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Abstract

This communication looks at the accuracy of various non-local density functional theory (NL-DFT) methods in computing the
geometries and relative energies of Mn,(CO),, (1) and three iron carbonyl clusters, Fe;(u;-#2-HC,H-//)(1-CO)(CO)y (2),
Fe;(u5-72-C,H,)(1-CO)(CO), (3), and Fes(us-n>-HC,H-1)(CO), (4). The Becke—Perdew non-local functional (BP86) is found to
outperform the hybrid B3LYP functional, in particular when used with numeric orbital basis sets. © 1998 Elsevier Science S.A.

All rights reserved.
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1. Introduction

The most appropriate theoretical method for study-
ing the electronic properties of small organometallic
clusters is currently not well defined. Clearly with the
great activity in non-local density functional theory
(NL-DFT) methods [1] and the body of reported data
from the study of various mononuclear organometallic
systems [2], this is the most promising approach to look
at. This communication looks at the performance of
two of the most commonly used density functionals
(BP86 [3] and B3LYP [4]) and explores the orbital basis
sets that may be used reliably with them. The choice of
NL-DFT? as an appropriate theoretical framework to
describe clusters is one based on practicality. A sophis-
ticated treatment of electron correlation has been
shown to be important for most transition metal sys-
tems [5]. The multiconfigurational methods CASSCF
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and CASPT?2 [6] are correct for these systems but suffer
from program limitations, as they cannot correlate the
large number of electrons found in polymetallic sys-
tems. Other higher level correlation treatments such as
QCISD(T) and CCSD(T) [7] also give accurate ge-
ometries and energies for organometallic systems but
suffer from the same problem in that there are simply
too many electrons to correlate. These higher level
methods are useful as benchmarks and recently an
evaluation of CASPT2 and NL-DFT methods for
studying mononuclear nickel olefin compounds [8] has
demonstrated that the optimized geometries and rela-
tive energies of stationary points are of comparable
accuracy with both techniques.

Rosch and Pacchioni have published several papers
[9] on the electronic structure of a series of nickel
carbonyl clusters (Ni, n=5-44) using the X, DFT
approximation. Holland et al. [10] also used the X,
approximation in a study of several M, carbonyl clus-
ters (M =Fe, Co, Ni), as did Furet et al. [11] for
Nig(14-PPh)((CO)g and related clusters. Although a low
level DFT approximation, the X, results were suffi-
ciently accurate to provide preliminary interpretation of
optical spectra and paved the way for the increased
activity in DFT methods. A recent paper on the elec-
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Table 1
Internal basis sets used for NL-DFT calculations on compounds

M-

Code Internal name Basis set description®

I G9% LanlL2DZ Hay—Wadt pseudopotential and DZ
basis set (Mn, Fe); Dunning DZ
(C,0,H)

Wachters TZ basis set (metal);
Dunning DZ (C,0,H)

11+ diffuse functions 1s,2p,1d (metal)

11 G94 6-311; D95

111 GY% 6-311+;
D95

v G94 6-311;
D95*

v G94 6-311+G*

II+1 d polarization function (C,0O)

III+ If polarization function (Mn);
TZ + diffuse + polarization (C,0)
Double numeric with polarization
functions. TZ (metal); DZP (C,0,H)

VI S5.0 DN*

2 G94, Gaussian 94; S5.0, Spartan5.0; DZ, double zeta; TZ, triple
zeta; P, polarization.

tronic structure of [M,o(us-C)(CO),, >~ clusters (M =
Ru, Os) [12] used the LSD functional at an idealized
geometry, as did earlier work by Bullett [13] on a series
of osmium carbonyls. The basic LSD functional pro-
vides substantially improved molecular energies when
compared with the X, approximation and these two

Table 2
Mn,(CO),, (1) D,y conformer

studies demonstrated the utility of this functional in the
analysis of UV-Visible and photoelectron spectra of
carbonyl clusters. More recently the non-local BLYP
functional has been used by Dance [14] in studies on
metallocarbohedrenes and similar systems have also
been looked at with the BP86 functional [15]. A large
body of DFT work on organometallic and transition
metal cluster systems has been published by the groups
of Ziegler [2,16], Baerends [17,18] and Salahub [19] who
have recently been using non-local gradient corrected
functionals such as BP86. The variety of systems that
have been investigated and the extensive comparison
with experimental data has established that these non-
local functionals give a substantially better treatment of
organometallic systems than LSD and, in an overall
sense, this is an accurate and reliable level of theory to
use. There is also a significant amount of work on
organometallic systems, in particular smaller ones,
where the B3LYP functional has performed well [20—
26]. In a recent paper [27] it was established that the
BP86 functional provided reaction enthalpies for a set
of small main group systems that were in better agree-
ment with experiment than the B3LYP functional. It
was therefore of interest to compare the performance of
these two functionals with some reasonably large
metal-metal bonded organometallic systems.

