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Abstract

One of the most fundamental properties in chemistry is the bond dissociation energy (BDE), the energy required to break a
specific bond of a molecule. In this paper we apply gradient-corrected density functional theory (DFT) to the calculation of the
BDEs of three prototypical organometallic complexes, Mn,(CO),,, Fe,(CO)y, and Co,(CO),, along with the CO-loss products
Mn,(CO), and Mn,(CO),. We consider the dissociation of both the metal-metal bond and a metal-carbonyl bond. For
Mn,(CO),, and Fe,(CO),, the calculated metal-metal BDE is within the error of the experimental measurements. However, the
calculated metal-metal BDE for Co,(CO)g is not within the errors of the measurements, but is improved greatly with an
unrestricted wavefunction compared with a restricted wavefunction. For the first carbonyl BDE, the calculations agree within a
few kcal mol ! for each complex. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

In the last few years, density functional theory (DFT)
has become a very popular computational method for
the calculation of a number of molecular properties
[1-4]. For many years the accuracy of these calcula-
tions lagged behind that of traditional methods based
on Hartree—Fock calculations. However, the develop-
ment of non-local (or gradient-corrected) functionals
has closed the gap, and in many instances DFT leads to
a greater agreement with experiment than do Hartree—
Fock methods for a variety of molecular properties.
Because of its greater computational efficiency, in terms
of the quality, with respect to computational expense,
DFT has been applied extensively to inorganic and
organometallic complexes [5].

* Corresponding author.
! Present address: JILA, University of Colorado, Boulder, CO
80309-0440, USA.

One area that has yet to be fully explored is the
application of DFT to cluster complexes, of which the
simplest type are molecules with only two transition
metals. While DFT has performed very well with re-
spect to the calculation of molecular properties of
mononuclear complexes [6—31], the application of these
calculations to complexes with metal-metal bonds has
been much less studied [32—40]. Similarly, few calcula-
tions have been reported on complexes that may not
have a direct metal-metal bond, but where the two
transition metals are linked by bridging and/or semi-
bridging carbonyl ligands.

In two other papers [41,42], we have shown that
non-local DFT calculates the geometries of dinuclear
organometallic complexes (DOCs) with a high degree
of accuracy, performing especially well with respect to
the metal-metal bond lengths. Additionally, these cal-
culations showed that the relative energies of different
isomers of a given complex are reasonably well repro-
duced, and that the vibrational frequencies of the C-O
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stretching motions and the metal-metal stretch are also
calculated accurately. Indeed, nonlocal DFT has pro-
vided results so accurate that it can be used as a
structural probe for molecules that are too fragile to
characterize by usual experimental techniques. For ex-
ample, we have used these calculations to determine the
structures, based on comparisons of calculated and
experimental infrared spectra, of the unstable photo-
chemical CO-loss products of Mn,(CO),, [43] and
Cp,Fe,(CO), (Cp=n>CsH;) [44]. These calculations
can also be used to assess the metal-metal bonding in
these clusters [43].

In this paper, we apply nonlocal DFT methodology
to the calculation of metal-metal and metal-carbonyl
bond energies for the dinuclear complexes Mn,(CO),,
(1), Fey(CO)y (2), Cox(CO)g (3), Mny(CO)y (4), and
Mn,(CO); (5). Bond dissociation energies (BDEs) are
cornerstones in the thermochemistry of molecular
systems, and their experimental determination for
organometallic complexes remains a difficult task
[45,46]. While a number of workers have reported
calculations of BDEs of mononuclear organometallic
complexes [21-31], to our knowledge the only calcula-
tions reported for metal-metal BDEs are those of Folga
and Ziegler [33] for Mn,(CO),, and Co,(CO),. It is the
purpose of this paper to address more fully the DFT
calculation of metal-metal and metal-carbonyl BDEs.
We present in detail only the calculations of the
mononuclear fragments, since the geometries and vibra-
tional frequencies of all of the dinuclear organometallic
complexes have been fully reported elsewhere [41-43].

