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Complex formation, rearrangement, and reaction in PhOH ¿¿ND3:
Vibrational mode effects, recoil velocities, and ab initio studies

Richard J. Green, Ho-Tae Kim, Jun Qian, and Scott L. Anderson
Department of Chemistry, University of Utah, Salt Lake City, Utah 84112-0850

~Received 22 May 2000; accepted 16 June 2000!

Vibrationally mode-selected phenol cations~C6H5OH1 and C6D5OH1! were reacted with ND3 in a
guided-ion-beam instrument. Integral cross sections and recoil velocity distributions are reported as
a function of collision energy and vibrational state. Three reactions are observed. A small signal is
found for the @PhOH:ND3#

1 adduct at low total energies, indicating the formation of a very
long-lived complex. The major reaction is H/D exchange, generating PhOD11ND2H. Exchange is
;40% efficient at low energies, strongly inhibited by collision energy, and strongly enhanced by
excitation of PhOH1 vibrations. Recoil velocity distributions suggest that H/D exchange proceeds
through a statistical complex at all energies. A precursor complex is invoked to explain the energy
and vibrational state dependence. The endoergic proton transfer reaction is a minor channel at all
energies, with dynamics intermediate between the direct and complex limits. Quantum chemistry
and RRKM calculations are reported, providing an additional mechanistic insight. ©2000
American Institute of Physics.@S0021-9606~00!01634-2#
ol-
e

ing
i
i
it

re
in
ita

o
le

vi
s
n

ale
he
rin
e

n
n
sm

o
o

za
,
a

is
f

ha
th

cha-

vi-
r a
ems
to

to
.
ne
he
ees
x-
de-
on
is
g

dy-

ic
p a
ics

di-
od-
ect
be-
ely
ility

sed

-
l

I. INTRODUCTION

Reactions of even small polyatomic ions with small m
ecules can be rather complex, with multiple product chann
and multiple potential wells and transition states controll
motion on the potential energy surface. Because dynam
calculations on such complicated surfaces are generally
feasible, experimental tools must have sufficient sensitiv
to the important dynamical effects, but must also yield
sults that are interpretable. We have found that a comb
tion of measuring the effects of reactant vibrational exc
tion and collision energy, together with measurements
product recoil velocity distributions, provides considerab
insight into reaction mechanisms.1,2 Vibrational effects tend
to probe events early along the reaction coordinate, pro
ing insight into the nature of rate-limiting transition state
Varying collision energy allows us to vary the available e
ergy over a wide range, and also control collision time sc
Recoil velocity distributions probe collision time scales, t
degree of energy randomization, the preferred scatte
mechanisms, and the possible presence of barriers in the
channel. When combined with isotope labeling experime
andab initio calculations of complexes, transition states, a
unimolecular kinetics, a fairly complete reaction mechani
can be constructed.

Here we report a study of this type on the reaction
phenol cations with ammonia, where the vibrational state
PhOH1 is controlled using mass-analyzed threshold ioni
tion. This system is a prototypical acid–base combination
expected to form hydrogen-bonded complexes, and may
low formation of ring-coordination complexes as well. It
also considerably more complex than previous systems
which detailed vibrationally-mode-selected scattering
been reported. The exception is our recent study of
PhOH1 reaction with methylamine,3 although in that system
4150021-9606/2000/113(10)/4158/13/$17.00
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the chemistry is much simpler, and as a result, less me
nistic insight was obtained.

One purpose for this study was to see what sorts of
brational effects might be found in larger systems. Fo
number of reasons, we did not expect large effects. Probl
with IVR in the ionization process make it impossible
produce PhOH1 ~or any large cation?! with excitation in
high frequency vibrations. In particular, we are not able
produce PhOH1 with OH stretching or bending excitation
Here we report on the effect of two low-frequency in-pla
ring modes, neither of which is obviously coupled to t
reaction coordinate. For a system with 45 vibrational degr
of freedom, excitation of low frequency modes is not e
pected to have large effects, although even small mo
specific effects are very helpful in developing a reacti
mechanism.4–6 The biggest surprise in the present study
that large~factor of two! effects are observed, demonstratin
that even low frequency modes can strongly influence
namics.

By combining the experimental results with electron
structure and RRKM calculations, we are able to develo
detailed mechanism for how the scattering/reaction dynam
change with energy. At least two distinct types of interme
ate complexes are important in mediating reaction, and pr
uct branching is determined by competition between dir
reaction, trapping into complexes, and isomerization
tween complexes. The largest vibrational effect is tentativ
attributed to an enhancement of the isomerization probab
from ring-coordinated to hydrogen-bonded complexes.

II. EXPERIMENTAL METHODOLOGY

The guided-ion beam instrument and methodology u
in this study have been described previously.7,8 Vibrationally
state-selected beams of PhOH1 were prepared by mass
analyzed threshold ionization9 of a pulsed beam of pheno
8 © 2000 American Institute of Physics
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FIG. 1. Reaction coordinate diagram for PhOH11ND3. Except as indicated the energies are calculated from differences in MP2/6-31G* calculations. Some
results extracted from a series of QCISD~T!/6-31G* and G3 calculations are also shown. For proton transfer, we give our experimental endoergicit
heavy dot superimposed on the PhOH1 reactant structure shows the center of charge. The inset shows the extrema of vibrational trajectories for
vibrations excited.
pa

t
er
dy
ne

e
b

se
e
h
r

eg
c
9
uc

f t
c

de
D
n

cr

r
to
e

su
on

oint

ith

the
ve

is

p-

ws
he

rgy
o
ar-

m-
gu-

ral

ng
he
een
ec-
bon

pt
seeded in helium. Phenol was single-photon excited to a
ticular vibrational level of the1Lb(Sl) state, then excited by
a second laser to high Rydberg states converging on
same vibration in the cation. Both laser wavelengths w
generated using a single Nd:YAG laser to pump a pair of
lasers, using appropriate frequency up-conversion to ge
ate tunable UV.

Prompt ions created by REMPI, autoionization, or oth
processes were separated from the state-selected Ryd
molecules by a weak retarding field~;3 V/cm!. The Ryd-
berg molecules were then field-ionized by a 30 V/cm pul
creating a beam of state-selected reactant ions. The ion b
was injected into a quadrupole ion guide where time-of-flig
~TOF! gating was used to sharpen the temporal and ene
widths of the beam pulse. The pulse~;15 ms wide! was then
injected into a system of octapole ion guides. The first s
ment of the octapole guided the reactant ions through a s
tering cell containing ND3 ~Cambridge Isotope Labs, 9
at %!, where a small fraction of the ions could react. Prod
ions, together with unreacted PhOH1, were collected by the
ion guide and passed into a second, longer segment o
octapole guide system. Velocity distributions of both rea
tants and products were measured by TOF in the gui
Finally, the ions were mass-analyzed and detected. N3

pressure was adjusted to maintain single collision conditio
as shown by pressure-independence of the measured
sections and branching ratios.

III. RESULTS

A series ofab initio calculations10 on this system were
reported in our paper on the energetics of proton transfe
PhOH11ND3.

