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Abstract

The Becke-3 Lee-Yang-Parr (B3LYP) density functional is employed in the determination of the structures, binding
energies, and vibrational frequencies for the complexes of water, acetylene, ethylene, benzegec&@onene, and
tribenzocyclyne with the first row transition metal cations from Ti through Cu. For the smaller ligands, comparison with the
available experimental and theoretical data delineates the accuracy of the B3LYP functional for this type of complex. For
acetylene and ethylene, new coupled cluster results provide supplementary comparisons. The B3LYP binding energies a
generally within 5 kcal/mol of the corresponding coupled cluster single double (triple) and experimental estimates. The meta
coronene binding energies are on average 5 kcal/mol greater than those for the metal benzenes, due simply to the increa:
polarizability of the ligand. In contrast, the metal ions are much more strongly bound to tribenzocyclyne Bgdhan to
either benzene or coronene (e.g. by 50 kcal/mol). This enhanced binding is related to the large central cavity, which allow
for a closer approach of the metal ion to the ligand plane. In fact, the Ni and Cu ions insert directly into the cavity, forming
a planar complex, in reasonable agreement with the postulates of an experimental study of Dunbar and co-workers [J. An
Chem. Soc. 115 (1993) 12477]. (Int J Mass Spectrom 201 (2000) 253-267) © 2000 Elsevier Science B.V.
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1. Introduction rotational constants are often of value in the extraction
of thermodynamic data such as the binding energies

The relatively modest computational requirements from kinetic modeling of experimental data. The

of density functional theory (DFT) make it an attrac- Becke-3 Lee-Yang-Parr (B3LYP) [1] density func-
tive method for obtaining molecular properties of tional (among others) generally provides estimates for
metal-ligand complexes, particularly for larger spe- these properties which are more accurate than the
cies and multiply ligated complexes. Quantitatively values obtained with the much more computationally
accurate estimates for properties such as the vibra-demanding second order Mgller-Plesset (MP2) per-

tional frequencies, infrared absorption intensities, and turbation theory.

Various recent studies suggest that the B3LYP
estimated cationic metal-ligand binding energies are

* Corresponding author. also at least qualitatively correct, with a maximum
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discrepancy of about 6 kcal/mol (see, e.g. [2-8]).
Furthermore, B3LYP calculations have been found to
provide a useful indication of trends among different
ligands and between different transition metals. For
M(CO,)* the B3LYP binding energies were consis
tently about 3—4 kcal/mol greater than the coupled
cluster single double (triple) [CCSD(T)] ones [3]. For
cationic transition metal-benzene complexes, the
B3LYP estimates [6] for the binding energies were
generally within 2 kcal/mol (for all but Ti and V,
where the discrepancy is about 6 kcal/mol) of those
extracted from the kinetic modeling of collision-
induced dissociation experiments [9], while the agree-
ment with MCPF quantum chemical calculations [10]
was even better. The B3LYP predictions for the
trends in the binding of Cr cation to a complete set of
fluoro-benzenes (F,Hs_, X = 1—-6) were in sim
larly good agreement with radiative association ki-
netic modeling results, with a maximum discrepancy
of about 5 kcal/mol [7]. For pyrrole similar discrep-
ancies exist for the transition metals, but for Mand
Al the discrepancy is as large as 8 kcal/mol [8]. A
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robust test of the density functional methodology for
this type of complex.

In a seminal series of studies Bauschlicher and
co-workers examined the binding of the transition
metal cations to 5D, C,H,, C,H,, and GHg via the
modified coupled pair functional (MCPF) methodol-
ogy [10,12-16]. Here, we supplement their results for
the GH,, and GH, ligands with additional couple
cluster calculations, partly because the present
B3LYP results suggest significant deviations from the
self-consistent field (SCF) geometries employed in
these earlier MCPF studies. For the,(H ligand
QCISD(T) and CCSD(T) calculations were reported
in [17] and [18], respectively. The binding energies
for these same metal-ligand complexes have been
examined in a series of collision-induced dissociation
experiments by Armentrout and co-workers [9,19—
21]. Two other experimental studies have also esti-
mated the binding energies for the M{®)" com
plexes [22,23]. Comparison of the present density
functional estimates with these experimental and the-
oretical results serves to further delineate the expected

valuable study of the discrepancies between DFT and level of accuracy for the application of the B3LYP

more traditional quantum chemical estimates {e.g.
MP2 and quadratic configuration interaction with
perturbative inclusion of triple excitations
[QCISD(T)]} was provided by Schwarz and co-
workers for cationic Al complexes [11].

In this work, we explore the accuracy of B3LYP
estimated cationic transition metal-ligand binding
energies for a variety ofr containing ligands, and
also make predictions for a few larger ligands. The
specific ligands considered are,® CH,, CH,,
CgHe, Ci2Hg, and two forms of G,H,,; coronene and
tribenzocyclyne. For each ligand, B3LYP estimates

functional to the binding of related ligands, such as
the C,Hg and G H,, ligands studied here.