B3LYP/I B3LYP/V  BP86/1  BPSG/II BP86/IV BP86/V  BPS6/VI®  BPS6/ADF  X-ray®
Mn-Mn 2.972 3.034 2.925 3.004 2.956 2.978 3.004 3.034 2.895(1)
Mn-Ceguaoriar 1-848 1.871 1.835 1.834 1.842 1.856 1.858 1.871 1.859(3)
Mn-C,,,  1.798 1.819 1.788 1.787 1.794 1.806 1.813 1.822 1.820(3)
C—Ocquaiorial 1174 1.141 1.188 1.190 1.168 1.155 1.157 1.155 1.140(4)
C-0,. 1.175 1.143 1.190 1.193 1.172 1.158 1.160 1.158 1.150(4)

Comparison of selected computed distances (A)‘
2 (av) Averaged over equivalent interatomic distances.

® Due to program limitations the Spartan calculation was carried out in D, symmetry with literature values from the 74K X-ray diffraction study

[31] and ADF study [17]c.

Table 3
Fey(u3-11*-HC,H-//)(1-CO)(CO), (2)

B3LYP/I B3LYP/II B3LYP/IV BP86/1 BP86/11 BP86/111 BP86/1V BP86/VI X-ray*3¢
Fe,-Fe, 2.567 2.593 2.577 2.557 2.579 2.575 2.563 2.579 2.534(1)
Fe,—Fe, 2.706 2.729 2.713 2.664 2.681 2.679 2.664 2.680 2.665(1)
Fe,-C, 2.119 2.094 2.076 2.105 2.081 2.091 2.063 2.077 2.073(3)
Fe—C(O) (av) 1.792 1.782 1.791 1.780 1.774 1.786 1.781 1.799 1.810(4)
Fe,-C, 1.979 1.969 1.963 1.982 1.971 1.981 1.965 1.993 1.980(3)
C,-C, 1.396 1.398 1.388 1.404 1.407 1.405 1.396 1.384 1.394(6)
Fe-u-C(O) 2.021 2.009 2.017 2.008 1.996 2.005 2.001 2.021 2.020(4)
C-0 (av) 1.174 1.175 1.155 1.189 1.191 1.190 1.170 1.158 1.137(4)
C-0 (u-) 1.191 1.194 1.171 1.206 1.209 1.208 1.185 1.174 1.153(6)

Comparison of selected computed distances (A) with literature values for Fes[us-2-(MeOCH,)C,(CH,OMe)-//](1-CO)(CO), [36].

4 (av) Averaged over equivalent interatomic distances.
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Table 4
Fe;(p5-17°-C,H,)(u-CO)(CO)s (3)

B3LYP/I  B3LYP/II B3LYP/IV  BP86/I  BPS6/II BP86/I11 BP86/IV  BP86/VI  X-ray*’
Fe, Fe, 2.593 2.617 2.601 2.594 2.622 2.624 2.603 2.624 2.603(1)
Fe,— Fe, 2.592 2.591 2.581 2.567 2.569 2.575 2.556 2.567 2.547(1)
Fe,-C, 2.036 2.022 2.005 2.032 2.025 2.026 2.010 2.010 1.966(6)
Fe,~C, 2.288 2.238 2.204 2.280 2.235 2.239 2.199 2.241 2.194(6)
Fe-C(0) (av)  1.791 1.782 1.792 1.779 1.773 1.787 1.781 1.799 1.8129)
Fe, C, 1.913 1.899 1.894 1.915 1.901 1.907 1.895 1.918 1.889(6)
C,-GC, 1.393 1.398 1.391 1.404 1.407 1.408 1.400 1.389 1.399(9)
Fe— u-C(O) 2,013 1.992 2.000 2.002 1.982 1.991 1.988 2.014 2.018(7)
C-O(av) 1.174 1.175 1.155 1.189 1.191 1.191 1.170 1.158 1.13(1)
C-0 (u—) 1.188 1.190 1.168 1.204 1.207 1.207 1.183 1.173 1.147(7)

Comparison of selected computed distances (A) with literature values for Fes[u5-12-C,H,](¢-CO)(CO), [37].

