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An analytical approach to solve the CO-factored force fields of Hg[Co(CO)4]2 belonging to D3d point group is 
described here. The approach leads to relationships which allow direct calculation of carbonyl stretching force constants and 
CO-CO interaction constants from C-O stretching frequencies of an all 12C16O molecule. The force constants calculated by 
these relationships have been found to be in excellent agreement with those obtained from the Cosβ parameter method. In 
addition, carbonyl stretching frequencies of the mono 13CO substituted derivatives of Hg[Co(CO)4]2 have been estimated. 
The results exhibit agreement between calculated and observed frequencies, showing thereby that the analytical approach 
presented here gives a valid solution to the CO-factored force field of the molecule under study. 

 

Both the vibrational1-3 and X-ray crystallographic4-6 

data show that the compound Hg[Co(CO)4]2 has a 
geometry consistent with the D3d symmetry. For this 
molecule, under the D3d local symmetry of the 
carbonyls, group theory predicts six carbonyl 
stretching modes (2a1g+eg+2a2u+eu). The a1g and eg 
modes are Raman-active; the a2u and eu modes are 
infrared-active7. On the basis of the CO-factored force 
field8-10, the molecule has two carbonyl stretching 
force constants (k1 and k2) and six CO-CO interaction 
constants (kc, kc′, kt, km, p and q) (Fig. 1). Since these 
are eight force constants to be calculated and only six 
observable C-O stretching modes, the CO-factored 
force field for Hg[Co(CO)4]2 is not yet fully 
determined. 
 The first attempt to overcome this problem was 
made by Bor11. In his Cosβ parameter method12-13, all 
eight force constants are expressed as a function of 
only one parameter (Cosβ). This parameter depends 
on both the declination angle of equatorial ligands and 
the intensity ratio of two absorption bands belonging 
to the same symmetry species. The method, therefore, 
has a difficulty in obtaining a suitable range for Cosβ. 
In the application of the Cosβ parameter method to 
Hg[Co(CO)4]2, Bor made use of isotopic data to 
calculate the value of Cosβ11. 
 Another attempt, based on Cosβ parameter method, 
to determine force constants for Hg[Co(CO)4]2 was 
made by Ernstbrunner and Killner14. Here, infrared 
and Raman modes were treated separately and two 
different parameters were defined as Cosβg and 

Cosβu. These parameters were determined from the 
intensity ratios of the two absorption bands belonging 
to the same symmetry species (2a1g+2a2u). 
 In our previous work on solving the CO-factored 
force fields of complexes of the types cis-L2M(CO)4 
(ref. 15), M(CO)4 with C3v symmetry (ref. 16), 
LM(CO)5 (ref. 17)  and Fe(CO)5 (ref. 18), we have 
developed some analytical approaches which allow a 
direct calculation of carbonyl stretching and CO-CO 
interaction force constants from C-O stretching 
frequencies of  the all-12C16O molecule. Of the 
complexes mentioned above, pentacarbonyliron is 
closely related to Hg[Co(CO)4]2 because the cobalt 
atoms are in trigonal bipyramidal coordination. In the 
present paper, we aim to obtain a valid solution for 
the CO-factored force field of Hg[Co(CO)4]2 by using 
an analytical approach similar to that used in the case 
of Fe(CO)5.  
 

 
 
Fig. 1⎯Definition of CO-factored force constants for 
Hg[Co(CO)4]2. 
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Theoretical 
 The secular equations for Hg[Co(CO)4]2 with D3d 
symmetry, derived employing an energy-factored 
force field, are given elsewhere11. These are presented 
in Table 1. When these equations were rearranged so 
that six of the eight constants are expressed in terms 
of the two remaining and the observed frequencies, 
the following relations are obtained: 
 

[ ]1 1 2 3 1 2 3
1 ( 4 ) ( ' ' 4 ') ( ')

12
k λ λ λ λ λ λ β β

μ
= + + + + + + +  

  … (1) 

[ ]2 1 2 1 2
1 ( ) ( ' ') (

4
k ')λ λ λ λ β β

μ
= + + + − +   … (2) 

 

[ 1 2 3 1 2 3
1' ( 2 ) ( ' ' 2 ') (

12ck ]')λ λ λ λ λ λ β β
μ

= + − + + − + +  

  … (3) 

[ ]1 2 1 2
1 ( ) ( ' ') (

4tk ')λ λ λ λ β β
μ

= + − + − −   … (4) 

 

[ ]1 2 3 1 2 3
1 ( 2 ) ( ' ' 2 ') (

12
p ')λ λ λ λ λ λ β β

μ
= × + − − + − + −  

  … (5) 

