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Kinetic Energy Release in Thermal Ion—Molecule Reactions: Single Charge-Transfer

Reactions of V2* and Ta?* with Benzene
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Fourier transform ion cyclotron resonance mass spectrometry (FTICRMS) has been used to study the single charge-transfer
reactions of V2* and Ta?* with benzene under thermal conditions. Thermal charge-transfer rate constants of 2.0 X 107
and 1.2 X 10~ cm? molecule™! s™! were measured for V2* and Ta?*, respectively. The total kinetic energy of the product
jons was determined to be 1,91 % 0.50 eV for the V2* case and 2.82 & 0.50 eV for the Ta2* case. These results and a previous
study of the Nb**—benzene single charge-transfer system suggest a simple long-distance electron-transfer mechanism proceeding
by ionization of the la,, orbital of benzene with significant internal excitation of the nascent C¢Hg* product.

Introduction

A number of recent studies of transition-metal dications have
demonstrated that these species have fascinating properties.!™
These investigations have focused on the mechanistic, kinetic, and
dynamic aspects of the reactions of doubly charged transition-
metal jons with small hydrocarbons in the gas phase. In particular,
doubly charged metal-ligand species generated through the re-
action of Nb2* with small alkanes have been shown to be ther-
modynamically stable with significant metal-ligand bond energies.*
Many of the results of these studies can be rationalized in terms
of a simple Landau-Zener curve-crossing model.

We recently studied the reaction kinetics and energy disposal
in the single charge-transfer reaction between Nb?* and benzene.’
Given the exothermicity of the reaction, 5.08 eV, our measure-
ments of the kinetic energies of Nb*, 0.81 £ 0.25 eV, and C¢H,*,
1.22 £ 0.25 eV, indicate that 3.05 & 0.50 eV is partitioned to the
internal modes of the product ions. In addition, the kinetic energy
release measurements were well fit by a single-valued energy for
each product ion, suggesting that the reaction proceeds to produce
a narrow distribution of product kinetic and internal energies.
These data and the high efficiency of the reaction indicated by
the kinetics studies were rationalized in terms of a long-distance
electron-transfer mechanism producing electronically excited
C4H,* through ionization of the 1a,, orbital of benzene, which
lies ~3 eV above the ground state of the benzene cation.

In this study we have extended our original experiments to
include the single charge-transfer reactions of two other group
5 transition-metal dications, V2* and Ta?*, with benzene. The
reaction kinetics and kinetic energy releases observed in these two
cases provide further support for the long-distance electron-transfer
mechanism while raising questions concerning the simple energy
partitioning model. The narrow kinetic energy distributions in-
dicated in this study are consistent with a reaction mechanism
proceeding to produce electronically excited C¢Hg*; however, the
internal energies deposited in the products suggest that more
complex dynamics may be involved and that both the metal ion
product and C,H¢* may be electronically excited.

Experimental Section

Reaction kinetics were studied by using a Nicolet FTMS-2000
Fourier transform ion cyclotron resonance mass spectrometer’
equipped with a rectangular trapping cell (4.76 cm X 4.76 cm
X 9.52 cm) in a 3-T magnetic field. Singly and doubly charged
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metal ions were generated by focusing the fundamental output
(1064 nm) of a Q-switched Nd:YAG laser onto any of various
pure metal targets maintained in an external ion source.®® In
an effort to cool kinetically and internally excited laser-desorbed
ions,!® they were trapped for 500 ms with 3.3 X 107 Torr of
benzene (Baker, spectral grade) and 2 X 107 Torr of argon
(Airco) introduced by using Varian-controlled leak valves.
Pressure measurement was achieved with a Bayard-Alpert ioni-
zation gauge calibrated by using acetone in reaction 1, which