# (av) Averaged over equivalent interatomic distances.

Table 5
Fe;(u5-n>-HC,H- L)(CO), (4)

B3LYP/I  B3LYP/I B3LYP/IV  BPS6/I  BPS6/II  BPSG/II BPSG/IV  BPSG/VI  X-ray*®
Fe,-Fe, 2.510 2.545 2.528 2.501 2.527 2.521 2,511 2.530 2.491(10)
Fe,— Fe, 2.666 2.720 2.690 2.629 2.661 2.645 2.635 2.646 2.579(11)
Fe,-C, 2.021 1.998 1.992 2.039 2.021 2.040 2.014 2.028 2.048(16)
Fe-C(O) (av)  1.784 1.773 1.782 1.771 1.764 1.775 1.771 1.789 1.755(24)
Fe,-C, 1.957 1.920 1.910 1.958 1.923 1.948 1.913 1.941 1.946(16)
Fe,-C, 2.124 2.098 2.079 2.082 2.050 2.061 2.034 2.048 2.071(16)
C,-C, 1.409 1.428 1.413 1.426 1.445 1.432 1.430 1.406 1.409(22)
C-0 (av) 1.175 1.176 1.156 1.190 1.192 1.192 1171 1.159 1.159(24)

Comparison of selected computed distances (A) with literature values for Fe;(u;-172-PhC,Ph-1)(CO), [33].

4 (av) Averaged over equivalent interatomic distances.

2. Computational methods

Calculations have been carried out using Gaussian94
[28] and Spartan5.0 [29] on either Silicon Graphics
Power Challenge/R8000 or IBM SP2 computers. Clus-
ters were optimized within C; symmetry and the other
molecules within the stated symmetry. The internal

Table 6
Fey(u3-17>-MeC;Me- L)(CO), (5)

BP86/I  BPSG/I**  BPS6/VI  X-ray®®
Fe,Fe, 2.484 2.492 2.499 2.491(10)
Fe, Fe, 2.620 2,616 2.630 2.579(11)
Fel-C, 2.076 2.059 2.088 2.048(16)
Fe-C(0) (av)  1.769 1.765 1.788 1.755(24)
Fe,C, 1.966 1.935 1.960 1.946(16)
Fe,~C, 2.108 2.076 2.086 2.071(16)
C,-G, 1.439 1.427 1.410 1.409(22)
C-0 (av) 1.191 1.170 1.161 1.159(24)

Comparison of selected computed distances (A) with literature values
for Fes(us-1>-PhC,Ph-1)(CO), [33].

2 Polarization functions were used from the internal G94 basis set
D95* (C, O).

® (av) Averaged over equivalent interatomic distances.

orbital basis sets which were used are detailed in Table
1. Emphasis is placed on the differences between calcu-
lated interatomic distances and the corresponding ex-
perimental values in Tables 2-6. In general, such
distances are a good indicator of the quality of the
computed geometry and thus the analysis of these quite
large systems has been simplified considerably. Due to
the size of the systems, frequency calculations verifying
the true nature of the optimized minima were carried
out only in selected cases.

3. Results and discussion

Several DFT theoretical studies have been carried
out on Mn,(CO),, (1) [16,17,30] and to start this inves-
tigation the performance of the various functionals and
basis sets were compared with these earlier results. The
density functional (BP86) results which have been re-
ported by Ziegler [16] and by Baerends [17] for
Mn,(CO),,, made use of the ADF program which uses
Slater Type Orbital (STO) basis sets. I have used com-
puter programs which use different implementations of
NL-DFT to optimize the D,y conformation of (1), the
results are tabulated under functional/basis code (e.g.
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3

Fig. 1. BP86/VI structures of (1), (2), (3) and (4) showing the atom numbering schemes used.

Table 7

Comparison of the relative energies of the clusters (2), (3) and {(4)+CO} (kcal mol—!)

Cluster ~ B3LYP/I  B3LYP/II  B3LYP/IV  BP86/1 BPS6/Il  BP8S6/IV  BP8G/II// BP86/V1// BP86/VI
BP86/VI? BP86/I1

2 12.2 115 10.9 11.8 11.4 10.8 11.2 11.9 9.2

A3 0 0 0 0 0 0 0 0 0

@+Co 323 28.7 25.5 37.7 34.6 314 35.0 25.6 21.7

2 BP86/I1 // BP86/VI means BP86/11 energies were calculated at BP86/VI geometries.

BP86/1V) in Table 2. The data for basis sets I-V were
obtained with Gaussian94 which uses a Gaussian Type
Orbital (GTO) basis set while those for basis set VI
were obtained with Spartan5.0 using a Numerical Type
Orbital (NTO) basis set. With the relatively small basis
set II the BP86 functional provided results within 0.05
A of Baerends ADF result [17]c (where the basis set
was effectively saturated), extension of the GTO basis
set to BP86/IV and then BP86/V established that the
good agreement for BP86/I1 was fortuitous. Use of the
numerical basis set VI provided results of comparable
accuracy to the best GTO values (BP86/V). The B3LYP
optimizations produced a Mn-Mn distance around
0.05 A longer than the BP86 results for both the basis
sets looked at [I (DZ, pseudopotential), V (TZ* 4, all
electron)], a similar trend was found for the Mn-C
distances while the C—-O distances were smaller and