11 Those results are summarized in Fig. 1,
gether with additional calculations on non-hydrogen-bond
complexes. For the hydrogen-bonded complexes, our re
are generally in good agreement with the MP2 calculati
of Yi et al.12 For the proton transfer~PT! reaction we give
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our experimental value for the PT endoergicity.11 For the
H/D exchange reaction the exoergicity is based on zero p
calculations at the MP2/6-31G* level. A number of com-
plexes were located, and geometries were optimized w
both MP2/6-31G* and B3LYP/6-31G* theories, with similar
structures resulting. Single point QCISD~T!/6-31G* calcula-
tions were done at both MP2 and B3LYP geometries, and
QCISD~T! results shown are for whichever geometry ga
the lowest energy. All energetics include scaled13 zero point
energy corrections appropriate to@PhOH–ND3#1. The tran-
sition state for intracomplex proton transfer~TS1! was opti-
mized at both B3LYP and MP2 levels. With B3LYP, there
no barrier to the@PhOH–ND3#1→@PhO–HND3#1 transfor-
mation. At the MP2 level there is a small barrier that disa
pears when zero-point energy is included. A QCISD~T!
single point at the MP2-optimized TS1 structure also sho
no signs of a barrier when zero-point energy corrected. T
other important transition state found is theC2v structure,
TS2. This, as far as we can determine, is the lowest ene
TS for H/D exchange, and is probably rate-limiting. T
check that multiple configurations were not a problem, p
ticularly at transition structures, CASSCF~3,6!/6-31G*
single points were performed for the hydrogen-bonded co
plexes and transition structures. The Hartree–Fock confi
ration was found to account for.97% of the active space.

In addition to the hydrogen-bonded complexes, seve
non-hydrogen-bonded complexes were found~A–C in Fig.
1!. The two most stable~B and C! have ND3 oriented so that
the nitrogen lone pair is perpendicular to the phenyl ri
plane, directed approximately toward the midpoint of t
ortho or para CH bonds, with the closest approach betw
ND3 and PhOH moieties being 2.29 Å and 2.39 Å, resp
tively, for the ortho and para complexes. The affected car
atom is slightly displaced from the ring plane toward ND3,
and the hydrogen atom is displaced away from ND3. Com-
plex A is similar to the ortho coordination complex, exce
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4160 J. Chem. Phys., Vol. 113, No. 10, 8 September 2000 Green et al.
that the D3N–C distance has decreased to 1.56 Å, cor
sponding to a covalent bond, and the H atom attached to
ortho carbon is shifted so that the CH bond angle with
spect to the ring plane is 46°. The binding energy in t
covalently bound complex is substantially weaker than in
coordination complexes. Because these complexes are
slow to optimize, we have not attempted a complete sea
nor have we attempted to find transition states for interc
version.

To give some idea of the types of vibrational motio
probed, the inset to Fig. 1 shows superimposed extrema
the vibrational trajectories of the two modes excited. T
experimental frequencies for the two modes are 516 cm21

and 815 cm21, respectively. The normal modes for PhOH1

were calculated with Hartree–Fock, MP2 and B3LYP w
varying basis sets. B3LYP/6-3111G** gave the best match
with the experimental frequencies~526 vs 516 and 818 vs
815 cm21!, and normal modes from that calculation are pl
ted, using gOpenMol to visualize the vibrations.14 The
modes are assigned as thex-sensitive v6a and v12

vibrations.15 Note that neither mode involves OH stretchin
v6a involves collective motion of the COH moiety, with little
change in CO bond length or COH bond angle.v12 also
preserves the COH angle, but has significant CO stretch
character.

Finally, calculations of atom charges and the center-
charge for the PhOH1 reactant where carried out using th
CHelpG scheme16 at the MP2/6-31G* level. CHelpG calcu-
lations were done both for the equilibrium geometry and
PhOH1 distorted along the vibrational normal coordinate

FIG. 2. Data Points: Measured cross sections for reaction of ground
PhOH1 with ND3. Solid curve: Estimated efficiency for the H/D exchan
reaction.
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The center-of-charge is located near the center of the ph
ring, as indicated by a heavy dot plotted on the react
PhOH1 structure in Fig. 1.

A. Integral cross sections

The absolute cross sections for reaction of C6H5OH1

with ND3 are shown in Fig. 2. The dominant channel at lo
energies is production of PhOD1, via isotope exchange. Also
shown as a solid curve is the percent efficiency of the H
exchange reaction, i.e., the ratio of the experimental cr
section to the collision cross section. The collision cross s
tion is taken as the greater of the capture cross section o
hard sphere cross section~;63 Å2!. The capture cross sec
tion is estimated using the statistical adiabatic channel mo
of Troe.17 The efficiency is around 40% at low collisio
energy, but drops rapidly to less than a few percent abov
eV. The hard sphere cross section was estimated using
calculated geometries for PhOH2 and ND3, with appropriate
angle averaging.

Proton transfer is a minor channel with a clear thresh
and best-fit endoergicity of;0.195 eV.1 Even at collision
energies well above the endoergicity, proton transfer occ
in no more than a few percent of collisions.

A minor, but mechanistically important product is th
collision adduct@PhOH–ND3#2. The cross section in this
case is really an effective cross section for forming, th
detecting the adduct. The significant cross section imp
that the adduct lifetime is long enough that some fract
survives to be detected. The adducts have a well defi
velocity ~VCM , the velocity of the center of mass relative
the lab! and thus, a well defined flight time to the detect
~;1 ms!. Either the adduct lifetime is long enough to allo
some survival probability, or survival is enhanced via rad
tive or collisional stabilization. The spontaneous IR emiss
timescale is almost certainly too long to allow significa
radiative cooling during the 1 ms flight time. At the scatte
ing cell pressures used, however, the time between collis
is ;300 ms, thus collisional stabilization is possible. Not

te

FIG. 3. Time of flight for PhOH1 ions with scattering cell filled or empty of
ND3, showing inelastic scattering.
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however, that the average time spent in the cell is only;100
ms, thus only a fraction of the adduct products experienc
secondary collision, regardless of lifetime. In any case, i
clear that adducts must form with reasonable efficiency
low energy PhOH1–ND3 collisions, and that their lifetimes
must be in the tens of microseconds range. As expected
effective cross section for detecting the adduct declines
idly with increasing collision energy as the lifetime dro
below the range where survival or stabilization are possi

The final cross section shown is for a particular subse
non-reactive scattering events. This cross section has
estimated by examining the effects of scattering on the
locity distributions of the PhOH1 primary ions. With the
scattering cell empty, the PhOH1 beam has a sharp velocit
distribution. When filled, the sharp peak in the distribution
attenuated by a combination of reactive and nonreactive s
tering. The reactive scattering results in net loss of sig
from the primary beam TOF spectrum. Non-reactive scat
ing results in appearance of a distribution of slower ions,
shown in Fig. 3, which gives typical PhOH1 velocity distri-
butions recorded with and without ND3. We are interested in
that fraction of collisions that form a collision complex, b
then decay back to reactants. In such collisions, low re
velocities are expected, thus to capture these events we
grate the nonreactive signal only over the velocity range n
VCM .