The coronene and tribenzocyclyne (TBC) ligands
have been the subject of radiative association kinetics
studies in the Dunbar group [24-26]. The coronene
ligand consists of six benzene rings surrounding a
central benzene ring (cf. Fig. 1). Its binding might be
expected to be similar to that of benzene, with only a
modest increase in the strength of the binding due to
an increased molecular polarizability. In contrast, the
TBC ligand (cf. Fig. 1) consists of three benzene
ligands joined by three acetylene groups to form a

for the binding properties (energies, structures, and planar moiety with a moderately large central cavity.

vibrational frequencies) are obtained for each of the
first row transition metal cations from Ti through Cu.
The nonelectrostatic component of the bonding in
these complexes primarily involves the interaction of
the metald orbitals with thew and 7* orbitals of the
ligands (or more precisely the lone pair orbitals for the
water ligand). The variation of the-orbital environ-
ment throughout the series should provide a fairly

For this ligand it may be possible for the metal cation
to insert into the central cavity. In fact, the variation in
the efficiency of forming dimers led Dunbar and
co-workers to suggest that the Co, Ni, and Cu cations
insert into the cavity, while the remaining first row
transition metal cations do not [25]. Density func-
tional theory, with its generally accurate geometries
and semiquantitatively correct binding energies, pro-
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Fig. 1. Structures of coronene, £, and tribenzocyclyne, from
top to bottom, respectively.

vides an ideal means for examining the feasibility of
such a cavity insertion process.
The C,Hg ligand studied here (cf. Fig. 1), cofre
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TBC with ethylene groups, and appears to be a purely
theoretical construct. The resulting ligand is similar in
nature to the TBC ligand, but is considerably smaller,
making it useful as an intermediate stage to the
examination of the binding for the full TBC ligand.
Furthermore, it is interesting to consider whether the
minor variation in cavity structure from tribenzocy-
clyne to G Hg affects the cavity formation process.

2. Quantum chemical methodology

The B3LYP hybrid density functional [1] is em-
ployed in the determination of optimized structures
and vibrational frequencies for each of the complexes
and free ligands. For acetylene and ethylene, coupled
cluster calculations were also performed including
single and double excitations and perturbative esti-
mates of the triplet contributions [CCSD(T)]. These
single point CCSD(T) calculations were performed at
the B3LYP optimized geometries. The GAUSS-
IAN94 and GAUSSIAN98 quantum chemical pack-
ages [27] were employed in these evaluations.

Four separate basis sets were employed in various
aspects of this work. The smallest basis set (B1)
consists of the 6-311G basis for the metal cations, and
the 3-21G basis for the C and H atoms. This basis set
was employed in the geometrical optimizations and
frequency analyses for the larger ligands #d; and
C,,H1,). The next larger basis set (B2), consisting of
the 6-311 G* basis set for the metals and the 6-31G*
basis for the C, O, and H atoms, was employed in the
optimizations and frequency analyses for the remain-
ing ligands, as well as in the CCSD(T) evaluations.
This 6-311G* metal basis includes a single setfof
polarization ands-, p-, d-diffuse functions in addi-
tion to the standard 6-311G basis set [27]. For the
benzene and smaller ligands, final B3LYP energetic
estimates were obtained at the optimized geometries
employing basis set (B3), which differs from basis set
B2 only in the addition of diffuss andp functions to
the C and O atoms. Sample evaluations suggest that,
with the B3LYP functional, any basis set superposi-

sponds to replacing the three benzene moieties of tion errors are less than 1 kcal/mol for this basis set.
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Such a correction was considered to be of negligible
importance for the present analyses. Basis sét iR3
which the diffuse functions were added to only the six
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3. Results and discussion

3.1. Free metal ion energies

C atoms nearest to the metal, was instead employed in

the final B3LYP estimates for the,gHs and G,H,,
ligands.
In the B3LYP calculations, there is essentially no

For a number of the complexes the metal ion
configuration in the ground electronic state differs
from that of the ground state of the free metal ion. In

spin contamination when considering states that cor- these cases, the overall binding energy depends to

relate with the ground state of the ion. For states of a
different spin or different configuration, the contam-
ination is still small but not necessarily insignificant.
In particular, for the®V, “Cr, *Mn, and“Fe states of
the complexes the spins are as high as 2.05, 3.87
6.15, and 3.80, respectively.

The optimizations for the M(gHg) ", M(C1.He) ™,
and M(GH,,)" complexes considered only
T-shaped geometries, with the metal approaching
perpendicularly to the plane of the ligand. For the
metal-benzene and metal-coronene complexes th
optimized geometries were generally ©f, symme
try. However, orbital degeneracies would sometimes
result in a Jahn-Teller induced reduction @,,
symmetry. Similarly, for the M(GHg)" and
M(TBC)" complexes Jahn-Teller distortions oeca
sionally result in a reduction fror@,, to C; symme
try.

The B3LYP/B2 estimated zero-point corrections
(with no scale factors) are employed for both the
B3LYP/B3 and CCSD(T)/B2 binding energy evalua-
tions. The B3LYP/B3 binding energies employ the
B3LYP/B1 estimated zero-point corrections. When

imaginary frequencies were encountered, those fre-

some extent on the electronic excitation energy of the
free metal ion. Unfortunately, obtaining an adequate
description of such excitation energies is a difficult
guantum chemical problem and the B3LYP density
functional is not especially well suited for this. The
’present B3LYP/B3 and CCSD(T)/B2 calculated elec-
tronic excitation energies for the first row transition
metal cations are reported in Table 1 together with the
corresponding experimental [28] and MCPF [29]
excitation energies. Related QCISD(T) [30] results
Qare closely analogous to these CCSD(T) results, while
the present B3LYP results mimic earlier density
functional values [31-34].

The relatively large errors for the B3LYP/B3
results are simply the result of overestimating the
stability of thed" configuration relative to the" s
configuration. For the Ti and Fe cations, this overes-
timate, which is 7 kcal/mol on average, even results in
an incorrect prediction of the ground state for the free
ion. In contrast, the CCSD(T)/B2 method tends to
underestimate thd" stability, but to a much lesser
extent.

