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Binding energies are estimated for the complexes of benzene with the first-row transition-metal ions (M
Tit—Cu") via both kinetic modeling and quantum chemical simulation. A variational transition-state theory
model implementing an ionquadrupole plus ion-induced dipole potential is employed in the modeling of
the kinetic data for the collision-induced dissociation of these complexes. Fpa 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-t¥ang—Parr) density functional. The ¥ Ni,

and Fe complexes are found to have modest Jahaller-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 kinetic shifts by contrasting loose and tight models for the

Various methods for extracting/estimating binding energies transition state. ) . .
for ion—molecule complexes from experimental kinetics mea- Recent theoretical advances allow for the implementation of

surements rely upon estimates for the dissociation and/orimPortantimprovements in the modeling of such kinetic shifts.
association kinetics. Of particular interest here are methods [N Particular, the focus of the present study is on the imple-
based on the modeling of collision-induced dissocidti®and mentation of density functional theory estimates for the mo-
radiative association experimest<. In the former experiment,  lécular properties within a variational transition-state theory
the observed dissociation threshold corresponds to the energylY TST) model for the kinetics. Quantum chemical estimates
at which the ion dissociates on a time scale o The kinetic ~ for the blndlng.energfs of the metadenzene cations have been
shift, which corresponds to the difference between this observedoPtained previousl§-® However, these studies do not provide
threshold and the tei0 K threshold, grows rapidly with the requisite vibrational frequencies for the present study.
increasing molecular size. As a result, accurate kinetic estimatesPensity functional theory generally provides reasonable esti-
are of great importance when applying this methodology to the Mates for these frequencies at a relatively modest computational
dissociation of large species. cost. The implementation of these vibrational frequencies within
Radiative association experiments observe the rate at which@ fundamentally based VTST approach should provide a firmer

stabilized complexes are formed via radiative emission from foundation for the kinetic shift corrections.
the initially formed association complex. The kinetics of this ~ The present VTST evaluations generally employ a long-range
radiative stabilization are competing with the dissociation of ion-induced dipole plus ionquadrupole potential. To test the
the complex back to the separated reactants as described in detai@lidity of this long-range form for the potential, we have
in ref 4. For very small species, the stabilization probability is €xamined the interaction between benzene and i€rdetail
so low as to make useful measurements difficult. In contrast, via a series of ab initio calculations spanning a range of
for very large species, the stabilization probability approaches separation and orientation. A spline fit of this ab initio data
unity and then the kinetics becomes independent of binding then provides an analytic potential. A comparison of the VTST
energy. Thus, the determination of binding energies from the results obtained while implementing this ab initio based potential
modeling of the radiative association kinetic data is most With those obtained for the long-range potential illustrates the
effective for intermediate-sized species such as the metal general validity of the long-range potential.
benzene cationic complexes of interest here. In this range, an The Cr cation is chosen for these detailed evaluations for a
accurate modeling of the kinetics generally requires estimatesvariety of reasons. Firstly, the electronic configuration of Cr
for the back dissociation rate constants. is well defined and unchanging during reaction. As a result,
In a recent collision-induced dissociation study, Armentrout the ab initio quantum chemical evaluations are relatively
and co-workers employed standard rigid-rotor harmonic-oscil- straightforward and reliable. This constancy of the electronic
lator (RRHO) transition-state theory (TST) models in the configuration also means that the theoretical predictions for the
estimation of the kinetic shifts (and thereby binding energies) kinetics are more reliable since there is no need to estimate rate
for the complexes of benzene with first-row transition-metal constants for electronic transitions. Furthermore, the availability
cations® The estimated kinetic shifts in this study were quite of radiative association data for this reacfipnovides a valuable
substantial, the largest being 10 kcal/mol. They also obtained opportunity for testing the consistency of the two different
valuable qualitative estimates of the uncertainty in the estimated kinetic modeling schemes. Finally, the comparatively large
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metalk-ligand bond length and correspondingly low metal Ill. Transition-State Theory Methodology
ligand vibrational frequencies suggest that anharmonic effects
might be quite large for this complex. The generation of a global
analytic potential for the metaligand interaction allows for
the quantitative investigation of such effects.

We describe here the methodology employed in the deter-
mination of the energ¥ and angular momenturd 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
Il. Quantum Chemistry Methodology transition-state number of statéd) , 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 modés# 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
guantum harmonic oscillators, and their contribution is evaluated
via a Beyer-Swinehart® direct counting. The transitional mode
contribution is obtained via the Monte-Carlo evaluation of a

Nonlocal density functional theory (DFT) was employed in
the determination of the optimized structures and infrared
spectral properties for each of the M{&%)™ complexes, the
metal cations (M = Tit—Cu'), and the benzene ligand. These
determinations employed the B3-LYP (Becke-3 t&@ang—
Parr) hybrid functional® the 6-311G(d) basis set for the metal
ions, and the 6-31G* basis set for the C and H atéhiEhe
metal basis set includes one set of f polarization functions. All
the quantum chemlstry_ calculations descrlb(_ad here were PEclassical phase space integral representation which properly
formed with the Gauss!an94 _qugntum chgmlstry softwre. conserves energy and total angular momentum within this subset

The quantum chemical binding energies reported below of modes.
incorporate corrections for basis-set superposition errors (BSSE) A |ong-range anisotropic ion-induced dipole plus +on
obtained on the basis of a recently described scheme ofquadrupole potential was generally employed in the evaluation
Xantheas? This scheme adds a correction for geometrical of these phase space integrals:
relaxation effects to the standard counterpoise correction, thereby

yielding equivalent values for the corrected and uncorrected qz _ qQ (3 cod 6 — 1)
complete basis-set limits. For the present systems, the net basis- V, = — —R4(0L,| cog 0 + g Sirt 6) + T
set superposition corrections ranged from 2.7 to 3.8 kcal/mol 2 (1)

while the relaxation energies varied from 0.4 to 2.1 kcal/mol.