Figure 4 compares the cross sections for reaction
d5-PhOH1~C6D5OH1! with those forh6-PhOH1 over the
low collision energy range where they differ significantl
There are several points of interest. There is no ND4

1 product
detected, nor do we observe the decrease in the H/D
change cross section that would be expected if the ring
drogen atoms were involved in the atom exchange proc

FIG. 4. Comparison of cross sections for reaction of ground state C6H5OH1

and C6D5OH1 with ND3.
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Lack of activity for the ring hydrogen atoms is expecte
they are substantially more strongly bound.11 The other ma-
jor point is that in the energy range below;0.2 eV, the
d5-PhOH1 cross sections are uniformly higher than t
equivalenth6-PhOH1 values. The difference is largest fo
the adduct channel, where the effective cross section
creases by a factor of;4 upon deuteration of the ring. Th
H/D exchange cross section increases by a factor of;2, and
the proton transfer cross section increases by a facto
;2.5.

Figure 5 shows the effects of PhOH1 vibration on the
cross sections. Note that the cross sections are plotted
different energy ranges and are plotted as a function of t
energy~collision plus vibrational energy! in order to allow
direct comparison of the effects of vibration and collisio
energy. The effective cross section for adduct formati
survival ~bottom frame! appears to vary primarily with tota
energy. The H/D exchange reaction is strongly inhibited

FIG. 5. Cross sections for reaction of PhOH1 in different vibrational states
with ND3, plotted as a function of total energy (5collision1vibration).
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collision energy but strongly enhanced by bothv6a andv12

vibrations. The enhancement is slightly greater on a per
ergy basis forv12 than forv6a , and neither vibration has
significant effect at energies above;0.5 eV. For the endo-
ergic proton transfer reaction, both vibration and collisi
energy provide similar enhancements in the threshold en
range, but there is a weak, but reproducible, vibrational
hibition at high energies.

B. Product velocity distributions

Time of flight ~TOF! was used to record axial velocit
distributions for reactants and products, as descri

FIG. 6. Axial lab frame velocity distributions for the PhOD1 product from
H/D exchange at three collision energies.VCM is the velocity of the center-
of-mass frame in the lab.
n-

gy
-

d

previously.7 Axial velocity distributions are simply the pro
jection of the full velocity distribution on the octapole guid
axis, which is co-axial with the average relative velocity ve
tor (^v rel&) and the averageVCM . Two pieces of information
can be read directly from the distributions. If reaction pr
ceeds via a collision intermediate with lifetime long com
pared to its rotational period, the resulting axial velocity d
tributions must be forward–backward symmetric aboutVCM

~forward is defined as faster thanVCM!. Conversely, an
asymmetric distribution implies a direct reaction where t
collision time is short. The maximum deviation of the axi
velocity distribution fromVCM is a measure of the maximum
energy going into recoil of the products. One caveat is t
the apparent velocities of product ions with low lab energ
are easily distorted by surface potentials on the octapole.
this reason, the reported distributions are truncated at vel
ties corresponding to;100 meV.

FIG. 7. Axial lab frame velocity distributions for the ND3H
1 product from

proton transfer at four collision energies.VCM is the velocity of the center-
of-mass frame in the lab.
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Axial velocity distributions for the H/D exchange prod
uct from reaction of ground state PhOH1 at selected energie
are shown in Fig. 6. At all collision energies (Ecol) the dis-
tributions are symmetric aboutVCM , within experimental er-
ror, but the width of the distributions increases with incre
ing energy. Results for the proton transfer reaction are gi
in Fig. 7. For PT, the distributions are noisy because of
small cross section, but appear forward–backward symm
ric for energies up to about 1 eV, then distinctly backwa
peaked at higher energies. The width of the distributions
creases substantially with collision energy. Distributio
were measured for reaction of vibrationally excited PhO1

as well, but are not plotted as they do not differ significan
from those for the ground state. Negligible vibrational effe
on recoil velocities is typical of systems we have studied4–8

Recoil behavior is most sensitive to dynamics late in
collision, by which time the reactant vibration excitation
scrambled. The energy contributed by reactant vibration
simply too small to significantly affect recoil.

The osculating complex model of Fisket al.18 was de-
veloped to treat angular distributions in the transition b
tween direct and complex-mediated mechanisms. By fitt
the experimental distributions to this model, we can corr
for experimental broadening factors~reactant velocity distri-
butions! and extract estimates for both collision time and t
Erecoil distribution.7 The model assumes that reaction is m
diated by a complex that decomposes to products unimol
larly with lifetime, tcomplex. The complex also rotates, wit
classical period,t rot determined by its moment of inertia an
the available angular momentum~L!. t rot is calculated using
moments of inertia from theab initio calculations, andLavg,
corresponding to the average impact parameter leadin
capture, estimated using the statistical adiabatic cha
theory.17 For the PhOH1–ND3 system,t rot drops smoothly
from ;4.4 ps atEcollision50.1 eV to ;1.8 ps at 2 eV. As
tcomplex drops below;0.5t rot , the velocity distributions be-
come progressively asymmetric, providing a signature
decreasing collision time. In our fitting, theP(Erecoil) distri-
bution is assumed to be a Gaussian, peaking atf peak•Eavail

with width5 f width /Eavail,

P~Erecoil!5expF2S f width•@Erecoil2 f peak•Eavail#

Eavail
D 2G .

TABLE I. Summary of recoil velocity distribution fits.

Reaction
Collision

energy~eV!
Lavg

~\! tcomplex

^Erecoil&
~eV! ^Erecoil&/^Eavail&

H/D
Exchange 0.12 133 .2.2 ps ,0.01 ;6%

0.22 146 .2.5 ps ,0.03 ;11%
0.50 170 .1.8 ps 0.15 ;27%
1.01 196 .1.5 ps 0.32 ;30%
1.52 214 .1.4 ps 0.49 ;31%

Proton
Transfer 0.50 170 .1.8 ps 0.17 43%

1.01 196 .1.5 ps 0.33 38%
1.52 214 300 fs 0.51 37%
-
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Eavail is the total available energy in the products, i.e., t
sum of Ecollision, the reaction exoergicity and the reacta
vibrational and rotational energies.Evibration depends on the
state selected, andErotation is a thermal distribution at the
scattering cell temperature~;350 K!. The model depends on
only three parameters (tcomplex, f width , f peak), all of which are
physically significant. Fitting is done with a Monte Car
simulation of the experiment, discussed previously.7

The results of osculating complex fits to the veloc
distributions are given in Table I. Note that for the H/
exchange channel, the kinematics are such that the tota
coil velocity is partitioned primarily to the light neutral prod
uct, rather than the detected ion. As a result, the velo
resolution is poor, particularly at low collision energie
where much of the width of the distribution results from io
beam and target velocity distributions. The average re
energy (̂ Erecoil&) extracted from the modeling has high u
certainty, as does the fraction of available energy going i
recoil (^Erecoil&/^Eavail&). At low collision energies we can
only say that the fraction of available energy going to rec
is small, but there appears to be a significant increase a
highest energies.