Inaccurate estimates for the free ion state splittings
are parlayed into errors for the corresponding states of
the complex. One approximate remedy for this situa-

quencies were set to zero in estimating the zero-point jon s to evaluate the binding energy for the diabatic

energy.

Estimates of the effect of core correlation and basis
set limitations were performed at the MP2 level
treating all electrons as active and employing the
6-311+ +G(2df,2pd) basis set. For the most part such
calculations suggested only minor corrections (i.e.
1-2 kcal/mol) to the CCSD(T)/B2 results. Further-

dissociation process and to adjust this back to the
ground state to ground state dissociation energy via
the experimental [28] free ion splitting. This remedy
was employed for all the B3LYP/B3 and
CCSD(T)/B2 results, presented here.

In some cases, e.g. tH&i(L) © states, the ground
state of the complex is a roughly equal admixture of

more, incorporating such corrections actually worsens d" states andd" ™ 's states. In these cases, we have
the agreement between the calculated and experimen-examined the Mulliken populations to determine

tal free ion excitation energies. Thus, such corrections which state makes the greater contribution and con-
are not reported here. sidered the diabatic dissociation for that state. Alter-
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Table 1
Electronic excitation energies for transition metal cations
Expt®? B3LYP® ccsp(Ty MCPF®

M* State Config: E E AE E AE E AE
Ti F 3d?(®F)4s 0 0 0 0

F 3d3 25 —=5.1 -7.6 4.1 1.6 4.6 2.1

2F 3d?(3F)4s 13.0

’D 3d%(*D)4s 24.3 49.2 24.9 33.7 9.4

’F 3d3 25.3 26.7 1.4 36.4 111
\Y D 3d* 0 0 0

5F 3d3(*F)4s 7.8 12.8 5.1 6.4 -14 7.1 -0.7

3F 3d3(*F)4s 24.9

sp 3d* 32.9 37.4 45 40.9 8.0

3H 3d* 35.5

3F 3d* 38.2

sp 3d3(“P)4s 38.4

3G 3d* 41.1

3G 3d3(*G)4s 46.4 60.6 14.2 56.0 9.5
Cr S 3d® 0 0 0

°D 3d*(°D)4s 35.1 39.0 3.9 37.2 2.0 39.2 4.1

‘s 3d*(°D)4s 56.7

G 3d® 58.7 56.3 —2.4 68.9 10.2
Mn s 3d°(°S)4s 0 0 0

S 3d°(°9)4s 27.1

D 3d° 41.7 27.9 -13.8 47.6 59 49.1 7.4
Fe °D 3d°(°D)4s 0 0 0

F 3d’ 5.7 -5.0 -10.8 7.8 2.0 9.2 35
Co F 3d® 0 0 0

5F 3d"(*F)4s 9.9 17.3 7.4 8.6 -1.3 6.9 -3.0
Ni 2D 3d° 0 0 0

F 3d®(3F)4s 25.0 28.5 35 24.5 -0.5 22.6 -2.4
Cu s 3d° 0 0 0

3D 3d°(?D)4s 64.8 68.7 4.0 71.3 6.6 69.6 4.8

2 Electronic configuration.

b Experimentajj-averaged excitation energy from [28].

¢ Present B3LYP/B3 excitation energies and errors relative to experiment (bold) in kcal/mol.

9 Present CCSD(T)/B2 excitation energies and errors relative to experiment (bold) in kcal/mol.
€ MCPF results from [29].

natively, one might employ an average of the results 3.2. H,0, CH,, and GH,

for the two different diabatic processes. However,

doing so leads to B3LYP and CCSD(T) results which The present B3LYP estimated metal-ligand bind-
are generally less consistent with each other and with ing energies and separations are provided in Tables
experiment and so this alternative was not employed 2—4 for the HO, CH,, and GH, ligands, respec
here. A meaningful averaged correction may require a tively. The results of various related theoretical and
better estimate of thes and d populations than experimental studies are also summarized therein.
provided by the Mulliken populations. The qualitative description of the bonding provided
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Table 2
Metal ligand binding energies and separation for IMOH"
Binding energy (kcal/mof) Ruo (A)P

M+ State MCPF cce Qce B3LYP' Expt? UHF" MCPF  MP2 QcCe B3LYPf

Ti ‘B, 37.5 36.4 39.4 44.0 36.8(38.0) 2.165 2.135 2.114 2.131 2.088
‘B, 37.3 35.6 44.3 2.137 2.099
A, 28.1 28.6

\ SA, 34.7 41.8 32.2 38.7 35.1(36.2) 28.1 2.192 2.091 2.069 2.103 2.086
A, 34.6 41.6 38.2 2.092 2.084
B, 33.2 38.5 2.051 2.056
°B, 28.7 34.0 2.1 2.124

Cr 5A, 30.1 30.7 32.1 34.9 30.8(29.0) 21.9 2.232 2.146 2.115 2.146 2.072

Mn A, 28.5 27.7 32.9 30.0 28.4(32.5) 27.0 2.224 2.200 2.206 2.207 2.159
SA, <-14 12.0 —5.6

Fe 5A, 33.7 32.1 32.1 35.0 30.6(28.8) 32.7 2.176 2.115 2.117 2.126 2.079
A, 33.7 35.2 2.081
B, 32.8 2.090
A, 29.3 33.5 33.4 2.002 1.991
“B, 30.0 33.6 2.019 1.992
‘B, 27.7 31.9 2.034

Co 3B, 38.2 37.1 36.3 40.7 38.5(37.1) 29.1 2.106 1.992 1.973 2.036 1.960
SA, 37.5 37.5 40.2 2.026 2.003 1.985
SA, 37.5 37.4 40.2 1.988
3B, 36.4 38.0 1.992

Ni 2A, 41.1 36.3 38.6 45.0 43.0(36.5) 37.1 2.094 1.975 1.952 1.972 1.943
B, 39.3 34.9 42.4 1.971 1.932
2A, 37.2 40.4 1.958 1.945
2B, 38.8 1.988

Cu A, 37.3 36.2 36.0 41.3 37.5(35.0) 2.060 1.973 1.945 1.975 1.938

2 Zero-point corrected metal ligand binding energies.

P Equilibrium metal oxygen separation in the My®)* complex.