The Cr---CgHg interaction potential was evaluated with For benzene, the components of the polarizabilitycare: 6.7
second-order Mgller Plesset (MP2) perturbation thangtead A% andog = 12.3 A% 10 while the quadrupole moment is8.5
of density functional theory due to unphysical behavior at large Debye Al7 For Cr, the ab initio based spline fit potential was
separations for the B3-LYP functional. The combination of the also employed in the transition-state theory (TST) evaluations.
6-311+G(d) basis for the metal and the 6-31G* basis for the  The variable reaction coordinate TST (VRTST) formalism
ligand was again employed. The MP2 binding energy is only employed here considers a variety of different forms for the
1.4 kcal/mol lower than the B3LYP value, and the MP2 metal- transition-state (TS) dividing surfaéé!® For the present
ligand stretching and bending force constants are within 5% of M*++-CsHs case, any one dividing surface corresponds to a fixed
the B3LYP values. Thus, for G MP2-level calculations would ~ distancer between the metal ion and a pivot point fixed to the

appear to provide a reasonable description of the interactionframe of the benzene ligand. The pivot point is defined relative
potential. to the benzene center-of-mass by the vedtand corresponds

In these interaction energy calculations, the benzene structurdl® the point about which the benzene rotations occur. The
was held fixed at the optimized structure for free benzene. The Number of available stated(r.d) is th?” evaluated for a grid
relaxation energy is only 0.7 kcal/mol, and its neglect should ©f bothd andr with the TS numberNg,, being given by the
be insignificant in the present considerations of anharmonicity Minimum over this grid.
effects for the interfragment modes. The energies were evaluated 1he density of statepe,, for the complex was also generally
on various grids of M---benzene distances and orientations. evaluated on the basis of r|g|d-rot_or harmonic-oscillator esti-
These grids employed the spherical polar coordina®e ). mates. However, the low frequenues observed for the I‘Heta.|
The origin of these coordinates is the center of the benzene ring,0€nzene modes, together with the strong long-range attraction
and the perpendicular to the benzene plane corresponds to th@f the metal ions to the ligand, suggests that there may be

z-axis with @ = 0. Thex-axis @ = 90°, ¢ = 0) is taken to lie important anharmonic and/or nonrigidity effects for this density
along a CH bond. The midpoint of a CC bond then lie$ at of states. Such effects are explicitly considered here for the Cr
90°, ¢ = 30°. With these definitions, the potential has ©@Se making use of the MP2 ab initio based spline fit potential.
periodicities of 180in 6 and 60 in ¢, and is symmetric about In the examination of these effects, we again implement an

0 = 90° and about = 30°. Furthermore, the potential is only ~assumed decoupling of the conserved and transitional modes

weakly dependent o for values near the optimum geometry
for anyR, and so simply consideringg= 0 and 30 was deemed pes= [ dep(E — €)pe.d) (2)
sufficient. At short separations, a grid of was employed for

6 in the range from 0 to 1%5and a 7.5 grid was employed for ~ Wherepc is the state density for the conserved modes @ris!
6 above 15. For separations beyorRl= 4 A, a sparse# grid that for the transitional modes. The conserved mode state density

(consisting of¢ = 0°, 5°, and then a 15spacing from 15 up is again evaluated via a direct count over the quantum harmonic
to 90°) was employed since the anisotropy of the potential is €nergy levels. For the transitional modes, an approximate
greatly decreased. For tRegrid, a 0.1 A spacing was employed ~quantum nonrigid/anharmonic estimapg{(E,J) is obtained

for R's ranging from 1.4 to 2.6 A, while a 0.2 A grid was Via the evaluation of (i) a classical phase-space integral-based
employed foR=2.6t0 7.0 A and a 0.5 A grid foR= 7.0 to densityp; 4 E,J) which properly conserves angular momentum
10.0 A. An analytic potential is obtained from these grids via and employs the full anharmonic potential, (ii) a quantum rigid-
spline fits inR and 6 and a Fourier expansion i rotor harmonic oscillator (RRHO) estimatpﬂ'h(E,J), and (iii)
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TABLE 1: B3LYP Structural Results for M(C ¢Hg)™

metal state Ru—ring® Red? 0:¢ 0,4
Ti “Ay(3de53day) 1.883(2.059) 1.418 -0.5

% 5B,(3da3dai3dby) 1.929(1.964) 1.409,1.416 -1.4-2.0 2.6
Cr 6A,(3de;3da;3de) 2.104(2.110) 1.410 -1.1

Mn 7Ay(3deZ3dal3delst) 2.360(2.300) 1.407 -0.5

Fe 4y (3da;3day3db;3dby) 1.826 1.407,1.419 -11-4.1 4.7
Fe 4A,(3de)3da; 3de) 1.665(1.830) 1.422 1.2

Fe 6Ay(3da3dal3dbi3dbiasal) 2.207(2.153) 1.407,1.408 -0.2-0.2 0.9
Co 3A,(3de'3da3d 1.663(1.854) 1.418 1.2

