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Abstract: The cocondensation reactions of Co atoms with CO at 6-15 K are investigated for the first time using matrix in
frared, Raman, uv-visible, and ESR spectroscopy. Using extremely low Co concentrations (Co:M =« 1:104 to 1:105) which 
are shown to favor the formation of mononuclear complexes, variable concentration 12C16O-M experiments (where M = Ne, 
Ar, Kr, or Xe), 12C6O-13C16O and 12C16O-12C18O-M mixed isotopic substitution, in conjunction with matrix warm-up ex
periments, the reaction products are shown to be Co(CO)n (where n = 1-4). The vibrational spectroscopic data and isotope 
frequency calculations for Co(12C6O)n(13C6O)4-,, (where n = 0-4) in carbon monoxide matrices favor a C^ trigonally 
distorted tetrahedral structure for Co(CO)4. The corresponding ESR spectrum supports the contention that the molecule has 
axial symmetry and 5 = % The spin-Hamiltonian parameters are g\\ = 2.007 ± 0.010, g± = 2.128 ± 0.010, ^n(59Co) = (58 
± 1) X 1O-4 cm -1, and ^ x( 5 9Co) = (55 ± 1) X 1O-4 cm -1 and are found to be consistent with a Cn- trigonal distortion. 
Striking confirmation of the Civ distortion is obtained from the 13C hyperfine splitting of Co(l3C160)4 in 93% 13C16O. The 
corresponding uv-visible spectrum displays ligand field and charge transfer bands in the region 200-350 nm. The appropri
ate relationship between the electronic and magnetic parameters of C^ Co(CO)4 provides an order of magnitude estimate 
for the ligand field parameter A and predicts the 2Ai - • 2E d-d transition in the range 300-350 nm. The ESR data for 
Co(CO)4 in Ar matrices provide evidence for two forms of the molecule, Co(CO)4 (I) and Co(CO)4 (II). Both molecules ap
pear to have axial symmetry and S = 1Ii but with different spin-Hamiltonian parameters and different 13C hyperfine split
tings. Co(CO)4 (I) is favored on deposition at 6-8 K while Co(CO)4 (II) predominates upon annealing the matrix to 30-35 
K. An analysis of the data is not totally unambiguous, although the ESR parameters for Co(CO)4 in Ar matrices can be in
terpreted in terms of two isomeric forms of Co(CO)4, one having a C%c distortion (I) and the other a Did distortion (II). The 
observed higher stability of molecule II in Ar supports the conclusions drawn from minimum internal energy molecular or
bital calculations which favor the Did configuration. Infrared isotope frequency calculations were performed for the C}L- (I) 
and Did (II) isomeric forms of Co(12C16O)n(13C16O)4-, (where n = 0-4) in Ar matrices. In contrast to the data for 
Co(CO)4 in CO matrices, the compared frequencies for C^ and Did Co(CO)4 in Ar matrices fit the experimental data 
equally well and reinforce the conclusions drawn from the corresponding ESR data. The vibrational data for Co(COb in 
inert gas matrices suggest that the molecule has a regular triangular planar Zbn structure. However, the absence of observ
able 13C hyperfine splitting in the corresponding Co(1 3C6Ob ESR spectrum implies that Co(COb is most probably distort
ed away from planar toward a Cz1, trigonal pyramidal structure. The vibrational data for Co(COb and Co(CO) appear to 
favor linear Dmh and C*c structures, respectively. The Co-CO matrix reaction is also investigated at high Co concentrations 
(1/100) and by comparison with matrix-isolated Co2(CO)s is shown to yield a mixture of the cobalt-cobalt bonded and CO-
bridge bonded isomers of Co2(CO)s. The results of these experiments serve to demonstrate that matrix surface diffusion re
actions far exceed in importance the statistical generation of binuclears. Best fit Cotton-Kraihanzel kco force constants are 
determined for Co(CO)n (where n = 1-4) and are discussed in the light of the analogous data for the d10 Ni(CO)n com
plexes. The matrix-induced frequency shifts observed for Co(CO)n (where n = 1-4) in Ne, Ar, Kr, Xe, and CO matrices are 
rationalized in terms of Buckingham's theory of nonspecific solute-solvent interactions. Finally, molecular distortions arising 
from electronic effects in binary transition metal carbonyl fragments M(CO)n (where « = 4 and 3) are briefly discussed in 
the light of recent experimental results and molecular orbital calculations. 

Since the original 1910 discovery of dicobalt octacarbon-
yl by Mond, Hirtz, and Cowap,1 considerable attention has 
been focused on cobalt carbonyls and their derivatives, par
ticularly in terms of their catalytic activity and selectivity in 
a wide variety of industrially important carbonylation and 
hydroformylation reactions.2 Coordinatively unsaturated 
cobalt carbonyl derivatives have often been postulated as 
catalytic intermediates in these processes3 but generally 
speaking these reactive species have been poorly character
ized. In principle, an insight into the molecular and elec
tronic properties and reactivities of these species can be ob
tained from studies of the analogous coordinatively unsatu
rated binary carbonyls of cobalt Co(CO)n . However, up to 
the time of writing, surprisingly little information is avail
able for such compounds. The data that have been reported 
so far refer exclusively to Co(CO)4. Often the results have 
led to ambiguous conclusions and conflicting opinions as to 
the exact nature of the molecule. 

In brief, the tetracarbonyl cobalt free radical Co(CO)4 

was first detected by Keller and Wawersik4 as a paramag
netic species obtained by sublimation of Co2(CO)S onto a 
77 K cold finger held in the microwave cavity of an ESR 
spectrometer. This was later confirmed by Symons et al.5 

Bidinosti and Mclntyre6 were able to detect Co(CO)4 mass 
spectrometrically from the Knudsen cell pyrolysis of 
Co2(CO)8. More recently, Rest et al.7 synthesized Co(CO)4 

by photolyzing Co(CO)3(NO) in either CO or CO-Ar ma
trices at 20 K. Their matrix infrared isotopic substitution 
experiments, which were conducted in pure 1 2C1 6O-1 3C1 6O 
mixtures, led them to believe that the Co(CO)4 so produced 
must have a stereochemistry distorted away from regular 
tetrahedral. The ESR data for Co(CO)4

4 '5 in a Co2(CO)8 

matrix are also consistent with a distortion away from regu
lar tetrahedral symmetry and were shown5 to be consistent 
with Cu- symmetry. Finally, infrared frequency and absorb-
ance calculations for the mixed isotopic molecules Co-
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(1 2C1 6O)n(1 3C1 6O)4- , , (where « = 0-4) have been per
formed for C3c and Did symmetries and appear to favor the 
Civ distortion for the complex in a solid CO matrix.7 

However, a criticism of this approach to the distortion 
problem in Co(CO)4 is that the conclusion is based on data 
obtained in CO and Co2(CO)8 lattices having low substitu
tional site symmetries and as such could be responsible for 
the trigonal distortion proposed for the entrapped molecule. 

At about the same time as Rest et al.7 observed Co(CO)4 

we8 had independently reported preliminary matrix in
frared and Raman observations for Co(CO)4 synthesized 
from Co atoms and CO and had concluded at the time that 
our vibrational data were more consistent with the Did dis
tortion for Co(CO)4 . Since then, we have obtained detailed 
infrared data for Co(CO)4 in a variety of different matrices 
as well as the corresponding mixed isotopic substitution 
data, matrix uv-visible, and ESR 12C16O and 13C16O isoto
pic data. The results have proven to be surprisingly reveal
ing and appear to clarify most aspects of the Co(CO)4 prob
lem. Moreover, we have extended our matrix infrared ex
periments and have been able to synthesize and character
ize the coordinatively unsaturated intermediate carbonyls 
Co(CO), Co(CO)2 , and Co(CO)3 . These serve to complete 
the spectroscopic data for the binary cobalt carbonyls and 
enable one to examine the trends in their vibrational spec
tra, force constants, molecular and electronic structures, 
and stabilities, as well as making possible interesting com
parisons with their d10 neighbors Ni(CO)n (where n = 
1-4). In this paper we report these data. 

Experimental Section 

Monatomic Co was generated by directly heating a thin (0.015 
in.) ribbon filament of Co with ac. The cobalt metal (99.99%) was 
supplied by McKay, Inc., New York. Research grade 12C16O 
(99.99%) was supplied by Matheson of Canada and 12C16O-
13C16O, 12C16O-12C18O isotopic mixtures by Stohler, Montreal. 
The furnace used for the evaporation of the metals has been de
scribed previously.9 The rate of metal atom deposition was contin
uously monitored using a quartz crystal microbalance.10 To obtain 
quantitative data for Co-CO and Co-CO-M (M = Ne, Ar, Kr, or 
Xe) cocondensations it was necessary to calibrate carefully the rate 
of deposition of both metal and gas onto the sample window as de
scribed previously." In the infrared experiments, matrices were 
deposited on a CsI plate cooled to 10-12 K by means of an Air 
Products Displex closed-cycle helium refrigerator or to 6 K by a 
liquid helium transfer system. Spectra were recorded on a Perkin-
Elmer 180 spectrophotometer. In the Raman experiments, success
ful only for Co(CO)4 in CO, the matrices were deposited onto a 
highly polished aluminum tip cooled to 6 K. Raman spectra were 
recorded on a Spex Model 1401 double monochromator using Car
son argon ion 4880 and 5145 A laser excitation. Uv-visible spectra 
were recorded on a standard Unicam S.P. 8000 instrument in the 
range 190-700 nm, the sample being deposited onto a NaCl opti
cal plate cooled to 6 K. In the ESR experiments, the sample was 
deposited onto a sapphire rod (dimensions 1.75 X 0.12 X 0.04 in.) 
cooled to 6 K. Using a specially designed telescopic vacuum 
shroud12 the sample could be lowered into an extension quartz tail
piece, held in the microwave cavity of a standard Varian E4 spec
trometer. ESR spectra were recorded in the range 0-6000 G with 
microwave powers varied between 0.1 and 10 mW for optimum 
resolution conditions. 

Typical conditions which favored the matrix reactions of Co 
atoms and the formation of mononuclear complexes Co(CO)n 
were Co:CO < 1:104. Binuclear complex formation becomes ap
preciable in the range 1:104 < Co:CO < 1:102. 

Results and Discussion 

Unlike previous investigations of the Ni-CO, Pd-CO, 
and Pt-CO cocondensation reactions13 in which product 
characterization was found to be a relatively straightfor
ward procedure, the Co-CO reaction proved to be particu
larly awkward because of a pronounced tendency towards 

dimerization, especially in Ne-CO, Ar-CO, and CO matri
ces. Facile formation of binuclear reaction products 
Co2(CO)n was apparent even at concentration levels where 
the statistical generation of binuclear species was expected 
to be negligibly small. This phenomenon has been previous
ly encountered"'14 (and in fact used to advantage in the 
synthesis of novel binuclear carbonyl complexes such as 
Rh2(CO)8 , Ir2(CO)8 ,1 ' and Cu2(CO)6

140) and has been an
alyzed in terms of an alternative pathway to binuclear prod
uct formation involving surface diffusion during matrix de
position. The surface diffusion pathway could be arranged 
to be negligibly small by experimenting at extremely low 
metal/matrix ratios and (or) with highly polarizable, rigid 
matrices such as Kr and Xe.14 Only under these conditions 
was it possible to obtain Co atom reactions and mononucle
ar reaction products. 