¢ MCPF results from [12].

9 CCSD(T)(full)/6-31 1 +G**//MP2(full)/6-311+ +G** results from [18].

€ QCISD(T)/Bausch results from [17], where Bausch denotes a1(1gbd1f/8s6p4dilf) contraction.
" Present B3LYP/B3//B3LYP/B2 results including B3LYP/B2 zero-point correction.

9 Experimental results from [19] (bold), [22] (in parentheses) and [23].

" UHF/Bausch results from [17].

'MP2(full)/6-311+ + G** results from [18].

by Bauschlicher and co-workers in [12—-16] provides tween the experimental results of Armentrout and
an important framework for understanding these bind- co-workers [19] and the MCPF results of Bauschli-
ing energies. For brevity we refrain from repeating cher and co-workers [12] is remarkable; only for Fe
this description and instead refer the interested readerand Ni is the discrepancy greater than 0.7 kcal/mol
to those references. For ease of comparison we utilize and even for those two it is only 3.1 and 1.9 kcal/mol,
their symmetry notation even though, for theGH respectively. The B3LYP predicted binding energies
ligand, this corresponds to a reversal of ByeandB, are consistently a few kcal/mol greater than these,
symmetry labels from that output by GAUSSIAN. ranging from 1.6 to 7.2 kcal/mol greater than the

For the M(H,0)" complexes the agreement-be experimental results, and being 3.6 kcal/mol greater
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Table 3
Metal ligand binding energies and separation for Yg)™*
Binding energy (kcal/mof) Rux (A)°
Metal State MCPF ccs? B3LYP® Exptf SCH B3LYP®
Ti 2A, 39.1 52.9 56.0 60.5 1.86 1.818
2A, 38.0 51.1 53.8 1.89 1.853
‘B, 21.1 29.6 34.1 2.60 2.124
‘B, 19.1 27.1 33.8 2.72 2.136
\Y 3A, 27.3 39.1 44.4 49.0 1.89 1.802
SAL 24.1 29.6 33.8 2.56 2.186
5B, 29.9 34.9 2.113
Cr °A, 19.8 25.7 295 44.0 2.59 2.231
‘B, -275 11 25 2.20 1.882
A, 9.1 9.4 1.781
Mn A, 14.4 19.6 18.1 2.78 2.592
°B, -7.2 19.2 16.5 2.21 1.880
Fe ‘B, 23.1 39.3 42.6 2.32 1.912
B, 23.7 23.0 2.369
A, 22.7 2.495
SA, 18.7 22.7 21.7 2.66 2.497
Co 3B, 32.3 44.4 47.4 >6.5 231 1.895
SA, 32.1 41.6 45.8 2.32 1.960
Ni 2A, 34.3 44.6 48.0 >1.7 2.28 1.937
2B, 44.6 48.6 1.883
Cu A, 32.0 40.3 43.9 >2.4 2.25 1.991

2Zero-point corrected metal ligand binding energies.

b Equilibrium distance from the metal to the CC bond midpoint in the MG complex.
¢ MCPF results from [14] including constant zero-point correction-@.8 kcal/mol.

9 Present CCSD(T)/B2//B3LYP/B2 results including B3LYP/B2 zero-point correction.
¢ Present B3LYP/B3//B3LYP/B2 results including B3LYP/B2 zero-point correction.

f Experimental results from [20].

9 SCF results from [14].

on average. The underprediction of the equilibrium 311++G** binding energies of [18] are closely
metal-ligand separation in the B3LYP calculations analogous to the MCPF results; generally differing by
relative to the MCPF ones is likely correlated with its 2 kcal/mol or less. However, for V and Ni the
overprediction of the binding energies. For Co and Ni, CCSD(T) values differ from the MCPF values by
the B3LYP predicted splitting between the different inordinately large amounts of 7.1 and 4.8 kcal/mol,
states of the same spin is in reasonable agreementrespectively. Sample calculations suggest that the V
with the available MCPF results. For Ti, V, and Fe, energy used in the CCSD(T) study was erroneously
the increased discrepancies in the calculated statelow, with a corrected binding energy of 35.6 kcal/mol
splittings are likely related to differences in the forthe®A, state once again being within 1 kcal/mol of
calculatedd" 's to d" excitation energies, since the the MCPF results. We have no explanation for the
various states have varying degreessedl mixing. deviations in the Ni case.

