Correspondence

CO Force Constants and CO-CO
Interaction Constants of Metal Carbonyls!

Sir:

Recently Cotton, ef al.,? published another in a series
of papers which present calculation of CO stretching
force constants and CO-CO interaction constants with
neglect of all other force constants and all frequencies
but those from CO stretching vibrations. They claim
that these calculations? on BrMn(CO);, HMn(CO);,
CH3;Mn(CO);, and especially CF;Mn(CO); show that
the “...highly simplified (Cotton-Kraihanzel) force
field is not only practical but satisfactory in comparison
to more elaborate schemes and that it comes fairly
close to being literally correct in its assumptions, at
least for XMn(CO); molecules.”” As evidence for the
validity of this force field, they showed that correct
frequencies were calculated for the mono-*C-sub-
stituted species and that the ratio k./k. was found to be
close to 2, as hypothesized in the Cotton-Kraihanzel
force field.?

The use of this simplified force field is an enticing
procedure. However, it is important to know how
much these approximate results may deviate from the
true quadratic force constants. The author has
shown?* that for Mo(CO), inclusion of MC stretching
vibrations, MC-CO interactions, and anharmonicity
corrections leads to quite different results than ob-
tained by the approximate method of Cotton and
Kraihanzel.® Inasmuch as Cotton, ef al.,? present their
results on CF;Mn(CO);, BrtMn(CO);, etc., as strong
evidence that ky/k. = 2 as assumed in their approximate
treatment, it seems that comparison with a more
rigorous approach for these compounds is especially in
order. Therefore a series of calculations has been
made to show what values the CO force constants, and
especially the CO~CO interaction constants, may have
in a more general force field for Mn(CO);Br.

A complete general quadratic force field was used.
The MCO and CMC bending frequencies were assumed
to be about the same as for M(CO)¢ (575 = 100 and
80 £ 20 cm™!, respectively). The MnBr stretching
frequency was chosen®’ as 218 cm~!. The CMuBr
bending frequencies were chosen’ as 50 cm~!. From
a large number of calculations it was found that changes
of greater than 509 in the frequencies mentioned in this
paragraph have negligible effect on the calculated CO
force constants. Furthermore, it was found that in-
clusion of the stretch—-bend, bend-bend, MnX-CO, and
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MnX-MnC interaction constants in the generous range
+0.3 to —0.3 mdyn/A has negligible effect on the cal-
culated CO force constants.

In order to make the calculations tractable, the fol-
lowing reasonable assumptions were adopted: (1) the
cis-interaction constants for CO-CO interaction are the
same for radial CO with radial CO as they are for radial
CO with axial CO (Cotton’s? k., = k.); (2) the cis
MC-C’0O’ interaction is the same for radial-radial and
radial-axial groups; (3) the MC—-CO interaction involv-
ing the same carbon is the same for radial as for axial

MCO groups. The results of these calculations can be
summarized by
by =~ (k)0 — 0.34Fyc + 1.2Fmc—co + x1 (1)
ko = (k2)o — 0.34Fyc + 1.2Fyc—co + x2 (2)

ko= ko' = (ko)o — 0.34Feyo—uc’ + 1.2F%c—c'o’ + xe (3)
ki = (ky)o — 0.34 Ftyo—ne! + 1.2 Ftmo—c’o’ + xt (4}

The force constants are defined as follows: 4, the
harmonic axial CO stretching force constant; ks, the
harmonic radial CO stretching force constant; k,, the
harmonic constant for interaction of axial CO with a
radial CO; k., the harmonic constant for interaction
of two cts radial CO groups (assumed equal to k.); ki,
the harmonic constant for interaction of two frans radial
CO groups. The same symbols with a subscript zero
are the zero approximation values calculated in the CO-
factored force field (neglecting all force constants but
CO stretch and CO-CO interactions and all vibrational
frequencies except those arising from CO stretching).
The superscripts ¢ and t are for ¢is and trans interaction,
respectively. The x; are correction terms to allow for
anharmonicity. As pointed out above, the general
quadratic force constants not appearing in eq 1-4, if
held within a reasonable range of values, have negligible
effect on &y, kg, k., and &;.

In order to evaluate the various anharmonicity cor-
rection terms (x;) in eq 1-4, the author has measured
CO fundamentals and binary and ternary combina-
tions of CO vibrations for Mn(CO);Br in CCly solution.
These are listed in Table I along with the CO stretch-
ing fundamentals. These frequencies have been ob-
served before?® but different solvents were used for
fundamentals and combinations.

The frequencies of Table I were treated in the same
manner as those of M(CO)¢® to arrive at the anhar-
monicity constants and harmonic fundamental fre-
quencies given in Table II.

Using the data of Table II the following values are
calculated for the x; in eq 1-4: x; = 0.44 mdyn/A;
x: = 0.43 mdyn/A; x. = 0.06 mdyn/A; and x, =
—0.18 mdyn/A.. These correspond to xco = 0.54,
xe = 0.02, and x; = —0.19 mdyn/A for Mo(CO)s;*
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TaBLE 1

OBSERVED CO FUNDAMENTALS AND COMBINATIONS
(1n cM~1) FOrR Mn{CO);:Br (Cs& SymMETRY) IN CCli Sorution

n (Ay) 21385.2 vs + w5 4053.2
v (A1) 2001.5 ve -+ s 4120.4
ve (By) 2083¢

s (B) 2052.1 2+ 255
2m 4265.0 2v; + v )

2y, 3982.2 w + 2w } 6300
2y 4089.7 v+ v o 6176
v+ o 4132.1 R T v
n+ s 4179.1 3o1s 6108

¢ This frequency of By symmetry was observed in the Raman
spectrum. All others were observed in absorption.