closer to the experimental results with the B3LYP
functional. All methods appear to describe the geome-
try reasonably well with a converged Mn—Mn distance
of 3.00 (£0.03 A) indicated for the BP86 functional.
The B3LYP functional does not improve the computed
metal-metal distance, which with the large basis set V
is 0.13 A larger than the X-ray value [31] (2.895 A).
Both the DFT functionals therefore give computed
Mn-Mn distances which are longer than the X-ray
result by at least 0.1 A indicating that there is room for
improvement in the underlying functionals. Recently,
there has been some controversy over the energy differ-
ence between the D,; and D,, conformers of
Mn,(CO),, [30]. Using the BP86/V and B3LYP/V
methods the difference is 4.6 and 4.5 kcal mol —!, while
with the BP86/VI method the D,, staggered conformer
is found to be only 1.5 kcal mol ! below the Dy,
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eclipsed conformer, suggesting that a more accurate
method such as CCSD(T) is necessary to accurately
calibrate the energetic separation.

The series of clusters that has been investigated com-
prises Fey(u3-17>-HC,H-//)(1-CO)(CO)sy (2), Fes(us-*-
C,H,)(u-CO)(CO)y (3), Fes(us-n>-HC,H-1)(CO), (4)
and Fe;(us-12-MeC,Me-L)(CO), (5); optimized struc-
tures of (2), (3) and (4) are illustrated in Fig. 1. The first
two clusters are structural isomers in respect to the
acetylene derived ligand: (2) an alkyne ligand and (3) a
vinylidene ligand. Cluster (4) is related to (2) by the loss
of the bridging carbonyl ligand and the reorientation of
the alkyne which has changed from a parallel to a
perpendicular orientation. Cluster (5), which is the 2-
butyne analogue of (4), was looked at to estimate the
effect of the alkyne substituents on the interatomic
parameters that were being studied. Previous molecular
orbital studies on clusters such as (4) have focused on
rationalizing the observed bonding patterns at a quali-
tative level using Extended Hiickel theory [32]. In Ta-
bles 3—6 are listed the results from the optimization of
clusters (2)—(5) using various DFT/basis set combina-
tions and for comparison the X-ray results reported for
related clusters. The trends follow those established
with Mn,(CO),,, the B3LYP functional in general pro-
vides poorer agreement with experiment in the metal—
metal distances when compared with the BPS86
functional across the basis sets looked at (I, IT and 1V).
The B3LYP Fe-Fe distances are generally larger than
the X-ray values (— 0.002-0.140 A) and range from
—0.005 to +0.059 A larger than the BP86 results. As
found for Mn,(CO),, the C-O distances are described
better by the B3LYP functional but the discrepancy
with experiment is still substantial for clusters (2) and
(3) (>0.015 A).

The standard deviations in the reported X-ray Fe—Fe
distances are useful when making comparisons with the
computed results, and in a few instances agreement is
achieved. The deviations in the measured Fe—C and
C—-O distances are, however, of little use due to the
considerable variation in apparently symmetry equiva-
lent distances. This is not a peculiarity of the clusters as
Mn,(CO),, shows variations for the equatorial Mn—-C
distances of 1.850(3)-1.867(3) A in the accurate 74K
X-ray determination [31]. The best performing method
I have therefore judged as the one where there are
fewest calculated distances which deviate by more than
0.03 A from the X-ray results for the Fe—Fe and Fe-C
distances and 0.02 A for the C—O distances. Until such
calculations provide an overall level of accuracy in the
key structural parameters of < 0.02 A, a more detailed
break down (such as individual carbonyl distances,
angles, torsions and overall RMS deviations) is not
justified. Using the above criterion, the BP86/VI ap-
proach is the most successful for clusters of this size,

closely followed by B3LYP/IV. In general the addition
of polarization functions improves the carbonyl dis-
tances as is seen in the differences between the basis set
IT and IV results where the average C-O distance
decreased by 0.02 A towards the X-ray values when
polarization functions were added. The B3LYP method
as expected gives C—O distances which are closer to
experiment than the BP86 method within a given basis
set. The BP86/VI method performs at a similar level of
accuracy to the B3LYP/IV method in the C-O dis-
tances and it would seem the numeric basis set VI is
more complete than the equivalent gaussian basis set
IV. As noted by others [8] the LanL2DZ pseudopoten-
tial plus valence basis set (I) performs surprisingly well
on many occasions. In this case, for cluster (5), the
results obtained with basis set I (to which main group
polarization functions had been added) were in closest
agreement with the X-ray structure of Fe,(us-n°-
PhC,Ph-1)(CO), [33]. Changing from proton (4) to
methyl substituents (5) on the alkyne of the model
cluster gave minor improvements in the calculated Fe—
Fe distances (0.01 A) which, in conjunction with polar-
ized basis sets, gave the closest agreement with
experiment.