As might be expected both the QCISD(T)/Bausch For the acetylene ligand there is a close correspon-
results from [17] and the CCSD(T)(full)/6- dence between the present B3LYP and CCSD(T)
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Table 4
Metal ligand binding energies and separation for g™
Binding Energy (kcal/mof) Rux (A)°

Metal State MCPF ccsp(Ty B3LYP® Exptf SCH B3LYP®

Ti A, 24.2 34.4 37.8 34.8 2.03 1.926
‘B, 26.7 30.2 2.281
“B, 19.0 27.4 2.82 2.267

\ SA, 24.2 28.2 32.3 29.8 2.69 2.267
3A, 9.5 19.2 23.5 2.07 1.951

Cr SA, 20.9 26.1 30.1 22.8 2.60 2.279
‘B, —-28.1 —4.4 -2.9 2.26 1.930
A, —-15.3 1.949

Mn A, 155 19.9 18.8 21.7 2.82 2.663
°B, -7.5 13.4 12.6 2.26 1.949
SA, -13.8 —2.5 2.322
SA, —-14.3 —-10.2 2.289
°B, —-14.3 -9.7 2.267
SA, -15.0

Fe “B, 24.6 38.7 41.8 34.6 2.34 1.980
SA, 19.9 24.1 23.6 2.70 2.577

Co 3A, 35.1 43.9 47.6 44.5 2.31 1.974
SA, 46.8 1.988
3B, 33.8 44.8 2.012

Ni 2A, 36.2 45.0 49.1 43.6 2.29 1.991
2B, 34.1 455 2.012
2A, 33.9 47.5 1.986
2A, 33.7
2B, 32.1 38.3

2.183
Cu A, 34.6 42.2 46.5 42.0 2.25 2.012

2 Zero-point corrected metal-ligand binding energies.
P Equilibrium distance from the metal to the CC bond midpoint in the M{(J* complex.

¢ MCPF results from [15] including the present B3LYP/B2 zero-point correction. The numbers in italics for Mn and Ni correspond to the

Complete Active Space SCF (CASSCF) energy splittings added on to the MCPF energy 1By, titate.
9 Present CCSD(T)/B2//B3LYP/B2 results including B3LYP/B2 zero-point correction.
¢ Present B3LYP/B3//B3LYP/B2 results including B3LYP/B2 zero-point correction.
T Experimental results from [21].
9 SCF results from [15].
" The average spin squared for this state is 6.41, indicating a considerable spin contamination.

calculations, with average and maximum discrepan- present calculations and the MCPF results from [14],
cies of 3.2 and 6.7 kcal/mol, respectively. In each with the present CCSD(T) predicted binding energies
case, the B3LYP predicted binding energy exceeds for the ground state of the complex exceeding the
the CCSD(T) one, and yet the B3LYP values under- corresponding MCPF values by 10.5 kcal/mol on
estimate the experimental binding energies [20] for average. Much of this discrepancy can be explained
Ti, V, and Cr, by 4.5, 4.4, and 14.5 kcal/mol, by the much shorter (typically by abot#0.3—0.4 A)
respectively. It is unclear why there is such a large equilibrium metal-ligand separation for the present
discrepancy between theory and experiment for these B3LYP results as opposed to the SCF geometries
cases. employed in the MCPF calculations of [14]. The
There is an even greater discrepancy between themuch larger binding energies for the present
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CCSD(T) results, which employ the B3LYP geome- from those for the free ligand. However, for the
tries, suggests that the B3LYP geometries are closer Ti(C,H,)*, Ti(C,H,)", and V(GH,)") species, a
to the true equilibrium values. number of other frequencies are quite different. These
For Ti(CH,)" and V(CH,)* the B3LYP and variations also correlate with variations in the CC bond
CCSD(T) geometries are reasonably similar and yet lengths and are indicative of stronger covalent interac-
the CCSD(T) and MCPF binding energies are still very tions for these species, as indicated in [14] and [15].
different. For these cases, the explanation lies in the
present calculation of the dissociation energy via the 3.3. GHg and coronene
diabatic dissociation process coupled with a correction
by the experimental promotion energy for the free ion. The present B3LYP results for the metal-benzene
This procedure results in corrections of 11.1 and 8.0 and metal-coronene [M(CdF) binding energies are
kcal/mol for the Tiand V binding energies, respectively. reported in Table 6. The MCPF [10] and experimental
For Fe, and for the excited states of Cr and Mn, both the collision-induced dissociation modeling [6,9] results
geometrical and diabatic dissociation effects are an for the metal-benzene binding energies are also pro-
important component of the differences. vided therein. Once again, within their MCPF study,
The results for the metal-ethylene complexes are Bauschlicher and co-workers have provided a valu-
qualitatively very similar to those for the metal- able qualitative description of the bonding in metal
acetylene complexes. In particular, there is again benzene cations [10]. Here, we assumed that the
reasonable agreement between the B3LYP and orbital orderings were the same in the metal—coro-
CCSD(T) binding energies, with a nearly constant nenes as in the metal-benzenes.
difference of 4 kcal/mol between them (for the ground As noted in [6], there is a good correspondence
state of the complexes). Furthermore, the MCPF between B3LYP and MCPF predictions for the metal
predicted binding energies [15] are once again much benzene binding energies, with the two predictions
lower than the CCSD(T) predictions, due to major differing by more than 2 kcal/mol for only Ti and Fe.
differences in the B3LYP and SCF predicted metal- For the metal-ligand separations, the variations are
ligand separation, and due to the present diabatic more significant, with the greatest discrepancies for

based treatment of the dissociation process. Ti, Fe, and Co. The latter three ions correspond to
However, there is a significant difference, in that cases where a mixing of the F and P free ion states is
the experimental results [21] for the M{8,) " bind- required to form the ground states of the complex.

ing energies are more complete, and the CCSD(T) Apparently, there is some difference in the B3LYP
results are in good agreement with them, differing by and MCPF treatments of this mixing.