C;H,O* + C;H40 — products (1)

proceeds with a rate constant of 5.4 X 107'% cm® molecule™ 57,1t
and corrected for ion gauge sensitivity by using the R, factors
of Bartmess and Georgiadis.!? Swept double-resonance pulses'?
were used to isolate M?* after thermalization. Kinetics experi-
ments were performed at trapping voltages of 5 V to ensure that
all kinetically excited product ions were efficiently trapped.
Kinetic energy releases were measured by using a previously
described technique.>43!  Briefly, ion kinetic energies can be
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determined on the basis of the voltage dependence of the fraction
of the ions trapped. When the electrostatic trapping well employed
in the ICR is sufficiently deep, all of the ions will be trapped;
however, as the well depth is decreased, kinetically excited ions
will escape the trap. Plots of the fraction of the ions trapped, f,
versus the square root of the trapping potential, ¥;,,!/?, are ex-
pected to show two distinct linear regions describec; by

thp > Ek: f= 1
Vmp < Ek: f= (Vtrap/Ek)I/2

where E, is the kinetic energy of the ions. The break between
these two linear regions defines the kinetic energy of the ions.

These measurements were performed by using a Nicolet
FTMS-2000 mass spectrometry data station interfaced to a sin-
gle-cell ICR spectrometer equipped with a Varian 15-in, elec-
tromagnet operated at 0.85 T. The cell is cubic and measures
5.2 cm on a side. During the course of the experiments, benzene
and argon were maintained at ~5 X 10 and ~1 X 10~ Torr,
respectively, as measured with an uncalibrated Bayard-Alpert
ionization gauge.

The experimental pulse sequence was initiated with a quench
pulse, followed by a laser shot to generate ions, and a 150-ms
thermalization period during which the trapping voltage was
dropped to 0.5 V to assist in the removal of kinetically excited
jons. After thermalization and isolation of M?*, the dication was
permitted to react for 300 ms with benzene, and the ionic products
of the reaction were detected under broadband excitation and
digitization conditions. The trapping voltage was maintained at
8 V throughout each phase of the experiment, except during the
quench, cooling, and reaction periods.

For each metal, four series of 66 experiments were performed
in which the trapping voltage during the reaction period was varied
from 0.5 t0 7.0 V in steps of 0.1 V. At each voltage, 10 transients
were averaged to obtain a mass spectrum. To account for
shot-to-shot variations in the ion yield of the laser ionization source
and to correct for voltage-dependent changes in the ion intensities
not associated with the kinetic energy of the ions, the absolute
intensities of the singly charged product ions, M* (M = V, Ta)
and C¢H¢*, were ratioed to the intensity of the thermalized doubly
charged reactant ion, M2*, This process ensures that changes in
the relative abundances of the singly charged product ions with
trapping voltage will reflect the kinetic energy of the ions.

Results

The reactions of V2* and Ta2* with benzene are dominated by
single charge transfer. Reaction 2 is the only process observed

Vi 4+ C6H6 - V*++ C6H6+ (2)
for V2* with benzene. Reaction 3 accounts for the vast majority
Ta?* + C6H6 — Ta* + C6H6+ (3)

of the products observed for Ta?* with benzene; however, small
signals (£5%) corresponding to the formation of Ta?*(benzyne)
and other bond-insertion products were also noted. Similar be-
havior was reported for Nb2*,5 which reacts with benzene through
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Figure 1. Pseudo-first-order kinetics plot for the decay of the V2* signal
during the reaction of V2* with benzene.
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Figure 2. Pseudo-first-order kinetics plot for the decay of the Ta?* signal
during the reaction of Ta?* with benzene.

charge transfer (95%) and dehydrogenation to generate Nb?*-
{(benzyne) (5%).

The pseudo-first-order kinetics plots for the decay of M2* with
reaction time are depicted in Figures 1 and 2. On the basis of
the calibrated benzene pressure, these plots indicate rate constants
of 2.0 X 10 and 1.2 X 10~° cm? molecule™ s! for V2* and Ta?*
with benzene, respectively. The Langevin rates for these systems
are 2,72 X 107 and 2.05 X 107 ¢cm® molecule™ 57!, from which
reaction efficiencies, k/k;, of 0.74 for V2* and 0.59 for Ta?* are
determined. The absolute error in the rate constants is probably
no more than £30%. The linearity of these kinetics plots suggests
that the metal dications are thermalized.