Ni 2B,(3da;3da;3db;3dby) 1.715(1.750) 1.411,1.418 —-0.5-0.9 2.7
Cu 1A,(3dei3da3de) 1.848(1.852) 1.414 -0.6

aMetal to ring center distance in A. Numbers in parentheses are MCPF/DZP results fromP @€ éond length in A. For JahfTeller-
distorted species, the first value corresponds to bonds between the 4-fold degenerate C atoms and the second to the othe©OGColiqtahe
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 &@utwof-plane bending angle in degrees for the
2-fold degenerate C atoms in the Jafireller-distorted structures. Positive values correspond to bending toward the metal cation.

a classical RRHO estimatg("(E,J):19-2 The interaction with the metal ion results in a modest increase
in the CC bond lengths from the free benzene value of 1.397
ca A. This deviation, which ranges from 0.010 to 0.037 A, tends

RS pﬁ% (3) to increase with decreasing separation between the metal and

o the ring. The CH bond lengths are more constant, decreasing

by 0.002 A or less in the complexation process. The bending

The quantum and classical RRHO densities are obtained from©f the H atoms relative to the plane of the C ring framework is
standard expressions. The procedures employed in the evaluatio@lways small and generally away from the metal cation.
of the classical nonrigid/anharmonic state density are outlined Most of the metal ring separations calculated at the B3LYP
in the Appendix. A related procedure for evaluating anharmonic level are in reasonable agreement with the corresponding MCPF/
state densities was employed in ref 22. DZP estimates of ref 6, generally differing by 0.06 A or less.
For each of the reactions, symmetry numbers of 6, 12, and However, for three of the complexes, (TiCo', and the*Fe*
12 were employed in the VRETST models for the density of ~ complex with an orbital occupation ofd&3da;3d€’), the
states of the complex, the number of states at the transition statedifferences are much larger, 0.480.01 A. Notably, these three
and the partition function for the fragments, respectively. The complexes are the only ones having an electronic configuration
choice of 12 as the symmetry number for the transition state is for the complex which does not correlate with that of the ground-
appropriate in light of the inclusion of the contributions from state ions. Instead, that for Tcorrelates with a state which is
both faces in the evaluation of the transition state number of 80%“F and 20%'P, that for Co™ correlates with a state which
states. For the RRHO models of ref 5, the TS is assumed to beis 80%°3F and 20%°P, and that for F& correlates with a state
similar to the complex. Thus, symmetry numbers of 6 and 6 which is 20%*F and 80%"*P.23 The differences in these bond
were employed for the density of states of the complex and the lengths, together with the deviations in the binding energies for
number of states for the transition state in our replication of the“Fe" states noted below, suggests that the B3LYP and MCPF

those models. methods provide a quite different treatment of theto P
) excitation.
IV. Quantum Chemical Results The B3LYP estimated binding energies for the ground-state

Structures and Energetics.A detailed description of the O ground-state_ dissociation process are reported in Table 2. Also
electronic factors involved in the bonding between benzene andepPorted therein are the total BSSE and its component due to
the transition-metal cations has been provided by Bauschlicherffagment relaxation. The variation in the total BSSE arises
et al. in their modified couple pair functional (MCPF) based ab Primarily from the variation in the fragment relaxation com-
initio quantum chemical study.Thus, the numerical values Ponent, which tends to increase with decreasing metad
obtained with the present B3LYP DFT calculations are only Separation. The binding energies show a similar trend, although
briefly reviewed, recalling that the present focus is on the there are more and stronger variations.
efficient determination of meaningful estimates for the vibra-  The average spin-squared values reported in Table 2 indicate
tional properties. that there is very little spin contamination for each of the states.

The B3LYP optimized structures obtained for each of the Only that for the “Fe" state with a 8e;3da;3d€ orbital
metal benzene cations are reported in Table 1. The partialoccupation has a spin contamination which exceeds 1%, and
occupation of orbitals which are degenerateCy) symmetry even that is only 3%. The absence of any significant spin
for the V*, Nit, 6Fet and“Fe*[3dal3da;3db;3db)(Cy,) < 3d contamination suggests that the B3LYP functional likely
(=§’3da§3dezl(cey)] complexes results in modest boat-shaped Provides an adequate treatment of the multireference nature of
Jahn-Teller distortions toC,, symmetry for the C ring  these open-shell wavefunctions.
framework, with the 2-fold C atoms bending toward the metal ~ For comparison purposes, Bauschlicher et al.'s MCPF/DZP
ion with increased CC bond lengths. This distortion also leads based estimatégor the binding energies are also reported in
to a strong coupling of the metaligand bending modes with  Table 2. The two sets of purely quantum chemical results are
some of the lowest frequency ligand modes. The other com- generally in very good agreement, differing by 2.0 kcal/mol or
plexes do not have such partially filled degenerate orbitals and less. This good agreement further validates the use of the B3LYP
were found to have&s, symmetry. density functional method for this type of system.
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TABLE 2: B3LYP Energetics2 for M(C ¢He)*