2. Computational details

The density functional calculations were performed
with the Amsterdam Density Functional (ADF) pro-
gram version 2.1 (Theoretical Chemistry, Vrije Univer-
siteit, Amsterdam, The Netherlands), developed by
Baerends et al. [47—-49]. The frozen core approximation
was applied to the innermost orbitals of all atoms: [1s]
for C and O and [1s—2p] for the transition metals. The
STO valence basis set used for the C and O atoms was
a double-{ plus a 3d-type polarization functions, which
comprises the III basis set of ADF. The STO valence
basis set for the transition metals was triple-{ for the
metal nd and (n+ 1)s orbitals and single-{ for the
(n + 1)p orbital (the IV basis set of ADF).

The functionals used in the calculations were the
local density approximation of Vosko et al. [50] com-
bined with the gradient corrections for the exchange of
Becke [51] and for the correlation of Perdew [52] (BP).
The geometries were optimized to a maximum gradient
of less than 0.0001 hartree A ~'. The frequency calcula-
tions were performed using two-sided numerical differ-
entiation of the Cartesian coordinates with a step size

of 0.01 A. The calculated frequencies for the mononu-
clear fragments have been shifted by +17 cm !, as
discussed elsewhere [41].

For those molecules that contained open-shell
ground states, calculations were performed using both
the restricted and unrestricted spin density formalisms.
For some fragments, the HOMO was degenerate and
partially occupied. (For example, the HOMO of
Mn(CO); is an e orbital with only one electron.) In
these cases, the electrons were distributed equally
amongst the orbitals. This formalism results in frac-
tional occupations of each orbital, which is completely
allowed within the density functional formalism. This
approach results in the calculation of the average elec-
tron density for the possible states derived from the
open-shell configuration.

3. Results

Our focus in this paper is the calculation of two
important BDEs for DOCs, namely the metal-metal
and metal-carbonyl BDEs. We shall calculate the bond
energies for only the equilibrium reactants and prod-
ucts, which corresponds to what is measured in most
experiments. The calculation of these quantities re-
quires the optimized geometries and total energies of
both the reactants and products of the bond-breaking
reaction. Others [33] have considered a bond snapping
enthalpy, which is a theoretical quantity for the energy
released upon breaking the bond without complete
relaxation of the geometries, and perhaps electronic
excited states, of the nascent fragments.

3.1. Mononuclear fragment complexes

The metal-metal BDE of a dinuclear complex corre-
sponds to the total energy difference between the dinu-
clear complex and two mononuclear fragments, which
are assumed to relax to their equilibrium geometries
after metal-metal bond scission. Thus, the calculation
of the metal-metal BDE requires that the optimized
geometries and energies of the mononuclear fragments
be calculated. These calculations are often complicated
somewhat by the fact that many of the fragments are
necessarily open-shell systems. We have used both re-
stricted and unrestricted wavefunctions for the open-
shell molecules, and we shall compare the two sets of
results. Many authors have previously considered the
structures of a number of these mononuclear fragments,
but using slightly different functionals or basis sets
[24-29,53—-57]. We shall present our results only briefly,
as they do not differ substantially from these previous
works. Where possible, we have verified the accuracy of
the calculations by comparisons of the calculated and
experimental C-O stretching frequencies.
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HMn-C) = 1.85
KC-0) = 1.16

r(Mn-C) = 1.79
r(C-0)=1.16

Fig. 1. Optimized geometries, at the BP level, of Mn(CO)s, Mn(CO),, and Mn(CO);.

For the three Mn complexes, the possible mononu-
clear fragments are Mn(CO);, Mn(CO),, and Mn(CO);;
it is noteworthy that we have proposed an isomer of the
double-CO loss photoproduct 5 that has an unusual
asymmetric (OC);sMn—-Mn(CO),; ligand distribution
[41,42]. The optimized geometries of these three
Mn(CO), species are shown in Fig. 1. As is well estab-
lished [58,59], the geometry of Mn(CO)s is square pyra-
midal, with a %A, ground state under the C,, point
group. The calculations lead us to propose that the
15-electron complex Mn(CO), has a C,, geometry with
a ?B, ground state, while the 13-electron complex
Mn(CO), is of C;, symmetry with a ?E ground state.
The calculated C-O stretching vibrational frequencies,
along with the available experimental data for
Mn(CO); [58], are presented in Table 1 for all three
Mn(CO), complexes. As expected, there is excellent
agreement between the calculated and observed C-O
stretching frequencies for Mn(CO)s.