[ ]1 2 3 1 2 3
1 ( 4 ) ( ' ' 4 ') (

12
q ')λ λ λ λ λ λ β β

μ
= × + + − + + + −  

  … (6) 
where, 
 

2 2
1 2( ) 12 ( c mk kβ λ λ μ= − − + 2)   … (7) 

 

2 2
1 2' ( ' ') 12 ( )c mk kβ λ λ μ= − − − 2

m

  … (8) 
 

 From Eqs (1)-(8), one can conclude that the 
solution of the secular equations for the molecule 

under study is reduced to the problem of finding the 
values of kc and km. In order to determine the values of 
these constants, we have employed some 
substitutions, similar to those in our previous paper18, 
two for infrared modes and two for Raman modes. 
 For infrared modes: 
 

1 12 ' 2 ( )c ck k p q k kδ+ + + = +   … (9) 
 

2 2 ( )t ck k k kmδ+ = +   … (10) 
 

 For Raman modes: 
 

)(2'2 31 mcc kkqpkk −=−−+ δ   … (11) 
 

)(42 mct kkkk −=− δ   … (12) 
 

 With these substitutions, the following relations are 
obtained from the secular determinants given in 
Table 1: 
 

2
1 1 2 1 2[( ) ( ) 12]( )

2 c mk kμλ δ δ δ δ= + + − + +   … (13) 
 

2
2 1 2 1 2[( ) ( ) 12]( )

2 c mk kμλ δ δ δ δ= + − − + +   … (14) 
 

2
1 3 4 3 4' [( ) ( ) 12](

2 c mk kμλ δ δ δ δ= + + − + − )   … (15) 
 

2
2 3 4 3 4' [( ) ( ) 12](

2 c mk kμλ δ δ δ δ= + − − + − )   … (16) 
 

where 1 2 1 2, , ', 'λ λ λ λ  are the λ  parameters of a1g and a2u 
modes. 1λ  and 1 'λ  denote the modes at the higher 
frequency, and  2λ and 2 'λ  the modes at the lower 
frequency. From Eqs (13)-(16) for both (kc+km) and 
(kc-km) two relations are obtained:  

Table 1— Secular equations for Hg[Co(CO)4]2 with D3d symmetry 
   

Symmetry λ  parameters Secular equations a 
   

(1)
1

(2)
1

g

g

a

a
 

1

2

λ

λ
 1( 2 ' 2 )

( )

c

c m

k k p q

k k

μ λ

μ

+ + + −

+
   

2

( )

( )

c m

t

k k

k k

μ

μ λ

+

+ −
  =0 

ge  3λ  1( ' )ck k q pμ λ 0− + − − =  
(1)
2

(2)
2

u

u

a

a
 

1

2

'

'

λ

λ
 1( 2 ' 2 )

( )

c

c m

k k p q

k k

μ λ

μ

+ − − −

−
   

2

( )

( )

c m

t

k k

k k

μ

μ λ

−

− −
  =0 

ue  3 'λ  1( ' )ck k q pμ λ 0− − + − =  

   
aThe various k are defined in Fig. 1; μ represents the reciprocal of the CO group; λ=4π2c2ν2 
where ν is the frequency in cm-1. 
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1 2

1 2( )c mk k λ λ
μ δ δ

+
+ =

+
  … (17) 

 

1 2
2

1 2( ) 1
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2
λ λ

μ δ δ

−
+ =

− +
  … (18) 

 

1 2

3 4

' '
( )c mk k λ λ

μ δ δ
+

− =
+

  … (19) 

 

1 2
2

3 4

' '
( ) 1

c mk k
2

λ λ
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−
− =

− +
  … (20) 

 

 Combining Eqs (17) and (18), we get: 
 

2
1 2 1 2

1 2 1 2

( ) 12
0

δ δ λ λ
δ δ λ λ
− + −

− =
+ +

  … (21) 

 

From Eqs (19) and (20), a similar equation is 
obtained: 
 

2
3 4 1 2

3 4 1 2

( ) 12 ' ' 0
' '

δ δ λ λ
δ δ λ λ
− + −

− =
+ +

  … (22) 

 