For the proton transfer reaction, the kinematics are m
favorable, and there are several significant differences c
pared to the H/D exchange channel. First, it is obvious tha
high energies, the PT products are backward peaked
respect toVCM , indicating dominance of a direct reactio
mechanism, i.e., a collision time short compared tot rot . At
lower energies the distributions are forward–backward sy
metric, however, the fraction of available energy appear
in recoil (^Erecoil&/^Eavail&) remains large.

IV. DISCUSSION

A. Adduct

The first question to address is whether observation
the collision adduct is consistent with theab initio energet-
ics. As noted, this observation implies that some fraction
the adducts must survive to be detected or collisionally s
bilized, in either case implying a lifetime in the tens of m
croseconds range, at least. We have estimated the lifetim
a function of energy using the RRKM program of Zhu a
Hase,19 using its direct state count algorithm, scaled13 fre-
quencies from our MP2 calculations, and our QCISD~T! en-
ergetics. The results are summarized in Table II. Lifetim

TABLE II. Collision time scales.

Collision
energy

Hydrogen-bonded
RRKMa

Para-ring-bonded
RRKMa

Direct collision
timeb

0.1 eV 4ms 2 ns 0.46 ps
0.5 eV 1 ns 1.3 ps 0.21 ps
0.8 eV 70 ps 0.16 ps 0.16 ps
1.0 eV 20 ps ,100 fsc 0.15 ps
1.5 eV 1.6 ps ,100 fsc 0.12 ps
2.0 eV 0.3 ps ,100 fsc 0.10 ps

aFor L5Lavg.
bTime for reactants to traverse 5 Å.
cLifetime below limit where RRKM is expected to be valid.
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are reported for complexes with the average angular mom
tum for capture (Lavg). For comparison purposes we ha
calculated lifetimes for the most stable hydrogen-bonded
non-hydrogen-bonded geometries~@PhO–ND3H#1 and com-
plex C, Fig. 1, respectively!. For the hydrogen-bonded com
plex, all three exit channels are included: PhOH11ND3,
PhOD11ND2H, and PhO1ND3H

1. Note that the branching
to the endoergic proton transfer products (PhO1ND3H

1) is
less than a few percent over the energy range of interest.
details of the non-hydrogen-bonded calculation are given
the next section.

Only the hydrogen-bonded complex is stable enough
account for the observed adduct. For our lowest collis
energy~0.05 eV!, the lifetime for a complex withLavg is 18
ms, dropping rapidly for increasing collision energy. In com
paring with experiment, it is important to note that there i
distribution of collision energies at each experimental
ergy, resulting from ion beam energy spread and target
tion. The standard deviation of theEcollision distribution at
low collision energies is;0.1 eV. At nominal energies o
0.05 and 0.1 eV, therefore, a significant fraction of collisio
are at very low energies, resulting in complexes with
long lifetimes required for direct detection or collisional st
bilization. For higher energies, the fraction of collisions w
energies low enough to result in detectable adducts d
rapidly.

The other interesting observation along these lines is
the effective cross section for adduct formation/detection
creases by a factor of about 4 in reaction tod5-PhOH1. This
enhancement also appears to be consistent with the RR
modeling, where it is found that because of a higher den
of states in the complex, the lifetime of@d5-PhOH–ND3#1

adducts are 6–8 times longer than those
@h6-PhOH–ND3#1 at the same energy.

In principle, we could use a RRKM-based fit to the a
duct cross section to provide an experimental value for
adduct binding energy. We have not done this because t
are too many uncertainties, including the adduct format
cross section~and its dependence onEcollision and L! and the
detailed experimental collision energy distribution at ve
low nominal energies. Nonetheless, it is clear that the add
binding energy must be close to the QCISD~T! result ~1.45
eV! for the hydrogen-bonded complex. For example, if
assume a binding energy equal to the MP2/6-31G* value
~1.24 eV!, the RRKM lifetimes are about 12 times shorte
and we would not detect significant adduct signal. Co
versely, significantly stronger binding would result in dete
tion of adducts at energies higher than observed. In any c
it is clear that the non-hydrogen-bonded complexes~A–C in
Fig. 1!, are not nearly stable enough to account for the
duct signal.

B. HÕD exchange mechanism

H/D exchange, because it requires at least two bond
break and reform, almost certainly requires a long-lived c
lision complex. The fact that the axial velocity distribution
are forward–backward symmetric at all energies is consis
with this requirement, as is the observation that the fract
of available energy appearing as recoil energy of the pr
n-
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ucts is small. Other observations that must be accounted
are the observed strong inhibition by collision energy, t
enhancement produced by vibrational excitation, and the
hancement from ring-deuteration.

A plausible low energy reaction path, based on our
initio calculations, is shown in Fig. 1. Reactants can form
hydrogen-bonded@PhOH–ND3#1 complex, and there is
clearly no barrier to this association process, as shown
observation of the hydrogen-bonded adduct at low energ
In this complex, the available internal energy (5Ecollision

1Evibration1Erotation1well depth) is far in excess of the ba
rier ~if any! to intracomplex proton transfer~TS1!, and this
transition state is relatively loose. It is reasonable to c
clude, therefore, that isomerization between t
@PhOH–ND3#1 and@PhO–HND3#1 forms of the complex is
rapid compared to the long complex lifetime, and that mu
of the time is spent in the energetically more-favorab
@PhO–HND3#1 configuration. While in this configuration, i
is possible for the NHD3 moiety to flip through TS2, thus
accomplishing H/D exchange. Following exchange, the ra
intracomplex proton~deuteron! transfer process will estab
lish a population of@PhOD–ND2H#1, and if the complex
dissociates while in the@PhOD–ND2H#1 form, H/D ex-
change products result. Note that in this mechanism, ther
no exchange of phenyl ring H atoms, in agreement with
periment.

In this mechanism, the degree of isotope scrambling
determined by the rate of passage through TS2 relative to
lifetime of the complex with respect to dissociation. RRK
analysis indicates that at our lowest collision energies,
TS2 passage rate is in the 1011s21 range, compared to com
plex lifetimes in the microsecond range. At low collisio
energies, then, complete scrambling is expected. The di
ciation rate of the complex increases more rapidly with
creasing energy than the TS2 passage rate, however, so
at energies above;1.3 eV scrambling should become in
creasingly incomplete~the dissociation and TS2 passa
rates are equal atEcol'1.8 eV!.