Breaking Fe,(CO), (2) into mononuclear fragments is
a more complicated process than the homolysis of
Mn,(CO),, because of (a) the presence of bridging
ligands; and (b) the odd number of CO ligands. It is not
unreasonable to assume that 2 would dissociate into an
Fe(CO); fragment, which is a stable molecule in its own
right, and Fe(CO),, an unstable 16-electron complex,
first characterized experimentally by Poliakoff and
Turner [60]. Fig. 2 illustrates the optimized geometries
for these two Fe(CO), complexes. While Fe(CO);s
clearly possesses a singlet ground state, the geometry
and spin state of the ground state of Fe(CO), has been
the subject of a large number of calculations [24-
29,53-55], which have eventually led to the general
agreement that the triplet is a few kcal mol ! lower in
energy than the singlet. We calculate the two isomers to

Table 1
Calculated and experimental C-O stretching frequencies (cm ') for
Mn(CO)s;, Mn(CO),, and Mn(CO),

Molecule Symmetry Calculated

a

Experimental
b
Vco Yco

Mn(CO); (Cy,) 2092 (2094) 2105

b, 2004 (2009) 2018
a 1992 (1993) 1978
e 1990 (1993) 1988
Mn(CO), (Cs,) 4 2062 (2065)
a, 1965 (1971)
b, 1965 (1967)
b, 1947 (1948)
Mn(CO), (Cs,) 2005 (2005)
e 1916 (1904)

2 Values in parentheses are from the unrestricted calculations.

® Experimental values from Refs. [58,59].

¢ Value obtained from a force field calculation based on the exper-
imental data.

r(Fe-C) = 1.77
rC-0) = 1.16

Fe(CO) 4

Fig. 2. Optimized geometries, at the BP level, of Fe(CO)s and
Fe(CO),.
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Table 2
Calculated and experimental C-O stretching frequencies (cm~—!) for
Fe(CO)5 and Fe(CO), *

Molecule Symmetry  Calculated veq Experimen-
tal vee °
Fe(CO)s ay 2112 2116
(D) ay 2027 2030
ah 2023 2028
e} 2009 1989
'4, °B,
Fe(CO), a, 2085 (87) 2071 (0) 2088 (1)
(Cyy) a 1990 (100) 1998 (42) 1999 (100)
b, 1989 (27) 1990 (100) 1994 (33)
b, 1968 (0) 1987 (57) 1975 (22)

4 For Fe(CO),, the calculated absolute intensities and experimental
relative intensities are given in parentheses for a better comparison
between the calculated and experimental values.

® Experimental values from Refs. [60,88].

Co(CO), (D,y)

Co(CO), (Cy,)

Fig. 3. Optimized geometries, at the BP level, of Co(CO),.

Table 3
Calculated and experimental C-O stretching frequencies (cm~!) for
Co(CO),

Calculated

a b
Vco Vco

Molecule Symmetry Experimental

Co(CO)y (D2y) @ 2085 (2084)

b, 2003 (2004)
e 2001 (2003)

Co(CO), (Cs,) 4 2092 (2092) 2107
a, 2024 (2019) 2029
e 2019 (2016) 2011

@ Values in parentheses are from the unrestricted calculations.
® Experimental values from Ref. [61].

be nearly isoenergetic, with the singlet being more
stable by only 0.02 kcal mol ~!. As can be seen in Table
2, the calculated C-O stretching frequencies for the
triplet state agree quite well with the experimental
values.

Both the bridged and unbridged isomers of Co,(CO)g
(3) are expected to dissociate into two 17-clectron

Co(CO), fragments. The best experimental data on the
Co(CO), radical is from the work of Hanlan et al. [61],
who obtained the infrared and ESR spectra of Co(CO),
in rare gas matrices. The radical has also been the
subject of previous theoretical calculations [56,57],
which predict that the C;, and D,, isomers are very
close in energy. Our calculations show that the D,,
isomer is lower in energy than the C;, isomer by only 1
kcal mol~' (Fig. 3). To determine which isomer is
actually observed, the calculated and experimentally
observed C-O stretching frequencies for these two iso-
mers of this fragment are given in Table 3. There is a
slightly better agreement between the experimental fre-
quencies and those calculated for the C;, isomer, and
we therefore propose that the experimentally observed
isomer is of C;, symmetry.