In contrast to the d10 carbonyls Ni(CO)n (where n = 
1-4) whose molecular structures were found to be those 
with the highest symmetry,136 one would not necessarily ex
pect the d9 cobalt analogues to behave similarly, as Jahn-
Teller instability, for example, may cause distortions away 
from the most regular structures. One must therefore dis
tinguish genuine molecular distortions from, for example, 
lattice site effects and/or multiple trapping site effects. The 
results for each of the Co(CO)n species (where n = 1-4) 
will now be discussed in turn. 

Tetracarbonyl Cobalt, Co(CO)4; Matrix Infrared Experi
ments in Pure CO. When Co atoms were cocondensed with 
pure 12C16O at low cobalt concentrations (Co:CO ==: 1:105) 
at 10-15 K two main absorptions were observed in the CO 
stretching region at 2028.8 and 2010.7 cm"' with a weak 
shoulder at 2001.8 c m - 1 (Figure IA). The 2028.8/2010.7 
cm - 1 absorptions appeared with the same relative intensi
ties in a number of different runs and maintained the same 
intensity ratio during warm-up experiments. On the other 
hand, the weak shoulder at 2001.8 cm - 1 grows in during 
matrix warm-up experiments at 35-45 K together with ab
sorptions assignable to Co2(CO)8 (see later), whereas the 
2028.8/2010.7 c m - 1 absorptions gradually decrease in in
tensity. Moreover, the relative intensities of the 2028.8/ 
2010.7 c m - 1 doublet compared to the 2001.8 c m - 1 absorp
tion are dependent on the Co concentration, the latter being 
favored at high Co/CO ratios. These data suggest that the 
2001.8-cm_1 absorption is most likely associated with an 
aggregate species Cox(CO)v . (The 2001.8-cm -1 line does 
not appear when the experiment is performed at 6 K and 
Co:CO < 1:105.) It is noteworthy that the complex absorb
ing at 2028.8/2010.7 c m ' 1 has an infrared spectrum essen
tially identical with that obtained by Rest et al.7 for 
Co(CO)4 produced by the photolysis of Co(CO)3(NO) in 
CO matrices. This agreement is especially gratifying as the 
two approaches to the generation of Co(CO)4 are quite dif
ferent. 

Further evidence that supports the tetracarbonyl formu
lation for the product of the Co-CO reaction stems from 
five other sources, listed below, each of which will be elabo
rated on in later sections, (a) Three other binary, mononu
clear carbonyls Co(CO)n (where n = 1-3) can be synthe
sized in dilute Co-Ar, Co-Kr, and Co-Xe matrices which, 
after warm-up to 35-45 K, revert to the proposed tetracar
bonyl, which is further supported by (b) matrix infrared 
1 2C1 6O-1 3C1 6O and 1 2C1 6O-1 2C1 8O mixed isotopic substi
tution data, (c) the corresponding matrix Raman data in 
12C16O, (d) the matrix uv-visible data, and (e) the matrix 
ESR data. 

Matrix Raman Experiments in Pure CO. The matrix 
Raman spectrum of the products of the cocondensation re
action of Co atoms and pure CO is shown in Figure 1B and 
IC together with the matrix Raman depolarization mea-
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Table I. Matrix Infrared Data for the Binary Carbonyls of 
Cobalt in Various Matrices 

Figure 1. The matrix infrared (A) and Raman (B and C) spectra of 
Co(CO)4 in a CO matrix at 6 K (the asterisks mark the CO stretching 
modes of Co(CO)4>. Parallel and crossed Raman polarization mea
surements are indicated by || and X, respectively. 

surements. The complementary matrix infrared spectrum is 
included in Figure IA for purposes of comparison. 

Immediately apparent from these spectra are the infrared 
and Raman coincidences of the bands at 2028.8 and 2010.7 
cm -1 and the appearance of a new Raman active band at 
2107 cm -1. The matrix Raman depolarization measure
ments (Figure IB and IC) show that the band at 2107 
cm -1 is almost totally polarized, whereas the bands at 
2028.8 and 2010.7 cm -1 are within experimental error de
polarized, although a slight degree of polarization (less than 
5%) might remain undetected. The existence of at least two 
CO stretching modes in the infrared spectrum tends to rule 
out an undistorted tetrahedral geometry for Co(CO)4- Con
sidering the two most likely distortions arising from a 2T2 
electronic ground state to be Z)2</ or CiD, one expects the 
corresponding vibrational representations for CO stretching 
modes to be: 

Dld model: rv ib"c o = At + B2 + E 

C3D model: rv i b"c o = 2A, + E 

If one examines the alternative vibrational assignments 
shown below then one is forced to base a Cjv conclusion on 

Activity Polarization 
D 2d 

2107.0 
2028.8 
2010.7 

R(A1) 
WR(B3) 
WR(E) 

WR(A1) 
WR(A1) 
WR(E) 

D,d 

pol 
dep 
dep 

*~3V 

pol 
pol 
dep 

(i) the observation of the infrared active, high frequency Ai 
i>CO stretching mode of the C-±B molecule, which is predict
ed to be weak and could be obscured by the 12C18O-13C16O 
(2092-2088 cm-1) natural abundance isotopic bands and 
(ii) the observation of polarization on the low frequency 

Matrix 

CO 
Xe 
Kr 
Ar 
Ne 

CoCO" 

I 
1947.0, 
1952.0, 
1956.0, 

a 

1941.0 
1944.0 
1949.0 

Co(CO)s 

b 
1911.0 
1914.0 
1919.0 

d 

Co(CO)3 

b 
1971.0 
1977.0 
1982.0 

d 

Co(CO)4C 

2028.8, 
2019.0, 
2020.8, 
2024.0, 

-2025.0, 

2010.7 
2008.0 
2010.6 
2014.4 

-2015.0 e 

a Shows a matrix split (see text). b Can only be synthesized in 
dilute CO matrices. c Co(CO)4 shows a doublet splitting of the i»CO 
(Tj) mode in all matrices (see text). d Cannot be synthesized in Ne 
matrices at 8 K owing to the pronounced tendency of cobalt atoms 
to form the highest stoichiometry complex, binuclear compounds 
and higher cobalt clusters under these conditions. e These values are 
accurate only to ±2 cm - 1 owing to the unavoidably large band 
widths of these modes in Ne matrices and the presence of clusters 
(see text). 

(2028.8 cm-1) totally symmetric A] fCO stretching mode 
of the CiK molecule, which is, however, expected to be very 
slight because of "out-of-phase" vibrational coupling with 
the high frequency (2107.0 cm -1) Ai i/CO mode. 

Clearly it would be extremely unwise to make a structur
al decision on the basis of the above infrared and Raman 
data and one is forced to resort to other matrices, mixed iso
tope substitution, and ESR spectroscopy to help clarify the 
situation. 

Infrared Experiments for Co(CO)4 in Ne, Ar, Kr, and Xe 
Matrices. To establish whether or not the 18 cm"1 doublet 
splitting of the T2 vCO stretching mode observed for 
Co(CO)4 in CO matrices is reflecting a genuine distortion 
of the complex away from tetrahedral symmetry rather 
than simply a matrix effect originating in the low C2 substi
tutional site symmetry of crystalline CO or a multiple trap
ping site effect, we decided to study Co(CO)4 in a variety of 
isotropic noble gas matrices ranging from Ne through to 
Xe. Studies of this kind are of interest from the point of 
view of trying to clarify distortion ambiguities as well as 
seeking to evaluate the effect of the matrix environment on 
the infrared absorption frequencies of entrapped molecules. 

In order to produce Co(CO)4 in Ar, Kr, and Xe, cobalt 
atoms were cocondensed with CO/matrix ~ 1/10 mixtures 
at 6 K (Figures 2 and 3). Under these conditions all four 
species Co(CO)n (where n = 1-4) were produced in vary
ing amounts (described later) which, on warming to 30-40 
K, slowly reverted to Co(CO)4 (Figure 2). This procedure 
was found to be unnecessary for Ne/CO a* 1/10 matrices, 
as the lower rigidity and more pronounced surface diffusion 
on deposition in Ne favored the production of Co(CO)4 
even at 6-8 K. 

The results of these studies are tabulated in Table I, from 
which two interesting observations become apparent. First
ly, the 18-cm~' doublet splitting observed in CO matrices is 
retained yet substantially reduced in Ne, Ar, Kr, and Xe, 
indicating at this stage that the perturbation probably re
flects a genuine distortion rather than a matrix site effect. 
Secondly, the components of the Co(CO)4 doublet both ex
perience a monotonically increasing blue frequency shift on 
passing from Xe through to Ne matrices. 

In the context of the distortion problem we will continue 
to discuss the first point. The matrix-induced vibrational 
shifts, which are more pertinent to the theoretical treatment 
of matrix effects, will be considered in a later section. 

Carbon Monoxide Mixed Isotopic Substitution Experi
ments; 12C16O-13C16O Matrix Infrared Data. When Co 
atoms were cocondensed with 12C160:13C160 =* 1:1 mix
tures (Co:COtotai — 1:105), the matrix infrared spectrum 
shown in Figure 4 was obtained. The original doublet ob
served in the 12C16O experiment produced a total of ten re-
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Figure 2. The matrix infrared spectrum of the products of the cocon-
densation reaction of Co atoms and CO/Ar =; 1/10 mixtures: (A) at 6 
K; (B) and (C) after warming to 25 and 35 K, respectively (where 4 = 
Co(CO)4, 3 = Co(CO)3, 2 = Co(CO)2, and 1 = Co(CO)). 