Kinetic energies released to the singly charged product ions in
each case were determined from the f'vs V4!/? plots prepared from
the series of voltage-resolved mass spectra. Data analysis and the
calculation of V,4'/2 have been described in detail previously.’
Briefly, the raw intensity ratios, M*/M?* and C;Hg*/M?**, were
normalized and averaged (using the variance of the data in the
f =1 linear region as a weighting factor) to generate the kinetic
energy plots. These were corrected for a small positive slope in
the f = 1 region and a nonzero x intercept.>*! The origin of the
positive slope in the f = 1 portion of the plot is still uncertain,
but it appears to be associated with voltage-dependent effects of
space charge on the spatial extent of the singly and doubly charged
ion clouds. The nonzero x intercept arises through surface
charging of the trapping plates, changing the effective well depth
the ions experience. The corrected plots for V* and C¢H¢*
produced in reaction 2 and Ta* and CsHg* produced in reaction
3 are displayed in Figures 3-6, respectively.

The solid lines through the experimental data represent a
single-valued kinetic energy in each case convoluted with the shape
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Figure 3. Kinetic energy plot for V* generated during the reaction of V2*
with benzene. The solid line represents a single-valued kinetic energy
(0.99 V) convoluted with the shape of the trapping well and fit to the
experimental data.
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Figure 4. Kinetic energy plot for C¢Hg" generated during the reaction
of V2* with benzene. The solid line represents a single-valued kinetic
energy (0.92 eV) convoluted with the shape of the trapping well and fit
to the experimental data.
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Figure 8. Kinetic energy plot for Ta* generated during the reaction of
Ta?* with benzene. The solid line represents a single-valued kinetic
energy (0.90 eV) convoluted with the shape of the trapping well and fit
to the experimental data.

of the electrostatic potential well and fit to the data by using
least-squares methods. If all of the ions feel the same trapping
potential, the break between the two linear regions is expected
to be sharp. However, the spatial distribution of the ions in our
experiment and the quadrupolar shape of the electrostatic trapping
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Figure 6. Kinetic energy plot for C¢H¢* generated during the reaction
of Ta?* with benzene. The solid line represents a single-valued kinetic
energy (1.92 eV) convoluted with the shape of the trapping well and fit
to the experimental data.
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Figure 7. Potential energy curves for the V¥*-benzene charge-transfer
reaction. Long-distance electron transfer occurs at ~7.9 A. The
ground-state curves, which cross at ~3.8 A, are included for comparison.
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Figure 8. Potential energy curves for the Ta?*-benzene charge-transfer
reaction. Long-distance electron transfer occurs at ~5.7 The
ground-state curves, which cross at ~3.3 A, are included for comparison.

well in our cubic cell produce the smooth break between the regions
observed in the experimental data and well fit by the solid line.

The ion kinetic energies determined from the fits in the V2*
case are 0.99 % 0.25 eV for V* and 0.92 % 0.25 eV for C;H,*,
yielding a total kinetic energy deposited in the products of 1.91
%+ 0.50 eV. In the Ta2?* case, the ion kinetic energies are 0.90
+ 0.25 ¢V for Ta* and 1.92 + 0.25 eV for C;H,*, for a total
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TABLE I: Summary of Reaction Kinetics, Energy Partitioning, and
Curve-Crossing Results for the Thermal Single Charge-Transfer
Reactions of M?* (M = V, Nb, Ta) with Benzene

v Nb Ta
reaction rate k, X10° cm® molecule™ s 20 14 1.2
Langevin rate ky, X10° cm® molecule™ s*! 272 2.32  2.05
reaction efficiency, k/k 074 060 0.59
2nd ionization potential, eV 1465 1432 16.2
charge-transfer exothermicity, eV 541 508 6.96
kinetic energy M*¢ eV 099 0.81 0.90
kinetic energy C¢Hg*,2 eV 092 122 192
total product kinetic energy,® eV 191 203 282
total product internal energy,? eV 350 3.05 414
caled curve crossing, A 79 15 57

4Experimental uncertainty in these values is £0.25 eV,
bExperimental uncertainty in these values is £0.50 eV.

kinetic energy of 2.82 = 0.50 eV,

On the basis of the measured kinetic energies, the reaction
exothermicity partitioned to internal modes in each case can be
determined by using

IE(M*,CsHg*) = IP(M*) - IP(C¢Hj) - KE(M*,C¢H,*)

The ionization potential of benzene is 9.24 eV, while the second
ionization potentials of V and Ta are 14.65 and 16.2 eV, re-
spectively.” Therefore, the internal energy is 3.50 % 0.50 eV
in the V2* reaction and 4.14 + 0.50 eV in the Ta?* reaction. All
of these results, as well as the results for Nb2* with benzene from
ref 5, are summarized in Table 1.

