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Abstract

The CO-factored force field of M(CO)4 molecules with C36 symmetry was solved using the maximum value of the sum of the
interaction constants as an additional constraint. The solution obtained led to the relations which allow direct calculation of force
constants from C–O stretching frequencies of the all-12C16O molecule. The CO-factored force constants and C–O stretching
frequencies of 13C16O-substituted species were calculated for Co(CO)4 and Fe(CO)4

−. The results were found to be in very close
agreement with those obtained from isotopic enrichment studies. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

The infrared spectra of metal carbonyl complexes
in the region of 2150–1750 cm−1 contain sharp and
commonly intense absorption bands due to carbonyl
stretching vibrations. The analysis of these vibrations,
to provide force constants, usually involves using the
CO-factored force field [1–7] which neglects anhar-
monicity and all coupling except CO–CO interaction.
However, this simplified force field is underdeter-
mined for the complexes in which the number of the
force constants exceeds the number of observable C–
O stretching modes.

The difficulty mentioned above is most frequently
overcome by the method which uses isotopic vibra-
tional data [8–16]. In this method, assuming the force
constants remain unchanged on isotopic substitution,
the set of force constants which gives the best agree-
ment between observed and calculated frequencies of
species enriched isotopically is determined through
use of iterative procedures.

Another way to overcome the problem due to in-
sufficient vibrational data is to impose one or more
constraints on the force field. Although there have

been some publications [1,7,17–23] related to this
method, none of them has considered the complexes
of the M(CO)4 type having C36 symmetry.

In this paper, the maximum value of the sum of
the interaction constants was used as an additional
constraint to solve the secular equations for M(CO)4

molecules with C36 symmetry. With the use of this
constraint, we were able to derive the relations which
allow direct calculation of the CO-factored force con-
stants from CO-stretching frequencies of the all-
12C16O molecule.

2. Derivation of relations

For M(CO)4 molecules, under the C36 local symme-
try of the carbonyls, group theory predicts three
carbonyl stretching modes (2a1+e). All the modes
are both infrared and Raman-active. On the basis of
the CO-factored force field, these molecules have two
carbonyl stretching force constants (k1 and k2) and
two CO–CO interaction constants (kc and k %c). The
secular equations for the molecules are given in Table
1.
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Since there are four force constants to be calculated
and only three observable C–O stretching modes for
the all-12C16O molecule, it is mathematically evident
that the solution of the force field necessitates the use of
an additional constraint. For the molecules under
study, we have used the maximum value of the sum of
the interaction constants as a constraint. In order to
solve the force field using this constraint, the secular
equations given in Table 1 were rearranged so that
three of the four force constants are expressed in terms
of the fourth and the observed frequencies:

k1= (l1+l2+4l3+b)/(6m) (1)

k2= (l1+l2−b)/(2m) (2)

k %c= (l1+l2−2l3+b)/(6m) (3)

where b= [(l1−l2)2−12m2k c
2]1/2; l1, l2 and l3 are the

l parameters of a1
(1), a2

(2) and e modes, respectively.
In a molecule of the M(CO)4 type having C36 symme-

try there are three kc and three k %c. With the use of Eq.
(3), the following expression is obtained for the sum of
the interaction constants.

3k %c+3kc={l1+l2−2l3+ [(l1−l2)2−12m2k c
2]1/2

+6mkc}/(2m) (4)

For a given molecule, the right-hand side of Eq. (4) has
only one variable, kc, and may therefore be regarded as
a function of kc, which is represented by f(kc). When
the function f(kc) is plotted against kc, the curve shown
in Fig. 1 is obtained. As can be seen from Fig. 1, the
point at which the curve has a maximum corresponds
to the maximum value of the sum of the interaction
constants. In order to find the value of kc that corre-
sponds to the point, we have made use of the derivative
of f(kc) with respect to kc. With the use of df(kc)/dkc=
0, we have

kc= (l1−l2)/(4m) (5)

Eq. (5) indicates that kc is dependent only on the
frequencies of the C–O stretching modes which belong
to the same symmetry species (a1) and that can be
calculated from them. Once kc has been calculated, the

Fig. 1. Graph of the function f(kc) versus kc.

other force constants can be determined from the secu-
lar equations given in Table 1. Furthermore, inserting
Eq. (5) into Eqs. (1)–(3) gives the following relations
which allow direct calculation of k1, k2 and k %c from
C–O stretching frequencies of the all-12C16O molecule:

k1=a(3l1+l2+8l3) (6)

k2=3a(l1+3l2) (7)

k %c=a(3l1+l2−4l3) (8)

where a=1/(12m)

3. Results and discussion

As can be seen from Eqs. (1)–(3), the determination
of force constants from C–O stretching frequencies
leads to an algebraic system which consists of three
equations in four unknowns. It is mathematically evi-
dent for such a system that an infinite number of
solutions will be possible. In fact, the solution corre-
sponding to Eqs. (5)–(8) is the only one of possible
solutions of the algebraic system.

