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By the enrichment of the CO content of Mo(CO)s to
6—38 percent the C—O stretching frequencies of
Mo(”CO){"*CO) have been measured. Using these
data the infrared inactive C—O stretching frequencies
and the nonrigorous (factored off) C—O stretching
force constants of Mo("?CO)s have been determined
(Tuble 1). The ratio of the dipole moment gradients
of CO and "*CO ligands has been obtained and the
C—O stretching frequencies and relative band intensi-
ties all Mo(*’CO)s-(PCO), (n=1 ..... 6) molecules
calculated.

Introduction

Previous studies on the *CO-isotope spectra of me-
tal carbonyls were performed with the following aims:
(a) determination of the IR-inactive C—O stretching
frequencies of all-?CO compound;? (b) comparison of
the observed and calculated M,(**CO)....(**CO), spectra
for checking the correctness of assignments and force
constant calculations;>**° (c) utilization of BCO iso-
topic data in the course of computations of force con-
stants;*’ (d) the determination of reaction mechanisms
involving CO uptake or insertion.”#%1014

These studies were based in part on spectra of
isotopically enriched compounds.?%782.10

The force constant calculations quoted in points (b)
and (c) were performed, with the exception of the
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paper of Bouguet and Bigorgne, on the basis of sim-
plified force fields based solely on the C—O stretching
fundamentals.!"128

The non-rigorous C—O stretching force constants
and stretch-stretch interaction constants obtained on
the basis of the factored-of C—O streching block of
the F and G matrix reproduce exactly not only the
C—O stretching frequencies (which is not the case e.g.
with the Urey-Bradley force field), but even the C—O
frequencies of the isotopically substituted molecules
are obtained in this way with high accuracy.? This
fact ensures not only the unequivocal identification of
the ®CO « satellite » bands but furnishes a new me-
thod for the exact determination of the IR-inactive
C—O stretching frequencies of the parent all-?CO
compounds from the infrared bands of the mono-*CO
substituted molecules.

In this paper a further example, that of molybdenum
hexacarbonyl is dealt with. A somewhat similar study
has been performed recently also by Harrill and
Kaesz." These authors investigated, however, mainly
the stereochemistry of the products obtained in the
reactions of (C;Hg)Mo(CO), and (CsH;o)Mo(CO); with
BCO, whereas the emphasis of our paper is put on the
calculation of the all-*CO frequencies, and on the
method of computation. Besides the C—O stretching
frequencies, the eigenvectors of the corresponding vi-
brations will be also dealt with which are of impor-
tance from the point of view of band intensity consi-
derations aswell as for the determination of the ratio

ap.’uco ap.’nco

of the dipole gradients,
ar or

Experimental Section

Molybdenum hexacarbonyl was of commercial ori-
gin and has been purified by sublimation in vacuo.
Composition of the BCO enriched carbon monoxide,
the accomplishment of the experiments and scanning
and calibration conditions of the spectra were the
same as given in previous papers.'

The exchange rates' of molybdenum carbonyl is
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much lower than of those studied in our previous
paper.? Therefore a considerably lower BC-concentra-
tion was reached after two or three exchange cycles
(about 6 - 8 percent ®CO content). Consequently only
the «isotope» bands belonging to the mono-*CO-deri-
vative could be identified straightforwardly. However,
after the calculation of the C—O stretching frequen-
cies of the higher substituted molecular species some
of the bands belonging to the di-BCO substituted de-
rivatives could also be detected.

Method of Calculation

We did not perform corrections for anharmonicity
for the reasons given by Cotton and Kraihanzel. Of
course force constants being physically more meaning-
ful can be obtained based on frequencies corrected for
anharmonicity.?? However, we wish to apply the pre-
sent method for different other metal carbonyl types
for which no experimental data are available for per-
forming anharmonicity corrections.

In the first step the non-rigorous force and inter-
action constants of the simplified (i.e. only C—O stret-
ching) force field are obtained from the y,=Ai/|L va-
lues which are connected with the C—O stretching
frequencies, v« by Eq. (1): ¥

ye = M/u = 040407 X 10°Xvi mdyn/A 1)

where A stands for 4n?c? vi /N and 1/p. for the reduc-
ed mass of *CO.