TaBLE 11
ANHARMONICITY CONSTANTS AND Harmonic FunpamextaL CO
STRETCHING FREQUENCIES (IN ¢M ~1) FOR Mn(CO);Br
v CCly SoruTtion

X —2.7 X9 {or
X —10.4 X —0.4
Xag [+7]e Xz —14.7
Kis1s —-7.3 wy 2156.1
X1 —4.6 wy 2025.0
Xy [—10]e ws 2088.7
Xl;l-i —-8.2 wis 20857

¢ Not determinable from observed data. The vibration w»y
involves motion similar to that of the Eg; CO stretching vibration
of M(CO)e; therefore, Xg¢ is chosen as 47 cm™! and Xy as
—10 em™! by analogy with M(CO).? ¢ This value was chosen
as zero because it involves vibrations which are perpendicular to
each other, as for Xy,

thus, the anharmonic corrections appear to be some-
what transferable from M(CO); to M(CO);X.

Now it is possible to estimate the various correction
terms in eq 1-4. For M{CO)s, calculations based on
the frequency assignments of ref 9 show that Fyc =
2mdyn/A, Feyo_uer = 0, and Fiyc_yor = 0.5 mdyn/A,
regardless of values chaosen for the other interaction
constants. Furthermore, for Ni(CO), it was found!?
that Fuc—co = 0.5 mdyn/’A.

If we transfer these force constants to Mn(CO);Br, we
find

ki =~ (ki) +0.36 (5)
ky = (kg)y + 0.35 (6)
ko = (ko)o + 1.2Fnc—c’o’ + 0.06 (7
ky = (ko + 1.2Fme—c’0’ — 0.36 (8)

The corrections to the CO force constants arise pri-
marily from anharmonicity terms as the terms involv-
ing Fuc and Fuc_co nearly cancel each other. It ap-
pears that it may be appropriate to evaluate relative
CO bond strengths by comparing CO force constants,
(kco)o, calculated with the approximate method for dif-
ferent carbonyls assuming an uncertainty of =£0.1
mdyn/A in the relative values.

In order to compare k. and % and especially the ratio
ky/k. to the Cotton-Kraihanzel values, we must have
an estimate of Feyc_cror and Fwe-cror.  Certainly
they should each be less than Fyc-co, which involves
only one carbon atom, as we expect adjacent interac-
tions to be the most important. For Ni(CO); it was
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found® that Fuc—cor =~ —0.1 mdyn/A. Unfor-
tunately we cannot expect that this value would neces-
sarily apply to k. and ks of hexacarbonyls and penta-
carbonyl halides, as the interactions are at 90 and 180°
rather than the 109.5° for Ni(CO)s. Nevertheless, it is
apparent from eq 7 and 8 that it would be completely
fortuitous if k., k¢, and k/k. were approximately equal to
(ke)o, (ks)o, and (ky)o/ (ko)o, respectively. The correction
terms to (k.)¢ and (k) are of the same order of magni-
tude as (koo and (ky)o themselves. If k, = (k.), and
ki =~ (ki) it would mean that Feyc_cor =~ —0.05
while Fiyeo_cior = +0.3 mdyn/A.  The latter value is
too large and of the wrong sign to be reasonable 0!

Inspection of eq 7 and 8 shows also that the less
stringent restriction that ky/k. =~ (k¢)y/(ke)o = 2 would
require quite unreasonable!® ' values for one or both of
FC}IC,c/of and F“)[Cﬁc/()/. [The resulting relation is
Ftycecor = 2F%c-cor + 0.4].

The two points mentioned by Cotton, et al.,? in sup-
port of their simplified approach may now be taken up.

First, the frequencies of the monosubstituted **C
species are just not very sensitive to the force constants.
The solutions arrived at by the approximations used in
the calculations discussed in this paper (including
Ftye cor = Foyoooor ~ —0.1 mdyn/A) yield CO
stretching frequencies for the equatorial and axial
mono-3C species of Mn(CO);Br within 1 ecm~! of the
observed values. Furthermore, any number of solu-
tions can be chosen to fit all of the observed isotope
shifts exactly by inclusion of various interaction con-
stants. It is not profitable to do so unless all of the
isotope shifts are known to better than 0.3 cm—'.
From these observations one can conclude that the
agreement of calculated and observed isotopic fre-
quency shifts shown in ref 1 is nof a proof of the validity
of the Cotton—Kraihanzel force field.

Second, the results presented above indicate that
for reasonable approximatious concerning the MC-CO
interactions k¢/k, # 2. The hypothesis that ky/k. =~ 2
was made by the author!? and by Cotton and Krai-
hanzel? on the basis of #-bonding arguments. How-
ever, such arguments are not very compelling and the
available evidence gives them no support. The fact
that (ky)o/(Ro)o is close to 2.0 is remarkably fortuitous,
but it by no means indicates that k;/k, = 2. Thus it
should be realized that the CO-CO enteractions cal-
culated with a CO-factored force field have wno funda-
mental significance, either in their relative or absolute

values.t®
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