A number of factors contribute to the uncertainty in the kinetic
energy release measurements, and these warrant further discussion.
In addition to simple statistical fluctuations in the measured ion
intensity ratios, two potentially major systematic errors contribute
to the uncertainty of the experiment.

The first of these is associated with the shape of the electrostatic
potential well (vide supra).5*% Since this well is approximately
quadrupolar in shape, the potential experienced by a particular
ion depends strongly on its location in the trapping cell. Assigning
the direction of the magnetic field as the z axis, we fit the kinetic
energy release plots assuming an ion population that is relaxed
to the center of the cell along the z axis and in which ions are
uniformly distributed in the xy plane at this position. The lim-
itations of this spatial distribution model and our lack of infor-
mation concerning the time evolution of the distribution of ions
in the cell represent one source of systematic error.

A second and potentially more significant source lies in the
nonzero x intercept correction described above. Since the kinetic
energy of the ions is determined from a plot that scales with the
square root of the effective trapping voltage, even small uncer-
tainties in the depth of the trapping well can produce significant
errors in the kinetic energy values. In light of these potential errors,
we have assigned rather large error limits.

Finally, the kinetic energy plot for the Ta* product deserves
special attention. Our procedure for correcting the nonzero x
intercept involves fitting the linearly increasing portion of the
kinetic energy plot via least-squares methods to find the value of
the x intercept and subsequently substracting the calculated value
of this intercept from all of the data. Typically, this intercept
value is nearly zero or slightly positive (0.1-0.2 V1/2), In any case,
the intercept values calculated for a given pair of product ions
should be approximately equal if our phenomenological expla-
nation of this intercept arising through surface charging of the
trapping plates is correct. In fact, the intercept calculated for
the Ta* data is negative and significantly different from the
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intercept associated with the C¢Hg* produced during charge
transfer with Ta2*. Negative x intercepts have been observed in
previous ICR measurements of kinetic energy release; however,
these were associated with reactions in which some fraction of
the product ion population was born with little or no kinetic energy.
Given the fact that our charge-transfer reactions produce two
charged product ions, any resonable impact parameter for charge
transfer must result in significant kinetic excitation of the product
ions, if only due to the Coulombic repulsion of these products.
Clearly, the negative x intercept in the Ta* data must arise in
some alternative manner, Inspection of Figures 3~6 shows that,
while there are a large number of data points available to fit the
linearly increasing portion of the plot of Figures 3, 4, and 6, the
heavy Ta* product is expected to carry away a relatively small
kinetic energy and, therefore, only a small number of points lie
on the linearly increasing portion of the plot in Figure 5 leading
to significant uncertainty in the x intercept calculated for this plot.
Given this uncertainty and in an effort to correct the Ta* data
to the best of our ability, we have arbitrarily adjusted these data
using the x intercept calculated for the C¢H,* produced in this
reaction.

Discussion

Conservation of linear momentum provides a simple test of the
measured kinetic energy values. In the V2*-benzene system, the
kinetic energy determined for V*, 0.99 % 0.25 eV, indicates that
the kinetic energy of C¢H¢* should be 0.65 % 0.16 eV. While
the agreement between this value and the measured kinetic energy,
0.92 £ 0.25 eV, is not ideal, there is significant overlap between
the error limits of the two values, and the C¢Hg* kinetic energy
is lower than that of V*, as predicted. In the Ta*—benzene system,
the Ta* kinetic energy, 0.90 £ 0.25 eV, suggests a C;H¢* kinetic
energy of 2.09 % 0.58, in good agreement with the measured value
of 1.92 £ 0.25 eV.