To ascertain whether the solution found here was the
valid one or not, Eqs. (5)–(8) were used to calculate
force constants and C–O stretching frequencies of
13CO-substituted species of Co(CO)4. Both ESR [24,25]
and isotopic enrichment studies [26,27] indicated that
Co(CO)4 has a geometry consistent with a C36 symme-
try. Its C–O stretching bands were observed by Hanlan
et al. [27] at 2107.0(a1), 2028.8(a1) and 2010.7(e) cm−1.
Using these frequencies, the force constants for
Co(CO)4 were calculated from Eqs. (5)–(8). As can be
seen from Table 2, the force constants calculated in this
way are in excellent agreement with those of Hanlan et
al., obtained from isotopic enrichment studies.

The secular equations required for isotopically en-
riched species of M(CO)4 molecules having C36 symme-
try were derived by procedures given in Ref. [28] and
are summarised in Table 3. With the use of these
equations and the force constants calculated, the C–O

Table 1
Secular equations for M(CO)4 molecules with C36 symmetry

Symmetry species Secular equationsa


3mkc =0a1
(1) m(k1+2k %c)−l

a1
(2) 
3mkc mk2−l

e l=m(k1−k %c)

a k1 and k2 are the stretching force constants of the equatorial and
axial CO groups, respectively; kc and k %c refer to the interaction
constants for COax–COeq and COeq–COeq; m represents the reciprocal
of the reduced mass of the CO group; l=4p2c2n2 where n is the
frequency in cm−1.
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Table 2
CO-factored force constantsa for Co(CO)4 and [Fe(CO) 4]−

Complex Ref. Force constants (Nm−1)

k1 k2 k %c kc

42.51695.21675.5Co(CO)4 [27] 32.8
1695.361675.67 32.6642.51

[30] 1425[Fe(CO)4]− 1431 38 30
1425.13 1435.24 36.45 31.40

a Presented in the order of the experimental method in the Refs.
[27,30] and our method, for each complex.

Table 4
Observed [27] and calculated CO stretching frequencies for 13CO-sub-
stituted species of Co(CO)4

Species AssignmentsFrequencies (cm−1)

CalculatedObserved

Co(12CO)3(13CO), C36 a12099.1
1991.3 1991.1(13CO); ax a1

e2010.7 2010.7
2098.6Co(12CO)3(13CO), Cs a%

(13CO); eq a%2026.4 2027.4
1974.6 1975.2 a%
2010.7 2010.7 a¦

2089.1 a%Co(12CO)2(13CO)2, Cs

1992.7 1993.0 a%13CO; ax, eq
a%1973.3 1973.3
a¦2010.7 2010.7
a%2089.2Co(12CO)2(13CO)2, Cs

2024.6 2024.6 a%13CO; eq, eq
a%1986.8 1986.8

1965.7 1965.9 a¦
2078.3 a1Co(12CO)(13CO)3, C36

a12010.913CO; eq, eq, eq 2010.7
e1965.91965.7

Co(12CO)(13CO)3, Cs a%2077.0
1997.9 1998.013CO; ax, eq, eq a%

a%1979.81979.6
1965.9 a¦1965.7
2060.0 a1Co(13CO)4, C36

a11983.6a 1983.6
1965.7 1965.9 e

a This frequency was observed by Crichton et al. [26], equal to our
calculated value.

stretching frequencies of 13CO-substituted species of the
Co(CO)4 were estimated. The results obtained are given
in Table 4 together with observed frequencies [27] of
the species. Inspection of Table 4 reveals that there
exists an excellent fit between observed and calculated
frequencies. The mean error measured as (s2/n)1/2 was
0.32 cm−1. Such a excellent fit indicates that it is not
necessary to use the effective reduced mass correction,
introduced by Bor [13], as an additional parameter
included in the force field of Co(CO)4

As another evidence for the validity of the relations
derived here, similar calculations were made for
[Fe(CO)4]−. From both ESR [29] and isotopic enrich-
ment studies [30] it has been suggested that this anion
has also a C36 structure. Its two C–O stretching bands
were observed by Breeze et al. [30] at 1864.2(a1) and
1854.1(e) cm−1 in low-temperature matrices. Since the

Table 3
Secular equations for isotopically substituted species of M(CO)4 molecules with C36 symmetrya