For molybdenum hexacarbonyl having only one
C—O stretching fundamental in each species the force
constants are easily expressed from the relationships
(2), (3), and (4):

(species ay) ... Y1 = M/ = foo + i + 4. 2)
(species ) ... Y= M/ = feo + i— 2ic 3
(species fi) ... »1 = M/t = feo— i @

to yield equations (5), (6), and (7):

feo = (31 + 2y, + 3y)/6 (5)
= (nh—y)/6 (6)
= () + 2y:—3y)/6 ¢)]

where fco stands for the C—O stretching force con-
stant, i. for the CO—CO interaction constant between
ligands in cis position, and i, for the same type of inter-
action between trans ligands.

Mo(®CO)s having O, symmetry only one C—O
stretching fundamental, belonging to species fi, is in-
frared active. The other two C—O stretching fre-
quencies (ai, and e;) are known from Raman studies"”
or from extrapolation from the frequencies of substi-
tuted derivatives.® These data, however, are not of

(17) A. Danti and F. A. Cotton, J. Chem. Phys, 28, 4736 (1958).
(196&1)8) R. Poiblanc and M. Bigorgne, Bull, Soc. Chim. France, 1301
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such high accuracy which is attainable in the direct
infrared measurement using medium or high resolu-
tion, i.e. at least == 0.5 cm™!, Therefore the literature
data on the infrared-inactive frequencies could be used
only as rough starting values and they had to be refin-
ed to give the best agreement with the observed fre-
quencies of the mono-*CO molecules.

Figure 1. Numbering scheme of the C-O stretching inner
coordinates.

The force constants are arranged to a six-by-six F
matrix in terms of inner valence coordinates,” thus
the same matrix can be used for the calculation of
differently CO-substituted molecules differing gene-
rally in symmetry. According to the numbering sche-
me of the ligands shown in Figure 1 we have

Fi-‘ ‘—:fco

Fy = Fyy = Fis = Fy, etc. =i

F14=F15=F36 =1

and F.',' = F,-,' (8)

To preserve the advantage of the substitution

G'=—L g
w
(where G~! stands for the kinetic energy matrix, E for
the unit matrix, and 1/p for the reduced mass of
carbon-12 monoxide) introduced by Cotton and Krai-
hanzel ! and thus the convenient form (9) of the
secular equation by substituting y=2x/n:

|F~yE|=0 9

the F matrix is in the next step transformed accord-
ing (10):2

A"FA* = (10)
The diagonal matrix A* differs from the unit matrix E

only in the element(s) corresponding to the position(s)
of a ®CO ligand, these element(s) being

1 1\»
a" = ( / = 09776 (1)
u(*CO) w("CO)

(19) A. G. Meister and F. F. Cleveland, Am. . Phys. 14, 10 (1946).



The determination of the spectrum of the BCO-sub-
stituted carbonyl is then equivalent with the solution
of the simple secular equation (12):

|@—y"E|=0 (12)

The computation of the eigenvalues of matrix @ by
its diagonalization (13)

VoV =Y (13)

leads straightforwardly to the /¥ = A/?/W(*CO) va-
lues of the “CO-substituted molecules, which are con-
verted according (1) to the v/¥ isotopic frequencies
sought for.

The computer program itself uses the numerical ele-
ments of the matrix of the type (8) as input data. It
then multiplies by ¢ =0.9776 those rows and columns
which correspond to the positions of the PCO ligands
according to the numbering scheme. The elements
of matrix @ (10) obtained on this way are now used
as input values to the next procedure which furnishes
the eigenvalues of Eq. (12) by diagonalizing ®.

The diagonalization is carried out by the well
known Jacobi eigenvalue algorithm.® It proved use-
ful, however, to perform a minor change in this pro-
cedure for our special cases. In the Jacobi algorithm
namely the square roots of expressions are frequently
calculated in which the differences of the diagonal
matrix elements occure. Since in the C—O stretching
force constant matrices of metal carbonyls many if
not all the diagonal elements are equal, the program
stopped if negative difference values were obtained as
an effect of rounding off errors. This incovenience
has been avoided by inserting a conditional statement
in which, prior to the square root computations the
equality of the elements in question was checked.

In a final procedure the frequencies v,/ are obtain-
ed from the y,/” values according to Eq. (1). Besides
the frequencies the elements of the orthonormal matrix
V of the eigenvectors are also printed out.

Spectra and Results

The frequency data published on the single IR-active
C—O stretching fundamental (species fi.) all but
one'® refer to vapour phase spectra.