only 1.7 kcal/mol on average. This good agreement The B3LYP and MCPF estimates are also in
suggests that the present use of a somewhat limitedreasonable agreement with the experimental data,
basis set (i.e. basis set B2) has only a minor effect on with only the Ti and V predictions differing by more
the CCSD(T) prediction of the binding energies. than 4 kcal/mol. For Ti, some of the underestimate in
Furthermore, it indicates that the differences between the theoretical predictions may be an indication that
the CCSD(T) and MCPF results are truly indicative of the experiments are actually observing the diabatic
failures in the MCPF estimates, i.e. in the use of the dissociation process. If so, the experimental value

SCF geometries. would be lowered by 2.5 kcal/mol.
The B3LYP/B2 estimated vibrational frequencies On average, the metal coronene binding energies
for each of the ground states of the M@®)', are 5 kcal/mol greater than the metal-benzene bind-

M(C,H,)", and M(GH,)" species are reported in ing energies. However, there is considerable variation
Table 5. In each case, the lowest three frequenciesin the difference between the two. Interestingly, a
correspond to those for the metal-ligand motions. For correlation between this difference and the metal—
most cases, the remaining modes vary only slightly ligand separation exists, as illustrated in Fig. 2. At
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Table 5

Vibrational frequencies for the ground electronic states of M, M(C,H,)", and M(GH,)"®

Metal M(H,0)" M(C,H,)™" M(C,H,)™"

Ti 363,402,565,1703,3675,3756 589,619,701,797,848,1042, 431,444,497,664,796,902,965,1131,
1490,3202,3229 1200,1429,1473,3086,3092,3157,3176

\Y, 187,391,553,1693,3687,3772 563,584,706,773,829,975, 262,273,421,833,976,992,1028,1263,
1562,3222,3257 1325,1488,1614,3137,3143,3231,3235

Cr 211,390,559,1698,3704,3787 256,284,591,654,760,787, 226,263,386,839,1002,1037,1053,1243,
1976,3349,3443 1350,1488,1631,3139,3145,3221,3241

Mn 305,334,514,1690,3644,3737 73,185,588,660,779,851, 97,181,312,841,994,1058,1060,1247,1364,
2035,3370,3473 1487,1648,3121,3166,3205,3259

Fe 260,368,533,1678,3635,3729 411,425,691,737,756,781,  327,357,521,824,974,1000,1008,1228,1277,
1841,3295,3368 1470,1566,3128,3132,3210

Co —78,427,611,1696,3691,3774 379,413,628,742,745,785, 312,339,515,835,1015,1020,1038,1230,
1867,3306,3387 1301,1482,1588,3129,3134,3212,3231

Ni 25,433,625,1695,3693,3781 351,372,616,727,764,806, 310,339,522,833,1012,1029,1048,1226,
1911,3325,3410 1305,1484,1596,3139,3143,3217,3240

Cu 106,413,611,1686,3692,3782 291,340,592,709,784,828, 262,314,472,839,1034,1055,1066,1241,

1958,3338,3431

1333,1488,1611,3142,3146,3228,3247

aThe frequencies are in cm, and, unless specified otherwise, are for B3LYP/B2 calculatior@,jnsymmetry.

 The reported frequencies are for basis set B3 since those for basis set B2 contained an imaginary frequency.

°These frequencies are f@, symmetry.

d Attempts to locate a lower energy stationary pointdg symmetry failed and calculations with the B3 basis set also produced one
imaginary frequency.

large separation the increased polarizability of the = Harmonic vibrational analyses have been performed
coronene ligand yields somewhat greater binding for each of the ground state complexes [35]. For the
energies for the metal-coronenes. However, as themetal-coronene species, in many instances (i.e. V, Cr,
separation decreases, covalent interactions becomé'Fe, Ni, and Cu) one or more of the frequencies was
more important. These covalent interactions are sim- imaginary, suggesting some deviation from the symme-
ilar in the two ligands (or, perhaps, more attractive in try considered in the optimization. However, in each
the metal benzene species) and so the binding ener-instance, related vibrational analyses for the metal-
gies become more similar. benzene species indicated that the imaginary frequencies
The metal-ligand separations are also somewhatare simply the result of limitations in the B1 basis set.
greater (on average) in the metal-coronene com- Thus, no further optimizations in a lower symmetry
plexes. However, much of this difference is simply group were performed.
the result of the difference between optimizations The present B3LYP predictions for the cationic
with the B1 and B2 bases. For example, optimizing metal-coronene binding energies are in agreement
Cu(CHg) ™ with the B1 basis yields aRy,y separa with the qualitative observations made in the radiative
tion of 1.883 A, which is now greater than that in association kinetics study of Pozniak and Dunbar
Cu(coroneng). The complexation process produces [24]. In particular, for each metal species the binding
only modest changes in the internal structure of the energy exceeds the 35 kcal/mol necessary to produce
coronene ligand. For example, the out-of-plane dis- the observed efficient radiative stabilization. Further-
placements, which appear to correspond to the great-more, additional calculations for the Na(coronéne)
est structural change, are generally restricted to a few species, suggest that its binding energy is only 32.0
hundredths of an angstrom [35]. kcal/mol, which is reasonably close to the suggested
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Table 6
Metal ligand binding energies and separation for g " and M(coronene€)
Binding energy (kcal/mof) Rux (A)°
M(CgHg) " M(Cor)* M(CgHg) " M(Cor)*
Metal State Sym. MCPF B3LYP Expt® B3LYP' MCPF B3LYP B3LYP'
Ti A, Cov 59.8 55.8 65.1 52.1 2.059 1.883 1.935
2A, C,, 45.1 1.747,1.610
\Y B, Cyy 50.7 48.8 56.4 53.5 1.964 1.961,1.929 2.044,2.002
3A, C,y, 48.3 1.727,1.588
Cr SA, Cev 36.7 374 40.5 46.2 2.110 2.104 2.125
‘B, C,, 9.4 1.781,1.590
Mn A, Cov 34.3 32.4 32.1 42.6 2.300 2.360 2.303
SA, C,, 14.1 1.837,1.741
Fe A, C,, 49.2 49.9 56.0 1.826,1.767 1.920,1.881
A, Cov 46.4 39.6 33.2 1.830 1.665 1.722
SA, C,, 40.5 39.6 49.9 2.153 2.207,2.196 2.208,2.205
Co 3A, Cov 61.6 60.0 64.0 59.3 1.854 1.663 1.712
Ni B, C,y, 58.8 58.7 58.0 64.4 1.750 1.715 1.796,1.746
Cu A, Cov 50.4 50.3 50.6 59.7 1.852 1.848 1.874