metal state Rv-Ring’ AEeiat BSSE (&6 Df Dé?
Ti “Ay(3de;3day) 1.883 1.3 3.7 3.753 59.3 60.6
56.9 62.8
\% 5B,(3d 23da%3d r 1.929 1.2 3.8 6.005 49.7 511
Cr 6Ay(3de53dar3d 2.104 0.7 3.2 8.754 38.9 37.4
Mn "A\(3de23dal3dedsa) 2.360 0.4 2.7 12.003 345 35.1
Fe 4A(3da3dal3dbi3dbs) 1.826 1.7 35 3.782 57.2
51.5
Fe 4A,(3d€;3dal3ded) 1.665 2.1 3.7 3.834 45.6 47.6
39.9 51.1
Fe 6A(3da’3day3db; 3dbidsal) 2.207 8.756 40.9 41.7
Co 3A,(3dei3da’3de) 1.663 15 3.8 2.024 61.2 62.6
Ni 2B,(3da3da;3db;3dbY) 1.715 1.4 3.7 0.755 59.9 59.3
Cu 1A(3d€j3dac3de)) 1.848 0.9 34 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°déetzdrie.ring center
distance in Ac Contribution to BSSE from fragment relaxatichiTotal BSSE.2 B3LYP estimated dissociation energy including zero-point and
BSSE corrections.Average spin squared for the compl@MCPF/DZP estimated dissociation energy from ref Bor the*Ti* and“Fe" 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 grounciatate disso
process.

For theTi™ and“Fe" 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 enetgyhe
B3LYP functional actually estimates tH& Ti*(d®) and *F
Fe™(d") states to be more stable than the corresporfingdZs)
and®Fe"(d®s) 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*Bele‘z‘?:d > .
ai3def) configuration there is an unreasonably large difference —— MP2 (0=0)
of 11.2 kcal/mol between the adjusted B3LYP and MCPF A A IQ + IID (6=0)
results. However, the present B3LYP calculations suggest that ------ MP2 (©=90)
the ground*Fe(GHe)* state corresponds to ad&3dai3de; — 1Q + 1ID (©=90)
orbital occupation irCs, symmetry (which correlates to a3 4000 R D .
a;3da;3db}3dby configuration in the JahaTeller distortedCy,

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). 4 5 6 7 8 9 10

The smaller B3LYP binding energy for thed&3da;3de’ R (A)
4Fe" state suggests that the B3LY#E to P splitting is _ _ o
substantially greater than the MCPF value. A similar difference Figure 1. Plot of theR dependence of various contributions to the

- P . . Crf—benzene interaction potential all for= 0. The solid and dashed
4 4
for the Ti™ 4F to “P splittings may also provide an explanation lines are the MP2 results far = 0° and 90, respectively. The det

for the relatively large deviation for the adjusted Ti results. qoi—gashed line is for the ion-induced dipole interaction employing
Interestingly, MP2 calculations at the B3LYP optimized ge- the isotropic average polarizability. The dotted and-dtitshed lines
ometries predict adjusted binding energies for the sextet, quartetare for the ior-quadrupole plus anisotropic ion-induced dipole potential

(Cs,), and quartet@,,) Fe(GHe)* states, which are in reasonable for angles of 0 and 90, respectively.

agreement with the B3LYP values, being 1.6, 5.7, and 3.3 kcal/

mol greater, respectively (prior to any BSSE corrections). the Cr cation along th€, symmetry axis § = 0) and in the

Related calculations for #0, C;H,, and GH4 ligands show a benzene plane along the CC symmetry akis{90°, ¢ = 0).

good correlation between adjusted B3LYP and coupled-cluster The MP2 ab initio quantum chemical potential is seen to agree

calculations with a perturbative inclusion of triple excitations closely with the long-range ierquadrupole plus ion-induced

[CCSD(T)]2 In particular, for the lowest sextet states, the dipole potential for separations of about8 A or greater. The

deviations are 0.5, 1.9, and 2.9 kcal/mol, respectively, while ion—quadrupole interaction is a dominant component of the

for the lowest quartet states the deviations are 2.4, 5.9, and 5.3ong-range potential throughout this range of separations. At

kcal/mol. This agreement relies on, and verifies, the use of the large metat-ligand separations, the Cr cation prefers to be

experimental spin splittings since the B3LYP values are greater perpendicular to the benzene plang@ £ 0) due to this

than the CCSD(T) values for each of these states, even afterdominance of the iorquadrupole interaction.

the adjustments. A contour plot of the MP2-based potential for the interaction
Interaction Potential for Cr(C ¢Hg)™. Various contributions of benzene with Cf is provided in Figure 2. This plot is for

to the interaction potential are plotted in Figure 1 for motion of the Cr cation moving in the plane perpendicular to the benzene
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6.0 ——r . . . ; , . . for Crt 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 metiggand stretching
and bending frequencies on the basis of SCF calculations (from
Bauschlicher) for Ag(GHe)™.> 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. 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 optimun®. At the SCF level for Ag-benzene
cation, the optimum geometry is predicted to b&€gbymmetry
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 A)
and that the Ag(gHe)™ complex is ofCg, Symmetry?® As a
result, one of the bending frequencies is predicted to be a factor
of three greater than suggested at the SCF B&&he even
shorter separations predicted for the present first-row transition-

0 metal complexes lead to increases in both the bending and

Figure 2. Contour plot of the MP2 calculated Grbenzene interaction  Strétching force constants, which are considerably greater than
potential forg = 30°. The contour spacing is 1000 ¢t The contour estimated by Armentrout and co-workers on the basis of the
at the top left is for—1000 cnt?, while the lowest contour is near the  variations in mass and binding energy.
bottom right with a value of-14 000 cm™. Also reported in Table 3 are the IR absorption intensities for

) ) . the Cr(GHe)™ complex since these intensities play an important
plane with¢ = 30°. The corresponding plot fop = 0% is role in the radiative association modeling. The dominant
qualitatively similar put becomes repulsive at slightly larger o qiative modes are the 749 chmode with an intensity of
(e.g., 0.7 A) separations fa¥ near 90. _ 104 km/mol and the doubly degenerate mode at 1506 evith