Several data exist in the literature also concerning
the IR-inactive C—O stretching frequencies of
Mo(CO)s obtained from Raman spectra” or by extra-
polation from the corresponding frequencies of sub-
stituted derivatives.® The data given by Poilblanc
and Bigorgne'™ obtained in unpolar solvents seemed
to serve as the best starting values: v, (a1,) = 2118,
V%) =2020, and v;°°(f,.)—=1986 cm~'. Using these
data the following C—O stretching frequencies have
been computed for species a; vibrations of Mo(?CO)s-
(3CO), point group Cs: 2112.10, 2011.60, and
1955.07 cm~!. The IR-inactive b, frequency of the

(20) T. G. Evans, Algorithm 85, Jacobi, in « Collected Algorithms
1960-1963 from the Communications of the Association for Computing
Machinary » by R. E. Grench et al., Argonne National Laboratory, Ar-
gonne, lllinois, July 1965, p. 59; ]. S. Hillmore, ibid, p. 60 « Certiflca-
tion of Algorithm 85 Jacobi ».
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mono-®CO molecule must coincide with the e, fre-
quency of the all-2CO compound, and similarly the e
frequency of the isotopically monosubstituted species
must have the same value as the very strong IR-active
fi. frequency of Mo(*2CO).

This fi. vibration was found in hexane solution to
have the frequency of 1989.3 cm~'. The lowest *CO-
satellite is easily recognized even from the spectra of
the complex with natural abundance of BCO and it
has the frequency of 1958.0 cm~!. With highly con-
centrated solutions two additional very weak bands
can also be observed at 2110.6 and 2010.9 cm~.
Undoubtedly these are the other two a4, bands of the
mono-*CO compound. (The broad band at about
2080 cm™! is attributed to a combination.)

All the mentioned three weak bands grew intenser
after BCO enrichment (Figure 2) confirming thus their

assignment.
A

-
|

2100 2050 2000 1950
v, em”!

Figure 2. Spectrum of “CO-enriched Mo(CO)s in the C-O
stretching region; n-hexane solution, three concentrations.
A: bands of Mo(2CO)s(*CO);

B: band of cis-Mo(*CO)(**CO),;

C: band of trans-Mo(*CO)("*CO),.

Table I. Fundamental C-O stretching frequencies (0.2 cm™")
of Mo(?CO)s obtained from “CO isotopic data, and appro-
ximate force constants derived thereof (hexane solution,
without anharmonic correction).

v (a,) = 2116.5 cm™* feo = 16.5018 + 0.0032 mdyn/A
v (¢,) = 2018.9 cm™! i, = 02718 + 0.0011 mdyn/A
v (f,.) = 1989.3 cm™’ i, = 05115 + 0.0032 mdyn/A

The force constans are given to a degree of precision which
was used in the calculation of the isotopic frequencies.

After the exact measurement of the wave numbers
of these isotope bands (% 0.2 cm™') the starting all-
2CO frequencies had to be refined to furnish exactly
the observed mono-"CO values. This is easily done
in one step, since the changes in the frequency of a
certain all-*CO band influences specifically the fre-
quency of its particular « satellite », the other bands
of the same species being altered only insignificantly.
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Table Il. Assignments, calculated frequencies and relative intensities (in square brackets) of the C-O stretching vibrations of

Mo(*CO)s..(*CO). molecules.