 Eqs (21) and (22) enable us to conclude that the 
determination of kc and km is reduced to the problem 
of finding the values of δ1,  δ2,  δ3 and δ4 which satisfy 
them. For a given molecule, the left-hand sides of 
these equations have two variables, and may be 
therefore regarded as the function of δ1 and δ2 for Eq. 
(21),  and δ3 and δ4 for Eq. (22), which are represented 
by f(δ1, δ2) and f(δ3, δ4), respectively. When the 
function f(δ1, δ2) is plotted against δ2 for various 
values of δ1, such as δ1', δ1'', δ1''', the curves shown in 
Fig. 2 are obtained. The graphs of the function f(δ3, 
δ4) versus δ4 for various values of δ3 are the similar to 
those of f(δ1, δ2). 
 As can be seen from Fig. 2, one of the solutions of 
Eq. (21) or Eq. (22) corresponds to the point at which 
the δ2-axis [δ4-axis for Eq. (22)] is tangential to the 
curve obtained for 1 1 ''δ δ=  [ 3 3 ''δ δ=  for Eq. (22)]. The 
curve considered has a minimum at the point and we 
make use of the partial derivatives of the functions for 
obtaining the solution mentioned. With the use of 

1 2

2

( , ) 0f δ δ
δ

∂
=

∂
, 1 2( , ) 0f δ δ = , 3 4

4

( , ) 0f δ δ
δ

∂
=

∂
 and 

3 4( , ) 0f δ δ = , we get: 
 

1 2
1

1 2

2 3 λ λ
δ

λ λ
=

−
  … (23) 

 

 
 
Fig. 2⎯Model graphs of the function f(δ1, δ2) vs. δ2 or the 
function f(δ3, δ4) versus δ4. 
 

2 2
1 2

2
1 2 1 2

3( )
( )

λ λδ
λ λ λ λ

+
=

−
  … (24) 

 

1 2
3

1 2

2 3 ' '
' '
λ λ

δ
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−
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2 2
1 2

4
1 2 1 2

3( ' ' )
( ' ') ' '

λ λδ
λ λ λ λ

+
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−
  … (26) 

 

Combining Eqs (17), (23) and  (24), we get: 
 

1 2 1 2

1 2

( )
3 ( )c mk k

λ λ λ λ
μ λ λ
−

+ =
+

  … (27) 

 

Combining Eqs (19), (25) and (26) yields: 
 

1 2 1 2

1 2

( ' ') ' '
3 ( ' ')c mk k

λ λ λ λ
μ λ λ
−

− =
+

  … (28) 

 

From Eqs (27) and (28), the following relations are 
obtained: 
 

1 2 1 2 1 2 1 2

1 2 1 2

( ) ( ' ') '1
' '2 3ck

'λ λ λ λ λ λ λ λ
λ λ λ λμ

⎡ ⎤− −
= +⎢ ⎥

+ +⎢ ⎥⎣ ⎦
  … (29) 

 

1 2 1 2 1 2 1 2

1 2 1 2

( ) ( ' ') '1
' '2 3mk

'λ λ λ λ λ λ λ λ
λ λ λ λμ

⎡ ⎤− −
= −⎢ ⎥

+ +⎢ ⎥⎣ ⎦
 

  … (30) 
 

These equations show that kc and km can be calculated 
from observed frequencies of the a1g and a2u modes. 
Once kc and km have been determined, the other force 
constants (k1, k2, kc', kt, p and q) can be estimated from 
Eqs (1)-(6). On the other hand, inserting Eqs (27) and 
(28) into Eqs (7) and (8) gives the relations by which 
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β and β' can be calculated from frequencies of the a1g 
and a2u modes: 
 

2
1 2

1 2

( )λ λβ
λ λ
−

=
+

  … (31) 

 
2

1 2

1 2

( ' ')'
' '

λ λβ
λ λ
−

=
+

  … (32) 

 
Results and Discussion 
 Equations (1)-(6) show that the determination of 
CO-factored force constants for Hg[Co(CO)4]2 with 
D3d symmetry from frequencies of fundamental 

modes leads to an algebraic system which consists of 
six equations in eight unknowns. It is mathematically 
evident for such a system that an infinite number of 
solutions will be possible. In fact, the solution 
corresponding to Eqs (29) and (30) is the only one 
possible solution of the algebraic system. 

Table 2 — CO-factored force constantsa for Hg[Co(CO)4]2 calculated by two methods 
         

Methods b k1 k2 kc kc' kt km p q 
         

A 16.477 17.032 0.282 0.292 0.114 0.040 0.071 -0.020 
         

B 16.477 17.052 0.282 0.287 0.118 0.041 0.070 -0.022 
         

aForce constants are given in mdyn/Å.  bA and B, respectively, represent our method and the  Cosβ parameter 
method11. 

 

Table 3 — Secular equationsa for mono-13CO substituted species of Hg[Co(CO)4]2 with D3d symmetry 
  

Equatorially substituted species  
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2 * '
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μ
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Axially substituted species  
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aμ  and μ * denote the reciprocal of the reduced mass of 12C16O and 13C16O, respectively. 