As the separation decreases below about 6.5 A, the optimumg, intensity of 15 km/mol. The cubic scaling of the radiative
0 gradually increases, reaching a maximum of aboUtrar emission rates with frequency results in a roughly equivalent
R=4.0 A. This change in the optimum orientation is a result ., ibution from these two modes. The intensities for these
of the increased importance of both the ion-induced dipole 14 dominant radiative modes were estimated to be a factor of

interactions (which favof = 907) and specific metatligand 2 greater in the HartreeFock-based calculations of Lin and
bonding interactions. As the separation decreases below 4.0 A'Dunbar9 Their calculations also differed in predicting metal

the optimum orientation now gradually decreases, reaching a Ojigand frequencies, which were only about 60% of the present
value a_tR = 2.38 A._ The reasonably close proximity of this g3 vp estimates, due to a much greater optimized fing
separation to the optimum unrelaxed.separatlon fqr the Complexseparation of 2.526 A. Again, such differences may have a
(R = 2.15 A) suggests that the estlmated bendlng frequency significant impact on the kinetic modeling.
will be strongly dependent on the optimum separation. In fact,
for somewhat smaller basis sets, the equilibrium structure wasy; inetics Results
actually of Cy, rather thanCs, symmetry as a result of the
optimum separation moving out past the separation at which ~A. Cr*. Density of StatesThe ratio of the full phase-space
the transition t@ = 0 occurs. Of course, at the separation where integral-based estimate for the state density of the complex to
the transition from non-zero to zero values for the optimim  the RRHO-based estimate is plotted as a function of energy for
occurs, the harmonic bending frequency is identically zero.  several values of the total angular momentdrim Figure 3.
This strong dependence of the harmonic bending frequency The range ofl values plotted roughly corresponds to the range
on the separation distance provides further motivation for the of J of importance in the radiative association modeling. Ehe
anharmonic non-rigid-rotor-based evaluation of the density of values plotted range from well below the dissociation threshold
states for the Cr complex. Unfortunately, it also suggests that of about 14 000 cm! to a maximum value which corresponds
any quantum chemical estimate of the bending frequency (andto a typical maximum exceds of importance in the modeling
correspondingly the contribution to the density of states for the of the kinetic shifts for the collision-induced dissociation
complex) is somewhat uncertain due to the inherent difficulty experiments. Fad values near the typical most probable thermal
of accurately determining the metaiing separation. value of 50, this ratio is only weakly dependent on batnd
Vibrational Properties. The B3LYP estimated vibrational E, taking a value of 1.35 near the dissociation threshold and
frequencies and rotational constants for benzene and each ofncreasing to about 1.45 for an excéssf about 4000 cmt.
the metal benzene cation complexes are reported in Table 3. The increase in the ratio with botk and J is easily
The metal to ligand stretching frequencies lie in the range from understood in terms of the variations in the average metal
165 to 311 cm?, while the corresponding bending frequencies ligand separation. In particular, the anharmonicity in the
lie in the range from 85 to 293 cr. Aside from the Jahn potential leads to a greater average separation for higher
Teller-distorted complexes, there is only a weak perturbation available energies. At these greater separations, both the
of the free benzene modes in the complexes. Sample evaluationsotational constants and the bending frequencies are smaller,

5.5 1

5.0 1

4.5+

4.0 1

R(A)

3.5

3.0 1

2.5
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TABLE 3: B3LYP Vibrational Frequencies and Rotational Constants for M(CeHg)™
b

14

metal B
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 0.092 293 293 311
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
\% 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
1.4 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 99 929 165
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
‘Fe 0.093 170 237 242
Al 0.086 61 414 605 616 672 781 912 918 972 986
Ca 0.085 989 1014 1030 1032 1049 1168 1189 1197 1336 1381
1493 1502 1527 1595 3218 3221 3225 3232 3235 3239
‘Fe 0.093 255 255 298
Ay 0.089 411 411 632 632 680 786 889 889 981 997
Ce» 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

aRotational constants in crh ° Vibrational frequencies in cm. ¢ The first two bold frequencies denote the metidand bending modes,
while the last bold frequency denotes the metaand stretching modé. For the Cr complex, the infrared intensities in km/mol are given in italics
in the same order as the vibrational frequencies.

leading to an increased state density relative to the RRHO Interestingly, on the scale of the plot, the variable reaction
estimate. The increase in the average rotational energy withcoordinate TST (VRE&STST) results obtained for the full
decreasing separation also leads to a greater average separatiggotential are essentially identical to those obtained when
for higherJ values. employing just the ion-induced dipole potential. At low energies,
These anharmonicities were incorporated in the VRGT these VRC-TST results are similar to the loose TS results of
modeling of both the collision-induced dissociation and radiative Armentrout and co-workers. At higher energies, the VRGST
association experiments for CrThe similarity of the structures  results gradually move toward the tight TS results. This variation
and vibrational frequencies for Mnled us to include an from the loose TS limit to the tight TS limit is indicative of the
equivalent anharmonicity correction for MnFor the remaining ~ changing location of the TS as the energy increases. In
cations, the smaller metal to ring separations and larger particular, the TS separation decreases from 30 A at an excess

frequencies led us to assume that the anharmonicity correctionenergy of 100 cm* to 12 A at 1000 cm* and then 8 A at an
is negligible. excessE of 6000 cntl. Concomitant with this decreasing

