
Theory and Modeling of the Binding in Cationic Transition-Metal -Benzene Complexes

Chia-Ning Yang and Stephen J. Klippenstein*
Chemistry Department, Case Western ReserVe UniVersity, CleVeland, Ohio 44106-7078

ReceiVed: August 31, 1998; In Final Form: December 18, 1998

Binding energies are estimated for the complexes of benzene with the first-row transition-metal ions (M+ )
Ti+-Cu+) via both kinetic modeling and quantum chemical simulation. A variational transition-state theory
model implementing an ion-quadrupole plus ion-induced dipole potential is employed in the modeling of
the kinetic data for the collision-induced dissociation of these complexes. For Cr+, a global potential is generated
for its interaction with benzene and radiative association experiments are also modeled. Implementation of
this potential in the transition-state analyses indicates only minor anharmonicity effects for the complex state
density near the dissociation threshold and negligible deviation from the long-range potential-based predictions
for the transition-state partition functions. Theoretical optimized geometries, binding energies, and vibrational
frequencies are determined with the B3LYP (Becke-3 Lee-Yang-Parr) density functional. The V+, Ni+,
and Fe+ complexes are found to have modest Jahn-Teller-induced boat-shaped distortions of the benzene
ligand. The quantum chemical and kinetic modeling based estimates for the binding energies are in reasonable
agreement.

I. Introduction

Various methods for extracting/estimating binding energies
for ion-molecule complexes from experimental kinetics mea-
surements rely upon estimates for the dissociation and/or
association kinetics. Of particular interest here are methods
based on the modeling of collision-induced dissociation1-2 and
radiative association experiments.3-4 In the former experiment,
the observed dissociation threshold corresponds to the energy
at which the ion dissociates on a time scale of 10-4 s. The kinetic
shift, which corresponds to the difference between this observed
threshold and the true 0 K threshold, grows rapidly with
increasing molecular size. As a result, accurate kinetic estimates
are of great importance when applying this methodology to the
dissociation of large species.

Radiative association experiments observe the rate at which
stabilized complexes are formed via radiative emission from
the initially formed association complex. The kinetics of this
radiative stabilization are competing with the dissociation of
the complex back to the separated reactants as described in detail
in ref 4. For very small species, the stabilization probability is
so low as to make useful measurements difficult. In contrast,
for very large species, the stabilization probability approaches
unity and then the kinetics becomes independent of binding
energy. Thus, the determination of binding energies from the
modeling of the radiative association kinetic data is most
effective for intermediate-sized species such as the metal-
benzene cationic complexes of interest here. In this range, an
accurate modeling of the kinetics generally requires estimates
for the back dissociation rate constants.

In a recent collision-induced dissociation study, Armentrout
and co-workers employed standard rigid-rotor harmonic-oscil-
lator (RRHO) transition-state theory (TST) models in the
estimation of the kinetic shifts (and thereby binding energies)
for the complexes of benzene with first-row transition-metal
cations.5 The estimated kinetic shifts in this study were quite
substantial, the largest being 10 kcal/mol. They also obtained
valuable qualitative estimates of the uncertainty in the estimated

kinetic shifts by contrasting loose and tight models for the
transition state.

Recent theoretical advances allow for the implementation of
important improvements in the modeling of such kinetic shifts.
In particular, the focus of the present study is on the imple-
mentation of density functional theory estimates for the mo-
lecular properties within a variational transition-state theory
(VTST) model for the kinetics. Quantum chemical estimates
for the binding energies of the metal-benzene cations have been
obtained previously.6-8 However, these studies do not provide
the requisite vibrational frequencies for the present study.
Density functional theory generally provides reasonable esti-
mates for these frequencies at a relatively modest computational
cost. The implementation of these vibrational frequencies within
a fundamentally based VTST approach should provide a firmer
foundation for the kinetic shift corrections.

The present VTST evaluations generally employ a long-range
ion-induced dipole plus ion-quadrupole potential. To test the
validity of this long-range form for the potential, we have
examined the interaction between benzene and Cr+ in detail
via a series of ab initio calculations spanning a range of
separation and orientation. A spline fit of this ab initio data
then provides an analytic potential. A comparison of the VTST
results obtained while implementing this ab initio based potential
with those obtained for the long-range potential illustrates the
general validity of the long-range potential.

The Cr cation is chosen for these detailed evaluations for a
variety of reasons. Firstly, the electronic configuration of Cr+

is well defined and unchanging during reaction. As a result,
the ab initio quantum chemical evaluations are relatively
straightforward and reliable. This constancy of the electronic
configuration also means that the theoretical predictions for the
kinetics are more reliable since there is no need to estimate rate
constants for electronic transitions. Furthermore, the availability
of radiative association data for this reaction9 provides a valuable
opportunity for testing the consistency of the two different
kinetic modeling schemes. Finally, the comparatively large

1094 J. Phys. Chem. A1999,103,1094-1103

10.1021/jp9835770 CCC: $18.00 © 1999 American Chemical Society
Published on Web 02/06/1999



metal-ligand bond length and correspondingly low metal-
ligand vibrational frequencies suggest that anharmonic effects
might be quite large for this complex. The generation of a global
analytic potential for the metal-ligand interaction allows for
the quantitative investigation of such effects.

II. Quantum Chemistry Methodology

Nonlocal density functional theory (DFT) was employed in
the determination of the optimized structures and infrared
spectral properties for each of the M(C6H6)+ complexes, the
metal cations (M+ ) Ti+-Cu+), and the benzene ligand. These
determinations employed the B3-LYP (Becke-3 Lee-Yang-
Parr) hybrid functional,10 the 6-311+G(d) basis set for the metal
ions, and the 6-31G* basis set for the C and H atoms.11 The
metal basis set includes one set of f polarization functions. All
the quantum chemistry calculations described here were per-
formed with the Gaussian94 quantum chemistry software.11

The quantum chemical binding energies reported below
incorporate corrections for basis-set superposition errors (BSSE)
obtained on the basis of a recently described scheme of
Xantheas.12 This scheme adds a correction for geometrical
relaxation effects to the standard counterpoise correction, thereby
yielding equivalent values for the corrected and uncorrected
complete basis-set limits. For the present systems, the net basis-
set superposition corrections ranged from 2.7 to 3.8 kcal/mol
while the relaxation energies varied from 0.4 to 2.1 kcal/mol.

The Cr+‚‚‚C6H6 interaction potential was evaluated with
second-order Møller Plesset (MP2) perturbation theory13 instead
of density functional theory due to unphysical behavior at large
separations for the B3-LYP functional. The combination of the
6-311+G(d) basis for the metal and the 6-31G* basis for the
ligand was again employed. The MP2 binding energy is only
1.4 kcal/mol lower than the B3LYP value, and the MP2 metal-
ligand stretching and bending force constants are within 5% of
the B3LYP values. Thus, for Cr+, MP2-level calculations would
appear to provide a reasonable description of the interaction
potential.