For the organometallic radicals Mn(CO);, Mn(CO),,
Mn(CO);, and Co(CO),, we calculated the geometries,
frequencies, and energies using both restricted and un-
restricted wavefunctions. The geometries of the two
methods are virtually identical, with the bond lengths
varying by less than 0.1 A. While the frequencies were
different between the two methods (see Tables 1 and 3),
these differences are not large enough to be very signifi-
cant. However, the calculated energies were quite differ-
ent, with the unrestricted wavefunctions being several
kcal mol —! lower in energy. This added stabilization of
the unrestricted wavefunctions has a significant effect
on the calculated metal-metal bond energies, which are
discussed in Section 4.1.

3.2. Dinuclear complexes

We have reported elsewhere the optimized geometries
and vibrational frequencies [41—-43] for all of the dinu-
clear carbonyl complexes discussed here, except for
Fe,(CO); For the geometry of Fe,(CO),, we have
reproduced the lowest-energy structure found by Jacob-
sen and Ziegler [37]. Fig. 4 presents the structures of all
of the dinuclear complexes required to calculate the CO
BDEs of interest. For Mn,(CO); and Co,(CO)s, we
show the structures of two isomers for each; we discuss
the relative energies of these isomers in Section 4.1 in
relation to the metal-metal bond strengths of these
isomers. Elsewhere [41], we have considered a third
isomer of Co,(CO)g, which is nearly isoenergetic to the
two shown in Fig. 4, but is not considered further in
this work. We optimized the structure of Co,(CO), to
that shown in Fig. 4.

3.3. CO

In order to calculate the metal-carbonyl BDEs, we
require the energy of the free CO molecule. Our BP
calculations on CO led to an C-O bond length of 1.14
A, which compares reasonably well with the experimen-
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tal value of 1.13 A for free CO in the gas phase [62].
The calculated value for the vibrational frequency is
2141 cm~!, only 29 cm~! lower than the gas phase
value for w, [62].

4. Discussion

In all of our calculations of the BDEs, the product
fragments are fully optimized to their lowest-energy
structure. While we have shown that our calculations
are accurate with respect to the vibrational frequencies
of the C-O and M—-M stretching modes [41], we have
not assessed their accuracy for the multitude of low-fre-
quency modes that arise from the metal-ligand stretch-
ing, bending, and torsional motions. For this reason,
we do not include the zero-point energy of the
molecules in the calculation of the BDEs. We feel that
this omission will not add significantly to the error of
the calculations; the corrections due to the metal-metal
and metal-ligand stretching frequencies (corresponding
to the bonds being broken) are small compared with
the overall BDEs of these complexes. In addition, we

Co,{CO), (3a)

do not make any temperature, pressure, or other cor-
rections to the calculated dissociation energy. As a
result, our calculations of the BDEs correspond to AE,
for the bond dissociation, whereas the experiments
measure AH,. We expect that the errors introduced by
these approximations are insignificant relative to the
overall errors in the calculations (and experiments)
themselves.

4.1. M—M bond dissociation energies

For those DOCs that do not contain bridging lig-
ands, such as Mn,(CO),, (1), the dissociation energy of
the metal-metal bond should be a direct reflection of
the strength of the metal-metal bonding in the system.
Thus, the M—-M BDE of 1 corresponds to the energy
needed to break the unambiguous Mn—-Mn bond, form-
ing two relaxed Mn(CO); radicals:

(OC)sMn-Mn(CO); — (OC);Mn"* + *Mn(CO)s (1)

For those complexes that contain bridging carbonyl
ligands, such as 2 and the bridged form of 3, the
interpretation of the metal-metal BDE is more compli-

Co,{CO), (3b)

Fig. 4. Optimized geometries, at the BP level, of the DOCs relevant to the calculation of the M—CO bond dissociation energies of interest.
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Table 4