Another criterion of the success of the selected meth-
ods is in the computed energetic differences between the
clusters. As shown in Table 7, all methods predict a
difference in energy of — 10 ( + 3) kcal mol ! between
the structural isomers (2) and (3), with the vinylidene
cluster being the most stable. This contrasts with the
vinylidene-acetylene isomerization reaction of free
‘HC,H’ where acetylene is placed at significantly lower
energy than vinylidene at the MP4 level (—46 kcal
mol~") [34] and at the BP86/VI level (—44 kcal mol—").
Not only has the interaction of the vinylidene ligand
with the cluster made this ligand a stable entity, but it
has also made it the most stable isomeric form of the
‘HC,H’ ligand in this cluster system. Larger differences
between the computational methods are seen in the
energy change accompanying the transformation from
(3) to (4), which involves the breaking of two Fe—CO
bonds and the loss of the bridging carbonyl ligand. The
difference between the B3LYP and BP86 calculations
within a given basis set are at the level of + 6 kcal
mol ~! and the change from basis set [-1V alters the
energy by around — 6 kcal mol ~'. A significant varia-
tion is seen in the reaction energetics predicted by the
BP86/I1 and BP86/VI methods which are — 13 kcal
mol ! apart. Calculation of the energies at the BP86/I1
geometries using the BP86/VI method and conversely at
the BP86/VI geometries with the BP86/I1 method
demonstrated that there are significant differences be-
tween the two basis sets. Of the two methods the more
reliable is BP86/VI as shown by including BP86/IV in
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the comparison where the GTO basis set had been
extended to include polarization functions on carbon
and oxygen, the extension of the GTO basis set is seen
to move the values closer to the NTO (BP86/VI) re-
sults. To provide a more quantitative basis for this
assertion the so-called ‘bond snapping’ energies (i.e. no
geometric relaxation of the products) were calculated
for Cr(CO), and Mn,(CO),, using the BP86/II and
BP86/VI methods. These bond snapping energies have
been reported previously by Rosa et al. [17]c and, given
a reasonable (i.e. low basis set superposition error)
basis set, values of 45 (+ 1) and 29 (+ 1) kcal mol !
should be obtained for Cr(CO);— Cr(CO)s+ CO and
Mn,(CO),;, —2 x Mn(CO);5°, respectively. The values
obtained with BP86/VI (44, 29 kcal mol —!) and BP86/
1T (50, 31 kcal mol —!), indicate that of the two meth-
ods, BP86/VI gives closest agreement with the saturated
basis set ADF calculations and by extension good
agreement with experiment.

4. Conclusions

The comparison between the performance of the
BP86 and B3LYP functionals in several multi-metallic
systems has indicated that the BP86 method describes
the internuclear metal-metal separation more success-
fully than the hybrid B3LYP method. The development
of NL-DFT functionals has relied extensively on cali-
bration with atomic and organic systems which obvi-
ously does not lead to optimal functionals for systems
with transition metal bonds as shown by the overesti-
mated Mn—Mn separation for Mn,(CO),,. This is not
to say that the functionals provide results of low accu-
racy, but rather the results are not as accurate as that
typically found for the B3LYP method with organic
systems [35]. For the clusters studied, the most reliable
method was BP86/VI where the computed Fe—Fe and
Fe—C distances were at worst 0.06 A and the C—O
distances at worst 0.03 A away from the related X-ray
results. The closest approach to experiment in the com-
puted interatomic distances is obtained when complex
acetylene ligands are modeled with 2-butyne rather
than acetylene. Extension of the basis set has demon-
strated that for geometry optimization it is better to
include polarization functions on the main group atom
basis set than to place diffuse functions on the metal
basis, for comparative energetics it is essential that
these polarization functions are included and also the
metal basis must be of triple zeta quality. Further work
is in progress on the utility of these methods for
heterometallic cluster systems and in the comparison of
the BP86 functional with high-level ab-initio methods
using simple cluster systems.
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