Because the group of scrambled atoms includes on
and three D atoms, the observed H/D exchange cross se
should be;75% of the cross section for formation of th
hydrogen-bonded complex, at least forEcol,;1.3 eV. Ac-
tually, because zero point energy favors PhOD11ND2H by
;7 meV ~Fig. 1!, RRKM analysis predicts that H/D ex
change should occur in 76%–85% of collisions in which t
hydrogen-bonded complex is formed~the higher probability
being at low energies!. In Fig. 2 we plot the efficiency of
H/D exchange as a fraction of total collision
(sexchange/scollision). At Ecollision50.2 eV the efficiency is
about 40%, dropping to, 1% at high energies. Given tha
the branching out of the hydrogen-bonded complex sho
give ;80% H/D exchange, 40% net H/D exchange ef
ciency implies that such complexes form in only about 50
of collisions at low energies, and that hydrogen-bonded co
plex formation is strongly inhibited by collision energy.

For d5-PhOH1, the H/D exchange cross section
nearly doubled at low collision energies~Fig. 4!. As noted
above, ring deuteration does increase the lifetime of
hydrogen-bonded complex, however, this effect cannot
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plain the doubling because even forh6-PhOH1, the
hydrogen-bonded complexes live far longer than required
H/D scrambling at low energies. The conclusion is that rin
deuteration nearly doubles, to;100%, the probability for
forming the hydrogen-bonded complex in low energy co
sions. Similarly, excitation of thev6a andv12 PhOH1, vibra-
tions leads to a substantial increase in H/D exchange. In
case it is clear that the enhancement must result from
creased efficiency of forming the hydrogen-bonded comp
rather than some effect of vibration on the chemistry follo
ing complex formation. This conclusion rests on the idea t
energy is rapidly randomized in such strongly bound co
plexes. In order for vibration and collision energy to ha
opposite effects, the rate-limiting step must occur prior
complex formation.

To account for these effects we propose a precu
complex mechanism, in which H/D exchange occurs via t
pathways. At all energies, collisions in ‘‘ND3 on hydroxyl’’
geometries can access the hydrogen-bonded compl
needed for H/D exchange. Given both the shape and ce
of-charge~Fig. 1! of PhOH1, it is clear, however, that mos
collisions are in ‘‘ND3 on ring’’ geometries. We propose tha
at low collision energies, these ‘‘ND3 on ring’’ collisions
have high probability for trapping into ring-bound, precurs
complexes~Fig. 1, A–C!, with the subsequent possibility o
transition to the reactive hydrogen-bonded geometry.

For H/D exchange to occur in collisions that initial
form ring-coordinated complexes, there must be a transi
to the hydrogen-bonded geometry. The barrier, or barri
separating ring-bound and hydrogen-bonded geometries
therefore, important. Unfortunately, the system is far t
complex to allow detailed characterization of the isomeri
tion reaction coordinate. The rate-limiting barrier must
between the ortho ring complex and the hydrogen-bon
geometry, i.e., probably at geometries where ND3 is interact-
ing with the hydroxyl oxygen or ipso carbon~the atom to
which OH is attached!. To give a crude idea of the interac
tions experienced in such geometries, Table III, summar
a series of single point MP2/6-31G* calculations in which
ND3 was positioned in various orientations with respect
PhOH1 at intermolecular separations of either 2 or 2.3
Note that 2.3 Å is approximately the equilibrium inte
molecular separation in the ring-bound complexes~B and C,
Fig. 1!. In these calculations, the PhOH1 and ND3 substruc-

TABLE III. Single point energies for various ND3–hydroxyl orientations.

Geometry

Energy with respect to reactants

2 Å separation 2.3 Å separation

LP over H 0.23 0.04
LP over O 1.69 0.50
LP over C 0.64 0.11
Flipped over H 0.80 0.58
Flipped over O 1.68 1.03
Flipped over C 1.31 0.70
Out-of-plane NH–O 0.34 0.32
In-plane NH–O 0.39 0.28
Stretch 20.92 20.64
Rotate 35° 20.62 20.52
r
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tures were frozen in the geometries found in t
@PhOH–ND3#

1 hydrogen-bonded complex.
The first three geometries in the table have ND3 posi-

tioned with its symmetry axis perpendicular to the PhO
plane, with the N atom 2 or 2.3 Å from the plane, and w
its lone pair pointing at the hydroxyl H, O, or ipso-C atom
~‘‘LP over H,’’ etc.!. The ‘‘flipped over,’’ geometries are
identical to the ‘‘LP over’’ geometries, except that the ND3

is inverted. The in and out-of-plane ‘‘NH–O’’ geometrie
have the potential for ND–O hydrogen bonding, i.e., one N
bond in ND3 is directed at the hydroxyl O atom, either in o
perpendicular to the PhOH plane. Note that all geomet
are repulsive with respect to reactants. For comparison,
final two structures are in the near-linear (PhOH–ND3)
hydrogen-bonded geometry, but with the intermolecu
separation stretched or stretched with the ND3 rotated such
that its symmetry axis is at 35° to the hydrogen bond ax
Note that these distorted hydrogen-bonded structures ar
tractive with respect to reactants.

Obviously, these frozen geometry calculations give o
a crude picture of the potential. In particular, it is expect
that the energy of the ‘‘LP over O’’ and ‘‘LP over H’’ ge-
ometries should be greatly lowered by allowing the hydro
H to relax into a position in between the nitrogen and oxyg
atoms, developing some hydrogen bond character. For
ample, in the LP over O geometry, moving the hydroxyl
atom in between the O and N lowers the energy by at le
0.32 eV, although at that point the geometry is still repuls
with respect to reactants. It is less likely that hydroxyl g
ometry relaxation can significantly lower the energy in ND3

on ipso C interactions. Clearly some of these geomet
must become weakly attractive at larger ND3–PhOH1 sepa-
rations, but at long range the attraction is necessarily we
The tentative conclusion from these calculations is that th
is a significant barrier or barriers separating the ring-bou
and hydrogen-bonded geometries.

With this scenario in mind, it is not surprising that H/
exchange should be so strongly inhibited by collision ene
~a factor of 100 inhibition from a factor of 10 increase
Ecollision!. Exchange requires a hydrogen-bonded comp
that survives long enough for the necessary rearrangem
At high energies, such complexes presumably form only
the small fraction of collisions where the approach geome
is near-optimal, and even then the lifetime is too short~Table
II ! to result in efficient H/D scrambling. The short comple
lifetime presumably also accounts for the observed, inco
plete energy randomization. As collision energy is reduc
the first significant effects are probably that direct trapp
into the hydrogen-bonded complex becomes more effici
and that the complex lifetime increases, both factors enha
ing the net H/D efficiency. At lower energies an increasi
fraction of the H/D exchange signal arises from collisio
that trap into ring-bound ‘‘precursor’’ complexes, and su
sequently isomerize into hydrogen-bonded complexes wh
exchange can occur. In this mechanism, the net H/D
change efficiency at low collision energies might be limit
either by the efficiency with which ring-bound complex
form, or by the probability for transition from ring-bound t
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hydrogen-bonded geometries, or by some combination of
two factors.