Calculated M-M and M—CO bond dissociation energies (kcal mol~"') for the DOCs #

M-M BDE First M—CO BDE
Molecule Calculated ® Experimental Calculated Experimental
Mn,(CO),, (1) 45.5 (38.9) 38 35.5 38
Fe,(CO), (2) 29.5¢ 29 323 28
Co,(CO);5 (Cs,; 3a) 45.8 (34.9) 19 31 32
Co,(CO)5 (D345 3b) 40.8 (29.9) 26
Mn,(CO), (4) 54.1 (46.3) 35.9
Mn,(CO); (5a) 62.4 (53.3)
Mn,(CO)g (5b) 61.0 (54.0)¢

2 See text for references to experimental values.
® Values in parentheses are from the unrestricted calculations.

¢ Calculated for the dissociation into Fe(CO)s and Fe(CO), fragments.
d Calculated for the dissociation into Mn(CO)s and Mn(CO); fragments.

cated. For these molecules, the notion of an M—-M BDE
is somewhat of a misnomer inasmuch as the energy
difference between the DOC and its mononuclear frag-
ments will contain significant contributions from the
M-(u-CO) bonds. The M—M BDE values that we report
for these molecules are simply the energies needed for
fragmentation, without an attempt to sort out the M—M
and M—(u-CO) contributions. In Table 4 we list the
calculated M—M BDE and the first carbonyl BDE.

As noted above, Mn,(CO),, has an indisputable
Mn-Mn bond and homolysis of this bond leads to two
identical Mn(CO); radicals (Eq. (1)). In addition, the
geometry of the Mn(CO)s; moiety changes very little
from Mn,(CO),, to the Mn(CO);s radical, so there is
minimal contribution to the Mn—Mn BDE due to frag-
ment relaxation. Experimental measurements of its
Mn-Mn bond energy vary wildly, from 19 to 42 kcal
mol ~!, with the most recent measurements converging
on a value of 38 + 5 kcal mol ~! [45,63,64]. Our calcu-
lated values of the M—M bond energy in 1 are 45.5 kcal
mol ~! (restricted) and 38.9 kcal mol~! (unrestricted),
in reasonable agreement with the experiments, especially
when the scatter in the experimental measurements is
considered. Our value is also very close to the value of
41.6 kcal mol~! calculated by Folga and Ziegler [33]
using very similar methodology.

Photochemical studies of 1 by others [65,66] and by us
[67] have led to the formation of the unsaturated CO-
loss products 4 and 5. The loss of CO ligands is
accompanied by a formal increase in the Mn—Mn bond
order. Molecule 4 contains a semi-bridging CO that, in
principle, can act as a four-electron donor. Nevertheless,
the Mn—-Mn bond in 4 is expected to have an order
between one and two. Molecule 5a is a symmetric DOC
with only terminal CO ligands. It therefore has a formal
Mn—-Mn triple bond. As shown in Table 4, the Mn—-Mn
BDEs follow the order 1 <4 <5, in accordance with
these bond order considerations. The asymmetric iso-
mer 5b is calculated to be 2.8 kcal mol~' higher in

energy than isomer 5a, which implies a Mn—-Mn bond
that is approximately 2.8 kcal mol ~! weaker in 5b than
in 5a, assuming the other geometric changes have no
effect on the thermochemistry.

For 2, our calculated value of the Fe-Fe BDE corre-
sponds to the energy difference for the dissociation of
the molecule into Fe(CO); and Fe(CO),:

Fe,(CO), - Fe(CO); + Fe(CO), 2)

This calculation is not a direct measurement of the
metal-metal bond strength, because of the contributions
of bridging carbonyl ligands. Nevertheless, the energy
difference in Eq. (2) does correspond to the experimen-
tal measurements of the Fe—Fe bond energy, thus allow-
ing a meaningful comparison between our calculated
value and the available experimental data. Two experi-
mental measurements have been reported for this bond
energy and, as with the Mn—Mn bond energy in 1, the
measurements do not agree with one another: Connor
reports a BDE of 9 kcal mol ~! for 2 [68] while Baev has
estimated it to be 29 kcal mol~! [69]. Our calculated
value of 29.5 kcal mol ~! is clearly more consistent with
the latter measurement.