n=0 n=1 n=2 - n=4 n=>5 n=6
trans cis trans cis trans cis
Ox Co Dy C., Cy Cy, D Cy Co On
vi(ay,) wi(a)) vi(ayy) vi(ar) vi{a) vi(@) vi(a,) vi(ar) vi(ar) Vi(die)
2116.5 2110.6° 2104.8 2104.2° 2097.7 2096.9 2090.4 2089.3 2080.5 2069.1
[0.000] [0.017] [0.000] [0.040] [0.024] [0.076] [0.000] [0.065] [0.046] [0.000]
vi(e,) vi(by) vi(bse)
20189 20189 2018.9
[0.000] [0.000] [0.000]
va(ar) vi(ay) va(a)
2011.19 20145 2013.0
[0.328] [0.171] [0.230]
vi(by) vi(e) vi(by)
2008.4 2008.4 2008.4
[0.473] [0.947] [0.473]
V(i) va(a))
1998.3 1996.0
[0.000] [0.429]
V;(fh.) Vs(e) V!(eu) Ve(bz) Vs(bl) Vs(alu)
1989.3 1989.3 1989.3 1989.3 1989.3 1989.3
[6.00] [4.00] [4.00] [2.00] [2.00] [2.00]
Vz(alg) \)3(01) Vz(al)
1984.6 1985.1 1985.4
[0.000] [0.197] [0.380]
vi(byg) V(b)) vi(e;)
1973.7 1973.7 1973.7
fo0.000] [0.000] [0.000]
vi(ai) (@) vi(a) vi(ay) vi(a) vi(ay)
1957.7% 1960.4 1956.7 1962.9 1958.4 1956.2
[1.56] [1.69] [1.45] [1.83] [1.46] [1.43]
vs(by) vi(e) vs(by)
1954.9 1954.9 19549
[1.43] [2.86] [1.43]
V_\(aZu) Va(bz) Vs(eu) Vs(bz) Vs(e) V;(fxu)
1944.7° 1944.7 1944.7 1944.7 1944.7 1944.7
[1.81] [1.81] [3.61] [1.81] [3.61] [542]

aFound: 2110.6; ?Found: 2104.2; c¢Found: 2010.9; < Found:

Thus the frequencies given in Table I have been found
to represent best the C—O stretching fundamentals
of Mo(?*CO)¢ in hexane solution (without anharmonic
corrections).

The non-rigorous force and interaction constants
obtained by equations (5), (6), and (7) are also given
in Table I. These may be compared with the values
16.46, 0.27, and 0.55 mdyn/A respectively obtained
by Jones? under identical assumptions, however from
frequencies obtained in CCl,; solutions.

Arranging these values into the force constant ma-
trix (8) and performing the calculations given previ-
ously the C—O stretching frequencies of all diffe-
rently ®CO subsituted Mo(**CO)s_.(*CD).. molecules
were obtained. The numerical values are given in
Table 2 together with the assignments to the corre-
sponding symmetry species and intensities dealt with
later.

An important regularity in the frequency values gi-
ven in Table II is worth of emphasizing. The dege-
nerate and antisymmetric vibrations respectively (sym-
metry species fi, €, €, b1, by, b2, Or @2,) involving only
one type of bond (i.e. only “C-O or ®C-O) distinguish
themselves in having identical frequencies in more (in
three and in six, respectively) of the differently isotopi-
cally substituted molecules. On the other hand, the
frequencies belonging to totally symmetric species, al-
though falling in distinct regions, show irregular va-
riations as due to the coupling of *C—O and “C—O
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1958.0; ¢ Found: 1946.0 cm™.

vibrations in this species.

It is clear from the data of Table II that the two
very weak bands to be observed on the spectrum of
the enriched compound at 2104.1 and 1946 = 1 cm™
belong to the cis- and trans-di-*CO substituted mole-
cules, respectively.

In Table III the eigenvectors of the « C—O stretch-
ing type » normal coordinates of the differently *CO-
substituted molecules are compiled. Only those spe-
cies are given in which two or more symmetry coordi-
nates are mixing to give the corresponding normal
coordinates, since in the singly occupied species the
eigenvectors have trivial values.

As a consequence of the construction of the matrix
F in terms of inner valence coordinates the eigenvec-
tors correspond directly to the orthonormal (relative)
ampitudes of the individual ligand vibrations.

By using the eigenvector values of the mono-*CO
compound the ratio, d, of the dipole moment gradients
of the BC—O and “C—O stretchings, respectively,
could be obtained

_ Opluco ; dp’nco
or or

d (14)

Since in the molecule of Cs symmetry only ligands
6 (*CO) and 3 (trans to “CO) contribute to the inten-
sity in species a1 we have the following equations for



Table lll. Eigenvectors of the C—O stretching normal coordi-
nates of Mo(**CO)s..(*CO). (n = 1—5) molecules.