In these interaction energy calculations, the benzene structure
was held fixed at the optimized structure for free benzene. The
relaxation energy is only 0.7 kcal/mol, and its neglect should
be insignificant in the present considerations of anharmonicity
effects for the interfragment modes. The energies were evaluated
on various grids of M+‚‚‚benzene distances and orientations.
These grids employed the spherical polar coordinates (R,θ,φ).
The origin of these coordinates is the center of the benzene ring,
and the perpendicular to the benzene plane corresponds to the
z-axis with θ ) 0. Thex-axis (θ ) 90°, φ ) 0) is taken to lie
along a CH bond. The midpoint of a CC bond then lies atθ )
90°, φ ) 30°. With these definitions, the potential has
periodicities of 180° in θ and 60° in φ, and is symmetric about
θ ) 90° and aboutφ ) 30°. Furthermore, the potential is only
weakly dependent onφ for values near the optimum geometry
for anyR, and so simply consideringφ ) 0 and 30° was deemed
sufficient. At short separations, a grid of 5° was employed for
θ in the range from 0 to 15° and a 7.5° grid was employed for
θ above 15°. For separations beyondR ) 4 Å, a sparserθ grid
(consisting ofθ ) 0°, 5°, and then a 15° spacing from 15° up
to 90°) was employed since the anisotropy of the potential is
greatly decreased. For theRgrid, a 0.1 Å spacing was employed
for R’s ranging from 1.4 to 2.6 Å, while a 0.2 Å grid was
employed forR ) 2.6 to 7.0 Å and a 0.5 Å grid forR ) 7.0 to
10.0 Å. An analytic potential is obtained from these grids via
spline fits inR andθ and a Fourier expansion inφ.

III. Transition-State Theory Methodology

We describe here the methodology employed in the deter-
mination of the energyE and angular momentumJ resolved
dissociation rate constants. Such dissociation rate constants are
an integral part of the kinetic modeling of both the collision-
induced dissociation and radiative association experiments. The
transition-state number of states,NEJ

† , was evaluated according
to a version of variational transition-state theory which employs
an assumed decoupling of the vibrational modes of the benzene
ligand from the remaining modes.4,14 The former modes have
been termed the conserved modes due to their near invariance
during the reaction process, while the latter have been termed
the transitional modes. The conserved modes are treated as
quantum harmonic oscillators, and their contribution is evaluated
via a Beyer-Swinehart15 direct counting. The transitional mode
contribution is obtained via the Monte-Carlo evaluation of a
classical phase space integral representation which properly
conserves energy and total angular momentum within this subset
of modes.

A long-range anisotropic ion-induced dipole plus ion-
quadrupole potential was generally employed in the evaluation
of these phase space integrals:

For benzene, the components of the polarizability areR| ) 6.7
Å3 andR⊥ ) 12.3 Å3 16 while the quadrupole moment is-8.5
Debye Å.17 For Cr+, the ab initio based spline fit potential was
also employed in the transition-state theory (TST) evaluations.

The variable reaction coordinate TST (VRC-TST) formalism
employed here considers a variety of different forms for the
transition-state (TS) dividing surface.14,18 For the present
M+‚‚‚C6H6 case, any one dividing surface corresponds to a fixed
distancer between the metal ion and a pivot point fixed to the
frame of the benzene ligand. The pivot point is defined relative
to the benzene center-of-mass by the vectord and corresponds
to the point about which the benzene rotations occur. The
number of available statesNEJ(r,d) is then evaluated for a grid
of both d and r with the TS number,NEJ

† , being given by the
minimum over this grid.

The density of state,FEJ, for the complex was also generally
evaluated on the basis of rigid-rotor harmonic-oscillator esti-
mates. However, the low frequencies observed for the metal-
benzene modes, together with the strong long-range attraction
of the metal ions to the ligand, suggests that there may be
important anharmonic and/or nonrigidity effects for this density
of states. Such effects are explicitly considered here for the Cr+

case making use of the MP2 ab initio based spline fit potential.
In the examination of these effects, we again implement an

assumed decoupling of the conserved and transitional modes

whereFc is the state density for the conserved modes andFt is
that for the transitional modes. The conserved mode state density
is again evaluated via a direct count over the quantum harmonic
energy levels. For the transitional modes, an approximate
quantum nonrigid/anharmonic estimateFt

q,a(E,J) is obtained
via the evaluation of (i) a classical phase-space integral-based
densityFt

c,a(E,J) which properly conserves angular momentum
and employs the full anharmonic potential, (ii) a quantum rigid-
rotor harmonic oscillator (RRHO) estimate,Ft

q,h(E,J), and (iii)

Vlr ) - q2

2R4
(R| cos2 θ + R⊥ sin2 θ) +

qQ (3 cos2 θ - 1)

2R3

(1)

FEJ ) ∫ dεFc(E - ε)Ft(ε,J) (2)
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a classical RRHO estimate,Ft
c,h(E,J):19-21

The quantum and classical RRHO densities are obtained from
standard expressions. The procedures employed in the evaluation
of the classical nonrigid/anharmonic state density are outlined
in the Appendix. A related procedure for evaluating anharmonic
state densities was employed in ref 22.

For each of the reactions, symmetry numbers of 6, 12, and
12 were employed in the VRC-TST models for the density of
states of the complex, the number of states at the transition state,
and the partition function for the fragments, respectively. The
choice of 12 as the symmetry number for the transition state is
appropriate in light of the inclusion of the contributions from
both faces in the evaluation of the transition state number of
states. For the RRHO models of ref 5, the TS is assumed to be
similar to the complex. Thus, symmetry numbers of 6 and 6
were employed for the density of states of the complex and the
number of states for the transition state in our replication of
those models.

IV. Quantum Chemical Results

Structures and Energetics.A detailed description of the
electronic factors involved in the bonding between benzene and
the transition-metal cations has been provided by Bauschlicher
et al. in their modified couple pair functional (MCPF) based ab
initio quantum chemical study.6 Thus, the numerical values
obtained with the present B3LYP DFT calculations are only
briefly reviewed, recalling that the present focus is on the
efficient determination of meaningful estimates for the vibra-
tional properties.

The B3LYP optimized structures obtained for each of the
metal benzene cations are reported in Table 1. The partial
occupation of orbitals which are degenerate inC6V symmetry
for the V+, Ni+, 6Fe+ and 4Fe+[3da1

43da2
13db1

13db2
1(C2V) T 3d

e2
33da1

23de1
2(C6V)] complexes results in modest boat-shaped

Jahn-Teller distortions to C2V symmetry for the C ring
framework, with the 2-fold C atoms bending toward the metal
ion with increased CC bond lengths. This distortion also leads
to a strong coupling of the metal-ligand bending modes with
some of the lowest frequency ligand modes. The other com-
plexes do not have such partially filled degenerate orbitals and
were found to haveC6V symmetry.