Table II. Observed and Calculated Frequencies for 
Co(12C160)„(13C60)4_„ (where n = 0-4) C3V Model 

Molecule (I) 
Co(1 2C6O)4 

C31) 
Molecule (II) 

Co(12C16O)3(13C16O) 
^ 3 V 

Molecule (III) 
Co(12C6O)3(13C16O) 
Cs 

Molecule (IV) 
Co(12C16O)2(13C16O)2 

Cs 

Molecule (V) 
Co(12C16O)2(13C16O)2 

Cs 

Molecule (VI) 
Co(12C16O)(13C16O)3 

C3 

Molecule (VII) 
Co(1 2C1 6O)(1 3C6O)3 

C%v 
Molecule (VIII) 

Co( 1 3 C 6 O), 
^-3V 

Obsd 
(cm"1) 

2010.7 
2028.8 
2107.0 
1991.3 
2010.7 

1974.6 
2026.4 

2010.7 
1986.8 
2024.6 

1965.7 
1973.3 
1992.7 

2010.7 
1979.6 
1997.9 
1965.7 

1965.7 
2010.7 

1965.7 
b 

Calcd2 

(cm-1) 

2010.5 
2028.5 
2107.0 
1990.9 
2010.5 
2099.0 
1975.0 
2027.1 
2098.6 
2010.5 
1986.7 
2024.3 
2089.2 
1965.8 
1973.2 
1992.9 
2089.1 
2010.5 
1979.6 
1997.9 
1965.8 
2077.1 
1965.8 
2010.7 
2078.4 
1965.8 
1983.4 
2060.2 

Symmetry 
assignment 

E 
A1 

A, 
A1 
E 
A1 
A' 
A' 
A' 
A" 
A' 
A' 
A' 
A" 
A' 
A' 
A' 
A" 
A' 
A' 
A" 
A' 
E 
A1 

A1 
E 
A1 

A1 

°The best fit force constants for the C3V model were: kr - 16.952, 
Ay = 16.755, kn' = 0.328, and fcry = 0.425 mdyn/A. After the final 
iteration the standard deviation was 0.611 X 1O-5 which statistically 
represents a good fit, almost two orders of magnitude better than 
the D2(j model. b This frequency was observed by Rest et al. as a 
shoulder at 1983.6 cm-1, in close agreement with our calculated 
value. 

solvable isotopic frequencies in 1 2C1 6O-1 3C1 6O, most of 
which are in reasonably close agreement with the isotopic 
data obtained in the same matrix environment by Rest et 
al.7 As only five isotopic frequencies would be expected in 
this region for regular tetrahedral Co( 1 2C 1 6O) n -
(1 3C1 6O)4-, , (where n - 0-4; see for example the corre
sponding data for Pd(CO)4 or Pt(CO)4

1 3) , the mixed isoto
pic data support the contention that the molecule is some
how distorted away from regular tetrahedral. 

J * * " " " ^ r.rn 
1900 c r n 

VnfA, ^ x 

Figure 3. The matrix infrared spectra of the products of the coconden-
sation reaction of Co atoms and CO/ Ar =* 1/10, CO/Kr =; 1/10, and 
CO/Xe a* 1/5 mixtures at 6 K ("a" is probably a matrix split of 
Co(CO)3). 

Figure 4. The matrix infrared spectrum of Co(12C16O)n(
13C16O)4-,, 

(where n = 0-4) resulting from the cocondensation reaction of Co 
atoms with 12C160/13C160 =* 45/55 mixtures at 6 K (where Co/CO 
=* 1/105). 

Frequency Calculations for C j , and Du Co(12C16O)n-
(13C16O)4-,, (where n = 0-4) in CO Matrices. In order to 
distinguish between the two proposed distortions, frequency 
calculations were performed on the observed /en-line isoto
pic spectrum (in mixed 1 2C 1 6O- 1 3C 1 6O matrices) assuming 
first CT10 and then D 2d symmetries, with the ultimate aim 
that one model would fit the data significantly better than 
the other. 

As Rest et al.7 only reported the results of the C^1- calcu
lation and as our assignment of the distortion will inevitably 
lean heavily on the results of a least-squares analysis of the 
data for the Cy1- and Did models, we will describe each cal
culation in turn. 

The Cy* Model for Co(CO)4. In the calculations, the Cot-
ton-Kraihanzel force field approximation was employed.16 

As a result of 1 2C1 6O-1 3C1 6O isotopic substitution, the 
eight molecules listed in Table II need to be considered, 
where the four parameters kT, kr>, krr>, and ferv were adjust
ed to give the best fit for the Cy0 model. The results of these 
calculations are shown in Table II. 

The Did Model for Co(CO)4. As a result of 1 2C 1 6O-
13C16O isotopic substitutions, the six molecules listed in 
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Table III. Observed and Calculated Frequencies for 
Co(,2C,60)„C3C160)4_„ (where n = 0-4) Did Model 

Molecule (I) 
CoC2C16O)4 

D «i 
Molecule (II) 

CoC2C16O)3(13C16O) 
Cs 

Molecule (III) 
Co(12C16O)2(13C16O)2 

*-2V 

Molecule (IV) 
Co(12C16O)2(13C16O)2 

C2 

Molecule (V) 
Co(1 2C1 6O)(1 3C6O)3 

Cs 

Molecule (VI) 
Co(13C16O)4 

Drf 

Obsd 
(cm"1) 

2010.7 
2028.8 
2107.0 
2010.7 
1979.6 
2026.4 

1992.0 

2010.7 
1965.7 
1973.3 
2024.6 
1986.8 

1974.6 
1997.7 

1965.7 
1965.7 

Calcd* 
(cm-1) 

2012.0 
2026.6 
2106.3 
2012.0 
1978.8 
2022.8 
2098.1 
1993.9 
2089.1 
2012.0 
1967.5 
1973.3 
2020.5 
1984.4 
2088.2 
1975.1 
2001.8 
2076.8 
1967.5 
1967.3 
1981.6 
2059.5 

Symmetry 
assignment 

E 
B2 

A1 
A" 
A' 
A' 
A' 
A1 

A1 

B1 
B2 
B 
B 
A 
A 
A' 
A' 
A' 
A" 
E 
B2 

A1 

a The best fit force constants for the D^ model were kr = 16.806, 
kn = 0.452, and ktt' = 0.333 mdyn/A. After the final iteration the 
standard deviation was 0.548 X 1O-3 which statistically represents a 
poor fit. 

3000 3200 3400G 

J J r 5 
2 

'I 
3 

T 

-i 

I 

I 
lii 

i! 
2 

CoCO)4 

in 

CO 
at 
20°K 

Figure 5. The matrix ESR spectrum of Co(CO)4 resulting from the co-
condensation reaction of Co atoms with CO at 6 K (impurity lines are 
indicated with an asterisk). 

Table III need to be considered, where the three parameters 
k„ kn, and krT> were adjusted to give the best fit for the Did 
model. The results of these calculations are shown in Table 
III. 

On comparing the calculated and observed frequencies 
and standard deviations for the Civ and Did models, one 
finds consistently belter agreement for the Ci0 model. This 
parallels the findings of Rest et al.7 Therefore, on the basis 
of the vibrational isotopic evidence, we propose that 
Co(CO)4 experiences a Ci0 trigonal distortion in CO matri
ces. 

The Matrix ESR Spectrum of Co(CO)4 in Solid CO. 
When Co atoms were cocondensed with CO onto a sapphire 
rod held at 6 K under conditions which favored the exclu
sive formation of Co(CO)4 (see earlier section), the ESR 
spectrum displayed in Figure 5 was obtained. The close re
semblance of this spectrum to the ESR spectrum previously 
obtained for the paramagnetic species formed on subliming 
Co2(CO)8 onto a 77 K cold finger5 confirms that the subli

mation route does indeed yield some Co(CO)4 and not some 
other lower Co(CO)n carbonyl complex. 

The ESR spectrum shown in Figure 5 is typical of a mol
ecule having axial symmetry and S — ]/i. The spin-Hamilto-
nian parameters found are 

£U = 2.007 ±0 .010 

g± = 2.128 ±0 .010 

^H(59Co) = (58 ± 1) X 1 0 - 4 c m - ' 

^ x ( 5 9 C o ) = (55 ± 1) X 104Cm-1 

(The large errors in g are due to the lack of a good frequen
cy and magnetic field measurement capability in the Varian 
E-4 spectrometer.) These values are essentially the same as 
those reported for Co(CO)4 in the Co2(CO)S matrix.4 5 The 
axial symmetry confirms the conclusions of ir and Raman 
analysis that Co(CO)4 in a CO matrix is distorted from Td 
symmetry. 

In the previous analysis of the ESR spectrum by Field-
house et al.5 it was assumed that the distortion was Ci0 and 
that the distortion was large enough to make the energy dif
ference between the first excited state and the ground state 
much larger than the spin-orbit interaction. In view of the 
preceding discussion of Co(CO)4 in Ar and Kr matrices, it 
would seem necessary also to consider what ESR parame
ters would be expected for small distortions from tetrahe-
dral symmetry. The equations for g\\ and g± can be ob
tained by the same method used on the d1 ion in an octahe
dral crystal field.17 If we consider only the spin-orbit inter
action among the t2 orbitals, we obtain for the d9 configura
tion in a tetrahedral field the equations 

£H = 2.0023 cos 2r — 2 sin2 r 

gx = 2.0023 cos2 r 4- Vl sin Ir 

tan Ir = Vl/(v - '/2) 

»? = « / * 

for both Ci0 and Did distortions. £ is the one-electron spin-
orbit interaction parameter and is always positive. 8 is the 
energy difference, in the absence of spin-orbit coupling, be
tween the e and ai orbitals for Ci0 symmetry and the e and 
bi orbitals for Did symmetry. It is positive for an a, or b, 
ground state. The angle r takes values between 0 and 90°. 
Except for a couple of significant changes in sign, these 
equations are the same as for a d1 ion in an octahedral field. 
There is one important difference, however, that needs 
mentioning because it has apparently been overlooked in 
theoretical treatments of this system. The spin-orbit inter
action in the tetrahedral d9 case splits the sixfold degener
ate 2T2 state into two states with the lower state being a 
twofold degenerate Kramer's doublet. Since this state can
not be further split by an electric field, it is not strictly cor
rect to term a distortion from tetrahedral symmetry as a 
"Jahn-Teller distortion" as Burdett18 has done. 

Values of g\\ and g± obtained from the above equations 
for various values of r\ are plotted in Figure 6. The equa
tions give a negative value for g\\ when 7/ is between 1 and 
— 00, but since experiment only gives the absolute values of 
g we have chosen to plot only absolute values in Figure 6. 
From the figure we see that g\\ < gx only when ?j is greater 
than zero, that is for the unpaired electron in a dz2 orbital in 
a Ci0 distortion or a dx2-yi orbital in a Did distortion. Fur
ther we deduce that it is unlikely that we are in the region 
where r) is ~ 0 because g\\ decreases, making it impossible to 
account for the fact that g\\ ~ 2.0 while gx is significantly 
greater than 2.0. Therefore we conclude that the ESR re
sults can only be interpreted in terms of a large distortion as 
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Figure 6. The dependence of g\\ and g± on t; (where ?j = 5/£) for C31-
trigonal Co(12C16O)4 (see text for notation). 

2800 3000 3200 3-
Figure 7. The matrix ESR spectrum of Co(13C16O)4 resulting from the 
cocondensation reaction of Co atoms with 93% isotopically pure 
13C16O at 6 K (asterisks indicate trace amounts of Co(12C16O)4 aris
ing from the residual 7% 12C16O; arrows indicate impurity lines). 

was done by Fieldhouse et al.5 For a large distortion the 
spin-orbit terms arising from the excited 2E states of Td 
symmetry are as important as those coming from the 2Tj 
states. For the dz2 orbital of C-$v these terms contribute only 
to g±, making it greater than 2.0 while for the d^ -^ orbit
al of Did they contribute only to g\\, making it greater than 
2.0. The only consistent explanation, therefore, of the g 
values for Co(CO)4 in a CO matrix requires the assumption 
of a dv distortion which places the unpaired electron in the 
dz2 orbital. 