The observation that the M—M BDE for 1 is signifi-
cantly greater than that of 2 is interesting and, at first
glance, nonintuitive. Complex 1 has only a single
Mn-Mn bond holding the two Mn(CO)s fragments
together whereas 2 has the Fe-Fe bond and three
Fe—(u-CO)-Fe bonds that must be broken in the disso-
ciation reaction of Eq. (2). The total energy of the
fragment products of Eq. (2) are lowered by two factors
in the process: (1) the formation of terminal M-CO
bonds from what were previously bridging bonds; and
(2) the geometric reorganization of the Fe(CO)s and
Fe(CO), fragments. From studies of the fluxionality of
first-row transition metals, it is well known that the
energy difference between two terminal carbonyl ligands
and two bridging carbonyl ligands is very small, i.e. the
following generic reaction is nearly thermoneutral [70]:
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OC-M-M-CO — M,(-CO), 3)

This energetic equivalence of terminal and bridging
carbonyls suggests that bridging carbonyls should not
significantly contribute to the value of the BDE; thus,
the M—M BDE in systems with bridging carbonyls will
be dominated by the M-M contribution. Under this
assumption, the calculated and experimental M-M
BDE values in Table 4 therefore imply that the Mn—Mn
bond in 1 is 9-16 kcal mol ~! stronger than the Fe-Fe
bond in 2.

The situation with respect to the M-M BDE of
Co,(CO) is interesting from two respects, namely its
low experimental value and the difference between the
calculated values upon using restricted and unrestricted
wavefunctions for Co(CO),. The dimer Co,(CO) exists
in two dominant forms: a C,, form with two bridging
CO ligands (3a) and an all-terminal form of D;, sym-
metry (3b). Isomer 3a is slightly lower in energy than 3b
and hence is the dominant form of the molecule in
solution and in the gas phase. Our calculations place 3b
ca. 5.0 kcal mol~! higher in energy than 3a, which is
consistent with the available experimental estimates of
the energy difference [71-76]. A third isomer, of D,,
symmetry, is also low in energy, but has only been
observed in low-temperature matrices.

The dissociation of Co,(CO)y is assumed to lead to
the same products; two equivalent and relaxed Co(CO),
fragments, for both 3a and 3b:

Co,(CO); (3a or 3b) - 2Co(CO), 4)

Because the BDE is the energy difference for the
above reaction, the calculated BDE for 3b, 29.9 kcal
mol ~ ! (unrestricted), is smaller than that of 3a, 34.9
kcal mol —! (unrestricted), by precisely the difference in
the total energies of the two isomers. The small differ-
ence between the BDEs of 3a and 3b reinforces the
discussion above regarding the small contribution of
bridging CO ligands to the M—-M BDE values. Our
value for 3a is also very close to the value of 35.4 kcal
mol ~! calculated by Folga and Ziegler [33] using very
similar methodology.

The experimental measurements for the Co-Co BDE
of 3 are lower than the calculated values using both the
restricted and unrestricted wavefunctions, although the
unrestricted calculation is significantly closer. Armen-
trout and co-workers recently used mass spectrometry
to measure the Co—Co BDE in 3 in the gas phase and
obtained a value of 2047 kcal mol~! [77]. Other
measurements of this bond energy vary from 15 to 22
kcal mol ~! [45,68,78—80]. An additional measurement
of the Co—Co bond strength comes from a solution
NMR study [81] of the magnetic susceptibility of the
equilibrium between Co,(CO); and Co(CO),. The
Co—Co BDE obtained in this way was 19 +2 kcal
mol ~!, in excellent agreement with the gas-phase mea-

surement of Armentrout and co-workers. The calcula-
tions of the BDE for Co,(CO)g illustrate most vividly
the necessity of using unrestricted wavefunctions for the
open-shell fragments to obtain accurate BDEs.

To investigate the discrepancy between the calculated
and experimental values of the BDE of Co,(CO)s, we
consider whether the total energy of Co,(CO); is calcu-
lated too low or the total energy of Co(CO), is calcu-
lated too high. The accurate calculation of the CO BDE
in Co,(CO); (vida supra) indicates that the total energy
calculations of Co,(CO)g, Co,(CO),, and CO must each
be accurate to within a few kcal mol ~!. (The alterna-
tive is that the errors fortuitously cancel, which we
reject given the accuracy of the calculations of the
M-CO BDEs in 1 and 2.) The BDE of Co,(CO)y is
calculated to be 16 kcal mol ~! too large, which implies
that the total energy of the radical is apparently 8 kcal
mol ~! too high.

