- (4) 

Na + A- = Na + + A- (5) 

Na+A" + S = Na+SA- (6) 

Na + SA- = Na + + A - + S (7) 

A-Na + A- = Na + + 2A~ (8) 

Na + + A-Na + A- = 2Na+SA- (9) 

In these equations, A - stands for the symmetrically sol
vated anion; S stands for solvent; SA - stands for the un-
symmetrically solvated anion; and Na+ , Na + A - , and 
Na + SA - stand for the cation, contact ion pair, and sol
vent-separated ion pair, all solvated, of course. Since 
the variation of the population of the different anion 
sites with gross salt concentration depends upon the 
equilibria involved, the relationship between them 
serves as a means of identification of the sites present. 
Because the integrated absorbance E of the infrared 
band arising from a vibration of the anion in a par
ticular site is proportional to that site concentration, its 
variation with salt concentration may be examined for 
this purpose. Suppose that kind I and kind II en
vironments were the solution structures A - and Na + A - . 
Then the equilibrium expressed by eq 5 would require 
that the ratio of the population of these two environ
ments be a function of the gross salt concentration. 
This, in turn, would require that Ei/En and Em/Eu be 
functions of gross salt concentration. The data of 
Figure 5 show that this is not the case, and such an 
identification is not possible. In the same way, equi
librium 8 may be eliminated as a dominant factor. 
These concentration data (plus those of Table I) are 
consistent with either equilibrium 4 or 6 or 9. How
ever, note that the presence in substantial amounts of 
the pair of ion sites A - , SA - together in the solution 
with either Na+A - ,Na+SA - or Na+SA~,A-Na+A- in 
major quantities is inconsistent with the elimination of 
equilibria 5 and 8. Note also that the postulate that (7) 
is the equilibrium between the sites in major amounts is 
not in agreement with the facts of Table I. 

Thus, (4) or (6) or (9) may be the major equilibrium 
as far as the spectroscopic data may be interpreted at 
present. A resolution between them may be made on 
the basis of electrical conductivity. 

The equivalent conductance of NaCo(CO)4 in THF 
solutions has been measured.4,9 The values of X vary 
from 9 to 16 ohm - 1 over the concentration range of 
this study. The equivalent conductance of the Na+ at 
infinite dilution in THF is 48 ohm -1, while those for a 
number of aromatic radical anions range from 47 to 80 
in THF, as measured by Szwarc and coworkers.10 The 
value of X0 for NaCo(CO)4 in THF may be estimated 
roughly as 100 ohm - 1 from these results. These values 
of X and X0 for the carbonylate salt are not consistent 
with the major anion sites in solution being those of 
equilibrium 4 or 9, but are what one would expect for 
equilibrium 6. 

Summing up the various findings, this study shows 
that the Co(CO)4

- ion is in two kinds of environment in 
these solutions and that a major portion of the anions in 
one kind of environment is in contact-ion-pair sites, 
while the major portion in the other kind is in solvent-

(9) More recently, Mr. J. Fisher repeated these measurements in this 
laboratory with nearly the same results. 

(10) D. Bhattacharyya, C. Lee, J. Smid, and M. Szwarc, J. Phys. 
Chem., 69, 608 (1965); R. Slates and M. Szwarc, ibid., 69, 4124 (1965). 

separated-ion-pair sites This does not preclude the 
presence of other anion sites. For example, the equiv
alent conductance values require the presence of some 
free ions. And the form of X vs. \fc curve4 implies the 
presence of some triple ions in the higher concentration 
range of this study. Moreover, more than one kind of 
contact ion pair can exist. These results are in har
mony with other work. Far-infrared spectra of so
dium salts in THF show that the frequency of the Na+ 

vibration is dependent upon the anion, which leads to 
the conclusion that the Na+ vibrates in a cage formed by 
the solvated contact ion pair.1112 Extensive work by 
Szwarc and coworkers13 and by Hogen-Esch and 
Smid14 has established the presence of contact ion pairs 
and solvent-separated ion pairs for alkali salts of carb-
anions in THF. 

The present work provides evidence pertaining to the 
structure of the contact ion pair. As indicated in the 
Appendix, the deformation of the unique CO group in 
the Ai vibration of the 1890-cm-1 complex is about three 
times as great as that of each of the other three CO 
groups. In the E vibrations, the unique CO group 
does not participate. Since the effect of the Na+ is to 
weaken the C-O bond in the groups it touches in the 
contact ion pair, the vibrations which involve more de
formation of the contacted CO groups will be lower in 
frequency. As discussed above (see Table I), 1855 
cm - 1 is assigned to the Ai vibration in question, while 
the E modes are found at 1898 cm - 1 . It follows that 
the unique CO group has the weakest bond and that the 
contact interaction is monodentate. 