A striking confirmation of the Civ distortion is obtained 
when the experiment is done using 93% 13C16O. The ESR 
spectrum in this case is given in Figure 7 in which it will be 
noted that every line of Figure 5 is split into a doublet. Thus 
only one of the four 13C nuclei about the Co atom has a sig
nificant hyperfine interaction. This would be expected for a 
dz2 orbital in C%L symmetry because only the CO group 
along the threefold symmetry axis would have a a interac
tion between the 3d orbital of Co and a 2s orbital of the car
bon atom. In Did symmetry all four 13C nuclei would have 
to interact equally with the unpaired electron because all 
four CO ligands are made equivalent by the improper four
fold symmetry axis of D2d. 

The 13C hyperfine constants are A\\ = (26 ± 2) X 1O-4 

cm -1 and A± = (24 ± 1) X 10 -4 cm -1. It is of interest to 
compare these values with 13C hyperfine values in similar 
systems. Wayland et al.19 have reported values of A\\ = 
59.7 and Ax = 55.3 X 10"4Cm-' for a complex of CO with 
Co(II) tetraphenylporphyrin which also has one unpaired 
electron in a dz2 orbital pointing towards the CO ligand. 
The a interaction in Co(CO)4 is apparently only half of that 
in the porphyrin complex. We can estimate the time spent 
by the unpaired electron on 13C by use of the equations 

A>.\ = f%A2% + 2fpA2p 

Ax =AA2i -fpA2p 

where -42s is the hyperfine interaction of a carbon 2s elec
tron, A2p is the hyperfine interaction of a carbon 2p elec
tron, and/s and/p are the fractions of time spent in each or
bital. From Morton et al.20 we find A2s = 1037 X 1O-4 

cm -1 and A2p = 30.3 X 10~4 cm -1. Using these values we 
obtain/ = 0.024 and/p = 0.02 which means that the un
paired electron occupies an sp hybrid on carbon about 
4-5%. In a similar manner we can obtain an estimate of 
time spent on the Co atom from the 59Co hyperfine terms. 
For a d,2 orbital 

A \\ = K+ P 
L7 7 (gx ~ 2.0023) 

.Co( 2-1Z 
^3,4 

•n A r 

M l M J h l\ 
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Figure 8. The matrix ESR spectrum of Co(12C16O)4 and Co(12C16O)3 

resulting from the cocondensation of Co atoms with CO/Ar =: 1/10 
mixtures at 10-12 K (the arrows indicate lines due to Co(12C16O)3). 
The spectrum was recorded at 20 K for optimum resolution. 

^ ^ = ^ + J p [ - | + y | u x - 2.0023) ] 

P = 2.OO23gN/3e0N<'-3>av 
Assuming that A\\ is positive and Ax negative, we obtain 
the values: P = 162 X 1O-4 cm"1 and K = -31 X 1O-4 

cm-1. K is the isotropic Fermi contact term and is normally 
about —90 X 10~4 cm -1 in cobalt21 when no hybridization 
of 3d with 4s is allowed. Mixing of 4s makes a positive con
tribution to K so that the value found in Co(CO)4 indicates 
a small amount of 4s hybridization. P would be expected to 
be ~200 cm - 1 2 I for an unpaired electron in a free Co 
atom, hence our hyperfine data would have the unpaired 
electron spend ~80% of its time on the Co atom. The re
maining 15% could be accounted for by assuming the elec
tron spends ~5% of its time in the system of each of the 
three other carbonyl ligands. 

From the preceding discussion it can be seen that a co
herent and consistent explanation of the ESR results can be 
made for Co(CO)4 in CO that supports the ir and Raman 
results. The story is much different, however, for the ESR 
spectra of Co(CO)4 in an Ar matrix. 

The Matrix ESR Spectrum for Co(CO)4 in Solid Ar. 
When Co(CO)4 is synthesized in Co/Ar =* 1/10 mixtures, 
the spectrum shown in Figure 8 results. The arrows indicate 
lines due to Co(CO)3 whose spectrum will be discussed fur
ther on. After warming to 35 K to get rid of Co(CO)3 and 
then cooling again, the spectrum in Figure 9 results in 
which we see that not only have the lines attributed to 
Co(CO)3 disappeared but the appearance of the central 
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Figure 9. The same as Figure 8 but after annealing the matrix to 35 K, 
removing Co(12C16Oh, and showing Co( l2C l60)4. The matrix was 
then recooled to 20 K for spectral recording. 

portion of the spectrum has altered. Clearly there are at 
least two species present in addition to Co(CO)3 whose rel
ative amounts are altered in the annealing process. What is 
occurring becomes clearer when we study the ESR spectra 
for Co(CO)4 in Ar using 93% 13C16O. In Figure 1OA is the 
spectrum obtained initially and Figure 1OB shows the spec
trum after annealing the sample. In the initial preparation 
there are two main species: Co(CO)3 and what we will call 
Co(CO)4(I). 

Co(CO)4 (I) shows a hyperfine splitting from only one 
13C. As annealing progresses the Co(CO)3 spectrum de
creases and a new spectrum from a species which we will 
call Co(CO)4 (II) increases from weak lines in Figure 1OA 
to the dominant lines in Figure 1OB. The lines from 
Co(CO)4 (II) were not readily seen in Figures 8 and 9 be
cause they overlap those of Co(CO)4 (I) but they become 
evident after isotopic substitution since they exhibit a trip
let pattern due to a hyperfine interaction with two 13C nu
clei. 

Analysis of all spectra gives the following spin-Hamilto-
nian parameters for Co(CO)4 (I) and (II). 

Sw 
-4|!(5'Co) 
A\\<-

3C) = 

= 2.132 + 0.010 
= (55 
(24 ± 

± 1) x 10-" 
1) X 10-* 

Sl 
A1(

59Co) 
A1C

3O--

Co(CO)4 (I) 
Sl 

cm - 1 A1(
59Co) 

cm - 1 ^ 1 ( 1 3 C ) -
Co(CO), (II) 
= 2.014 ± 0.010 
= (60± 1) X 1O-" 
= (27 ± 1) X IQ-4 

= 2.012 
= (59± 
= (25± 

cm - 1 

cm - 1 

± 0.010 
1) X 10-" 
1) X IO"4 

cm 
cm 

The parallel values for Co(CO)4 (II) cannot be determined, 
but certainly A\\(59Co) is less in magnitude than A±(59Co) 
and probably g\\ < g±. 

At present we do not have a clear-cut explanation of 
these results. For Co(CO)4 (I) the single 13C interaction 
suggests CiK symmetry with the one unpaired electron in a 
dz2 orbital, but the g values contradict this. Having g\\ > g± 
is more suggestive of a dx2_>(2 orbital which is the ground 
state for D2d, but the 13C data contradict this. Further, the 
13C data for Co(CO)4 (II) do not fit either a C31- nor a D2d 
distortion. 

Of the two explanations which could be advanced for 
these results, one is chemically unacceptable in that it as
sumes three O-bonded CO groups in a C^1 Co(CO)4 mole
cule. The second has some problems which make it difficult 
to accept without other supporting evidence. The second ex
planation would assume that species (I) has a C$D distortion 
that makes the 2E state the ground state rather than the 
2Ai state found in the CO matrix. This would simply in
volve a change in the angle 6 to a value slightly greater than 
the tetrahedral angle in Ar rather than a value slightly less 
than tetrahedral in CO (see ref 22). Moreover it would as
sume that there is a further but smaller distortion such that 

• 'Cl 
ii.1:! ,'• i l l , J . i iV . j 

, " I 

,'/ill III 

28o: 3 : ; : 3200 3 0 c 36COG 

Figure 10. The matrix ESR spectrum of Co(13C16O)4 and 
Co(13C16Ob resulting from the cocondensation of Co atoms with 93% 
isotopically pure 13C16O (a) at 10-12 K and (b) after annealing the 
matrix at 30-35 K. Arrows indicate some of the lines belonging to 
Co(13C16Ob, single asterisks indicate some of the 13C hyperfine lines 
belonging to Co(13C16O)4 (I), and double asterisks Co(13C16O)4 (II) 
(see text for notation). All spectra were recorded at 20 K for optimum 
resolution. 

the unpaired electron is found in a dxz type orbital which 
has one lobe pointing towards one CO molecule. To explain 
the observed axial symmetry of the resonance we must fur
ther assume this second distortion to be a dynamic Jahn-
Teller type, in which it is equally probable for a given mole
cule that the dxz orbital could be pointing towards any one 
of the three CO molecules disposed about the threefold 
symmetry axis. Assuming a rapid interconversion among 
the three distortions would average the x and y values of g 
and A(59Co), we can then account for the apparent axial 
symmetry. 

In a like manner for species II, we can assume a major 
Did distortion which also gives rise to a 2E ground state 
(this is possible for a value of the dihedral angle r slightly 
less than tetrahedral; see ref 22) and then a smaller distor
tion to a ground state in which the unpaired electron is in a 
dxz type orbital. In D2d symmetry, however, a dxz orbital 
has its two lobes pointing at two different CO molecules 
and hence the spectrum would show the observed triplet 
pattern. Again a dynamic Jahn-Teller type distortion 
would explain the apparent axial symmetry in the ESR 
spectrum. This explanation is most appealing but it requires 
assumptions that are difficult to accept. The distortion that 
splits the 2E state must be large enough to make the energy 
difference between the dxz and dyz orbitals large compared 
to the spin-orbit parameter £ (which is ~390 cm -1 for the 
free Co atom23) to have the ground state be essentially dxz 
or dyz and to have g values close to 2.0. At the same time 
the potential barrier to going from one distortion to the next 
must be small enough to allow rapid interconversion at tem
peratures as low as 6 K, which is the lowest temperature 
that can be reached in the present apparatus. 

If this second explanation were true, the results would 
support the contention of Burdett18 and Hoffmann22 that 
the D2d distortion is more stable than the Ci0 by a small 
amount, since it is the D2d species that increases during the 
annealing process. It does not, however, support their con
clusion that the ground state orbital is dx2-yi. 

Matrix Uv-Visible Experiments for Co(CO)4 in CO. Elec
tronic absorption phenomena of metal carbonyl complexes 
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Table IV. The Uv-Visible Spectra for Co(CO)4 in CO and 
Ar Matrices 

CO matrix 
(cm"1) 

28090 m 
28820 wsh 

31650 mw 

37110 msh 
39120 vs 

Ar matrix 
(cm"1) 

29410 mbr 

32790 wsh 
33780 m 
39600 msh 
41670 vs 

Tentative 
assignment 

CT. 

CT. 
CT. 

2 0 0 0 1900 err"1 

Figure 11. The matrix uv-visible spectrum of Co(CO)4 resulting from 
the cocondensation reactions of Co atoms with CO at 6 K: (A) 5-min 
deposition and (B) further deposition. (Arrows indicate absorptions as
sociated with Co(CO)4.) 

have recently been reviewed.24 Generally, the complexes ex
hibit a number of intense transitions in the uv-visible region 
which are associated with ligand field and M -* L and L —• 
M charge transfer absorptions. 