The interaction with the metal ion results in a modest increase
in the CC bond lengths from the free benzene value of 1.397
Å. This deviation, which ranges from 0.010 to 0.037 Å, tends
to increase with decreasing separation between the metal and
the ring. The CH bond lengths are more constant, decreasing
by 0.002 Å or less in the complexation process. The bending
of the H atoms relative to the plane of the C ring framework is
always small and generally away from the metal cation.

Most of the metal ring separations calculated at the B3LYP
level are in reasonable agreement with the corresponding MCPF/
DZP estimates of ref 6, generally differing by 0.06 Å or less.
However, for three of the complexes, (Ti+, Co+, and the4Fe+

complex with an orbital occupation of 3de2
43da13de1

2), the
differences are much larger, 0.18( 0.01 Å. Notably, these three
complexes are the only ones having an electronic configuration
for the complex which does not correlate with that of the ground-
state ions. Instead, that for Ti+ correlates with a state which is
80%4F and 20%4P, that for Co+ correlates with a state which
is 80%3F and 20%3P, and that for Fe+ correlates with a state
which is 20%4F and 80%4P.23 The differences in these bond
lengths, together with the deviations in the binding energies for
the4Fe+ states noted below, suggests that the B3LYP and MCPF
methods provide a quite different treatment of theF to P
excitation.

The B3LYP estimated binding energies for the ground-state
to ground-state dissociation process are reported in Table 2. Also
reported therein are the total BSSE and its component due to
fragment relaxation. The variation in the total BSSE arises
primarily from the variation in the fragment relaxation com-
ponent, which tends to increase with decreasing metal-ring
separation. The binding energies show a similar trend, although
there are more and stronger variations.

The average spin-squared values reported in Table 2 indicate
that there is very little spin contamination for each of the states.
Only that for the 4Fe+ state with a 3de2

43da13de1
2 orbital

occupation has a spin contamination which exceeds 1%, and
even that is only 3%. The absence of any significant spin
contamination suggests that the B3LYP functional likely
provides an adequate treatment of the multireference nature of
these open-shell wavefunctions.

For comparison purposes, Bauschlicher et al.’s MCPF/DZP
based estimates6 for the binding energies are also reported in
Table 2. The two sets of purely quantum chemical results are
generally in very good agreement, differing by 2.0 kcal/mol or
less. This good agreement further validates the use of the B3LYP
density functional method for this type of system.

TABLE 1: B3LYP Structural Results for M(C 6H6)+

metal state RM-Ring
a RCC

b θ1
c θ2

d

Ti 4A1(3de2
23da1

1) 1.883(2.059) 1.418 -0.5
V 5B2(3da1

23da2
13db1

1) 1.929(1.964) 1.409,1.416 -1.4,-2.0 2.6
Cr 6A1(3de2

23da1
13de1

2) 2.104(2.110) 1.410 -1.1
Mn 7A1(3de2

23da1
13de1

24s1) 2.360(2.300) 1.407 -0.5
Fe 4A1(3da1

43da2
13db1

13db2
1) 1.826 1.407,1.419 -1.1,-4.1 4.7

Fe 4A1(3de2
43da1

13de1
2) 1.665(1.830) 1.422 1.2

Fe 6A1(3da1
33da2

13db1
13db2

14sa1
1) 2.207(2.153) 1.407,1.408 -0.2,-0.2 0.9

Co 3A1(3de2
43da1

23de1
2) 1.663(1.854) 1.418 1.2

Ni 2B2(3da1
43da2

23db1
23db2

1) 1.715(1.750) 1.411,1.418 -0.5,-0.9 2.7
Cu 1A1(3de2

43da1
23de1

4) 1.848(1.852) 1.414 -0.6

a Metal to ring center distance in Å. Numbers in parentheses are MCPF/DZP results from ref 6.b CC bond length in Å. For Jahn-Teller-
distorted species, the first value corresponds to bonds between the 4-fold degenerate C atoms and the second to the other CC bond.c Out-of-plane
bending angle for the H atom in degrees. Positive values correspond to bending toward the metal cation. Where there is more than one value, the
first is for the 4-fold degenerate H atoms while the second is for the 2-fold degenerate H atoms.d Out-of-plane bending angle in degrees for the
2-fold degenerate C atoms in the Jahn-Teller-distorted structures. Positive values correspond to bending toward the metal cation.

Ft
q,a≈ Ft

q,h
Ft

c,a

Ft
c,h

(3)
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For the4Ti+ and4Fe+ states, the binding process involves a
4s to 3d promotion from the free ion to the complex. In this
instance, a generally better estimate for the binding energy may
be obtained from the combination of quantum chemical
estimates for the diabatic (metal ion state conserving) binding
energy with the known experimental promotion energy.24 The
B3LYP functional actually estimates the4F Ti+(d3) and 4F
Fe+(d7) states to be more stable than the corresponding4Ti+(d2s)
and6Fe+(d6s) ground states. In contrast, MCPF theory slightly
underestimates the stability of these two excited states. For Ti+,
this results in a comparatively large difference of 5.9 kcal/mol
between the two improved estimates for the binding energies.

For Fe, the situation is more complex. For the Fe+(3de2
43d

a1
13de1

2) configuration there is an unreasonably large difference
of 11.2 kcal/mol between the adjusted B3LYP and MCPF
results. However, the present B3LYP calculations suggest that
the ground4Fe(C6H6)+ state corresponds to a 3de2

33da1
23de1

2

orbital occupation inC6V symmetry (which correlates to a 3d
a1

43da2
13db1

13db2
1 configuration in the Jahn-Teller distortedC2V

geometry). For this state, the adjusted B3LYP binding energy
of 51.5 kcal/mol agrees very well with that for the MCPF
calculated ground state (51.1 kcal/mol).

The smaller B3LYP binding energy for the 3de2
43da1

13de1
2

4Fe+ state suggests that the B3LYP4F to 4P splitting is
substantially greater than the MCPF value. A similar difference
for the Ti+ 4F to 4P splittings may also provide an explanation
for the relatively large deviation for the adjusted Ti results.
Interestingly, MP2 calculations at the B3LYP optimized ge-
ometries predict adjusted binding energies for the sextet, quartet
(C6V), and quartet (C2V) Fe(C6H6)+ states, which are in reasonable
agreement with the B3LYP values, being 1.6, 5.7, and 3.3 kcal/
mol greater, respectively (prior to any BSSE corrections).
Related calculations for H2O, C2H2, and C2H4 ligands show a
good correlation between adjusted B3LYP and coupled-cluster
calculations with a perturbative inclusion of triple excitations
[CCSD(T)].25 In particular, for the lowest sextet states, the
deviations are 0.5, 1.9, and 2.9 kcal/mol, respectively, while
for the lowest quartet states the deviations are 2.4, 5.9, and 5.3
kcal/mol. This agreement relies on, and verifies, the use of the
experimental spin splittings since the B3LYP values are greater
than the CCSD(T) values for each of these states, even after
the adjustments.