There are a number of interesting features of the data sum-
marized in Table I. First, the kinetics studies show that each of
these charge-transfer reactions proceeds with relatively high ef-
ficiency. Second, the kinetic energy plots in each case are well
fit by a single kinetic energy value, suggesting that the reactions
deposit relatively narrow distributions of energy into the various
modes of the product ions. Gerlich has addressed the limitations
of the ICR method for kinetic energy analysis,’é and he suggests
that breaks in the kinetic energy plots that occur at high values
of V'/? may be fit by a wide range of kinetic energy release
distributions; however, our data were best fit by single values for
the kinetic energy.

In our original study of Nb?*-benzene charge-transfer dy-
namics, we addressed these observations by invoking a simple
curve-crossing model to describe the charge-transfer event. The
doubly charged ion and the neutral collision partner approach one
another on an ion-induced dipole potential curve, ~ag?/2, where
a is the polarizability of the neutral, g is the ionic charge, and
r is the separation of the two species. The singly charged products
of the charge-transfer reaction exit on a repulsive Coulombic
potential, g*/r. The energy difference between these two curves
at infinite distance defines the critical distance at which these
curves cross and electron transfer occurs.

This type of long-distance electron transfer might be expected
to proceed in a “resonant” fashion. In the case of a reaction
involving a singly charged ion and a neutral collision partner,
reaction 4, resonant charge transfer requires that B* possess an

A*+B— A + Bt 4)

excited electronic state with an energy relative to B that is nearly
equal to the recombination energy of A*. The resonance condition
in the single charge-transfer reaction between a doubly charged
ion and a neutral collision partner must also account for the
Coulombic repulsion associated with the two singly charged
product jons generated. So the reactions examined in this study
could be said to proceed in a resonant fashion if in fact C¢Hg*

(36) Gerlich, D. J. Chem. Phys. 1989, 90, 127.
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TABLE II: Benzene Cation Electronic Energies and Orbital
Assignments®

energy,? eV orbital energy,? eV orbital
0.00 ley 473 3ey,
2.28 3ey 5.61 1by,
3.13 132“ 6.21 2b,u

2See ref 6. PEach entry represents the difference between the ex-
perimental vertical ionization energies of the orbital in question and the
leig orbital, 1, - 1(leg,).

were produced in an excited electronic state with an energy relative
to thermal neutral benzene equal to the second ionization potential
of the group 5 transition metal in question less the kinetic energy
partitioned to the ionic products.

The measured kinetic energies of the Nb* and C4H¢* products
in that system indicate that 3.05 £ 0.50 eV is deposited in the
internal modes of these product ions during the charge-transfer
event. In terms of the resonant long-distance charge-transfer
model, this means that ~3 eV is deposited in the C;H* product
and relatively low internal energy Nb* is produced. Nb* supports
a significant density of low-lying electronic states,3? while there
are considerably fewer low-lying electronic states of CiHg*.¢ The
orbital assignments and associated energies determined from the
photoelectron spectrum of benzene are summarized in Table I
Of particular interest in this table is the la,, orbital at 3.13 eV
above the ground state of the benzene cation. By assuming that
this charge-transfer reaction proceeds via a simple curve crossing
at ~7.5 A to ionize the 1a,, orbital of benzene, the energy
partitioning results can be explained in terms of a resonant
long-distance electron transfer. This explanation is also appealing
in that significant excitation of Nb* would probably lead to broad
energy distributions given the dense manifold of states associated
with this ion, while production of electronically excited C4Hg*
would lead to a narrower distribution of energies. The Franck-
Condon envelope associated with this orbital shows significant
intensity over an energy range from about 2.6 to 3.6 eV relative
to the benzene cation ground state, and this range represents an
upper limit to the width of the energy distributions in this reaction
assuming this explanation of the energy partitioning is accurate.

The data for the V2*-benzene system provide additional support
for this simple model of the charge-transfer dynamics. The in-
ternal energy deposited in the product ions is 3.50 £ 0.50 eV, which
is essentially the same as that observed in the Nb?*-benzene
system, given the error limits, and is also consistent with production
of C¢Hg* in the excited electronic state arising from ionization
of the la,, orbital. The total kinetic energy released in the
V2*—benzene system implies a curve-crossing distance of ~7.9
A (Figure 7), which is very close to the 7.5-A value determined
for Nb?*—benzene. The uncertainty in the kinetic energy mea-
surements permits curve crossing as close as 6.4 A and as far away
as 10 A in this case. These distances make sense in terms of the
efficiency of the reaction and are consistent with the long-distance
electron-transfer model. So the results for the V*- and
Nb?*-benzene cases begin to suggest that the dynamics of the
single-charge-transfer reactions of group 5 transition-metal di-
cations with benzene are controlled by a resonance criterion
satisfied through ionization of the 1a,, orbital of benzene.