A major goal of this work was to learn something 
about the cation sites in this solution using the vibra
tions of the anion as a probe. The results show that 
the major cation sites are the cation surrounded by sol
vent molecules in the solvent-separated ion pair, whose 
near-neighbor environment may be indicated schemati
cally as 1, and the cation in the contact ion pair, whose 

\ / 
O 

\ / 
O N a + O 

7 o X 

/ \ 
1 

near-neighbor environment may be shown schematically 
by replacing one of the solvent molecules by the Co-
(CO)4

- anion, i.e., 2. Only one broad band which is 

\ / 
O 

O Na+ O—C—Co 
/ 

O 
/ \ 

2 

associated with the vibration of the Na+, and whose 
integrated absorbance is proportional to gross salt con-

(11) W. F. Edgell and A. T. Watts, Abstracts, Symposium on Molecu
lar Structure and Spectroscopy, Ohio State University, June 1965, p 85; 
W. F. Edgell, A. T. Watts, J. Lyford, IV, and W. Risen, Jr., J. Amer. 
Chem. Soc, 88, 1815 (1966). 

(12) W. F. Edgell, J. Lyford, IV, R. Wright, W. Risen, Jr., and A. T. 
Watts, ibid., 92, 2240 (1970). 

(13) M. Szwarc, "Carbanions, Living Polymers and Electron Transfer 
Processes," Interscience, New York, N. Y., 1968, and references cited 
therein. 

(14) T. Hogen-Esch and J. Smid, J. Amer. Chem. Soc, 88, 307, 318 
(1966). 
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centration, is found in the far-infrared spectrum of Na-
Co(CO)4) in THF.11 '12 Although this band could be 
assigned to the vibration of the Na+ in either the solvent-
separated ion pair site or the contact ion pair site, since 
the concentration of the anion in either site is shown 
above to be proportional to salt concentration, it seems 
far preferable to believe that the one band comes from 
the vibration of the Na+ ion in both (or all) cation sites. 
Support for such a view comes from the fact that Na+ 

ion also gives a strong (and broad) far-infrared band 
when it is in a solvent in which its near-neighbor en
vironment consists only of solvent molecules, as shown 
by work in this laboratory12 and by Popov and co
workers. 15 Further, the cage in which the Na+ vibrates 
in this THF solution is very similar in both sites, as can 
be seen from the above diagrams. This will cause the 
frequency of vibration in both sites to be nearly the 
same, since it has been shown that the repulsion terms 
in the expression for the energy of the system make the 
principal contribution to the net force constant for the 
vibration of alkali ions in solution.12 

Let us turn now to a consideration of the thermo
dynamic results of Table IV and Figure 7. With the 
identification of the anion sites, it is seen that these data 
apply to the conversion of contact ion pairs to solvent-
separated ion pairs, for which AH = —3.7 kcal/mol is 
found for NaCo(CO)4 in THF. This value is lower 
than that obtained for the same equilibrium for two 
other sodium salts in THF, using different techniques. 
Hogen-Esch and Smid14 find —7.6 for sodium fluo-
renide, while Grutzner, Lawlor, and Jackman16 obtain 
— 8.2 for sodium triphenylmethanide and —6.7 for so
dium fluorenide. These latter compounds are salts of 
large carbanions, and the differences in the AH values 
might be sought in that fact. 

The heat effect in the conversion of contact ion pairs 
into solvent-separated ion pairs may be obtained as the 
difference between the heat required to dissociate each 
species, i.e., between processes 5 and 7. Some success 
has been obtained in dealing with such a dissociation in 
terms of the Denison-Ramsey equation17 

AHdiss = (Ne2IrD)(I + d In D/d In T) 

and it is tempting to rationalize the values of AH for the 
ion-pair conversion process in terms of an equation ob
tained from that above by replacing the Ijr term by the 
difference in \jr values for the contact ion pair and the 
solvent-separated ion pair. However, expressions for 
the potential energy of an ion pair with the dielectric 
constant D in the denominator fail badly in accounting 
for the vibrational frequencies of the alkali ions in solu
tion12 and hence do not give a satisfactory account of 
the short-range forces. And an examination of struc
tures 1 and 2 shows that the differences in the short-range 
forces are the essence of the ion-pair conversion process. 

It was found that potential energy expressions which 
replaced the dielectric constant shortcut by summing the 
coulombic interactions of the ions with the charge cen
ters of the near-neighbor solvent molecules can give cal
culated net force constants for alkali ion vibrations in 
solution in good agreement with experimentally derived 

(15) B. Maxey and A. Popov, J. Amer. Chem. Soc, 89, 2230 (1967); 
91, 20 (1969); J. Wuepper and A. Popov, ibid., 91, 4352 (1969); 92, 
1493 (1970). 

