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Hawkins, Mattraw, Sabot and Carpenter1) 
have observed successfully infrared spectra of 
chromium and molybdenum hexacarbonyls in 
gaseous state and have made an attempt to 
obtain Raman spectra of molybdenum hexa-
carbonyl. Recently, Danti and Cotton 2) have 
reported Raman spectra of those and tungsten 
hexacarbonyls using chloroform as solvent. The 
molecular structure by electron diffraction has 
been reported by Brockway, Evens and Lister3), 
and by X-ray diffraction by Rudorf and Fof-
mann'), and it has been clear for the mole-
cule to have Oh-symmetry. The assignments 
of the observed frequencies have been made 
by these investigators and the thermodynamic 
properties have been calculated by Hawkins, 
Mattraw, Sabor and Carpenter1). 
 Out of thirteen fundamental vibrations re-

sulting from the O,; symmetry of the M(XY)6 
type of molecule only four fundamental vibra-
tions are infrared active, and the lowest fre-
quency of them, which has considerably great 
contribution to thermodynamic properties is 
out of the region of the observation by a usual 
spectrometer. In connection with the other 
metal carbonyls previously reported5) and now 
proceeding*, the present paper** deals with a 
normal coordinate analysis for chromium and 
molybdenum hexacarbonyls to establish the 
more reliable assignments of vibrational fre-
quencies and to compute the potential con-
stants which may afford some information 
concerning the nature of the metal-carbonyl 
and carbonyl bonds in those compounds. The 
thermodynamic properties based on these assign-
ments were calculated.

 Normal Coordinate Treatment 

 The method of group theory shows that, as 
explained by Hawkins, Mattraw, Sabol and 
Carpenter1), thirty-three normal modes of vib-
ration of the octahedral M(XY)6 type mole-
cule are reduced to two of a,g, two of eg, one 
of f1g, four of f1u, two of f2g and two of f2u, 
and a1g, eg and f2g species are active in Raman 
and f1u species in infrared. The fig and f2u 
species are inactive in both.

Fig. 1. Internal coordinates of M(XY)6 
 molecule.
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is being carried out in our laboratory. A part of the 
study has already been reported by H. Murata and K. 
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 The general secular equation may be obtained 
by means of the Wilson's method6). The 
internal coordinates of M (XY) 6 molecule of 
this type are as follows:

Fig. 1 illustrates the above internal coordi-

nates. 

The symmetry coordinates were set up from 

these internal coordinates as follows:

For a1g species:

For eg species:

For f1g species:

For f1u species:

For f2g species:

For f2ua species:

 Using the table of Decius7) and for the 

M-X-Y bending the method by Ferigle and 

Meister8) G matrices were evaluated. In therms 

of the abbreviations p and r for reciprocal of 

the bond lengths x and y, respectively, and PM,

uX and uY for the reciprocals of the atomic 
masses, the following G matrix elements were 
obtained***: 

For a1g species:

For eg species:

For f1g species:

For f1u species:

For f2g species:

For flu species:

 Following the method of Shimanouchi9), the 
Urey-Bradley type quadratic potential energy 
function for octahedral M (XY)6 molecule may 
be written as:

 6) E. B. Wilson, Jr., J. Chem. Phys., 7, 1047 (1939), 9, 76 
(1941). 

 7) J. C. Decius, ibid., 16, 1025 (1948). 
 8) S. M. Ferigle and A. G. Meister, ibid., 19, 982 (1951).

*** There is one misprint in the G matrix elements 

presented by H. Murata and K. Kawai, J. Chem. Phys., 26, 
605 (1957), viz G24 in f1u species which corresponds to GIs 
of this paper. 
 9) T. Shimanouchi, J. Chem. Phys., 17, 245, 734, 848 

(1949).
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where x0 and y0 are the equilibrium M-X and 

X-Y bond distances respectively; K, H, F and 

F' are the potential constants and x the intra-

molecular tension whose definition and physical 

meaning were expressed by Shimanouchi9). 

 The intra-molecular tension for the octahedral 

MX6 type molecule can easily be derived from 

the following relation obtained for the octa-

hedral Geometrical structure

where the first summation extends for all of 
the twelve angles and the second for all the 
forty-eight sets of adjacent angles. 
 The potential energy matrix elements evalu-

ated from the above potential function are as 
follows:

For a1g species:

For eg species:

For f1g species:

For f1u species:

For fig species:

For f2u species:

In the above elements it was assumed experi-
mentally that F'=-1/10F, and consequently 
six potential constants are used here. 

 TABLE I. MOLECULAR CONSTANTS FOR 
Cr(CO)o AND Mo(CO)6a

Symmetry number 24 for all fundamentals 

a From Ref. 3. 
b M denotes Cr or Mo.

TABLE 11. POTENTIAL CONSTANTS FOR 
 Cr(CO)6 AND MO(CO)6 (mdyn./A)

TABLE 111. COMPARISON OF OBSERVED AND CALCULATED FUNDAMENTALS 
FOR Cr(CO)6 AND MO(CO)6

a Obtained from the values of the L matrix elements. 
b Inferred from combination or overtone bands. 

c Obtained by the method of high-frequency separation.
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 To evaluate numerically the above elements, 

the bond lengths listed in Table I and the 

atomic masses on a physical scale were used. 