Interaction Potential for Cr(C 6H6)+. Various contributions
to the interaction potential are plotted in Figure 1 for motion of

the Cr cation along theC6V symmetry axis (θ ) 0) and in the
benzene plane along the CC symmetry axis (θ ) 90°, φ ) 0).
The MP2 ab initio quantum chemical potential is seen to agree
closely with the long-range ion-quadrupole plus ion-induced
dipole potential for separations of about 6-8 Å or greater. The
ion-quadrupole interaction is a dominant component of the
long-range potential throughout this range of separations. At
large metal-ligand separations, the Cr cation prefers to be
perpendicular to the benzene plane (θ ) 0) due to this
dominance of the ion-quadrupole interaction.

A contour plot of the MP2-based potential for the interaction
of benzene with Cr+ is provided in Figure 2. This plot is for
the Cr cation moving in the plane perpendicular to the benzene

TABLE 2: B3LYP Energeticsa for M(C 6H6)+

metal state RM-Ring
b ∆Erelax

c BSSEd 〈S2〉e D0
f De

g

Ti 4A1(3de2
23da1

1) 1.883 1.3 3.7 3.753 59.3 60.6
56.9g 62.8

V 5B2(3da1
23da2

13db1
1) 1.929 1.2 3.8 6.005 49.7 51.1

Cr 6A1(3de2
23da1

13de1
2) 2.104 0.7 3.2 8.754 38.9 37.4

Mn 7A1(3de2
23da1

13de1
24sa1

1) 2.360 0.4 2.7 12.003 34.5 35.1
Fe 4A1(3da1

43da2
13db1

13db2
1) 1.826 1.7 3.5 3.782 57.2

51.5
Fe 4A1(3de2

43da1
13de1

2) 1.665 2.1 3.7 3.834 45.6 47.6
39.9 51.1

Fe 6A1(3da1
33da2

13db1
13db2

14sa1
1) 2.207 8.756 40.9 41.7

Co 3A2(3de2
43da1

23de1
2) 1.663 1.5 3.8 2.024 61.2 62.6

Ni 2B2(3da1
43da2

23db1
23db2

1) 1.715 1.4 3.7 0.755 59.9 59.3
Cu 1A1(3de2

43da1
23de1

4) 1.848 0.9 3.4 0 51.7 51.1

a All energies are in kcal/mol, and the binding energies are relative to the ground state of the separated ion and benzene.b Metal to ring center
distance in Å.c Contribution to BSSE from fragment relaxation.d Total BSSE.e B3LYP estimated dissociation energy including zero-point and
BSSE corrections.f Average spin squared for the complex.g MCPF/DZP estimated dissociation energy from ref 6.h For the4Ti+ and4Fe+ states,
the bold numbers correspond to binding energies evaluated by adding the experimental promotion energy to the theoretical estimate for the spin
conserving dissociation process. In contrast, the primary entries denote the purely theoretical energy for the ground-state to ground-state dissociation
process.

Figure 1. Plot of theR dependence of various contributions to the
Cr+-benzene interaction potential all forφ ) 0. The solid and dashed
lines are the MP2 results forθ ) 0° and 90°, respectively. The dot-
dot-dashed line is for the ion-induced dipole interaction employing
the isotropic average polarizability. The dotted and dot-dashed lines
are for the ion-quadrupole plus anisotropic ion-induced dipole potential
for angles of 0° and 90°, respectively.
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plane with φ ) 30°. The corresponding plot forφ ) 0° is
qualitatively similar but becomes repulsive at slightly larger
(e.g., 0.7 Å) separations forφ near 90°.

As the separation decreases below about 6.5 Å, the optimum
θ gradually increases, reaching a maximum of about 45° near
R ) 4.0 Å. This change in the optimum orientation is a result
of the increased importance of both the ion-induced dipole
interactions (which favorθ ) 90°) and specific metal-ligand
bonding interactions. As the separation decreases below 4.0 Å,
the optimum orientation now gradually decreases, reaching a 0
value atR ) 2.38 Å. The reasonably close proximity of this
separation to the optimum unrelaxed separation for the complex
(R ) 2.15 Å) suggests that the estimated bending frequency
will be strongly dependent on the optimum separation. In fact,
for somewhat smaller basis sets, the equilibrium structure was
actually of C2V rather thanC6V symmetry as a result of the
optimum separation moving out past the separation at which
the transition toθ ) 0 occurs. Of course, at the separation where
the transition from non-zero to zero values for the optimumθ
occurs, the harmonic bending frequency is identically zero.

This strong dependence of the harmonic bending frequency
on the separation distance provides further motivation for the
anharmonic non-rigid-rotor-based evaluation of the density of
states for the Cr+ complex. Unfortunately, it also suggests that
any quantum chemical estimate of the bending frequency (and
correspondingly the contribution to the density of states for the
complex) is somewhat uncertain due to the inherent difficulty
of accurately determining the metal-ring separation.

Vibrational Properties. The B3LYP estimated vibrational
frequencies and rotational constants for benzene and each of
the metal benzene cation complexes are reported in Table 3.
The metal to ligand stretching frequencies lie in the range from
165 to 311 cm-1, while the corresponding bending frequencies
lie in the range from 85 to 293 cm-1. Aside from the Jahn-
Teller-distorted complexes, there is only a weak perturbation
of the free benzene modes in the complexes. Sample evaluations

for Cr+ indicated that inclusion of diffuse functions on the C’s
and diffuse and polarization functions on the H’s has little effect
on these vibrational properties.

Armentrout and co-workers estimated metal-ligand stretching
and bending frequencies on the basis of SCF calculations (from
Bauschlicher) for Ag(C6H6)+.5 Their frequencies are all lower
than those estimated here, particularly the bending frequencies
which were estimated to be nondegenerate and in the ranges
from 14 to 20 and 50 to 66 cm-1. The product of their two
bending frequencies ranges from a factor of 8 to 90 below the
current estimates, which might be expected to have a major
impact on the kinetic modeling.