When Co(CO)4 was synthesized from the cocondensation 
of Co atoms with pure CO matrices at 6 K, the uv-visible 
spectrum shown in Figure 11 was obtained. The spectrum 
basically consists of four main lines, two medium intense 
lines at low energies (28090 cm -1, showing a slight split
ting, and 31650 cm"1) with an intense line at higher ener
gies centered at 38610 cm -1 with a shoulder at about 36900 
cm-1. 

In the interpretation of the gross features of this spec
trum we will consider the molecular orbital scheme for a d9 

tetrahedral complex that has undergone a trigonal distor
tion along the z axis shown below. To aid our assignment of 

the optical spectrum of Co(CO)4 we will rest heavily on 
what is known about the related system Ni(CO)4.25 

Nickel tetracarbonyl has a d10 electronic configuration 
and has a regular tetrahedral geometry. The absorption 
spectrum shows an intense band centered at about 48550 
cm -1 with shoulders at approximately 44500 and 42270 
cm -1. These transitions have been assigned to excitations of 
electrons in the T2 and E levels of the metal-to-ligand local
ized orbitals.25 Trigonal Co(CO)4 with a d9 electronic con
figuration would therefore be expected to show, in addition 
to the related metal-to-ligand charge transfer transitions 
(shifted to slightly lower energies in Co(CO)4 compared to 
Ni(CO)4 because of the lower valence orbital ionization 
energies of the cobalt metal d orbitals compared to the cor
responding molecule orbitals), a single ligand field transi
tion corresponding to excitation of an electron from the E 
ground state to the Ai excited state. (From the ESR data 
we estimate a lower limit for 5 =* 5850 cm -1. Hence the 
transition from the upper E level to the A, level is not ex
pected to appear within the range of our spectrometer 
(190-700 nm).) 

With this in mind we propose that the high energy bands 
observed at 39120 and 37110 cm -1 are cobalt-to-CO 
charge transfer transitions, analogous to those observed in 
the range 48550-42270 cm"1 for Ni(CO)4.25 Of the re
maining bands observed at lower energies, one is most prob
ably the expected 2E — 2A, d-d transition (Table IV). 

^ 1 W .n A, 
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/ 
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Figure 12. The matrix infrared spectrum of Co( l 2C l 60)„( l 2C 1 80) 4-„ 
in Ar (where n = 0-4) resulting from the cocondensation reaction of 
Co atoms with , 2 C 1 6 0 / l 2 C 1 8 0 /Ar =e 1/1/20 mixtures at 6 K after 
warming to 35-40 K. 

The uv-visible spectrum for Co(CO)4 was also recorded 
in CO-Ar matrices. Apart from blue frequency shifts on all 
observed lines, the gross features of the spectrum closely re
sembled those observed for Co(CO)4 in CO (Table IV). 

12C16O-12C18O-Ar and 12C16O-12C18O-Kr Matrix In
frared Data. Using techniques similar to those described 
earlier for producing Co(CO)4 in dilute Ar and Kr matri
ces, analogous reactions were performed in dilute 12C16O-
12C18O-Ar and 12C16O-12C18O-Kr matrices. After warm-
up to 35-40 K, the isotopic spectrum of Co(12C16O),,-
(12C180)4_„ (where n = 0-4) could be easily observed 
(Figure 12 and Tables V and VI). Apart from small matrix 
frequency shifts on passing from Ar to Kr, these spectra 
were essentially identical (Tables V and VI). Besides the 
expected doublet splitting of the Co(12C16O)4 and 
Co(12C18O)4 molecules, the remaining mixed isotopic mole
cules in Ar and Kr appear to display at most three other 
lines compared to six for pure carbon monoxide mixed iso
topic matrices, and as such resemble the mixed isotopic 
spectra observed for regular tetrahedral tetracarbonyls.13 

At this stage it is worth noting that the doublet splitting 
of Co(CO)4 in CO matrices (18 cm -1) is significantly larg
er than that observed for the molecule in Ne (10 cm - 1), Ar 
(9.6 cm-1), Kr (10.2 cm"1), and Xe (11.0 cm-1) matrices 
which are themselves larger than the 6-7 cm -1 "matrix site 
splittings" observed for the regular tetrahedral d10 tetracar
bonyls M(CO)4 (where M = Ni, Pd, or Pt) in solid CO.13 

The implication is therefore that Co(CO)4 is distorted away 
from regular tetrahedral in all of the matrices studied, the 
larger splitting in CO probably arising from a combination 
of a "matrix site splitting" (ca. 6-7 cm -1) superimposed on 
a small but genuine "distortion splitting" (ca. IO cm -1; see 
ESR section described later for details of the distortion) 
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Table V. Calculated and Observed Frequencies for 
Co(12C16O)n(

12C18O)4.,, (where n = 0-4) in Ar Matrices 

Ob sd 
(cm"1) 

1967.0 

1974.5 

1977.0 

1987.5 

1997.5 

2013.5 

2023.0 

Calcd"2 

(cm"') 

1967.2 
("1971.6 
41974.6 
11974.8 

1976.2 
(1984.3 
1 1985.4 
U989.4 
/1997.4 
U998.7 
2015.7 

f2021.8 
{2023.9 
12025.0 

2033.4 
2053.7 
2060.1 
2065.1 
2068.9 
2074.0 
2076.7 
2083.7 

C31, Model (I) 

Assignment 

E (VIII), E (VII), A" (VI), A" (IV) 
A'(V) 
A' (VI) 
A' (III) 
A1 (VIII) 
A' (IV) 
A ( V ) 
A1 (II) 
A'(VI) 
A1 (VII) 
E (I), E (II), A" (IH)1A" (V) 
A'(IV) 
A' (III) 
A1(I) 
A1(VIII) 
A' (VI) 
A1 (VII) 
A'(V) 
A' (IV) 
A1 (H) 
A' (III) 
A1(I) 

a The best fit C-K force constants for the C31, model are kr = 
16.879, Ay = 16.685, kn' = 0.262, and Ay1.' = 0.270 mdyn/A (see 
text and Table III for notation). 

Table VI. Calculated and Observed Frequencies for 
Co(12C16O)n(

12C18O)4 ,̂ (where n = 0-4) in Ar Matrices 

Ob sd 
(cm"1) 

1967.0 

1974.5 

1977.0 

1987.5 
1997.5 
2013.5 

2023.0 

Did 
Calcda 

(cm"1) 

1968.3 
/1971.6 

41972.7 
11975.5 
/1977.5 
11983.9 

1990.3 
1997.4 
2016.9 

(2020.9 
{2022.0 
12024.2 

2029.4 
2052.1 
2063.1 
2064.0 
2072.1 
2079.5 

Model (II) 

Assignment 

E (VI), A" (V), B2 (III) 
B(IV) 
A'(V) 
B2 (VI) 
A' (II) 
A(IV) 
A1 (III) 
A'(V) 
E (I)1A" (II), B1 (III) 
B(IV) 
A' (II) 
B2(I) 
A1 (VI) 
A'(V) 
A(IV) 
A1(III) 
A' (II) 
A1(I) 

"The best fit C-K force constants for the D2Cj model are kT = 
16.723, krr = 0.289, and Arrr' = 0.229 mdyn/A (see text and Table 
IV for notations). 

which essentially accounts for the observed doublet splitting 
of 18 cm-1. 

Frequency Calculations for Co(l2C160)0(12C,80)4-„ 
(where n = 0-4) in Ar. In the light of the ESR data for 
Co(CO)4 in Ar, we will treat the corresponding infrared 
isotopic data in terms of a mixture of C3c Co(CO)4 (I) and 
Z>2(/ Co(CO)4 (II) isomers as discussed earlier. 

To test this idea, we have computed the isotopic spectra 
of Co(12C16O)n(12C18O)4-,, (where n = 0-4) in both C3, 
and Did symmetries with two stringent restrictions. Firstly 
the doublet splitting observed for the molecules 
Co(12C16O)4 and Co(12C18O)4 was retained in the calcula
tions. Secondly the lines belonging to the mixed isotopic 
molecules « = 1-3 were collapsed (accidental coincidences) 

to a triplet (Figure 12) rather than a sextet (Figure 4) as 
observed in CO. With these constraints, a least-squares 
analysis was performed on the observed isotopic spectrum 
of Co(12C16O)n(

12C18O)4.-,, in Ar matrices. 
Considering that the bandwidths at half-height of the ob

served isotopic lines were between 4 and 8 cm -1, it can be 
seen from Tables V and VI that both molecules (C3c 
Co(CO)4 (I) and Dld Co(CO)4 (II)) yield equally accept
able fits between the calculated and observed isotopic 
frequencies (Tables V and VI). It is therefore not inconceiv
able that molecules I and II observed in the ESR spectrum 
of Co(CO)4 in Ar are in fact the C3c and Djd isomers of 
Co(CO)4, indistinguishable from our vibrational isotope 
patterns and optical spectra, yet easily discernible from 
their ESR magnetic parameters and 13C hyperfine split
tings. 

Intermediate Binary Carbonyls of Cobalt, Co(CO)n (where 
n = 1-3). Having established the identity of Co(CO)4 and 
the conditions which minimize the formation of binuclear 
species, it proved to be a relatively simple matter to synthe
size and characterize the intermediate carbonyls Co(CO)n 
by variable concentration, matrix dependence, matrix 
warm-up, and isotopic substitution experiments. In many 
respects the behavior of Co(CO)n resembled very closely 
the related complexes Ni(CO)n (where n = 1-4).13 The fol
lowing experiments were performed. 

When Co atoms were cocondensed with 12C16O/Ar c* 
1/1000 a single sharp absorption was observed at 1954.5 
cm"1. In the analogous 12C160/13C160/Ar =* 1/1/2000 
experiment, a doublet was observed at 1954.5 and 1910.2 
cm -1, confirming that the absorbing species can be assigned 
to CoCO. The calculated and observed shifts are in excel
lent agreement and yield a Cotton-Kraihanzel force con
stant of 15.40 mdyn/A. The monocarbonyl absorption was 
particularly sensitive to matrix concentration and deposi
tion conditions (temperature and rate of deposition). For 
example, in more concentrated Ar-CO matrices the mono
carbonyl appeared as a matrix split doublet (1956/1949 
cm -1, confirmed by mixed isotopic substitution) which un
derwent a red shift on passing to Kr-CO (1952.0/1944.0 
cm-1) and to Xe (1947.0/1941.0 cm-1) matrices. 