 

 In order to test the validity of the solution found 
here, Eqs (1)-(6), (29) and (30) were first used to 
calculate force constants of Hg[Co(CO)4]2 and then 
compared with those determined from the Cosβ 
parameter method11. The infrared-active1,3,6 and 
Raman-active2,11,14,19 C-O stretching frequencies of 
Hg[Co(CO)4]2 were reported by many authors. In our 
calculations, we have used the frequencies given in 
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ref. [11], a1g
(1)=2094.6, a1g

(2)=2027.5, eg=1996.0, 
a2u

(1)=2072.3, a2u
(2)=2021.7 and eu=2007.3 cm-1. Our 

results, together with those obtained from the Cosβ 
parameter method, are given in Table 2. 
 The table reveals that there exists a very good 
agreement between the force constants calculated by 
the two methods. It should also be noted that the 
presented method utilizes only frequencies of the 
fundamental modes whereas the application of the 
Cosβ parameter method12 needs to use frequencies of 
isotopically enriched species for finding value of 
Cosβ and therefore the present method is easier to 
apply than the Cosβ parameter method. 
 As a further check upon the validity of the solution 
presented here, the force constants calculated from 
Eqs (1)-(6), (29) and (30) were employed to predict 
C-O stretching frequencies of isotopically enriched 
species of Hg[Co(CO)4]2, and the results obtained 
were compared with observed isotopic frequencies. 
The reliability of such a comparison is based on the 
assumption that the force constants remain unchanged 
on isotopic substitution20. This also means that C-O 
stretching frequencies of isotopically substituted 
species can be determined by using the force 
constants of all-12C16O molecule. For such a 
comparison, we have made use of 13CO-substituted 
species since the CO-factored force field works best 
for 13C16O-substitution21,22. The 13CO enriched 
Hg[Co(CO)4]2 was prepared and its some isotopic 
frequencies (2092.2, 2026.0 and 1963.7 cm-1) were 
reported by Bor11. In order to calculate these 
frequencies, the secular equations for mono-13CO 
substituted species of Hg[Co(CO)4]2 were derived by 
procedures given in Ref.20 and are presented in 
Table 3.  
 Since there are two different sets of CO groups, 
two mono-13CO substituted species of Hg[Co(CO)4]2 
are expected. The radially substituted derivative 
belongs to the Cs point group and for which group 
theory predicts eight C-O stretching modes (6a'+2a''), 
all being infrared active. The a'' modes coincide with 
the eg and eu modes of the parent all-12C16O molecule. 
On the other hand, the axially substituted derivative 
belongs to the C3v point group and its observable C-O 
stretching modes have symmetry species 4a1 and 2e, 
the latter ones coinciding again with the parent 
eg and eu. 
 With the use of the secular equations given in 
Table 3 and the force constants calculated by 
Eqs (1)-(6), (29) and (30), the isotopic frequencies of 

mono-13CO substituted species of Hg[Co(CO)4]2 were 
estimated. The results obtained are given in Table 4, 
together with observed frequencies of the species. It 
can be seen from the table that a rather good fit 
between observed and calculated frequencies was 
obtained. 

Table 4—Observed11 and calculated frequencies for 
mono-13CO substituted species of Hg[Co(CO)4]2 
   

Frequencies (cm-1) Species Obs. Calc. Assignment 

    
2092.2 2092.1 a' 
⎯ 2069.6 a' 

2026.0 2026.3 a' 
⎯ 2019.9 a' 
⎯ 2002.2 a' 

1963.7 1964.2 a' 
2007.3 2007.3 a'' 

Equatorially 
substituted 

 

1996.0 1996.0 a'' 
⎯ 2089.0 a1 

2063.0a 2063.3 a1 
⎯ 2024.8 a1 
⎯ 1993.2 a1 

2007.3 2007.3 e 

Axially 
substituted 

 

1996.0 1996.0 e 
    
 aThe frequency  taken  from ref. 14. 

 

 
Conclusions 
 Tables 2 and 4 show that the analytical approach 
employed here leads to a valid solution for the CO-
factored force field of Hg[Co(CO)4]2 with D3d 
symmetry. The relations obtained make it easy to 
calculate force constants, allowing direct calculation 
of them from fundamental C-O stretching frequencies 
of the all-12C16O molecule. From the excellent 
agreement between observed and calculated 
frequencies of 13CO-enriched species (Table 4), one 
can conclude that the method presented here may be 
employed to analyze isotopic spectra of 
Hg[Co(CO)4]2. 
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