The low value for their frequencies is related to the above-
mentioned dependence of the bending force constant on the
variation of the optimumθ. At the SCF level for Ag-benzene
cation, the optimum geometry is predicted to be ofCs symmetry
with correspondingly low values for the bending frequencies.
Subsequent MP2 level calculations suggest that the distance
from Ag+ to the ring center is much shorter (2.27 vs 2.56 Å)
and that the Ag(C6H6)+ complex is ofC6V symmetry.26 As a
result, one of the bending frequencies is predicted to be a factor
of three greater than suggested at the SCF level.26 The even
shorter separations predicted for the present first-row transition-
metal complexes lead to increases in both the bending and
stretching force constants, which are considerably greater than
estimated by Armentrout and co-workers on the basis of the
variations in mass and binding energy.

Also reported in Table 3 are the IR absorption intensities for
the Cr(C6H6)+ complex since these intensities play an important
role in the radiative association modeling. The dominant
radiative modes are the 749 cm-1 mode with an intensity of
104 km/mol and the doubly degenerate mode at 1506 cm-1 with
an intensity of 15 km/mol. The cubic scaling of the radiative
emission rates with frequency results in a roughly equivalent
contribution from these two modes. The intensities for these
two dominant radiative modes were estimated to be a factor of
2 greater in the Hartree-Fock-based calculations of Lin and
Dunbar.9 Their calculations also differed in predicting metal-
ligand frequencies, which were only about 60% of the present
B3LYP estimates, due to a much greater optimized Cr+ ring
separation of 2.526 Å. Again, such differences may have a
significant impact on the kinetic modeling.

V. Kinetics Results

A. Cr +. Density of States.The ratio of the full phase-space
integral-based estimate for the state density of the complex to
the RRHO-based estimate is plotted as a function of energy for
several values of the total angular momentumJ in Figure 3.
The range ofJ values plotted roughly corresponds to the range
of J of importance in the radiative association modeling. TheE
values plotted range from well below the dissociation threshold
of about 14 000 cm-1 to a maximum value which corresponds
to a typical maximum excessE of importance in the modeling
of the kinetic shifts for the collision-induced dissociation
experiments. ForJ values near the typical most probable thermal
value of 50, this ratio is only weakly dependent on bothJ and
E, taking a value of 1.35 near the dissociation threshold and
increasing to about 1.45 for an excessE of about 4000 cm-1.

The increase in the ratio with bothE and J is easily
understood in terms of the variations in the average metal-
ligand separation. In particular, the anharmonicity in the
potential leads to a greater average separation for higher
available energies. At these greater separations, both the
rotational constants and the bending frequencies are smaller,

Figure 2. Contour plot of the MP2 calculated Cr+-benzene interaction
potential forφ ) 30°. The contour spacing is 1000 cm-1. The contour
at the top left is for-1000 cm-1, while the lowest contour is near the
bottom right with a value of-14 000 cm-1.
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leading to an increased state density relative to the RRHO
estimate. The increase in the average rotational energy with
decreasing separation also leads to a greater average separation
for higherJ values.

These anharmonicities were incorporated in the VRC-TST
modeling of both the collision-induced dissociation and radiative
association experiments for Cr+. The similarity of the structures
and vibrational frequencies for Mn+ led us to include an
equivalent anharmonicity correction for Mn+. For the remaining
cations, the smaller metal to ring separations and larger
frequencies led us to assume that the anharmonicity correction
is negligible.

Dissociation Rate Constants.Various estimates for the energy
dependence of the dissociation rate constant are plotted in Figure
4. The VRC-TST results are for the most probableJ of 50,
while the RRHO-TST results incorporate the rotational partition
function correction factor according to the method of Waage
and Rabinovitch27 as described in refs 1 and 5. Averaging over
the thermal distribution ofJ in the VRC-TST calculations
provides a result which differs negligibly from that for the
averageJ.

Interestingly, on the scale of the plot, the variable reaction
coordinate TST (VRC-TST) results obtained for the full
potential are essentially identical to those obtained when
employing just the ion-induced dipole potential. At low energies,
these VRC-TST results are similar to the loose TS results of
Armentrout and co-workers. At higher energies, the VRC-TST
results gradually move toward the tight TS results. This variation
from the loose TS limit to the tight TS limit is indicative of the
changing location of the TS as the energy increases. In
particular, the TS separation decreases from 30 Å at an excess
energy of 100 cm-1 to 12 Å at 1000 cm-1 and then 8 Å at an
excessE of 6000 cm-1. Concomitant with this decreasing
separation is an increase in the effective bending frequency for
the metal-ligand modes and the effective rotational constants.

Various different forms for the reaction coordinate were
considered in the VRC-TST calculations, and the center-of-
mass separation was found to be the optimum reaction coor-
dinate. Furthermore, there was no indication of any reduction
in the available phase space in the TS due to short-range
repulsions. In essence, the absence of any repulsivity in the
potential for separations of 4.1-8 Å coupled with the strength

TABLE 3: B3LYP Vibrational Frequencies and Rotational Constants for M(C6H6)+

νb
metal Ba

none 0.189 415 415 622 622 693 718 863 863 968 968
0.189 1010 1020 1020 1068 1068 1185 1207 1207 1355 1388
0.095 1531 1531 1655 1655 3179 3188 3188 3204 3204 3215

Ti 0.092 293c 293 311
0.086 414 414 615 615 635 775 888 888 962 962
0.086 980 984 1025 1031 1031 1178 1178 1184 1351 1378

1488 1488 1545 1545 3213 3218 3218 3228 3228 3234
V 0.093 166 230 247

0.081 225 411 544 613 659 763 892 912 976 985
0.081 996 1008 1027 1032 1049 1188 1189 1190 1343 1380

1493 1503 1567 1581 3215 3218 3221 3229 3234 3238
Cr 0.093 94 94 188

0.073 411 411 613 613 678 749 905 905 992 1000
0.073 1000 1017 1028 1049 1049 1189 1201 1201 1328 1386

1506 1506 1602 1602 3214 3220 3220 3230 3230 3236
1.9d 1.9 6.6
0 0 0 0 0 104 1.1 1.1 1.3 0
0 0 0 2.8 2.8 0 0 0 0 0

15 15 0 0 0 0 0 3.2 3.2 0.03
Mn 0.094 99 99 165

0.063 377 377 611 611 677 754 914 914 1001 1014
0.063 1014 1022 1036 1056 1056 1195 1208 1208 1349 1390

1514 1514 1618 1618 3214 3220 3220 3230 3230 3236
4Fe 0.093 170 237 242
A1 0.086 61 414 605 616 672 781 912 918 972 986
C2V 0.085 989 1014 1030 1032 1049 1168 1189 1197 1336 1381

1493 1502 1527 1595 3218 3221 3225 3232 3235 3239
4Fe 0.093 255 255 298
A1 0.089 411 411 632 632 680 786 889 889 981 997
C6V 0.088 997 1011 1029 1029 1062 1180 1180 1189 1369 1425