Dissociation Rate Constant¢arious estimates for the energy separation_is an increase in the effectiye bendi.ng frequency for
dependence of the dissociation rate constant are plotted in Figurdhe metat-ligand modes and the effective rotational constants.
4. The VRC-TST results are for the most probakleof 50, Various different forms for the reaction coordinate were
while the RRHG-TST results incorporate the rotational partition considered in the VRETST calculations, and the center-of-
function correction factor according to the method of Waage mass separation was found to be the optimum reaction coor-
and Rabinovitc¥ as described in refs 1 and 5. Averaging over dinate. Furthermore, there was no indication of any reduction
the thermal distribution of) in the VRC-TST calculations in the available phase space in the TS due to short-range
provides a result which differs negligibly from that for the repulsions. In essence, the absence of any repulsivity in the
averagel. potential for separations of 48 A coupled with the strength
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17 . T T T . dissociation process with various experimental time scales.
Here, we follow a somewhat simpler procedure which was found
to reproduce the results obtained in ref 5 for the RRHO models.
16 | n In particular, we evaluated the kinetic shift by determining that
binding energy which provides a dissociation rate of3€!
for a total energy corresponding to the experimentally observed
threshold energyg, and for the most probablé in a room
temperature thermal distribution of reactants. The value % 10
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 .

For the Cr(GHg)™ dissociation, the VRETST 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 RRHOTST models, respec-
tively.> 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 ST 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
10 . . . | . of 3.3 kcal/mol.

5000 10000 15000 20000 The kinetic modeling of the radiative association experiments

E (cm'1) according to the procedures outlined in ref 4 yields a binding

energy of 43.6 kcal/mol. This value is somewhat larger than

Lo h h the value of 39.2 kcal/mol reported in ref 9 due to the larger
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 Met@t-ligand vibrational frequencies and smaller radiative
angular momenturd. Note this plot is for the full density arising from  intensities for the dominant emitting modes in the present
the convolution of the conserved and transitional mode contributions. calculations.

The discrepancy of 3.1 kcal/mol between the collision-
[ s induced dissociation and radiative association values, while not
10" b 27 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

Pps/PRRHO

Figure 3. Plot of the ratio of the approximate quantum anharmonic

T T T T i T T T T

108

R ligand modes t@g,;. Furthermore, for this particular molecule,

P the dependence of the estimated binding energy on the state

r L’ density is somewhat stronger than usual due to the fact that
10° 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 méggind
separation makes the accurate determination of these frequencies
(or more precisely the state density) quite difficult.

S VRC-TST; MP2 Pot. . o
) Another possible source of error lies in the present overly
""" RRHO-TST; Lgose simplified treatment of the energetic and angular momentum
""""" RRHO-TST; Tight 1 convolutions in the collision-induced dissociation experiments.
] Averages over the experimental time observation window may
be performed as described by Armentrout and co-wotkérs
p and will be considered in future work. However, the smallness
Excess E (cm™) of the kinetic shift for this particular reaction, coupled with the
Figure 4. Plot of the various estimates for the dependence of the Sharpness of the rate energy curve, (cf. Figure 4) and the present
dissociation rate constants on excess energy. The solid line is the presenteproduction of the tight transition-state model of ref 5, suggests
VRC—TST estimate for the ion-induced dipole potential. The-dlot  that such errors should be quite small. More problematic is the
dot-dashed line, which is obscured by the solid line, is the present ncertainty in the distributions of energy and, especially, angular
VRC—TST estimate for the MP2 analytic potential. The dashed line ) envm produced by the collisional excitation process, which
and dotted line are for the loose and tight RRHO models of ref 5. . . . .
might be expected to yield even greater errors in the final
of the long-range attractions results in a TS which only lies at estimates. Finally, there may be errors in the estimated radiative
quite large separations. emission rate or in either of the experimental data themselves.
Binding Energies from Kinetic ModelingAs discussed in It is interesting to consider how the loose and tight RRHO
detail by Armentrout and co-workers, the proper procedure for TST predictions would vary if one implemented the present
estimating the kinetic shift in the collision-induced dissociation B3LYP estimates for the vibrational frequencies in place of the
experiments involves a convolution of the time scales for the values from ref 5. What we find is that the RRHOST
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predictions are nearly invariant to this correction. The explana- TABLE 4: Binding Energies

tion for this finding may be obtained by considering the etal nokinetics loos¢ tight VRC—TST B3LYP®
particular TS models employed by Armentrout and co-workers.

In particular, the frequencies for the metéigand modes in i (B 618 588 6255(%838;1) 56.9
the TS were taken to be proportional to the corresponding_moqles Vv 63.0 55.8 53.3 56.4(54.4) 49.7
for the complex, and we have followed that assumption in  Cr 425 406 392 405 38.9
repeating this RRHOTST analysis. These metaligand L\/In 32.3 31.8 31.4 321 345
frequencies are low enough that their contribution is near that “F¢ 54.2 49.6 475 4;3—(3(5“;-)0) 51.5
expected on the basis of classical estimates. Thus, in taking the Co 70.8 611 586 64.0(62.6) 612
ratio of the transition state number of states to the complex 66.0 581 558  58.0(57.5) 59.9
density of states, the dependence on the absolute magnitude of cu 57.4 52.1 50.0 50.6 51.7

the metat-ligand frequencies Cf”‘”ce's- aBinding energy for modeling with no kinetic shift correction from
In contrast, the VRETST estimates are strongly dependent o 5 bBinding energy from ref 5 for loose RRHETST-based