When Co atoms were cocondensed with more concentrat
ed matrices, for example CO/Kr =* 1/50, three main */CO 
absorptions were observed, the most intense being the mo
nocarbonyl with two other lines at 1914 and 1977 cm-1, the 
latter being the least intense (Figure 13A). On warming 
these matrices to 20 K, the line at 1977 cm -1 begins to 
grow in together with the appearance of a band at 2011 
cm -1 (Figure 13B and 13C), the latter being the most in
tense line OfCo(CO)4 in Kr matrices. At 35-40 K the tetra-
carbonyl absorptions are most prominent (2021/2011 
cm -1), the other three having almost disappeared. The data 
described above serve to establish the presence of four bina
ry cobalt carbonyl species whose warm-up behavior 
suggests the following a priori assignment: Co(CO)4, 
2021/2011 cm-'; Co(CO)3, 1977 cm"1; Co(CO)2, 1914 
cm-1; Co(CO), 1952/1944 cm-1; a frequency assignment 
paralleling that previously reported for Ni(CO)n (where n 
= l-4). l3b 

Additional support for these assignments originates from 
two other kinds of experiment. Firstly, when Co atoms were 
cocondensed with CO/Ar, CO/Kr, and CO/Xe =a 1/10 
matrices at 6 K, the infrared spectra shown in Figures 
3A-C and Table I were observed. The similarities and dif
ferences to the previously described Kr/CO =* 1/50 experi
ment (Figure 13) are quite apparent. First, the tetracarbon-
yl absorption as expected is far more prominent in the more 
concentrated 1/10 matrices (It is worth noting that when 
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Figure 13. The matrix infrared spectrum of the products of the cocon-
densation reaction of Co atoms with CO/Kr as 1/50 mixtures: (A) at 
6 K, (B) and (C) after warm-up to 20 and 30 K showing Co(CO)n 
(where n = 1-4). 

the analogous experiments were performed with 20 K depo
sitions, the only species formed was Co(CO)4.) and second, 
the relative intensities of the four species vary on passing 
from Ar to Kr to Xe matrices in the order (discussed later) 
I4 > h > h > h in Ar /CO =* 1/10, /3 > h =* I2 > h in 
Kr /CO =* 1/10,I2 > /1 > /3 =* /4 in Xe/CO =* 1/5. 

The warm-up behavior of the four species is quite unam
biguous, the previously identified monocarbonyl first de
creasing in intensity, followed by the absorption at 1919 
cm"1 (Ar), 1914 cm"1 (Kr), and 1911 cm"1 (Xe). At about 
20-30 K in Ar matrices, the tetracarbonyl predominates, 
the only other absorbing species being at 1982 cm - 1 (Fig
ure 2). A similar situation prevails at about 45-50 K in Kr 
and Xe matrices which identifies Co(CO)3 at 1982, 1976, 
and 1971 c m - ' and Co(CO)2 at 1919, 1914, and 1911 
c m - 1 in Ar, Kr, and Xe matrices, respectively. Confirma
tion of these vibrational assignments stems from the mixed 
isotopic substitution experiments to be described. 

Intermediate Binary Carbonyls of Cobalt; 12C16O-
12C18O-Kr and 12C16O-12C18O-Ar Mixed Isotope Experi
ments. It remains to confirm the assignments of the absorp
tions suspected to belong to the di- and tricarbonyl of co
balt. This was achieved by cocondensing Co atoms with 
1 2 C 1 6 0 / 1 2 C l s O / K r =* 1/1/20 mixtures at 6 K. A typical 
infrared spectrum obtained on deposition is shown in Fig
ure 14A from which the isotopic components of the mono-, 
di-, and tricarbonyl can be easily identified. Only trace 
amounts of the tetracarbonyl are apparent at this stage of 
the experiment. The anomalously high intensity of the 
1914.0-cm-1 line of Co(1 2C1 6O)2 arises from an accidental 
overlap with Co(12C18O). On warming the matrix to 25-30 
K, the isotopic lines of the tetracarbonyl can be seen to 
grow in and from the changes in absorbances of the remain
ing lines the isotopic spectra of Co( 1 2 C 1 6 0) p ( 1 2 C 1 8 0) 3 _p 
(where p = 0-3) and Co( 1 2C 1 6O)^( 1 2C 1 8O) 2 - , (where q = 
0-2) can be identified (Figure 14B and Table VII). The 
analogous experiments performed in 1 2 C 1 6 0 / 1 2 C 1 8 0 / A r ca 
1/1/40 matrices, apart from small matrix shifts (4-6 
c m - 1 ) , are essentially the same as those obtained in Kr ma
trices (Table VII) and thereby provide additional support 
for the di- and tricarbonyl vibrational assignments. 

Figure 14. The matrix infrared spectrum of the products of the cocon-
densation reaction of Co atoms with 12C l60/12C l80/Kr =s 1/1/20 
mixtures: (A) at 6 K and (B) after warm-up to 25-30 K showing Co-
(12C6O)n(12C80)„,_„ (where m = 4, n = 0-4; m = 3, n = 0-3; m = 
2, n = 0-2; and m = \,n = 0-1). 

Calculated and Observed Frequencies for Co(12C160)p-
(,2C180)3.p and Co(12C16O) (12C18O)2^ in Argon and Krypton 
Matrices (where p = 0-3 and q = 0-2) 

Table VII 
f i2r i« i 

Obsd 
(cm"1) 
12C16O/ 
12C18O/ 
Ar ( I / 
1/40) 

1982.5 
1962.5 
1948.5 
1936.5 
1919.5 
1893.5 
1875.5 

Calcd 
( cm- ' ) a 

1983.5 
1962.9 
1947.9 
1935.7 
1920.6 
1893.5 
1874.3 

Obsd 
(cm -1) 
12C16O/ 
12C18O/ 

Kr 
(1/1/20) 

1977.0 
1957.0 
1943.5 
1931.5 
1914.0 
1888.0 
1870.5 

Calcd 
( cm- 1 ^ 

1978.2 
1957.5 
1942.7 
1930.5 
1914.7 
1888.0 
1868.6 

Assignment 

Co(12C16O)3 

Co(12C16O)(12C18O)2 

Co(12C16O)2(12C18O) 
Co(12C18O)3 

Co(12C16O)2 

Co(12C16O)(12C18O) 
Co(12C18O)2 

aThe best fit force constants for Co(CO)3 in Ar are kCQ = 16.61 
and ^cO-CO = 0-71 mdyn/A and for Co(CO)2 are KQQ = 16.05 and 
^CO-CO = 1.15 mdyn/A. 6The best fit force constants for Co(CO)3 

in Kr are Arco = 16.50 and &co-CO = 0-69 mdyn/A and for Co-
(CO)2 are kco = 16.05 and kco.co = 1.24 mdyn/A. 

The ESR Spectrum of Co(COb in Ar. The spectrum indi
cated by arrows in Figures 8 and 10 is attributed to 
Co(CO)3 by reason of its appearance and disappearance 
under conditions analogous for the infrared bands. It is a 
typical S = lk axially symmetric resonance with spin-Ham-
iltonian parameters of g\\ = 2.002 ± 0.010, g± = 2.394 ± 
0.010, /111(59Co) = (125 ± 1) X 10-4CIrT1, and/4.L(59Co) 
= (106 ± 1) X 10 _ 4 cm _ 1 . Surprisingly no 13C hyperfine is 
observed as can be seen in Figure 10. It is estimated that 
any 13C hyperfine interaction must be less than 2 X 1O-4 
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cm ' because the line widths in Co(13C16O)3 are not much 
different from those for Co(12C16O)3. 

The axial symmetry is consistent with a C3t! or Z)3/, sym
metry, and the g values are only consistent with the un
paired electron being in a dz2 orbital. The absence of 13C 
hyperfine is inconsistent with D3/, symmetry because a a in
teraction should occur between the dz2 orbital and the 2s or-
bitals of carbon giving rise to a measurable splitting of the 
resonances into a quartet pattern. It can be estimated from 
the splitting of Co(CO)4 in CO that this splitting should be 
about 8 X 1O-4 cm -1 assuming a comparable a interaction. 
If there were a considerable distortion from the planar 
structure of D3/, into a C3i, symmetry (infrared intensity 
calculations show that the totally symmetric Ai i»CO 
stretching mode could pass undetected for an angular dis
tortion anywhere between O and 10° from planarity; for ex
ample, when 6 = 95°, / E / / A , =* 130; when 6 = 100°, / E / 
/A, ^ 32), the IT interaction between the d72 orbital and the 
carbon 2s orbitals would be greatly reduced, just as ob
served for the three CO's in Co(CO)4 in CO. 

There is, however, a problem with this interpretation 
which must be mentioned. If we analyze the 59Co hyperfine 
terms in the same manner as we did Co(CO)4 in CO we ob
tain the values of P = 50 X 10~4 cm"1 and K = 99 X 10~4 

cm -1 for both A\\ and A± being positive and P = 606 X 
10-4 cm - ' and K = -187 X 10 -4 cm"' for A \\ positive and 
A x negative. The second set of values is obviously not cor
rect because P is much too large but the other set gives a 
value of P that would predict that the unpaired electron is 
on the Co atom only 25% of the time. If the electron is 75% 
on the CO ligands, even in the T system, we would expect a 
measurable 13C hyperfine pattern to be seen. It is not readi
ly apparent how one can resolve these contradictions. 

Frequency Calculations for CoC2C160)p(12C180)3-p and 
Co(12C16O)9(

12C18O)2-, (where p = 0-3 and q = 0-2). The 
isotopic spectra of cobalt tricarbonyl and cobalt dicarbonyl 
and the infrared inactivity of the totally symmetric CO 
stretching mode for each molecule indicate regular D3/, and 
D^h geometries, respectively. The axial symmetry proper
ties displayed in the ESR spectrum of Co(CO)3 (Figures 8 
and 10) together with the nonobservation of 13C hyperfine 
splitting are, however, more consistent with a C31, trigonal 
pyramidal assignment. As mentioned earlier, a small dis
tortion of about 10° away from planarity could have passed 
undetected in the infrared spectrum. With this in mind, 
least-squares analyses were performed on (i) the observed 
four-Vine isotopic spectra of Co(12C160)p(12C180)3-p in 
Ar and Kr (where p = 0-3) and (ii) the observed three-line 
isotopic spectra of Co(12C16O)9(12C18O)2-,, in Ar and Kr 
(where q = 0-2). The two parameters kco and kco.co 
were adjusted to give the best fit frequencies for the di- and 
tricarbonyl. The results are listed in Table VII together 
with the best fit force constants. The agreement between 
the observed and calculated frequencies was acceptable for 
all lines and provides convincing support for the validity of 
our vibrational assignments. 

Metal-Ligand Stretching Modes. As is often found to be 
the case for matrix-isolated binary carbonyls, the observa
tion and assignment of lines in the metal-ligand stretching 
region of the infrared spectrum (600-200 cm -1) are prob
lematical because of their low absorbance coefficients com
pared to the relatively high values of the corresponding CO 
stretching modes. The binary cobalt carbonyls were no ex
ception in this respect. Very weak absorptions in the low 
frequency region could be observed for Co(CO)4 at 552 and 
486 cm -1 only when the CO stretching mode at 2010.7 
cm-1 was fully absorbing. By analogy with Ni(CO)4, we as
sign the higher frequency line at 552 cm -1 to the 5CoCO 
mode and the lower frequency line at 486 cm -1 to the 

cCo-C mode (cf. 459 and 423 cm -1, respectively, in 
Ni(CO)4). To obtain a value for the M-C bond stretching 
force constant for Co(CO)4 with the present data is not pos
sible. However, we can estimate the kcoc by considering 
Co(CO)4 to be approximated by tetrahedral CoX4 (where 
X is equal to the mass of CO) and by using the equation 

^T 2 = ^CoC(MX + 4/3MCo) 

where fix and yuco are the reciprocal masses of 12C16O and 
Co, respectively. The values obtained by this method for 
Co(CO)4 and Ni(CO)4 are fcNiC = 1.80 and ArCoc = 2.42 
mdyn/A. Note that &CoC > &Nic which is the inverse of the 
order found for the respective C-K kco values. These and 
other force constant trends are discussed in a later section. 