1425 1481 1481 1546 3227 3231 3231 3239 3239 3244
Co 0.092 250 250 283

0.092 411 411 622 622 668 798 916 916 985 989
0.092 992 992 1032 1038 1038 1170 1188 1188 1300 1377

1492 1492 1571 1571 3221 3228 3228 3237 3237 3242
Ni 0.093 147 194 240

0.089 189 411 543 618 678 779 906 924 989 990
0.088 1008 1017 1033 1033 1050 1189 1191 1191 1336 1381

1493 1503 1576 1591 3223 3227 3229 3237 3241 3245
Cu 0.093 85 85 200

0.080 408 408 616 616 688 765 914 914 992 1004
0.080 1004 1019 1033 1045 1045 1188 1200 1200 1319 1385

1502 1502 1598 1598 3220 3226 3226 3235 3235 3241

a Rotational constants in cm-1. b Vibrational frequencies in cm-1. c The first two bold frequencies denote the metal-ligand bending modes,
while the last bold frequency denotes the metal-ligand stretching mode.d For the Cr complex, the infrared intensities in km/mol are given in italics
in the same order as the vibrational frequencies.
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of the long-range attractions results in a TS which only lies at
quite large separations.

Binding Energies from Kinetic Modeling.As discussed in
detail by Armentrout and co-workers, the proper procedure for
estimating the kinetic shift in the collision-induced dissociation
experiments involves a convolution of the time scales for the

dissociation process with various experimental time scales.5

Here, we follow a somewhat simpler procedure which was found
to reproduce the results obtained in ref 5 for the RRHO models.
In particular, we evaluated the kinetic shift by determining that
binding energy which provides a dissociation rate of 103.5 s-1

for a total energy corresponding to the experimentally observed
threshold energyE0 and for the most probableJ in a room
temperature thermal distribution of reactants. The value of 103.5

s-1 was chosen on the basis of its reproducing the results
tabulated in ref 5 for the RRHO model and roughly corresponds
to the experimental observation time scale of 10-4 s.

For the Cr(C6H6)+ dissociation, the VRC-TST modeling of
the collision-induced dissociation experiments yielded a binding
energy of 40.5 kcal/mol compared with values of 40.6 and 39.2
kcal/mol for the loose and tight RRHO-TST models, respec-
tively.5 With no correction for the kinetic shift, the binding
energy was estimated to be 42.5 kcal/mol. Thus, both the VRC-
TST modeling and the loose RRHO-TST modeling predict a
small kinetic shift of 1.9-2.0 kcal/mol, whereas the tight
RRHO-TST modeling predicts a somewhat larger kinetic shift
of 3.3 kcal/mol.

The kinetic modeling of the radiative association experiments
according to the procedures outlined in ref 4 yields a binding
energy of 43.6 kcal/mol. This value is somewhat larger than
the value of 39.2 kcal/mol reported in ref 9 due to the larger
metal-ligand vibrational frequencies and smaller radiative
intensities for the dominant emitting modes in the present
calculations.

The discrepancy of 3.1 kcal/mol between the collision-
induced dissociation and radiative association values, while not
large, is not as small as one might hope for. The extent of this
discrepancy is perhaps an indication of the difficulty of
accurately determining the contribution from the low-frequency
ligand modes toFEJ. Furthermore, for this particular molecule,
the dependence of the estimated binding energy on the state
density is somewhat stronger than usual due to the fact that
one is approaching the high efficiency limit (i.e., the efficiency
is 1.3%). As a result, a factor of 2 increase in the density of
states decreases the estimated binding energy for the radiative
association modeling by 1.8 kcal/mol. In contrast, this change
would only decrease the collision-induced dissociation estimate
by 0.5 kcal/mol. As mentioned in section IV, the strong
dependence of the bending frequencies on the metal-ligand
separation makes the accurate determination of these frequencies
(or more precisely the state density) quite difficult.

Another possible source of error lies in the present overly
simplified treatment of the energetic and angular momentum
convolutions in the collision-induced dissociation experiments.
Averages over the experimental time observation window may
be performed as described by Armentrout and co-workers1,2,5

and will be considered in future work. However, the smallness
of the kinetic shift for this particular reaction, coupled with the
sharpness of the rate energy curve, (cf. Figure 4) and the present
reproduction of the tight transition-state model of ref 5, suggests
that such errors should be quite small. More problematic is the
uncertainty in the distributions of energy and, especially, angular
momentum produced by the collisional excitation process, which
might be expected to yield even greater errors in the final
estimates. Finally, there may be errors in the estimated radiative
emission rate or in either of the experimental data themselves.

It is interesting to consider how the loose and tight RRHO-
TST predictions would vary if one implemented the present
B3LYP estimates for the vibrational frequencies in place of the
values from ref 5. What we find is that the RRHO-TST

Figure 3. Plot of the ratio of the approximate quantum anharmonic
nonrigid estimate for the density of states (eqs 2 and 3) to the quantum
RRHO estimate as a function of energy for different values of the total
angular momentumJ. Note this plot is for the full density arising from
the convolution of the conserved and transitional mode contributions.

Figure 4. Plot of the various estimates for the dependence of the
dissociation rate constants on excess energy. The solid line is the present
VRC-TST estimate for the ion-induced dipole potential. The dot-
dot-dashed line, which is obscured by the solid line, is the present
VRC-TST estimate for the MP2 analytic potential. The dashed line
and dotted line are for the loose and tight RRHO models of ref 5.
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predictions are nearly invariant to this correction. The explana-
tion for this finding may be obtained by considering the
particular TS models employed by Armentrout and co-workers.5

In particular, the frequencies for the metal-ligand modes in
the TS were taken to be proportional to the corresponding modes
for the complex, and we have followed that assumption in
repeating this RRHO-TST analysis. These metal-ligand
frequencies are low enough that their contribution is near that
expected on the basis of classical estimates. Thus, in taking the
ratio of the transition state number of states to the complex
density of states, the dependence on the absolute magnitude of
the metal-ligand frequencies cancels.

In contrast, the VRC-TST estimates are strongly dependent
on the frequencies employed for the complex since the effective
metal-ligand frequencies for the TS are determined not by those
for the complex but instead by the form of the metal-ligand
interaction potential. Varying the metal-ligand frequencies for
the complex then effects only the density of states for the
complex and thus directly affects the dissociation rate constant.
The fact that the loose TS and tight TS RRHO models of ref 5
span the VRC-TST results indicates that their choices for the
ratio of the TS to complex frequencies were quite reasonable.
These choices were based on the consideration of standard
entropy changes, which in turn suggests that such standard
entropy estimates are quite meaningful.