on the frequencies employed for the complex since the effective modeling of the kinetic shiftc Binding energy from ref 5 for tight
metal-ligand frequencies for the TS are determined not by those RRHO-TST-based modeling of the kinetic shiftBinding energy from
for the complex but instead by the form of the metidand present VRC-TST-based modeling of the kinetic shift. Primary values
interaction potential. Varying the metaigand frequencies for ~ assume the electronic degeneracies and splittings of the TS equal those
the complex then effects only the density of states for the of the products. Numbers in parentheses assume an electronic degen-
. . . eracy for the TS equal to that for the complex. The boldface values
complex and thus directly affects the dissociation rate constant. .\ me diabatic dynamicsB3LYP quantum chemical estimate for the
The fact that the loose TS and tight TS RRHO models of ref 5 pinging energy.
span the VRCG TST results indicates that their choices for the
ratio of the TS to complex frequencies were quite reasonable. shift is estimated to be 6.8 kcal/mol, which lies between the
These choices were based on the consideration of standardoose and tight values of 5.3 and 7.4, respectively. The kinetic
entropy changes, which in turn suggests that such standardshift for Cu* is relatively large due to the increased binding
entropy estimates are quite meaningful. energy, which leads to an increased density of states for the
B. Dissociation Kinetics for other M(CgHe)™. The kinetic complex at the dissociation threshold. Correspondingly, the
modeling of the collision-induced dissociation for many of the dissociation rate is smaller at the threshold and a greater excess
other metat-benzene cations is complicated by the presence energy is required to produce a dissociation rate 60
of multiple nearly degenerate electronic states for the metal ions.For species with even greater kinetic shifts, one would expect
In this work, we consider two different limiting case assumptions the VRC-TST kinetic shift to approach the tight TS value and
in dealing with the effects of these degeneracies and nearperhaps even surpass it. For all three of these species, the-VRC
degeneracies. In particular, in one limiting cagggd we assume ~ TST modeled binding energies are in good agreement with the
that the transition state lies at such large separations that itsB3LYP quantum chemical binding energies, differing by no
electronic degeneracies and splittings are identical to those ofmore than 2.4 kcal/mol.
the free metal ions. Furthermore, we assume that the electronic V', Co', and Nit. The lowest electronic states of'yCo",
transitions rates are great enough to maintain a statisticaland Ni* are split by spir-orbit interactions, which result in a
distribution of their populations. The transition state number of number of electronic states being accessible at the energies for
states then includes a sum over the different electronic stateswhich the dissociation is studied here. Furthermore, the states
of the fragments of the complex for VV and Ni" are orbitally degenerate. The
confidence in the modeling is decreased by the uncertainty in
rowbmm (E,J) = ZgiNrTovibrationa(E -E,J) (4) the qqntribution from the excited spitorbit 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
whereg; and E; are the degeneracy and excitation energy of state density. The JahiTeller distortions may also increase
the ith electronic state. In the other limiting cas®qfy, we the inaccuracies in the estimation of the density of states for
simply assume that the electronic degeneracy for the TS isthe complex. The lowest spitorbit excited states are at 36,
equivalent to that for the complex. For both cases, the excited 950, and 1507 cmt for V*, Co", and Nit, respectively. Thus,
electronic states of the complexes are assumed to make nahese uncertainties are greatest far, While for Cot and Nit
contribution to the density of states of the complex. The density the statistical contributions from the excited sporbit states
of states for the complex is thus simply multiplied by the are actually negligible.
electronic degeneracy (spin and orbital) of its ground state. Comparisons of the kinetic shifts for tlggomp limiting case
Mn* and Cu". The lowest excited states of Mrmand Cu with the corresponding RRHOTST results from ref 5 is
are at least 1 eV above the ground state. Furthermore, one doeprobably most meaningful since this limiting case is likely to
not expect any low-lying excited states for the complex. Thus, correspond with the assumptions made in ref 5. For this limiting
just as for Ct, there is little uncertainty in the modeling for case, the VRETST predictions for the kinetic shifts in these
these compounds and one can expect quite satisfactory estimatethree ions are very similar, ranging from 8.2 to 8.6 kcal/mol.
for the kinetic shifts. The modeled binding energies for these For the two JahnTeller-distorted species (Vand Ni"), these
and all the other metalbenzene cations are provided in Table Kkinetic shifts lie between the loose and tight RRHTST
4 together with the prior modeling results from ref 5 and the predictions. For the Cospecies, the VRETST kinetic shift
current B3LYP DFT estimates. For Mnthe kinetic shift is is actually 1.5 kcal/mol lower than that for the loose RRHO
estimated to be only 0.2 kcal/mol, which is smaller than that TST prediction, which is somewhat surprising.
from both the loose and tight RRHEO'ST models of ref 5. The VRC-TST-modeled binding energies for the Tand
This result is expected for very small kinetic shifts since near Ni* species are both in reasonable agreement with the B3LYP
the threshold the variational TS lies at large separations wherequantum chemical results. The VRTST modeling results for
the effective bending frequency is very low. For'Cthe kinetic the V' binding energy are somewhat«{% kcal/mol) higher
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than the B3LYP estimate, which may simply be an indication The implementation of the full MP2-based analytic potential

of an underestimate in the B3LYP calculation. yielded negligible differences in the number of available states
Ti™ and Fe". For Tit and Fé& not only are there low-lying  at the transition state. Furthermore, the density of the states for
spin—orbit states (the lowest excited spiorbit state of Tt is the complex was estimated to be only about 40% greater than

at 94 cn! while that for Fe is at 385 cnit), but the ground the harmonic density for typical energies and total angular
state of the complex requires a change in the electronic momentum.