Co-CO Reactions at High Cobalt Concentrations; Binu-
clear Complex Formation. When the cocondensation reac
tions of Co atoms and pure 12C16O(Or 12C160/Ar an 1/10) 
matrices are performed at Co:CO =* 1:103, at which con
centrations the statistical generation of binuclear complexes 
should be of the order of 1% of the mononuclear complexes, 
complicated infrared spectra are obtained (Figure 15B). In 
the light of our earlier studies with binuclear complex for
mation in matrix cocondensation reactions,11,14 several fea
tures of the above results are worthy of discussion. 

Figure 15A shows the infrared spectrum for an authentic 
sample of Co2(CO)8 vaporized at 3O0C and isolated in an 
Ar matrix at about 1:103. Absorptions assignable to both 
the cobalt-cobalt bonded and CO-bridge bonded isomers 
can be identified. By comparing the data for Co(CO)4 (Fig
ure 15C) and Co2(CO)8 (Figure 15A) with the data for the 
Co/CO =* 1/103 reaction (Figure 15B and Table VIII), it 
can be seen that appreciable concentrations of both 
Co(CO)4 and Co2(CO)8 (both isomers) are formed in the 
latter reaction. Moreover, detectable quantities of 
Co2(CO)n (where n < 8) are also formed under these con
ditions as seen from the broad absorption in the region of 
1941 cm-1. As described previously, binuclear species can 
arise in the matrix in two ways. The first is statistical and 
the second is through reactions in the surface region of the 
matrix during the first few moments following deposition 
and before the kinetic energy of the reagents has been ac
commodated, hence while the molecules are still fairly mo
bile. In the case of the Co-CO reaction, our data clearly in
dicate that the surface reaction pathway far exceeds in im
portance the statistical generation of dimers. Only by re
ducing the Co.CO ratio to values less than 1:104 is it possi
ble to obtain an infrared spectrum showing mainly 
Co(CO)4 (Figure 15C). By contrast, at Co:CO =* 1:102 the 
infrared spectrum shows mainly Co2(CO)8. 

The matrix material also plays an important role in metal 
atom cocondensation reactions. For example, in Ne matri
ces the infrared spectra showed the presence of Co(CO)4, 
Co2(CO)8 (both isomers), some unidentified Co2(CO)n 
complexes (where n < 8), and trace amounts of CO chemi-
sorbed on small Co clusters (as seen by a broad shoulder at 
about 2000 cm -1 on the low frequency side of the Co(CO)4 
absorption15) but no traces of Co(CO)n (where n = 1, 2, or 
3). These results clearly indicate the highly mobile nature 
and poor quenching ability of Ne matrices for metal atom 
cocondensation reactions even at 6-8 K. Note that the ab
sence of the lower carbonyls Co(CO)n (where n = 1-3) in 
CO/Ne =^1/10 matrices represents the extreme case of the 
trend described earlier for Ar/CO, Kr/CO, and Xe/CO =* 
1/10 matrices (Figure 3) where the higher carbonyls are fa
vored in the order Ne > Ar > Kr > Xe. The presence of 
large quantities of binuclear cobalt complexes in Ne matri
ces supports the contention that bimolecular processes of 
the type 
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Figure 15. The infrared spectrum of (A) Co2(CO)s in Ar (approxi
mately 1:1000), (B) and (C) the infrared spectra of the products of the 
cocondensation reaction of Co atoms with CO at Co:CO =* 1:10-' and 
Co:CO as 1:105 showing the presence of Co(CO)4 (M) and Co2(CO)8 

(D), respectively. (The lines marked X probably belong to Co2(CO)n 

species, where n < 8 and/or higher aggregates Cox(CO)1.—see text.) 

1 2 3 4 n 

Figure 16. Graphical representation of the Cotton-Kraihanzel CO 
bond stretching force constants for M(CO)n (where M = Ni or Co) as 
a function of the coordination number n = 1-4. 

Table VIII. Matrix Infrared Spectrum of the Products of the 
Co-CO-Ar Cocondensation Reaction under Conditions Which 
Favor Binuclears, Compared to the Infrared Spectrum OfCo2(CO)8 

Matrix Isolated in Solid Argon 

Co/CO/Ar Co2(CO)8/Ar 
(1/100/1000) (1/1000) 

15 K 15 K 
(this study) (this study) 

2074 m 
2064 m 
2048 s 
2044 s 
203Om 
2022 m 
2014 vs 
2004 shb 

1998 sh& 
1950 sb 

1860 sh 
1846 w 

2074 s 
2059 s 
2048 sh 
2046 m 
2032 s 
2027 s 

1864 sh 
1855 w 

Co2(CO)8 

(CO bridge 
bonded 
isomer) 
(ref 15) 

2071 vs 

2044 vs 
2042 vs 

1866 sh 
1857 s 

Co2(CO)8 

(metal-
metal 

bonded 
isomer) 
(ref 15) 

2069 vs 

2031 ms 
2022 vs 

Assignment0 

Db 
D, 
Db 
Db 
D, 
Dt 

Co(CO)4 

CO2(CO),, 
Co2(CO)n 

Co2(CO)n 

Db 
Db 

a D b = CO bridge bonded isomer of Co2(CO)8; D t = metal-metal 
bonded isomer OfCo2(CO)8. b Metal concentration and warm-up 
experiments suggest that these absorptions belong to a binuclear 
carbonyl Co2(CO)n (where n < 8). 

Co(CO)n + Co(CO)n, - Co2(CO)n+„, 

Co(CO)„ + Co — Co2(CO)n 

Co2 + CO-* Co2(CO) — etc. 

are favored pathways in the most highly mobile, least polar-
izable matrices. 

Discussion of Results 
Having characterized all of the binary carbonyls of co

balt Co(CO)n (where n = 1-4), it is of considerable interest 
to examine trends in their force constants, bonding proper
ties, and molecular and electronic structures. 

Force Constant Trends. The best fit Cotton-Kraihanzel 
force constants for Co(CO)n together with the analogous 
data for Ni(CO)n, summarized graphically in Figure 16 
and listed in Table IX, display an interesting parallel trend 

Table IX. Best Fit Cotton-Kraihanzel CO Stretching Force 
Constants for the Binary Carbonyls of Cobalt, Co(CO)n (where n 
= 1-4) 

Molecule3 
^CO cco-co ^CO ,b 

W - C O 

Co(CO)4 in CO 
Co(CO)4 in Ar 
Co(CO)3 in Ar 
Co(CO)3 in Kr 
Co(CO)2 in Ar 
Co(CO)2 in Kr 
Co(CO) in Ar 
Co(CO) in Kr 
Co(CO) in Xe 

16.95 
16.88 
16.61 
16.50 
16.05 
16.05 
15.40 
15.33 
15.27 

0.43 
0.26 
0.71 
0.69 
1.15 
1.24 

16.76 
16.69 

0.33 
0.27 

aThe best fit force constants derived for Ar, Kr, and Xe matrices 
refer to the frequencies observed in 1/10 to 1/20 CO/matrix ratios. 
b Apply only to the C 3 v calculation for Co(CO)4 in CO matrices. 

in which the kco values for the cobalt series are all smaller 
than the corresponding values of the nickel series. For the 
tetracarbonyls Co(CO)4 and Ni(CO)4 an inverse trend is 
found for the k^c values. 

The trend observed for the kco values on passing from 
group 7b to 8b M(CO)n complexes (assumed to be roughly 
isostructural for n = 1-4) is not unexpected, as the d-orbital 
stabilities increase in the same order. This would result in 
decreased dT-7r* back-bonding from the metal to the CO Ii-
gands, with a concomitant increase in the a charge donation 
from the 5<r molecular orbital of the CO to the appropriate 
symmetry orbital of the metal. Both of these processes 
would have the overall effect of strengthening the CO 
bond(s), a prediction which parallels the observed trend on 
passing from the Co(CO)n to the Ni(CO)n group of com
plexes. The corresponding effect on the M-C bond(s) is not 
so easily rationalized, as the a- and 7r-effects oppose each 
other and one can only conclude after the fact that the de
crease in M-C Tr-bonding outweighs the increase in M-C 
cr-bonding, consistent with the observation that kcoC > 
/cNic for Co(CO)4 and Ni(CO)4, respectively. 

A final point worth mentioning is the larger value of kco 
for Co(CO)4 compared to kco for Co(CO)4

-,26 a trend re
flecting the placement of an extra electron in the d-valence 
shell of the anion, with an accompanying increase in the ex
tent of dT-ir* back-bonding and decrease in CO to Co 
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2010 2020 2030 •} cm- ' 

Figure 17. Polarizability (a. A3) frequency (y, cm - 1) plot for the two 
CO stretching modes of Co(CO)4 in Xe, Kr, Ar, Ne, and CO matrices. 
(Estimated gas phase frequencies are obtained by extrapolation to a = 
0; see text.) 

cr-bonding. As expected, this effect is even more pronounced 
when Co(CO)4 is compared with Fe(CO)4

2-.27 

Complex kco, mdyn/A Complex kco, mdyn/A 
Ni(CO)4 17.26 Co(CO)4- 13.22 
Co(CO)4 16.88 Fe(CO)4

2" 11.40 

Vibrational Frequency Shifts for Co(CO)n in Various Ma
trices. The theoretical treatment of matrix environmental 
effects, which can result in shifts or splittings of spectral 
bands of trapped species, is a complicated problem even for 
atomic and diatomic molecules.28 A detailed evaluation of a 
vibrational shift from the gas phase to the matrix, defined 
as Av = fgas - ^matrix, involves the determination of induc
tive, dispersive, and repulsive contributions to Av, which in 
all but the simplest of systems is extremely complex and 
makes quantitative evaluation of matrix shifts impractica
ble. 

In principle, the theories put forward to account for non
specific solvent shifts should be applicable to the related 
problem of solutes in matrices, the main difference being a 
flexible solvent cage for solutions but a "rigid" cavity for 
matrices. 

Let us assume that the difference between the above sit
uations is slight and that we can apply the Buckingham 
equation,29 shown below, 

Av/v = C1 + HCi + C3) ( £ 7 ^ 7 ) 

originally put forward to explain nonspecific solvent shifts 
for a solute molecule in a flexible solvent cage, to the 
present case of Co(CO)n molecules in nonpolar, noble gas 
matrices. 