2Zero-point corrected metal ligand binding energies.

b Equilibrium distance from the metal to the plane containing the first ring of carbon atom€,Feymmetry, two numbers are provided,
with the first corresponding to the distance to the fourfold degenerate carbons and the second to the twofold degenerate carbons.

¢MCPF/DZ2P results from [10], including the present B3LYP/B2 estimate for the zero-point correction.

9 Present B3LYP/B3//B3LYP/B2 results which are essentially identical to the B3LYP results from [6]. The zero-point corrections are
evaluated with the B2 and B1 basis sets for benzene and coronene, respectively.

¢ Experimental collision-induced dissociation modeling results [6,9].

f Present B3LYP/B3/B3LYP/B1 results.

maximum of about 25 kcal/mol required to explain its calculate its binding energy to be significantly greater,
slow production. In contrast, the radiative association i.e. 46.3 kcal/mol (see Fig. 2).

of Na“ with TBC is readily observed [25], and we

3.4. C,Hg and tribenzocyclyne

12

10 n Fe .

A ] The TBC ligand is a relatively novel ligand with a
N._// cavity size that is roughly equivalent to atomic ion
e dimensions [25,26]. An interesting question for this
ligand regards the feasibility of the direct insertion of
the transition metal ions into the cavity. Dunbar and
co-workers have observed the efficiency of formation
of the M(TBC)" and M(TBC) ions in radiative
association experiments [25]. The observed reduction
16 17 18 19 20 21 22 23 24 in the dimer formation efficiencies for the Co, Ni, and
Rux (A) Cu species led to the postulate that the corresponding
Fig. 2. Difference between the cationic metal-coronene and metal— monomers of these metals had inserted into the CaVity'
benzene binding energies vs. metal-ligand separation distance. ~ The dimer formation process would then require some

A D, (kcal/mol)
N
1

-2 Co
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-Cl;zl:ilt‘)gn?c metal ligand binding energies and separations for,M{g" and M(TBC)"
Binding energy (kcal/mof) Rux (A)P Eff.c

Metal State Sym. CioHg TBC CioHg TBC TBC
Ti A, Cyy 71.0 87.0 1.108,1.347 1.084,1.293 0.23
\Y SA” Cs 67.0 82.1 1.325,1.380 0.973,1.131 0.17
Cr A, Cs, 56.8 70.5 1.018,1.190 0.868,1.016 0.23
Mn A, Cyy 43.6 57.4 1.957,2.011 1.862,1.895

A, Cay, 62.4 54.1 0.998,1.104 0.953,1.043

SA C, 47.3 63.4 0.579,0.812 0.500,0.730 0.11
Fe A, Cyy 92.2 102.4 0.617,0.822 0.575,0.763 0.09

A, Cs 47.1 61.8 1.900,1.955 1.806,1.836
Co A, Cay 95.2 111.9 0.501,0.664 0.432,0.572 0.027
Ni 2AL Dy, 94.3 110.8 0.0,0.0 0.0,0.0 0.011
Cu A, Dap, 92.4 107.5 0.0,0.0 0.0,0.0 <0.02

2B3LYP//B3'//B3LYP/B1 zero-point corrected metal ligand binding energies. The zero-point corrections are evaluated with the B1 basis
set.

b Equilibrium distance from the metal to the plane containing the acetylenic and ethylenic (or benzylic) C’s, respecti@l\syRametry,
there are actually three such metal-ligand plane distances for the acetylenic carbons and three for the ethylenic carbons. In those cases, ¢
the smallest of these distances are reported.

°M(TBC), dimer formation efficiencies in radiative association from [25].

energy to extract the ion from the ligand cavity and overall strength of the binding for these complexes.
thus one might expect a lower formation rate. This Forthe M(TBC)" complexes, the binding energy is as
postulate seems reasonable given the decrease in thenuch as 2.1 times that in the M{8s)" complexes.

atomic ion radius to the right of the first transition For ease of comparison, the B3LYP calculated bind-

series. ing energies are plotted in Fig. 3 for all of the species
The present B3LYP results for the M{§ts) " and considered here.
M(TBC)™ species, provided in Table, Agree with There is also a remarkably consistent difference of

this postulate and other experimental observations. In

particular, the Ni and Cu TBC cationic complexes are

found, as postulated, to be planar species. Further, the 20—
Co cation sits only 0.4 A above the closest plane of C
atoms in the Co(TBC) species. Thus, a second TBC
ligand would have to push the first TBC ligand away
from the metal in order to form the Co(TBK)
complex. Therefore, it seems reasonable to associate & 60
some promotion energy and correspondingly reduced E"
efficiency for the formation of the dimer from
Co(TBC)". The metal-ligand separations for the 20
ground states of Fe and Mn are the next smallest, : ——
being on the order of 0.6 A, and also correlate with the TV O MnoFe Co N Cu

next lowest dimer formation efficiencies. ) Fig. 3. Present B3LYP predictions for the metal-ligand binding
The most remarkable aspect of Table 7 is the energies.