B. Dissociation Kinetics for other M(C6H6)+. The kinetic
modeling of the collision-induced dissociation for many of the
other metal-benzene cations is complicated by the presence
of multiple nearly degenerate electronic states for the metal ions.
In this work, we consider two different limiting case assumptions
in dealing with the effects of these degeneracies and near
degeneracies. In particular, in one limiting case (gfrag) we assume
that the transition state lies at such large separations that its
electronic degeneracies and splittings are identical to those of
the free metal ions. Furthermore, we assume that the electronic
transitions rates are great enough to maintain a statistical
distribution of their populations. The transition state number of
states then includes a sum over the different electronic states
of the fragments

wheregi and Ei are the degeneracy and excitation energy of
the ith electronic state. In the other limiting case (gcomp), we
simply assume that the electronic degeneracy for the TS is
equivalent to that for the complex. For both cases, the excited
electronic states of the complexes are assumed to make no
contribution to the density of states of the complex. The density
of states for the complex is thus simply multiplied by the
electronic degeneracy (spin and orbital) of its ground state.

Mn+ and Cu+. The lowest excited states of Mn+ and Cu+

are at least 1 eV above the ground state. Furthermore, one does
not expect any low-lying excited states for the complex. Thus,
just as for Cr+, there is little uncertainty in the modeling for
these compounds and one can expect quite satisfactory estimates
for the kinetic shifts. The modeled binding energies for these
and all the other metal-benzene cations are provided in Table
4 together with the prior modeling results from ref 5 and the
current B3LYP DFT estimates. For Mn+, the kinetic shift is
estimated to be only 0.2 kcal/mol, which is smaller than that
from both the loose and tight RRHO-TST models of ref 5.
This result is expected for very small kinetic shifts since near
the threshold the variational TS lies at large separations where
the effective bending frequency is very low. For Cu+, the kinetic

shift is estimated to be 6.8 kcal/mol, which lies between the
loose and tight values of 5.3 and 7.4, respectively. The kinetic
shift for Cu+ is relatively large due to the increased binding
energy, which leads to an increased density of states for the
complex at the dissociation threshold. Correspondingly, the
dissociation rate is smaller at the threshold and a greater excess
energy is required to produce a dissociation rate of 103.5 s-1.
For species with even greater kinetic shifts, one would expect
the VRC-TST kinetic shift to approach the tight TS value and
perhaps even surpass it. For all three of these species, the VRC-
TST modeled binding energies are in good agreement with the
B3LYP quantum chemical binding energies, differing by no
more than 2.4 kcal/mol.

V+, Co+, and Ni+. The lowest electronic states of V+, Co+,
and Ni+ are split by spin-orbit interactions, which result in a
number of electronic states being accessible at the energies for
which the dissociation is studied here. Furthermore, the states
of the complex for V+ and Ni+ are orbitally degenerate. The
confidence in the modeling is decreased by the uncertainty in
the contribution from the excited spin-orbit states to the
transition state number of states and, to a lesser extent, by the
uncertainty in the contribution of excited states to the complex
state density. The Jahn-Teller distortions may also increase
the inaccuracies in the estimation of the density of states for
the complex. The lowest spin-orbit excited states are at 36,
950, and 1507 cm-1 for V+, Co+, and Ni+, respectively. Thus,
these uncertainties are greatest for V+, while for Co+ and Ni+

the statistical contributions from the excited spin-orbit states
are actually negligible.

Comparisons of the kinetic shifts for thegcomp limiting case
with the corresponding RRHO-TST results from ref 5 is
probably most meaningful since this limiting case is likely to
correspond with the assumptions made in ref 5. For this limiting
case, the VRC-TST predictions for the kinetic shifts in these
three ions are very similar, ranging from 8.2 to 8.6 kcal/mol.
For the two Jahn-Teller-distorted species (V+ and Ni+), these
kinetic shifts lie between the loose and tight RRHO-TST
predictions. For the Co+ species, the VRC-TST kinetic shift
is actually 1.5 kcal/mol lower than that for the loose RRHO-
TST prediction, which is somewhat surprising.

The VRC-TST-modeled binding energies for the Co+ and
Ni+ species are both in reasonable agreement with the B3LYP
quantum chemical results. The VRC-TST modeling results for
the V+ binding energy are somewhat (5-7 kcal/mol) higher

Nrovibronic
† (E, J) ) ∑

i

giNrovibrational
† (E - Ei, J) (4)

TABLE 4: Binding Energies

metal no kineticsa looseb tightc VRC-TSTd B3LYPe

Ti 71.5 61.8 58.8 65.1(63.4) 56.9
62.5(60.8)

V 63.0 55.8 53.3 56.4(54.4) 49.7
Cr 42.5 40.6 39.2 40.5 38.9
Mn 32.3 31.8 31.4 32.1 34.5
4Fe 54.2 49.6 47.5 49.9(49.0) 51.5

44.4(43.5)
Co 70.8 61.1 58.6 64.0(62.6) 61.2
Ni 66.0 58.1 55.8 58.0(57.5) 59.9
Cu 57.4 52.1 50.0 50.6 51.7

a Binding energy for modeling with no kinetic shift correction from
ref 5. b Binding energy from ref 5 for loose RRHO-TST-based
modeling of the kinetic shift.c Binding energy from ref 5 for tight
RRHO-TST-based modeling of the kinetic shift.d Binding energy from
present VRC-TST-based modeling of the kinetic shift. Primary values
assume the electronic degeneracies and splittings of the TS equal those
of the products. Numbers in parentheses assume an electronic degen-
eracy for the TS equal to that for the complex. The boldface values
assume diabatic dynamics.e B3LYP quantum chemical estimate for the
binding energy.
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than the B3LYP estimate, which may simply be an indication
of an underestimate in the B3LYP calculation.

Ti+ and Fe+. For Ti+ and Fe+ not only are there low-lying
spin-orbit states (the lowest excited spin-orbit state of Ti+ is
at 94 cm-1 while that for Fe+ is at 385 cm-1), but the ground
state of the complex requires a change in the electronic
configuration from the ground state of the metal cation (from
dn-1s to dn). A key question for the modeling then involves the
rate of transitions between these two electronic configurations.
Unfortunately, such transition rates are not well-known, and so
we again consider different limiting cases. An assumption of
rapid transitions amongst these two configurations leads to the
same two limiting cases as above. Alternatively, thegcomp and
gfrag cases may be implemented for a diabatic framework, where
there are no transitions between the two configurations. In these
diabatic limiting cases, the ground-state to ground-state binding
energy is then obtained by subtracting the excitation energy in
the free metal ion from the modeling results.

It also probably worth noting that this electronic configuration
switching probably leads to relatively low excitation energies
for the first excited state of the complex. As a result, such
excited electronic states may make an important contribution
to the state density of the complex. For example, the sextet state
of Fe(C6H6)+ would appear to be only about 10 kcal/mol higher
in energy than its ground quartet state. For these reasons, we
consider the modeling of these two dissociations to be the most
uncertain.