Having examined Co(CO)n (where n = 1-4) in a variety 
of matrices, it is of interest to note a definite trend that is 
apparent in their matrix vibrational frequencies. Without 
exception, the CO stretching frequencies for each complex 
show a red shift (a loose cage environment, according to Pi-
mentel and Charles30) on passing from Ar to Kr to Xe ma
trices. The corresponding frequencies as expected show an 
approximately linear dependence on matrix polarizability 
(see for example Co(CO)4 in Figure 17). An extrapolation 
of these linear plots of zero polarizability yields what we 
shall term "estimated gas phase frequencies" for Co(CO)n 
(where n = 1-4) listed in Table X. Using these estimated 

P 
x 

3I> 

o 

Co(CO)3 

^-^Co(CO) 
, ^Co(COL 

-Co(CO), 

Xe 

010 0.15 020 025 

L2FT 
Figure 18. Buckingham plots for Co(CO)n (where n = 1-4) in Ar, Kr, 
and Xe matrices (see text for notation). 

Table X. Buckingham Frequency Plots for Co(CO)n (where n = 
1-4) in Ar, Kr, and Xe Matrices at 20 K 

Co(CO)4 

Co(CO)3 

Co(CO)2 

Co(CO) 

Ar 
Kr 
Xe 
Gas* 
Ar 
Kr 
Xe 
Gas* 
Ar 
Kr 
Xe 
Gas6 

Ar 
Kr 
Xe 
Gas6 

^matrix 

2014.4 
2010.6 
2008.0 
2017.0 
1982.0 
1976.0 
1971.0 
1989.0 
1919.0 
1914.0 
1911.0 
1925.0 
1952.5 
1948.0 
1944.0 
1959.0 

Av 

2.6 
6.4 
9.0 

7.0 
13.0 
18.0 

6.0 
11.0 
14.0 

6.5 
11.0 
15.0 

(Av/v X 
1O-3)^ 

1.290 
3.178 
4.472 

3.526 
6.557 
9.091 

3.122 
5.731 
7.299 

3.324 
5.631 
7.686 

(e' - D/ 
(2e' + l)d 

0.148 
0.185 
0.221 

0.148 
0.185 
0.221 

0.148 
0.185 
0.221 

0.148 
0.185 
0.221 

"Frequencies observed at 1/10 matrix ratios in all cases. 6 Extrap
olated value. cv is the arithmetic mean frequency observed for the 
complex in the matrix and gas phase. de'20K,~ 2.19 (Xe), 1.88 
(Kr), and 1.63 (Ar). 

values of ygas one can determine the Buckingham frequency 
shifts AvJ v (where Av = egas - vmM\x and v is taken as the 
arithmetic mean of fgas and vmatrix). These are plotted as a 
function of («' - l)/(2«' + 1) for Ar, Kr, and Xe matrices 
in Figure 18. 

The predicted linear dependence of Av/v vs. («' - l)/(2«' 
+ 1) on the basis of Buckingham's equation appears to hold 
well for all Co(CO)n species (where n = 1-4) although the 
data can only be tested for Ar, Kr, and Xe matrices because 
of the limited «' (20 K) data available for solid state gases 
at low temperatures. 

Although the results are not extensive, it would appear 
that the noble gases give approximately linear Buckingham 
plots and as such suggest that the observed frequency shifts 
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Table XI. 

Calcd geo 
Ob sd geo 

Ref 

Calcd geo 
Ob sd geo 

Ref 

Predicted and Observed Geometries for M(CO)„ Species (where n = 4 and 3) 

V(CO)4 

C2v
a-C 

f 
32 

V(CO)3 

C3v,^d D3hb,c,e 

C3V oi D3n 

32 

Cr(CO)4 

C2v
a-d 

C2v 

33 

Mn(CO)4 Fe(CO)4 

C2v,
a-C>e D4hb~d D2d," D4nb-d C2J* 

f c2v 

34 

Cr(CO)3 Mn(CO)3 Fe(CO)3 

C-, a,b,d *>3h.b-e C2vC C3v," C2vb~d D3hb.e C2v,"-d C31 

C3V f C3v 

33 35 

,b,e 

Co(CO)4 Ni(CO)4Co(CO)4-

D2d
a~c Tda'b 

C3v D2d Td 

7 and this study 26 

Co(CO)3 

C-, a C-, b.c L 3v» ^2V 

C3v 
This study 

Cu(CO)3 

Ni(CO)3 Ni(CO)3 " 

D3h D3n 

36 37,38 
aHoffmann orbital-based calculation. hBurdett's MIE calculation. cJahn-Teller considerations. dLow spin. eHigh spin. /Geometries not 

yet established. 

for Co(CO)n most probably originate from nonspecific so
lute matrix interactions rather than "weak chemical bonds" 
between the complexes and the matrix as recently found for 
Cr (CO) 5 -X 3 1 (where X = Ne, Ar, Kr, Xe, CO, SF6 , CH4 , 
OrCF4). 

As a final point we would like to draw particular atten
tion to the "parallel" behavior exhibited in the polarizabil-
ity-frequency plots of the two components of the CO 
stretching mode of Co(CO)4 in Ne, Ar, Kr, and Xe matri
ces (Figure 17). Extrapolation of these data to zero polariz-
ability yields a "gas phase splitting" of ca. 9.6 c m - 1 and a 
convincing demonstration of a genuine molecular distortion 
for Co(CO)4 rather than just a matrix perturbation. 

In this context we note the anomalous position for CO in 
Figure 17 which is entirely consistent with our earlier pro
posal that the larger splitting observed for Co(CO)4 in solid 
CO arises from a combination of a "matrix site splitting" 
(ca. 6-7 cm - 1 ) superimposed on a small but genuine "mo
lecular distortion splitting" (ca. 10 cm - 1 ) . 

Molecular Distortions Arising from Electronic Effects. 
The Structures of Binary Transition Metal Carbonyl Frag
ments M(CO)n (where n = 4 and 3). The object of this dis
cussion is to try to provide a unified view of the geometries 
of M(CO)n fragments (where n = 4 and 3) in the light of 
recent experimental results and MO calculations.18-22 We 
will restrict our discussions to metal atoms of the first tran
sition series. The calculations on which molecular geometry 
conclusions have been based were generally of the extended 
Huckel type with minimum internal energy criteria. The 
fragment geometries that have been explored theoretically 
can be considered to be derived from an octahedron by suc
cessive stripping away of one CO, followed by a sequence of 
geometrical rearrangements of the remaining M(CO)n 

fragment. For each fragment a range of geometrical distor
tions was explored. As it turns out, Hoffmann's orbital-
based results22 lead to the same general conclusions as Bur-
dett's orbital-overlap and Jahn-Teller arguments18 with 
some exceptions. It should be noted that a knowledge of 
level ordering is a prerequisite for application of Jahn-Tell
er considerations, whereas the direct orbital approach of 
Hoffmann carries information not only on level ordering 
but also on geometrical trends and reactivities of the vari
ous molecules and, as such, seems to be more widely appli
cable. 

Up to the time of writing, the M(CO)n (where « = 4 and 
3) binary carbonyls which have been synthesized and for 
which structural information is essentially complete are list
ed in Table XI. 

General Considerations. If one surveys the structural data 
for M(CO)n species presented in Table XI, several points 
are worthy of discussion. Let us briefly examine n = 4 and 
3 in turn. 

General Considerations. If one surveys the structural data 

for M(CO)n species presented in Table XI, several points 
are worthy of discussion. Let us briefly examine n = 4 and 
3 in turn. 

Tetracarbonyls. Because of the large number of possible 
configurations of a tetracarbonyl fragment (Tj, D2d, CA1-, 
and C2Ii)H several slices through the many-dimensional po
tential energy surface of M(CO) 4 had to be examined in de
tail in order to make meaningful deductions concerning the 
geometrical preferences of various d-electron configura
tions.22 The predictions for d6 Cr(CO)4 and d10 Ni(CO) 4 

agree well with the experimental data. The d9 Co(CO)4 

molecule presents an interesting problem as both Hoffmann 
and Burdett give a D2a structure as the most stable form. 
Experimentally, there now appears to be general agreement 
that Co(CO)4 in CO matrices adopts a C3r configuration. 
However, in CO-Ar matrices it is quite likely that C31 and 
D2d isomers coexist with the D2d form being slightly more 
stable. This is not totally unexpected in view of the separate 
local minimum of slightly higher energy calculated for the 
C3c structure.22 

There seems to be some disagreement regarding the sta
ble configuration of low-spin d8 Fe(CO)4 . Hoffmann pre
fers the D2d structure, whereas Burdett favors the Z)4n 

structure. As it turns out in practice, Fe(CO)4 has been as
signed a C2V structure and is suspected to be a high-spin 
complex.34 

Tricarbonyls. The calculated optimum geometries for 
M(CO)3 fragments shown in Table XI reveal some minor 
discrepancies. Somewhat unexpectedly, Hoffmann's calcu
lations for the d10 M(CO) 3 species favor a C3u geometry 
(an almost flat pyramid, d ~ 98°) which is computed to be 
about 1 kcal/mol lower in energy than the D3n trigonal pla
nar structure.22 However, all known tricoordinate d10 

M(CO)3 (where M = Ni, Pd, and Pt) species appear to be 
trigonal planar.13 In this context a cautionary reminder is 
necessary. The planarity (or nonplanarity) of M(CO)3 

species (Z)3n or C3v) is usually determined by the nonobser-
vation (or observation) of the totally symmetric CO stretch
ing vibration in the infrared spectrum. This, however, can 
be an extremely tenuous exercise as, for a near planar struc
ture, the symmetric CO stretching vibration is expected to 
be extremely weak compared to its asymmetric counterpart 
vibration and may pass undetected in the infrared spec
trum, even though isotopic data and Raman data can help 
pinpoint the position of this mode. 

This situation has been experienced in the present study 
with the vibrational data for Co(CO)3 which favored the 
D3n geometry for the molecule. Only with the aid of the 
ESR spectrum was it possible to establish the Cn pyrami
dal nature of Co(CO)3 . 

For the remaining carbonyls, d6 Cr(CO)3 and d8 

Fe(CO)3, there seems to be general agreement that the low-
spin C31. geometry is the stable form of Cr(CO)3 . The ob-
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served C3r geometry of Fe(CO)3 would appear to suggest 
that Fe(CO)3 is a high-spin species.35 

The interesting d10s' species Cu(CO)3, Ag(CO)3, and 
Ni(CO)3

- have recently been synthesized and without ex
ception appear to be planar molecules.37-39 These geome
tries are consistent with the suggestion that interactions 
with a spherically symmetrical s orbital do not affect the 
geometry of these species.18 

In conclusion, it is clear that Kettle's earlier suggestion40 

that simple M(CO)n species should adopt the highest sym
metry structures is no longer valid. Although there is still 
not complete agreement between Hoffmann's and Burdett's 
calculations, it is clear from the results obtained so far that 
the unusual and sometimes unexpected geometries adopted 
by binary carbonyl complexes are electronic in origin. 
Hopefully the few discrepancies which still prevail will be 
clarified and a logical scheme will emerge. 
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