configuration from the ground state of the metal cation (from  Armentrout and co-workers have also examined the binding
d"1s to dY). A key question for the modeling then involves the energies for the dimer complexes of benzene with the first-row
rate of transitions between these two electronic configurations. transition-metal cationsThe kinetic shifts for these dimers are
Unfortunately, such transition rates are not well-known, and so generally larger (the largest is 23 kcal/mol) and perhaps more
we again consider different limiting cases. An assumption of importantly much more uncertain. Thus, in a companion study
rapid transitions amongst these two configurations leads to thewe have applied a roughly equivalent model in the estimation
same two limiting cases as above. Alternatively, gagp, and of binding energies for these diméefs.

Orrag Cases may be implemented for a diabatic framework, where

there are no transitions between the two configurations. In these Acknowledgment. The support of the National Science
diabatic limiting cases, the ground-state to ground-state binding Foundation (CHE-9423725) and of the donors of the Petroleum
energy is then obtained by subtracting the excitation energy in Research Fund, adminstered by the American Chemical Society,
the free metal ion from the modeling results. is gratefully acknowledged.

It also probably worth noting that this electronic configuration )
switching probably leads to relatively low excitation energies Appendix
for the first excited state of the complex. As a result, such  The classical density of states for the transitional modes may
excited electronic states may make an important contribution generally be written as
to the state density of the complex. For example, the sextet state
of Fe(GHe) ™ would appear to be only about 10 kcal/mol higher p(E,J) =
in energy than its ground quartet state. For these reasons, we nh3(2J + 1)2
consider the modeling of these two dissociations to be the most — N f dg, dp, 6(E — H)Jo[Ih — J,(q,, pY] (A1)
uncertain. h

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 VRIST estimates
employing the vibrational frequencies for thda3da;3db;3d

whereq; andp; are the coordinates and conjugate momenta for
the transitional modes and; and J; 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 vectod such as (0,0,J).
The transitional mode coordinates are represented here as the

spherical polar coordinate® 012,¢12) for the separation and

1 - absolute orientation of the line connecting the centers-of-mass
b, state agree reasonably well with both the B3LYP and ;.4 the Euler angle coordinat€k = (0i¢i,i) defining the

MCPF quantum chemical bind‘ilng energies. Employing the ghsoiute orientation in space of each of the fragmeNitss
vibrational frequencies for thed@3da;3d€] state, which may  then the total number of such coordinates which amounts to 6
gctually be the grpund state, results in a 2.0 kcal/mol increasefgy the present case where the two fragments are an atom and
in the modeled binding energies and even better agreement. 5 nonlinear rotor.
For a given value of the coordinates, the momenta in eq Al

VI. Summary may be integrated over analytically. Useful sample results for

The present VRETST-based kinetic modeling provides such analytic integrations are given in ref 29, where the emphasis
estimated metatbenzene cation binding energies which are in Was on procedures for the random sampling of the momenta.
good agreement with B3LYP density functional theory calcula- For the specific case provided by eq Al one obtains
tions (i.e., discrepancies af2 kcal/mol) for all but the Tt 5
and V* cases. For all but the Tiand Fé cases the variations 5 (23+1) [ dg 1
in the limiting cases for the VRETST modeling are<2 kcal/ ' Agh™ 3TN, — 3)/2] ‘|Gt.| k&
mol. The kinetic shifts predicted by the VRO ST modeling (N=5)12
are generally in the range of the loose and tight RRHST [27(E — V; — E)I™ (A2)
models of ref 5. For very small kinetic shifts the VRTST ) ) ]
predictions are lower than the corresponding loose RRHO where|l] is the determinant of the instantaneous moment of

TST. Then as the kinetic shift increases. the VREST values inertia tensot, E is the instantaneous rotational energy given
first approach and then pass the loose RRAGT values by JI71JA%/2, V; is the transitional mode potential, afids the
ultimately approaching the tight RRHETST values. ' gamma function. For the above choice of coordinates and two

The modeling of the Cr collision-induced dissociation and nonlinear fragments, the determinant of the transitional mode
radiative association experiments is reasonably consistent,C-Matrix is specified by

providing binding energies that differ by 3.1 kcal/mol. The 2 3
remaining discrepancy may be an indication of the difficulties G2 = w31y, sin 0, ] sin 6,115 (A3)
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- whereui, andl;, are the effective mass and moments of inertia
tion process and/or to obtain improved radiative emission rates.for the effective diatomic connecting the centers-of-mass of the
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two fragments whild; is thejth component of the moment of  little variation for extensions to moderately larger separations

inertia for theith fragment. For an atomic fragment one simply for energies near the dissociation threshold. A total of 10

drops the sinf term and the moments of inertia for that transitional-mode configurations were employed in the Monte

fragment. Similarly, for a linear fragment one simply replaces Carlo evaluations of eq A6. In comparing with the classical

the product over the three moments of inertia with a product harmonic estimates, a symmetry correction factot/pfwas

over its two moments of inertia. applied to these phase-space integral results to account for the
The validity of this general result may also be demonstrated inclusion of both faces of the bonding in the phase-space integral

via comparison with the phase-space volumes described in refestimates.

30 where the emphasis was on the number of available states
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