For Ti+, the dissociation is likely to occur adiabatically to
the ground-state ion since no spin transition is required. The
VRC-TST adiabatically modeled binding energy is substantially
higher than the B3LYP estimated energy but is in good
agreement with the adjusted MCPF value from ref 6.

For Fe+, the dissociation to ground-state ions requires a spin
transition and so it is not clear whether it will occur diabatically
or adiabatically. In this case, the adiabatic VRC-TST estimates
employing the vibrational frequencies for the 3da1

43da2
13db1

13d
b2

1 state agree reasonably well with both the B3LYP and
MCPF quantum chemical binding energies. Employing the
vibrational frequencies for the 3de2

43da13de1
2 state, which may

actually be the ground state, results in a 2.0 kcal/mol increase
in the modeled binding energies and even better agreement.

VI. Summary

The present VRC-TST-based kinetic modeling provides
estimated metal-benzene cation binding energies which are in
good agreement with B3LYP density functional theory calcula-
tions (i.e., discrepancies ofe2 kcal/mol) for all but the Ti+

and V+ cases. For all but the Ti+ and Fe+ cases the variations
in the limiting cases for the VRC-TST modeling aree2 kcal/
mol. The kinetic shifts predicted by the VRC-TST modeling
are generally in the range of the loose and tight RRHO-TST
models of ref 5. For very small kinetic shifts the VRC-TST
predictions are lower than the corresponding loose RRHO-
TST. Then as the kinetic shift increases, the VRC-TST values
first approach and then pass the loose RRHO-TST values,
ultimately approaching the tight RRHO-TST values.

The modeling of the Cr+ collision-induced dissociation and
radiative association experiments is reasonably consistent,
providing binding energies that differ by 3.1 kcal/mol. The
remaining discrepancy may be an indication of the difficulties
of accurately determining the potential energies for the metal-
ligand vibrational modes. Alternatively, it may be necessary to
implement improved models of the collision-induced dissocia-
tion process and/or to obtain improved radiative emission rates.

The implementation of the full MP2-based analytic potential
yielded negligible differences in the number of available states
at the transition state. Furthermore, the density of the states for
the complex was estimated to be only about 40% greater than
the harmonic density for typical energies and total angular
momentum.

Armentrout and co-workers have also examined the binding
energies for the dimer complexes of benzene with the first-row
transition-metal cations.5 The kinetic shifts for these dimers are
generally larger (the largest is 23 kcal/mol) and perhaps more
importantly much more uncertain. Thus, in a companion study
we have applied a roughly equivalent model in the estimation
of binding energies for these dimers.28
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Appendix

The classical density of states for the transitional modes may
generally be written as

whereqt andpt are the coordinates and conjugate momenta for
the transitional modes andHt and Jt are the corresponding
transitional mode Hamiltonian and angular momentum vector,
respectively. Spatial symmetry was employed in writing eq A1,
which allows for the consideration of a specific angular
momentum vectorJ such as (0,0,J).

The transitional mode coordinates are represented here as the
spherical polar coordinates (R,θ12,φ12) for the separation and
absolute orientation of the line connecting the centers-of-mass
and the Euler angle coordinatesΩi ≡ (θi,φi,ψi) defining the
absolute orientation in space of each of the fragments.Nt is
then the total number of such coordinates which amounts to 6
for the present case where the two fragments are an atom and
a nonlinear rotor.

For a given value of the coordinates, the momenta in eq A1
may be integrated over analytically. Useful sample results for
such analytic integrations are given in ref 29, where the emphasis
was on procedures for the random sampling of the momenta.
For the specific case provided by eq A1 one obtains

where |I | is the determinant of the instantaneous moment of
inertia tensorI , Erot is the instantaneous rotational energy given
by JI-1Jp2/2, Vt is the transitional mode potential, andΓ is the
gamma function. For the above choice of coordinates and two
nonlinear fragments, the determinant of the transitional mode
G-matrix is specified by

whereµ12 andI12 are the effective mass and moments of inertia
for the effective diatomic connecting the centers-of-mass of the

F(E,J) )
πp3(2J + 1)2

hNt
∫ dqt dpt δ(E - Ht)δ[Jp - Jt(qt, pt)] (A1)

F(E,J) )
(2J + 1)2

4πhNt-3Γ[(Nt - 3)/2]
∫ dqt

1

|Gt‚I |1/2
×

[2π(E - Vt - Erot)]
(Nt-5)/2 (A2)

|Gt|-1/2 ) µ12
1/2I12 sin θ12(∏

i)1

2

sin θi∏
j)1

3

Iij
1/2) (A3)
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two fragments whileIij is the jth component of the moment of
inertia for theith fragment. For an atomic fragment one simply
drops the sinθ term and the moments of inertia for that
fragment. Similarly, for a linear fragment one simply replaces
the product over the three moments of inertia with a product
over its two moments of inertia.

The validity of this general result may also be demonstrated
via comparison with the phase-space volumes described in ref
30 where the emphasis was on the number of available states
in the transition-state region. In particular, differentiation of eq
46 for Φ in ref 30 with respect to energy to convert from a
number to a density yields the appropriate factor for integration
over the momentum within a constant total angular momentum
representation.

A crude Monte Carlo based evaluation of the integral in eq
A3 provides an efficient and easily programmed means to
evaluate the effect of anharmonicities on the density of states.
In particular, random samplings ofR within a box fromRmin to
Rmax, together with random samplings of cosθ12 and cosθi

from -1 to 1, and ofφi and ψi from 0 to 2π allows one to
evaluateFEJ as

whereni is the number of rotational degrees of freedom for
fragmenti, n′i ) max(0,ni - 1), fk is essentially the coordinate
dependent part of the integrand for a given set of coordinates
qtk

andK is the total number of random samplings.
For the present Cr(C6H6)+ case, eq A4 reduces to

Implementing the analytical potential for the interaction of
benzene with Cr+ in the evaluation of eq A6 then provides the
classical anharmonic density of statesFt

c,a for use in eq 3. Note
that this procedure corrects for the effects of both anharmonicity
and nonrigidity for these transitional modes.

Sample evaluations indicated thatRmin and Rmax values of
1.5 and 9 Å provided appropriate radial integration ranges with

little variation for extensions to moderately larger separations
for energies near the dissociation threshold. A total of 1× 106

transitional-mode configurations were employed in the Monte
Carlo evaluations of eq A6. In comparing with the classical
harmonic estimates, a symmetry correction factor of1/2 was
applied to these phase-space integral results to account for the
inclusion of both faces of the bonding in the phase-space integral
estimates.
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