Given that the binding energies of the ring-bound co
plexes are more than a factor of 15 times our lowest collis
energy, and that there are ten vibrations of the complex
low 500 cm21, intuition suggests that trapping into rin
bonded complexes should be quite efficient at low energ
In that case, the;50% net reaction efficiency~some attrib-
utable to direct ‘‘ND3 on hydroxyl’’ collisions! would have
to be attributed to inefficient isomerization from ring
hydrogen-bonded complexes. In the statistical limit,
isomerization efficiency would be determined by the relat
rates of isomerization and dissociation back to reacta
While we have no details about the isomerization transit
state ~or states!, it is clear that this TS must be lower i
energy and somewhat tighter than the orbiting transition s
for dissociation of the complex. In that case, we expect t
isomerization would be favored at low energies, with t
fraction dissociating back to reactants increasing with
ergy. The predicted trend is, at least qualitatively, consis
with the experimental energy dependence.

For reference, the lifetime of the most strongly bound
the ring complexes~C in Fig. 1! ranges from;2 ns for
Ecollision50.1 eV, to less than 100 fs atEcollision.1 eV ~Table
II !. Note that these lifetimes neglect both interconvers
between ring-bound complexes, and isomerization to
hydrogen-bonded geometry~and on to products!. Intercon-
version will tend to lengthen the lifetime of the precursor~s!
by pooling their density of states, but the effect should be
more than a factor of 2 because the para complex is the m
stable of the ring-bound set. Isomerization to the hydrog
bounded geometry will tend shorten the precursor lifetime
providing an additional decay channel, but this effect w
also be at most a factor of 2, as the total efficiency
hydrogen-bonded complex formation is<50%.

Having isomerization as the rate-limiting step can a
rationalize the substantial increase in low-energy H/D
change efficiency upon ring-deuteration. Deuteration
creases the density of states in the ring-bound complex
factor ranging from 3.8 to 5 for collision energies from 0.1
0.5 eV. Because the affected vibrations are less active in
orbiting TS for dissociation, the sum of states at the TS
creases by only a factor of 2%–30% over the same ene
range, resulting in a net increase in lifetime by a factor
;3.6, approximately independent ofEcollision. Because the
TS for isomerization is lower in energy than the orbiting T
for dissociation, ring deuteration should have a larger eff
on the sum of states controlling isomerization. In that ca
we would expect ring deuteration to enhance the probab
for isomerization from ring to hydrogen-bonded complex
consistent with observation.

The substantial vibrational enhancement of H/D e
change is not easily explained within a purely statisti
mechanism. By invoking coupling of vibration to the rea
tion coordinate at the TS for isomerization, it is possible
rationalize the enhancement. Vibrational effects are d
cussed in the final section, below.

The alternative is to propose that the rate-limiting fac
is the efficiency with which the ring-bound complexes for
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and that this efficiency is strongly inhibited by collision e
ergy, and strongly enhanced by ring deuteration and vib
tion. Certainly, collision energy is expected to inhibit form
tion of the weakly bound complexes, though it is uncle
whether the collision energy effect could be as strong a
observed. It also seems reasonable that ring deutera
should increase complex formation efficiency, by increas
the density of states in the complex. The higher density
states will tend to facilitate the collision-to-vibrational e
ergy conversion required to form the complex.~As already
noted, deuteration certainly increases the complex lifetim
as well.! Without detailed information about the collisio
dynamics, it is unclear whether this deuteration effect co
be large enough to account for the near doubling of H
exchange efficiency at low energies.

Finally, it is not obvious how one might account for th
vibrational enhancement if the rate-limiting step were co
plex formation. Note that the vibrational effect is larg
enough that even at fixed collision energy, there is a subs
tial ~factor of 2! increase in H/D exchange as energy is add
in the form of vibration. Absent any dynamical effects, a
ditional energy in the reactants would be expected to
crease complex formation.

Regardless of what factors control the contribution
precursor complexes to the H/D exchange mechanism
some energy, the precursor is expected to become mech
tically insignificant. One crude measure of the significance
a complex is its lifetime, compared to some characteris
time associated with a direct collision~e.g., stripping or fast
rebound collisions!. In Table II, we compare complex life
times and the direct collision time, taken arbitrarily as t
time required for relative motion by 5 Å. Note that th
hydrogen-bonded complex lifetime is substantially grea
than the direct collision time over most of the collision e
ergy range where H/D exchange is significant. By this m
sure, the precursor complex is mechanistically significan
collision energies below;0.8 eV. In particular, at low col-
lision energies, formation of the precursor increases the
lision time by orders of magnitude compared to a direct c
lision.

The precursor mechanism is also consistent with the s
stantial cross section observed for deeply inelastic, nonre
tive scattering~Fig. 2!, producing PhOH1 with velocities
near VCM . There are three contributions to this signal. A
noted, there is a;20% branching ratio for decay of th
hydrogen-bonded complex back to reactants. This mec
nism accounts for a substantial fraction~;65%! of the non-
reactive signal at the lowest collision energies, but by 0.5
formation of hydrogen-bonded complexes is inefficient~see
above! and this channel accounts for less than 2% of
nonreactive signal. The major contribution over most of t
experimental energy range will be collisions in th
ND3-on-phenyl-ring geometry, and at low collision energie
many of these collisions will result in precursor compl
formation. The nanosecond to picosecond lifetimes cal
lated for the precursor atEcollision<0.6 eV are certainly suf-
ficient to result in substantial collision-to-internal ener
conversion, producing slow products with lab velocities ne
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VCM . At high collision energies, slow products must res
from highly inelastic, but direct collisions.

C. Proton transfer mechanism

As discussed elsewhere,11 proton transfer~PT! was
found to be endoergic, and as a consequence, is a m
product at low collision energies. We found that it was po
sible to fit the threshold behavior of the PT channel us
either a line-of-centers model fit to the cross section, o
RRKM-based simulation of the branching fraction for P
products in dissociation of the hydrogen-bonded comp
These two fitting strategies are appropriate in oppo
mechanistic limits. The line-of-centers model fit is pred
cated on the notion that reaction occurs in direct collisio
where the endoergicity is overcome by impulsive ene
transfer. The RRKM branching model is appropriate fo
mechanism where PT is simply one channel for decay o
statistical hydrogen-bonded complex. Both models lead
the same endoergicity (0.1960.04 eV). Our experimen
leads to a neutral phenol OH bond energy that is wit
experimental error of the recent value from Ervin a
co-workers20 based on negative ion chemistry, but signi
cantly larger than the earlier literature value.21

The congruence of the two limiting-case models rai
the question of where the PT mechanism lies on the dir
statistical continuum, and how it relates to the mechan
for H/D exchange. Experiments withd5-PhOH indicate that
only the hydroxyl proton is involved in either PT or H/D
exchange. Because the hydroxyl proton is transferred,
there is a deep potential well for the hydrogen-bonded co
plex, one might think that most PT products form via a lon
lived intermediate, at least at low collision energies. Figur
and Table I summarize the recoil velocity results for the
product. Table II summarizes direct collision times a
RRKM lifetimes for hydrogen-bonded and nonhydroge
bonded complexes.