M(12CO)3(13CO), (eq), CsM(12CO)3(13CO), (ax), C36

2a1

)m(k1+2k %c)−l


3mkc


3m*kc

m*k2−l

)
=0

3a%Ã
Ã

Ã

m*k1−l


2m*k %c

m*kc


2mk %c
m(k1+k %c)−l


2mkc

mkc


2mkc

mk2−l

Ã
Ã

Ã
=0

l=m(k1−k %c)e l=m(k1−k %c)a¦

M(12CO)2(13CO)2, (ax, eq), Cs M(12CO)2(13CO)2, (eq, eq), Cs

3a%Ã
Ã

Ã

m*k1−l


2m*k %c
m*kc


2mk %c
m(k1+k %c)−l


2mkc

m*kc


2m*kc

m*k2−l

Ã
Ã

Ã
=0

3a%Ã
Ã

Ã

mk1−l


2mk %c
mkc


2m*k %c
m*(k1+k %c)−l


2m*kc

mkc


2mkc

mk2−l

Ã
Ã

Ã
=0

a¦ l=m(k1−k %c) a¦ l=m*(k1−k %c)

M(12CO)(13CO)3, (ax, eq, eq), Cs M(12CO)(13CO)3, (eq, eq, eq), C36

3a%Ã
Ã

Ã

mk1−l


2mk %c
mkc


2m*k %c
m*(k1+k %c)−l


2m*kc

m*kc


2m*kc

m*k2−l

Ã
Ã

Ã
=0

2a1

)m*(k1+2k %c)−l


3m*kc


3mkc

mk2−l

)
=0

a¦ l=m*(k1−k %c) e l=m*(k1−k %c)

a m and m* denote the reciprocal of the reduced mass of 12C16O and 13C16O, respectively; the secular equations for M(13CO)4 species can be
obtained easily from the secular equations of the parent molecule given in Table 1, replacing m with m*.
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Table 5
Observed [30] and calculated CO stretching frequencies for 13CO-substituted species of [Fe(CO)4]−

Species Frequencies (cm−1) Assignments

CalculatedbObserved Calculateda

1938.01938.2 a1Fe(12CO)3(13CO), C36

1829.8 1828.813CO; ax a11828.8
1854.1 1854.11854.1 e

1937.81937.9 a%Fe(12CO)3(13CO), Cs

a%1863.313CO; eq 1863.3 1863.3
1820.0 a%1819.8 1821.0

1854.1 1854.11854.1 a¦
1929.0 1928.7 a%Fe(12CO)2(13CO)2, Cs

1832.5 a%13CO; ax, eq 1831.7 1833.4
a%1816.71817.91816.3

1854.1 a¦1854.1 1854.1
1928.7 a%Fe(12CO)2(13CO)2, Cs 1929.0

1861.5 1861.513CO; eq, eq 1862 a%
1831.2 a%1830.31831.7

a¦1811.61811.6 1812.8
1917.9 a1Fe(12CO)(13CO)3, C36 1918.5

1848.6 1848.013CO; eq, eq, eq 1850 a1

1812.8 1811.6 e1811.6
1917.9 1917.3Fe(12CO)(13CO)3, Cs a%

a%1840.21840.81840.513CO; ax, eq, eq
1821.1 1819.91821 a%
1812.8 1811.61811.6 a¦

1901.21902.4 a1Fe(13CO)4, C36

1821.5 a11822.6
1811.6 1812.8 1811.6 e

a Calculated without practical reduced mass ratio.
b Calculated with a practical reduced mass ratio of 0.9771.

high-frequency a1 mode has not been observed, its
calculated value given in Ref. [30] was used in our
calculations. The force constants calculated by using
Eqs. (5)–(8) are presented in Table 2. It can be seen
from Table 2 that the calculated force constants are in
close agreement with those obtained from isotopic en-
richment studies. Using these force constants and the
equations given in Table 3, a good fit between observed
and calculated frequencies was obtained for 13CO-sub-
stituted species of [Fe(CO)4]− (Table 5). The mean
error was calculated to be 0.98 cm−1. A somewhat
better fit was obtained by using the practical reduced
mass ratio, with a mean error of 0.70 cm−1. It is worth
noting that this value is very close to that of Breeze et
al., 0.62 cm−1. The practical reduced mass ratio for
[Fe(CO)4]− was calculated from observed frequencies
of the e modes of [Fe(12CO)4]− and [Fe(13CO)4]−

species.
In conclusion, the results obtained for both Co(CO)4

and [Fe(CO)4]− show that the constraint based on the
maximum value of the sum of the interaction constants
leads to a valid solution for the CO-factored force field
of M(CO)4 molecules belonging to the C36 point-group.

The relations derived by this constraint make it easy to
calculate force constants, allowing direct calculation of
them from fundamental C–O stretching frequencies of
the all-12C16O molecule. As can be seen from Tables 4
and 5, a remarkably good agreement between observed
and calculated frequencies of 13CO-substituted species
was obtained using the set of force constants calculated
from Eqs. (5)–(8). This indicates that the method pre-
sented may be used to analyse isotopic spectra of the
tetracarbonyls under study.
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