Discussion

 A comparison of the normal frequencies 

calculated from the set of potential constants 

in Table II with those observed by Hawkins, 

Mattraw, Sabol and Carpenter1) are summarized 

in Table III. The numbering of the frequencies 

is the same as that used by Hawkins et al.1) 

 The agreement between the calculated and 

the observed frequencies is satisfactory except 

for the M-C-O bending vibrations. The pre-

sent results from the Urey-Bradley type 

potential function in which all the M-C-O 

TABLE IV. INFRARED BANDS OF GASEOUS 

 Cr (CO) a

vs Very strong; s Strong; m Medium; 
w Weak; b Broad; sh Shoulder; q More 
than binary combination or questionable band.

TABLE V. INFRARED BANDS OF GASEOUS 

Mo(CO)(I

vs Very strong; s Strong; m Medium; 
w Weak; b Broad; sh Shoulder; q More 

than binary combination or questionable band.

bending interaction constants are not included 

indicated that 213 and 310cm-1 bands assigned 

to a10 and a12 respectively by Hawkins, Matraw, 

Sabol and Carpenter1) and 137.1cm-1 band to 

alo by Danti and Cotton 2) for chromium hexa-

carbonyl and 230 and 327cm-1 bands by the 

former1) and 135.7cm-1 band by the latter 2) for 

molybdenum hexacarbonyl are too small for 

M-C-O bending vibrational frequencies. 

Based on this point of view, all of the observed 

bands by Hawkins, Matraw, Sabol and 

Carpenter1) except for only three strong bands 

which may be designated as fundamentals, 

were reassigned as shown in Table IV for 

chromium hexacarbonyl and Table V for molyb-

denum hexacarbonyl. 

 In order to obtain better agreement with 

the observed frequencies of a,g and eg species 

some other sets of values of diagonal terms in 

F matrix were used, but as long as proper 

values with physical meaning were used the 

calculated values were not close to the observed 
ones. This, therefore, may suggest that the
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TABLE VI. L MATRICES FOR Cr(CO)6

TABLE VII. L MATRICES FOR Mo(CO)6

TABLE VIII. HEAT CONTENT, FREE ENERGY, AND HEAT CAPAClTY OF Cr(CO)•‹ AND Mo(CO)6 FOR 

 THE IDEAL GASEOUS STATE AT I ATOMOS PRESSURE (cal. deg-1 mol-1)

interaction terms between X-Y and M-X or 
X-Y stretching internal coordinates in the 
Urey-Bradley type potential function are not 
negligibly small. 

Though, as explained above, there are con-
tained a few quetionable points and the limits 
of error are uncertain, we may be allowed to 
conclude that the assignments in Table III 
and the potential constants in Table II are 
reasonable. 
 As the carbon-oxygen stretching potential 
constant K(C-O), that of nickel carbonyls), 
16.02 mdyn./A, was employed. For this selec-
tion the metal-carbon stretching potential con-
stants K(M-X) were obtained to be 1.83 and 
1.77 mdyn./ A for chromium and molybdenum 
hexacarbonyls respectively. These metal-carbon

stretching potential constants are a little smaller 
than that of nickel carbonyls), 2.12 mdyn./ A, 
and this fact is in agreement with the study 
by Giacometti10) who suggested that the shorten-
ing of chromium-carbon bond is smaller than 
that of nickel-carbon bond in the metal carbo-
nyls. The values of the metal-carbon stretching 
potential constant, although many authors10,11) 
have discussed-the evidence of partial double 
bond caracter. in such coordination compounds 
of various symmetry as these metal carbonyls, 
are nearly equal to those of Si-C and Cr-Cl 
bonds of tetramethylsilane12) and chromyl

10) G. Giacometti, ibid., 23, 2068 (1955). 
11) See e. g., L. P,auling, "The Nature of the Chemical 

Bond", Cornell University Press. Ithaca. New York (1939), 
P. 251. 
12) K. Shimizu and H. Murata, private communication.
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chloride13) (2.72 and 2.56 mdyn./ A respectively), 
which are considered as single bonds. 
 The L matrices, whose components give 

the transformation from normal to symmetry 
coordinates, were calculated and listed in Table 
VI for chromium hexacarbonyl and Table VII 
for molybdenum hexacarbonyl. 

Thermodynamic Properties 

The heat content, free energy, entropy and 
heat capacity at constant pressure were cal-
culated for seven temperatures from 273.15 to

1000K in the rigid rotator-harmonic oscillator 

approximation using the probable values of the: 

observed wave numbers listed in Table III. 

The molecular constants used in these computa-

tion and the symmetry number are given in 

Table r, while Table VIII lists the thermo-

dynamic properties. 

 The authors express their sincere apprecia-

tion to Professor R. Tsuchida of Osaka Uni-
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advice.
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13) H. Stammreich, K. Kawai and Y. Tavares, Spectro-
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