At Ecollision51.5 eV, the velocity distribution is back
ward peaked, indicating a collision time shorter than;0.3
ps. While longer than the direct collision time at this ener
0.3 ps is substantially shorter than the lifetime for t
hydrogen-bonded complex, indicating that most PT produ
do not result from breakup of a statistical, hydrogen-bond
complex. Further evidence for the nonstatistical nature of
PT channel comes from the recoil energy distribution.
Ecollision51.5 eV, the fraction of available energy appeari
as recoil,̂ Erecoil&/^Eavail&, is 37%—significantly higher than
would be expected for decay of a statistical complex.

As the collision energy is lowered, the velocity distrib
tions become forward–backward symmetric within expe
mental error. Change to symmetric distributions at lo
Ecollision is often the sign of a transition to a comple
mediated reaction mechanism, and such a transition wo
not be surprising in this system, given the substantial hyd
gen bond energy. There are two observations that are in
sistent with a fully statistical mechanism, however. First,
fraction of available energy going into recoil (^Erecoil&/
^Eavail&) remains high as collision energy is decreased. E
at Ecollision50.5 eV, there is roughly four times the energy
t
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recoil expected for statistical decay~compare to the results
for the H/D exchange channel, which is statistical at lo
energies!. Note that it is possible to have high recoil energi
in decay of a statistical complex, if there is a barrier in t
exit channel that accelerates the products as they leave
transition state. The exit channel in the PT reaction has
such barrier.11

The other observation suggesting a nonstatistical
mechanism comes from the RRKM-based modeling of
PT branching ratio.11 RRKM theory was used to calculat
the branching to PT vs energy in decay of the hydrog
bonded complex. This RRKM branching was then conv
luted with experimental broadening factors and compa
with the experimental branching ratio. It was found that t
RRKM simulation could fit the energy dependence of t
experimental branching, but only if scaled by a factor
10.2. The conclusion from the fitting is that decomposition
a statistical, hydrogen-bonded complex is only a minor c
tributor to the PT mechanism, even at low collision energi
This conclusion is consistent with the observed high rec
energies for the PT products.

The idea that PT is predominantly not statistical, even
low energies, seems surprising in light of the deep well
sociated with hydrogen bonding, and with the observ
forward–backward symmetric velocity distributions. W
propose the following mechanism. Roughly 10% of PT
low energies does, undoubtedly, originate in statistical de
of @PhOHND3#

1. The balance must result from collision
that access the ‘‘ND3 on hydroxyl’’ region of the potential
surface, allowing transfer of the hydroxyl proton, but whi
separate to products without trapping into the hydrog
bonded well long enough to randomize energy. The obse
tion that PT is inefficient, even at energies well above thre
old, is evidence that such collisions are rare.

‘‘ND 3 on hydroxyl’’ geometries can be accessed both
collisions directly in this geometry, or as proposed above,
rearrangement from ring-bound precursor complexes.
relative importance of the two mechanisms is expected to
collision energy-dependent. At low energies the precur
mechanism is efficient, ‘‘delivering’’ a substantial fraction o
collisions into ‘‘ND3 on hydroxyl’’ geometries. At low en-
ergies, most of these collisions will ultimately trap into th
deep hydrogen-bonded well, and as a consequence, the
tion of collisions leading to PT products is small. As ener
is increased, the probability for trapping into the hydroge
bonded well decreases, but so does the efficiency of the
cursor mechanism. As a consequence, a smaller numbe
collisions access ‘‘ND3 on hydroxyl’’ geometries, but a
greater fraction of them go on to PT products. At energ
above;1 eV, the precursor mechanism is inactive and m
PT results from the relatively infrequent, direct ‘‘ND3 on
hydroxyl’’ collisions. At high energies, trapping into th
hydrogen-bonded complex is also less efficient, thus PT
curs in a substantial fraction of ‘‘ND3 on hydroxyl’’ colli-
sions. The result of the competing mechanisms is a sm
but nearly energy-independent cross section for PT.
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D. Vibrational effects

The most surprising feature of this system, and the ha
est to explain, is the large effect of low frequency ring v
brations. The modes excited~Fig. 1! have no obvious con
nection to the reaction coordinate, and little effect on
total energy of the system, particularly in comparison to
deep potential wells accessible to the reactants. Other
our recent report on reaction of PhOH1 with methylamine,3

there are no vibrationally resolved studies of compara
systems to guide interpretation.

Some vibrational effects are easily understood. The
ergy dependence of the adduct cross section~Fig. 5, bottom!
is mostly determined by the adduct lifetime, which shou
depend only on total energy. There are secondary effects
complicate matters, however. For example, only
hydrogen-bonded complex lives long enough to account
adduct detection~Table II!, but the results for H/D exchang
suggest that formation of such complexes is probably vib
tionally enhanced via the precursor mechanism. On the o
hand, for given total energyVCM is lower for vibrationally
excited reactants, increasing the flight time to the dete
and possibly changing the collisional stabilization probab
ity. Within these uncertainties, we would expect the add
signal to depend largely on total energy, as is observed.

The proton transfer cross section at energies below
eV is, within the rather large experimental uncertainty, a
dependent only on total energy. For an endoergic reac
near threshold, it is not unexpected that total energy migh
the determining factor,22,23although in some such cases the
are large mode-specific effects if a particular mode coup
especially well to the reaction coordinate.24,25 In this system,
PT probably is occurring by at least two mechanisms in t
energy range, making prediction of the expected vibratio
effects difficult. At high collision energies, bothv6a andv12

excitations have a small, but reproducible, inhibitory effe
It is interesting to note that in proton transfer from PhOH1 to
methylamine,3 where the cross section is large enough
give good signal/noise, we observe vibrational effects qu
tatively similar to those observed for ND3. In the methy-
lamine reaction there is a nonspecific effect from both vib
tions and collision energy at low total energies, while
Ecollision.0.5 eV, there is little effect of collision energy, bu
both vibrations inhibit proton transfer. The similarity is su
prising in that PT from PhOH1 to ND3 is a minor channel,
endoergic by 0.19 eV, while PT from PhOH1 to CH3NH2

is the dominant channel in that system and exoergic
0.44 eV.

It is interesting that the ring vibrations should slight
inhibit PT at high energies, where the vibrational energy
clearly insignificant. Particularly in the higher end of th
energy range, the precursor mechanism is negligible
most PT must occur in collisions directly in ‘‘ND3 on hy-
droxyl’’ geometries, where the proton is transferred and
products separate without trapping into a statistical comp
The vibrational inhibition could result either from vibration
inhibition of the proton transfer probability, or from a vibra
tionally enhanced probability of trapping into the statistic
complex. If the latter were true, then the H/D exchange cr
section should also be vibrationally enhanced at high e
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gies, in contrast to experiment~note change of energy scale
in Fig. 5!. The tentative conclusion is that these vibration
which both involve significant motion of the OH group as
unit, somehow inhibit attack on the hydroxyl proton by ND3.