Qur experimental measurements of the energy partitioning in
the Ta?*~benzene system raise a number of interesting questions
and suggest a more complex picture. The first important ob-
servation is that while the charge-transfer reaction exothermicities
in the V2*-benzene (5.41 ¢V) and Nb2*-benzene (5.08 eV)
systems are approximately the same, the exothermicity in the
Ta?*-benzene case is significantly larger, 6.96 eV. Despite this
difference, the internal energy of the Ta* and C4H,* products,
4.14 £ 0.50 eV, is not that different from that observed in the
other two systems. In fact, considering the size of the error limits,
the internal energy may be the same in each case, ~3.5 eV.

A second important aspect of the data for this system becomes
evident when we recognize that the lowest energy dissociation
process for C¢H¢*, reaction 3, has an activation energy of ~3.8
eV.5 Given that the CjH¢* generated during the charge-transfer
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reaction with Ta?* is stored in the cell for up to 300 ms, it is
reasonable to expect that process 5 would be observed if this ion
were generated with 23.8-V internal energy. In fact, no C{Hs*
was observed, placing an upper limit on the energy deposited in
the C¢Hg* product during the course of the reaction. It is difficult
to unambiguously interpret this aspect of the data in light of the
large error limits on the internal energy of this system. At the
low extreme of the error limits, the internal energy of the system
is consistent with this limit, and all of this energy could conceivably
be partitioned to the C¢Hg* product. In fact, the 1a,, orbital of
benzene exhibits nonnegligible intensity to ~3.75 eV above the
ground state of the benzene cation, so the dynamics of the
Ta?*-benzene charge-transfer reaction are not in direct conflict
with the simple resonant long-distance electron-transfer model.
However, if the internal energy of this system is indeed on the
order of ~4 eV, the absence of C¢Hs* in our experiment would
indicate that the Ta* product is generated with some degree of
electronic excitation.

The curve-crossing distance calculated by using the simple
model based on the measured kinetic energy release in the
Ta2*-benzene system is ~5.7 A (Figure 8) but may be as close
as 5.0 A and as far away as 6.7 A, given the error limits on the
kinetic energy measurements. Once again, the spread in the
possible values complicates comparison with the other systems;
however, the distance in this system is not significantly different
from that of the other two group 5 systems.

A closer look at calculated curve-crossing distances for various
degrees of C¢Hg* internal excitation is instructive. For example,
given the simple model in which electronically excited C;Hg* and
an internally cold metal ion are formed, we have proposed that
ionization of benzene occurs via the la,, orbital. What if this
ionization were to occur via the 3e;, orbital, which lies 4.73 eV
above the benzene cation ground state? This process would require
the release of total kinetic energies of 0.68, 0.35, and 2.23 eV in
the V2*, Nb?*, and Ta?* cases, respectively. These kinetic energy
releases correspond to curve-crossing distances of approximately
22, 41, and 6.9 A; however, highly efficient charge-transfer re-
actions are expected to occur only when the species involved are
sufficiently close to experience extensive electronic overlap. In
fact, charge transfer is expected to proceed efficiently in the range
2-6 A.® On the basis of the curve-crossings distances required
for jonization of the 3e,, orbital, it is highly unlikely that V2* and
Nb2* will proceed via this pathway. The absence of C¢Hs* in
each of these systems is evidence that benzene is not ionized via
the 3e,, orbital, and yet the curve-crossing distance for this process
in the Ta?*-benzene case is only ~6.9 A, and it is not unrea-
sonable to expect the charge-transfer reaction to proceed via this
pathway. Clearly, this raises important questions about the validity
of the simple model and suggests that more complex dynamics,
especially involving excitation of the transition-metal product ion
are likely to be involved.