(16) J. Grutzner, J. Lawlor, and L. Jackman, ibid., in press. 
(17) J. Denison and J. Ramsey, ibid., 77, 2615 (1955). 

values.12 If one compares this kind of expression for 
the two kinds of ion pairs, it becomes apparent that it is 
useful to consider the conversion process as being di
vided into two steps 

Na+A- = Na+DA- (10) 

Na+QA- + S = Na+SA- (11) 

In the first step, the cation and anion are moved apart 
in the solution to their position in the solvent-separated 
ion pair, creating a hole between them. Solvent fills 
this hole in the second step. The enthalpy change in
volved in the second step is negative and is dominated 
by the interaction of the added solvent molecules18 with 
cation. Small (negative) terms also come from the in
teraction of the added solvent molecules with the anion 
and small (positive) terms from the desolvation of the 
added solvent molecules. As long as the same number 
of solvent molecules are added in the conversion pro
cess, the enthalpy change for this step will show little 
variation with anion, but it will increase substantially 
with each additional solvent molecule added to the near-
neighbor shell of the cation. The enthalpy change in 
the first step is positive and arises from separating the 
coulombic charges of the cation and its near-neighbor 
solvent molecules from those of the anion and its near-
neighbor environment from the contact pair positions to 
the solvent-separated pair positions, plus that involved 
in pushing back the solvent to make the hole. This 
latter contribution should be nearly the same in two 
conversion processes in the same solvent if the same 
number of solvent molecules are added to the contact 
pair to form the solvent-separated pair. In that case, 
any substantial difference in AH for the first step would 
arise from the charge-separation process and would be 
more positive the more the anion charge is concentrated 
near the cation in the contact ion pair. 

One can now offer a possible explanation for the 
difference in AH for the ion pair conversion process in 
THF between NaCo(CO)4, on the one hand, and the so
dium salts of the carbanions, on the other. The charge 
of the anion is more diffuse for the carbanions, and this 
will result in making AH for the conversion process in
volving the carbanions more negative by making the 
enthalpy change in the first step, eq 10, less positive 
than for the process with the Co(CO)4

- ion. A similar 
explanation has offered by Grutzner, et a/.,16 for the 
differences in AH among the several anions studied by 
them. In light of the finding in this study that the at
tachment of the Na+ to the Co(CO)4

- is monodentate, 
one expects one THF molecule to be displaced from the 
cation near-neighbor shell on forming the contact ion 
pair from the solvent-separated pair; see structures 1 
and 2. However, the above carbanions are large and 
flat, and it is just possible that they might displace two 
solvent molecules from the cation near-neighbor shell in 
the conversion to the contact ion pair to contribute to 
the observed AH difference. 
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Appendix 
The changes in the properties of the Co(CO)4

- ion 
produced by changing its environment in solution from 
that which produces the Td spectra to that which gives 
the C31, spectra are expected to be small compared with 
the values for the properties dictated by the internal 
structure of the ion. Thus, one would expect the atom 
displacements in each vibration of the C3v anion to be 
nearly the same as those of the corresponding mode of 
the Td anion. An acceptable set of relative changes in 
the CO bond lengths is given in Table V, wherein N is 

Table V. Relative Distortions of the CO Groups of the 
Co(CO)4 ~ Ion in Environments Which Produce 
Td and C34, Symmetry 

.—Vibration—. 
Ti CSv AR1 AR1 ARs ARt M 

Ai Ai mode 1 1 1 1 1 1/2 
F2 mode 1 Ai mode 2 3 - 1 - 1 - 1 1/V12 
F2 mode 2 E mode 1 1 - 1 UV2 
F2 mode 3 E mode 2 1 1 - 2 1/V6 

the normalization constant required to reduce the ki
netic and potential energy in each mode to the same 
value and the subscript 1 refers to the unique CO group. 
The integrated intensity of a vibration in the infrared 
spectrum is given by 

B = CN>\-ZVgARg\> 

where C is a constant, the sum is over the CO groups, 
and the bond dipole moment assumption has been in
troduced for simplicity. With the deformations of 

Table V and the geometry of the tetrahedral ion, one 
obtains 

Ai mode 2 5A, = (3M' + /u)2C/12 

E mode 1 or 2 B = 4^2C/3 

where /x' is the dipole produced in the unique CO group 
by a unit distortion of the bond, and fx is the same for 
each of the other CO groups. Since E mode 1 and 
mode 2 are degenerate, the observed intensity 2JE is the 
sum of that for the two modes. In light of the above 
discussion of ion properties, n' » /x, from which 

BAi ~ -BE/2 

Let us turn now to a consideration of the depolariza
tion ratio p for the Ai mode 2 vibration. For the way 
in which the experiment was carried out 

p = 30 2/(45a2 + 4/32) 

where /3 is the anisotropy and a the spherical part of the 
polarizability tensor. Because a is zero by symmetry 
for the E modes, p = 3A; since a does not vanish by 
symmetry for Ai modes, p is <ZU—the value for 
stretching vibrations usually being <0.2. By dividing 
the molecular polarizability into contributions from 
each CO group, as was done above for the dipole mo
ment, one obtains for the Ai mode 2 vibration 

a = 3{(aJ + 2 V ) - («. + 2ap)} 

where aa' and «p' are the changes in the axial and per
pendicular polarizabilities of the unique CO group pro
duced by a unit distortion of the bond and aa and ap are 
the same quantities for each of the other CO groups. 
Now, expecting aa' ~ aa and ap' ~ ap, one finds 

a » O, p « 3A 

for this Ai vibration. 
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