The classical periods of thev6a andv12 vibrations are 65
and 40 fs, respectively, and the root mean square ato
displacement is 0.025 Å, with maximum displaceme
around 0.04 Å. In the 0.5–2.5 eV collision energy ran
where the inhibition is observed, the relative motion tim
scale ranges from;40 fs/Å to;25 fs/Å, i.e., the vibrational
period is comparable to the time for relative motion ove
bond length. Note, however, that the atomic velocities res
ing from vibration are much smaller than velocities resulti
from relative motion of the reactants. Based on this cons
eration, it appears that the explanation for the vibratio
effect at high energies must invoke some vibration-induc
change in the reactant properties, rather than some effe
the vibrational motion itself.

One possibility is vibration-induced changes in ele
tronic structure that might influence bonding or long-ran
electrostatic interactions. We calculated orbital populatio
atomic charges~Mulliken and CHelpG!, and total electron
density for PhOH1 in its equilibrium structure, and for dis
tortions alongv6a andv12 normal coordinates roughly equa
to the classical vibrational amplitudes. Using gOpenM
~Ref. 14! to visualize electron density surfaces with vario
cutoff densities, there are no apparent changes in the s
of the electron cloud. The average variation in atomic cha
~CHelpG! as PhOH1 vibrates is;0.01, and the root mean
square variation is less than 0.02. The largest variation is
one of the meta carbon atoms~0.05!, but the ipso carbon, and
hydroxyl O and H atoms show charge variations less th
0.01. We also considered the extent to which the mov
atoms might change the center-of-charge or dipole mom
of PhOH1. The center-of-charge moves by about 0.035
between the vibrational extrema ofv6a , and by only 0.011 Å
for v12. The magnitude of the dipole moment changes
less than 3% for either vibration, and the direction also
nearly constant. It seems unlikely that such small change
electrostatic properties could have a significant effect on
long-range interaction of ND3 with PhOH1, but small effects
on the short range dynamics controlling PT cannot be
cluded.

The other obvious possibility is that the effect is ge
metrical, i.e., steric. In this case, the relevant parameters
the distance separating the hydroxyl proton from neighbor
atoms that might block access. The equilibrium distance
tween the hydroxyl H and the hydrogen attached to the or
carbon atom is 2.35 Å, and this distance varies from;2.3 to
;2.4 Å during either vibration. Here, again, th
vibrationally-induced changes are small, but could possi
result in a small change in the PT efficiency at high energ

The largest effect is the substantial~.2 times! vibra-
tional enhancement of H/D exchange at low collision en
gies. It is certain that in the statistical hydrogen-bonded co
plex where H/D exchange occurs, any memory of t
reactant energy partitioning is lost, and the vibrational eff
must result from some event earlier along the reaction co
dinate. We have argued that the dominant contribution
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H/D exchange at low energy involves a ring-bound precur
complex, and that the vibrational effect is manifest either
a vibrational enhancement of complex formation, or as
brational enhancement of the ring-to-hydrogen-bond
isomerization.

The notion that ring vibration somehow greatly enhan
the probability for formation of ring-bound complexes is d
ficult to support. Certainly it would not be surprising to fin
a modest enhancement resulting from partitioning ene
from collision energy to vibration at constant total ener
~Fig. 5!. Note, however, that there is a substantial~factor of
2! enhancement even from adding vibrational energy at c
stant collision energy, and it is difficult to see how adding
the total energy of the colliding partners could enhance
probability of trapping into a weakly-bound complex. Su
an effect would require a dynamical explanation that wo
require strong coupling between the PhOH1 ring vibrations
and the relative motion of the two reactants. As discus
below, the coupling, in fact, appears to be rather weak.

The other avenue for a vibrational enhancement is vib
tionally enhanced isomerization from ring to hydroge
bonded geometries. This possibility would require that
initial vibrational state not be immediately scrambled
forming the ring complex, and there is some precedent
such vibrational adiabaticity. In reaction of C2H2

1 with meth-
ane, for example, C2H2

1 bending vibration substantially en
hances the endoergic H atom abstraction reaction, while
CC stretch has little effect.25 In a paper reportingab initio
calculations and transition state theory on this reacti
Klippenstein26 proposed that the absence of a CC stre
effect results from weak coupling of this mode in a precur
complex. As a consequence, the reaction was proposed
adiabatic in the CC stretch mode, so that its vibrational
ergy is not available to drive the endoergic reaction.

The situation for the ring-to-hydrogen-bonded isom
ization process is somewhat different. Isomerization is e
ergic, its limiting TS is certainly below the energy of th
orbiting TS for dissociation, and we are trying to explain
larger-than-expected vibrational effect, not absence of an
fect. Nonetheless, with the addition of some dynamics,
brational adiabaticity may explain our results. Suppose
the ring vibrations are adiabatic in the ring-complex, a
thus are not available to promote dissociation. They may
the other hand, couple strongly as the system approache
isomerization TS, thus making the vibrational energy av
able to drive isomerization. Of course, if isomerization fa
to occur at this point, then the ring vibrational energy will
available to drive dissociation of the ring complex. If, how
ever, the coupling occurs only at geometries near the isom
ization TS, there may be a high probability for vibrationa
driven isomerization. In essence, we argue that the in-p
ring vibrations may have little effect on formation of th
ring-bound complex or on motion of ND3 in the complex,
but that as the ND3 approaches the isomerization TS, vibr
tional coupling may help ‘‘push’’ ND3 over the barrier. Cer-
tainly the vibrational motion of the hydroxyl O and ipso
atoms is in the direction needed to give a push along
isomerization coordinate.

For this scenario to be possible, we require weak c
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pling in the complex, and strong coupling in the TS regio
There are vibrations of the complex in which the motion
the PhOH1 moiety is essentially identical to thev6a andv12

vibrations of free PhOH1. Furthermore, in both vibrations o
the complex, the ND3 moiety is nearly stationary. As ex
pected for such vibrations, the frequencies are also shi
very little from free PhOH1. The vibration corresponding to
v6a in free PhOH1 is blue-shifted by;3 cm21 ~;0.5%! in
the complex. Thev12 vibration is also blue-shifted, but by
only 0.5 cm21 ~0.06%!. The implication is that the two in-
plane ring modes studied are, indeed, very weakly couple
the ND3 moiety.

It is almost certainly also the case that the ring vibratio
couple strongly with ND3 motion as the system approach
the TS for isomerization. This TS~or set of TSs! must be in
a geometry corresponding to ND3 interacting with the ipso
carbon or hydroxyl oxygen atoms. As shown in Table III, t
interaction potential in this region of configuration space
strongly dependent on the ND3 position relative to these at
oms. The motion of these atoms in the vibrations will, the
fore, be strongly coupled to ND3 motion. The coupling will
certainly end any adiabaticity of these vibrations as the TS
approached, and may also provide a mechanism for vib
tionally enhanced barrier crossing.

Certainly, we are far from being able to give a definitiv
explanation of the vibrational effects in this system. The s
prising result is that large effects can exist for low frequen
vibrations of such a large~and apparently statistical! system.
We are optimistic that by probing vibrational effects on oth
reactions of benzenoid cations, and by examining the effe
of other vibrations, we will be able to at least partly unrav
the dynamics.
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