1004

80

cal/mol)
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about 15 kcal/mol between the M(TBC)and lower in energy than thd®s configuration states. The
M(C,.Hg) " binding energies. This difference is likely latter charge transfer states were still higher than the
due to the factor of two difference in the polarizabili- quartet states and so a description of their energetics
ties of the TBC and GHg ligands. Alternatively, the  is not provided here.
differences may arise from differences in the two The relatively small binding energy for tHé, d°s
ligands such as the presence of ethylenic CC bonds inMn states [compared to the other M(TBCT)and
the C.Hg ligand (with a bond length of 1.36 A) in  M(TC)* species] is simply due to the largeorbital
place of the benzylic CC bonds in the TBC ligand resulting in a large metal-ligand separation. Thg
(with a bond length of 1.43 A). state corresponds to a charge transfer state where the
Differences in the cavity size are quite minimal Mn sorbital population is much lower. As a result, the
and are unlikely to contribute much to the differences metal approaches the ligand more closely and the
in bonding energies. For example, for the M(TBC) increased metal-ligand interactions are able to over-
complexes, the side-to-side distance in the ligand is come the charge transfer promotion energy, yielding a
4.760, 4.771, 4.763, and 4.726 A for the free ligand, ground’A, state for Mn(TC). For Mn(TBC)" the
and the Cu, Ni, and Co, complexes, respectively. The ground state is &A’ state, with ad® configuration.
corresponding side-to-side distances in the same This state has a free metal ion promotion energy of 42
M(C,,He) " complexes are 4.752, 4.750, 4.742, and kcal/mol, which roughly correlates with the difference
4.702 A. The changes in other cavity bond lengths in the binding energy of théCo state and théMn
with the addition of the metal are similarly modest.  state. Similarly, the promotion energy of 5 kcal/mol
There are, however, significant out-of-plane dis- for the “Fe d’ configuration roughly correlates with
placements of the ligand atoms [35]. In particular, the difference between th&Fe and®Co binding
bowl shaped distortions of the TBC ligand generally energies.
occur, with the metal on the convex side of the bowl, For the Ni states we have left tlgg, orbital singly
closest to the acetylenic C atoms. The various planesoccupied, since this again yields a state without any
of the symmetry related atoms in the TBC ligand are Jahn-Teller distortions. Attempts to consider other
typically displaced from this closest plane of atoms by Jahn-Teller distorted configurations were plagued
a few tenths of an angstrom. with convergence problems. Furthermore, given the
Harmonic vibrational analyses have again been planar nature of the complex, it may be that this is
performed for each of the ground state complexes actually the preferred orbital occupation. In any case,
[35]. In this case, only the Cr(GHs)* complex has it is unlikely that leaving a different orbital unoccu-
an imaginary frequency, and we suspect that once pied would yield a significantly lower binding energy,
again this is simply an indication of limitations in the or a qualitatively different structure.
B1 basis set.
In generating the results for Table 7, we have
generally assumed that the orbital ordering is identical 4. Summary
to that for the metal benzenes. That is, taking the
metal-ligand axis as theaxis, the degenerate (@y, The present B3LYP predictions for the cationic
symmetry) d,,_y, and d,, orbitals are the lowest transition metal-ligand binding energies for water,
energy, followed by thed,, orbital, and then the acetylene, ethylene, and benzene are found to gener-
degeneratél,, andd,, orbitals. However, for the Fe  ally be in reasonable agreement with CCSD(T) theo-
°A, states, we have doubly occupied thg orbital, retical results and/or experimental results. Examina-
since this allows for an optimization withiC,, tion of the results suggests that the B3LYP results are
symmetry with no Jahn-Teller distortion. Attempts at generally accurate to within about 5 kcal/mol. It
doubly occupying thel,,_,, or d,, orbitals tended to  appears that larger discrepancies are generally an
converge to charge-transfer states which were actually indication of some other failure, such as the variation
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from the SCF geometries in the MCPF calculations

for the metal-acetylenes [14] and metal—-ethylenes

[15]. The B3LYP predicted metal-acetylene and met-
al-ethylene binding energies are remarkably similar
for all but Ti and V, where the acetylenic binding
energies are 10-20 kcal/mol greater.

The present B3LYP calculations suggest that the
cationic binding in the metal—coronenes is very sim-
ilar to that in the metal-benzenes. The increased
polarizability of coronene does, however, lead to an
increase in the binding energy by 5 kcal/mol on
average. In contrast, the metal-tribenzocyclyne bind-

ing energies are about a factor of 2 greater than the

metal-benzene binding energies, with the Co, Ni, and
Cu, metal-tribenzocyclyne binding energies as large
as 110 kcal/mol. Furthermore, the B3LYP calcula-
tions suggest that both Ni(TBC)and Cu(TBC) are
planar species with the metal inserting directly into
the ligand cavity, as first postulated by Dunbar and
co-workers [25,26].
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