Mo(*CO)s(*CO) trans-Mo(?CO)("CO),
species a, species ay,
Q Q. Q, Q, Q,
A, 04307 —0.2448 —0.0679 A, 0.4546 —0.2082
A, 04307 —0.2448 —0.0679 A; 04546 —0.2082
Ay 04117 0.8292 —0.3780 YA, 0.2944 0.6429
A, 04307 —0.2448 —0.0679 A, 0.4546 —0.2082
As 04307 —0.2448 —0.0679 A; 04546 —0.2082

A, 0.2976 0.2697 09158 UYA, 0.2944  0.6429

cis-Mo(*CO)(CO);
species a, species b,
Ol OZ Q! 04 OS
Ay 0.4599 0.5282 —0.0971 0 0
A, 04375 —04426 —0.3357 0.6778 0.2014
A; 04375 —04426 —0.3357 —0.6778 —0.2014
As 04599 0.5282 —0.0971 0 0
A, 03115 —0.1582 0.6147 0.2014 —0.6778
@A, 03115 —0.1582 0.6147 —0.2014 0.6778
trans-Mo(*CQO),(2CO),
species a,
Q Q. Q; Q.
A 0.4926 0.4606 —0.2082 —0.0434
A 0.4657 —-0.7171 —0.4022 —0.3385
DA, 0.3093 —0.0688 0.6123 —0.1571
A, 0.4926 0.4606 —0.2082 —0.0434
U Ag 0.3262 —0.2441 0.0419 09123
A, 0.3093 —0.0688 0.6123 —0.1571
cis-Mo(*CQO)(*CO),
species a;
Q, Q.
A, 0.4732 —0.3307
A; 0.4732 —0.3307
As 0.4732 —0.3307
LW 0.3307 0.4732
DA, 0.3307 0.4732
MDA, 0.3307 0.4732
species e
O}a st an Olb
0.7827 0 0.2326 0
—0.3913 0.6778 —0.1163 0.2014
—0.3913 —0.6778 —0.1163 —0.2014
0.2326 0 —0.7827 0
—0.1163 0.2014 0.3913 —0.6778
—0.1163 —0.2014 0.3913 0.6778
trans-Mo(?CQO),("CO).
species ay,
Q. Q;
Ay 0.5371 —0.4599
DA, 0.3252 0.3798
UMA, 0.3252 0.3798
Ay 0.5371 —0.4599
(DA, 0.3252 0.3798
DA, 0.3252 0.3798
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Table 1ll. (continued)

CiS-MO(”CO)z(UCO)4
species &
Q, Q, Q;
5 0.5156 —0.3999 —0.2725
A; 0.5156 —0.3999 —0.2725
DA, 0.3315 0.5820 —0.2268
anp, 0.3526 0.0376 06118
(DA 0.3526 0.0376 0.6118
MA, 0.3315 0.5820 —0.2268
species b,
Q. Qs
0.6778 —0.2014
—0.6778 0.2014
0 0
0.2014 0.6778
—0.2014 —0.6778
0 0
Mo(CO)(*CO);s
species a
A, 0.5810 0.7470 —0.3232
UMA, 0.3584 —0.3288 —0.1159
(DA, 0.3584 —0.3288 —0.1159
A, 0.3857 0.0971 0.9175
DA, 0.3584 —0.3288 —0.1159
WA, 0.3584 —0.3288 —0.1159

the determination of d:

VT, = 04117 —0.2976 d
VT, = 0.8292—0.2697 d
VI, = 0.3780+0.9158 d

From the square roots of the absorptivity ratios of
the bands at 2110.6, 2011, and 1958 cm™! we obtain-
ed: d=0.95+0.05, in accord with the same value
obtained from the spectrum of Ni(*CO)(BCO).*

Thus although the ratio of the dipole moment gra-
dients does not differ significantly from unity
(O’sco =0 nco has been assumed by Kaesz et al.),?
the obtained difference influences considerably the
intensity ratio of the C—O stretching bands. Whereas
ap.’l!co:au,lzco demands Il H Iz: 13 =1:24: 129,
with d=0.9 the intensity ratios I : I: L=1:17: 70
are obtained.

By using d=0.95 the relative intensities of the
C—O stretching bands of differently BCO-substituted
Mo(2CO)s-n(*CO),, molecules have been calculated
and are given in Table 1I related to the value 6.00 of
the fi. band of Mo(*>CQO)s.

(*) In the paper dealing with the ¥CO-isotope spectra of Ni(CO)? we
did not report the eigenvectors. These are e.g. for species @, of
Ni(12CO)y(¥CO):

Ol QZ
0.5452 —0.1899
0.5452 - —0.1899
0.5452 —0.1899
0.3289 0.9444

(21) L. H. Jones, Inorg. Chem. 6, 1269 (1967).
(22) P. S. Braterman, R. Bau és H. D. Kaesz, Inorg. Chem. 6, 2097
(1967).
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