Conclusions

Our studies of energy partitioning in the single charge-transfer
reactions between M?* (M = V, Nb, Ta) and benzene are con-
sistent with a long-distance electron-transfer mechanism in which
the dynamics are dictated by ionization of benzene via the 1a,,
orbital. The mechanism and the curve-crossing distances predicted
by using a simple model on the basis of the observed kinetic
energies also explain the high efficiencies observed in the reaction
kinetics studies and the relatively narrow distributions of product
energies observed.

While our measurements clearly demonstrate that product ions
in these charge-transfer reactions possess significant kinetic en-
ergies, the semiquantitative values obtained limit our dynamical
insight and the sophistication of our model of these reactions.

(37) Lias, S. G.; Bartmess, J. E; Licbman, J. F,; Holmes, J. L.; Levin, R.
D.; Mallard, W. G. J. Phys. Chem. Ref. Data, Suppl. 1 1989, 6.
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Phys. 1980, B13, 2787.
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More complex dynamics in which electronically excited transi-
tion-metal product ions are generated in addition to excited C;H¢*
may be involved, and there is some evidence to suggest that this
is the case.

However, in a straightforward picture of the charge-transfer
event, the intense field associated with the doubly charged metal
ion is responsible for pulling an electron from the benzene neutral.
This process is quite similar to photoionization or field ionization
of benzene, so it is not unreasonable to expect that the electronic
structure of the nascent benzene ion will dictate the dynamics in
these thermal charge-transfer reactions. An ideal experiment for
interrogating the internal energy of the C4Hg* product based on
the sequential two-photon dissociation of the ion can be envi-
sioned.®® Fluence-dependence studies of the photodissociation
of the excited C¢Hq* generated in these charge-transfer reactions

(39) Freiser, B. S.; Beauchamp, J. L. Chem. Phys. Lett. 1975, 35, 35.

performed at a number of critical photon energies would clearly
establish the internal energy of the nascent product ion. Hopefully,
the interesting questions raised in this study will stimulate further
experimental and theoretical investigations of the chemistry of
multiply charged transition-metal ions.
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Activated dissociative chemisorption increases rapidly with the collision energy. For a given molecule and substrate, the
dissociation probability can be quite different for different faces of the crystal. It is shown that the optical model can account

qualitatively and quantitatively for these trends.

Introduction

In a seminar at UCLA in May 1990, R. B. Bernstein presented
a grand overview of the recent work!™ of his group on the
scattering of oriented molecules off graphite. In his talk and in
discussions Professor Bernstein emphasized the wealth of sys-
tematic trends that were uncovered in this work. It seemed to
him important that this data base serve not only as a reference
for high-quality computational studies but also as a testing ground
for models that could then be used to develop further under-
standing. Already during his visit to Jerusalem in May 1989
Professor Bernstein had started work on one such model, which
he subsequently published with S. Tonov.” His long-time interest
in intermolecular potentials and their systematics® made him also
search for an understanding of the distinct steric preferences
exhibited by different molecules as they approach a surface. The
initial concept?* that the relevant factor is the charge distribution
in the molecule has recently® been refined in his work with D. A,
Buckingham and others.

Since the early days of molecular reaction dynamics'?"'7 the
optical model!®!! has been used to advantage in gas-phase col-
lisions. In many ways the scattering of molecules off surfaces
provides a most natural application of the model. The reason being
the physical motivation provided by the optical potential model.
In principie, whenever some products of a collision do not exit
in the same channel as the reactants, one can introduce an optical
model. As in the original application in optics, the physical
interpretation is more obvious if the products are delayed (in time)
with respect to the scattered reactants. The scattering theoretic
model is thus most appropriate when it is possible to distinguish
between a prompt scattering process and one that is delayed.!!!®

Professor Bernstein repeatedly emphasized that a key experi-
mental observation in his scattering experiments off graphite is

YUCLA.
$The Hebrew University.

the separation of the scattered signal into two identifiable com-
ponents:>* A directly scattered signal with a fairly narrow angular
distribution and an essentially “cosine-law” distribution component.
The latter was attributed to molecules that were trapped at the
surface. Simulations!? show that the component of the molecular
momentum parallel to the surface may require a long time to be
fully accommodated. Even so, in the experiments of Bernstein
et al.>4 the resolution of the angular distribution into a direct and
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