From this analysis, it would seem that the error in
the calculated Co—Co BDE must lie in the calculation
of the energy of the Co(CO), radical. As a check on
this discrepancy, we have calculated the BDE of the
Co-H bond in HCo(CO),. The experimental values for
this quantity are 54 and 59 kcal mol ~' [54,81], and our
calculation yields a value of 70.1 kcal mol~'. This
comparison indicates that the calculated energy of the
Co(CO), radical is approximately 11 kcal mol~! too
high, which is consistent with the result obtained from
the comparison of the Co—Co BDE in Co,(CO);. We
have considered a number of possible sources for this
apparent discrepancy. Relativistic effects, other elec-
tronic states, lower symmetry geometries and wavefunc-
tions, different choices of functionals, and dissociation
into other fragments cannot account for the dis-
crepancy in the bond energy calculation. At present, we
are at a loss for why the density functional calculations
apparently give unusually poor results for the total
energy of the Co(CO), radical.

4.2. M—CO bond energies

Our calculations of the first M—CO BDE agree well
with the scant experimental measurements of them.
Smith [82] has reported a BDE for Mn,(CO)y—CO of 38
kcal mol~! which is in good agreement with our
calculated value of 35.5 kcal mol ~!. Baev measured the
first CO bond energy in Fe,(CO), to be 27.9 kcal
mol ! [69], again in reasonably good agreement with
our calculated value of 32.3 kcal mol~!. A value of
32.2 kcal mol~! was also reported [69] for the first
BDE of Co,(CO),, and our calculated value of 30.6
kcal mol~! is in very good agreement with this ex-
periment. Overall, the calculated M—CO BDEs are in
reasonably good agreement with the available experi-
mental data.
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5. Conclusions

With one exception, the calculated M—M and M-CO
BDEs of the dinuclear carbonyl complexes are in very
good agreement with the available experimental data.
Only the values calculated using the BP functional have
been reported and compared with this experiment. As
Becke has shown in a series of papers [83-87], the
non-local functionals are far superior to local function-
als for the calculation of BDEs. While Becke’s calcula-
tions were done exclusively for organic molecules,
similar results have been observed for organometallic
complexes [21-31]. The BDEs calculated in the present
study show that the non-local functionals can also be
used to calculate the bond energies of both metal-metal
bonds and metal-CO bonds with reasonable accuracy.

The experimental measurements for these quantities
are somewhat scarce and, when available, are often in
considerable disagreement with one another. It was our
goal in this study to show that the use of high-quality
density functional calculations could provide an addi-
tional data point that could be used to support experi-
mental measurements. Overall, we are pleased with the
agreement between our calculations and the experimen-
tal measurements, and we believe that our calculations
provide support for some measurements in preference
to others.

The discrepancy between our calculated value for the
Co—Co BDE of Co,(CO)g and the experimental mea-
surements of this quantity is larger than expected. The
gas-phase measurements of this bond strength rely on
the combination of several different experiments, for
which the presence of excited states of either the parent
dimer or the fragments could affect the results. How-
ever, the thermodynamic NMR measurement in solu-
tion of the equilibrium between the dimer and the two
radicals gave the same BDE as the gas-phase experi-
ments. The agreement between these two very different
means of measuring the Co—Co BDE is compelling.
While the calculated BDE using an unrestricted wave-
function for Co(CO), is significantly better than that
for the restricted wavefunction, it is still larger than we
would like. The accuracy of the calculated Co—CO and
H-Co bond energies in Co,(CO); and HCo(CO),, re-
spectively, suggests that the problem lies in a calculated
energy of the Co(CO), radical that is approximately 10
kcal mol~! too high.

A final minor conclusion to be drawn from this work
is the determination of the differences between results
obtained using restricted and unrestricted wavefunc-
tions. We find no significant difference between the
geometries and C-O stretching vibrational frequencies
using these two different formalisms. However, the
energies calculated using unrestricted wavefunctions
are, as expected, several kcal mol~' lower than the
restricted energies. Thus, we find that if only geometries

and vibrational frequencies are required from the calcu-
lations, the more computationally efficient restricted
calculation should be perform. If, on the other hand, a
quantitative determination of the energy of the frag-
ment is desired, the energy needs to be calculated with
the unrestricted formalism.
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