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Complex formation, rearrangement, and reaction in PhOH *+ND;:
Vibrational mode effects, recoil velocities, and ab initio studies
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Vibrationally mode-selected phenol catioi@HsOH" and GDsOH") were reacted with NBin 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:ND;]* adduct at low total energies, indicating the formation of a very
long-lived complex. The major reaction is H/D exchange, generating PROND,H. Exchange is
~40% efficient at low energies, strongly inhibited by collision energy, and strongly enhanced by
excitation of PhOH 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 insight20@®
American Institute of Physic§S0021-96060)01634-7

I. INTRODUCTION the chemistry is much simpler, and as a result, less mecha-
nistic insight was obtained.
Reactions of even small polyatomic ions with small mol- ~ One purpose for this study was to see what sorts of vi-

ecules can be rather complex, with multiple product channelbrational effects might be found in larger systems. For a
and multiple potential wells and transition states controllingnumber of reasons, we did not expect large effects. Problems
motion on the potential energy surface. Because dynamiosith IVR in the ionization process make it impossible to
calculations on such complicated surfaces are generally irproduce PhOH (or any large cation?with excitation in
feasible, experimental tools must have sufficient sensitivityhigh frequency vibrations. In particular, we are not able to
to the important dynamical effects, but must also yield re-produce PhOH with OH stretching or bending excitation.
sults that are interpretable. We have found that a combingdere we report on the effect of two low-frequency in-plane
tion of measuring the effects of reactant vibrational excitafing modes, neither of which is obviously coupled to the
tion and collision energy, together with measurements oféaction coordinate. For a system with 45 vibrational degrees
product recoil velocity distributions, provides considerableof freedom, excitation of low frequency modes is not ex-
insight into reaction mechanismg.Vibrational effects tend Pected to have large effects, although even small mode-
to probe events early along the reaction coordinate, provigsPecific effects are very helpful in developing a reaction
ing insight into the nature of rate-limiting transition states.Mechanisn®® The biggest surprise in the present study is
Varying collision energy allows us to vary the available en-that large(factor of two effects are observed, de_monstratlng
ergy over a wide range, and also control collision time scalelhat even low frequency modes can strongly influence dy-

Recoil velocity distributions probe collision time scales, theNamics. . _ _ .
degree of energy randomization, the preferred scattering BY combining the experimental results with electronic

mechanisms, and the possible presence of barriers in the exjf Ucture and RRKM calculations, we are able to develop a
channel. When combined with isotope labeling experiment etailed mechanism for how the scattering/reaction dynamics

andab initio calculations of complexes, transition states, an hange with energy. At least two distinct types of intermedi-

unimolecular kinetics, a fairly complete reaction mechanismate complexes are |mpor'tant n medlatmg.reactmn, and prod—
uct branching is determined by competition between direct
can be constructed.

. . reaction, trapping int mplex nd isomerization be-
Here we report a study of this type on the reaction of eaction, trapping into complexes, and isomerization be

henol cations with ammonia. where the vibrational state O%Ween complexes. The largest vibrational effect is tentatively
P ' attributed to an enhancement of the isomerization probability

EhOFF _is controllfed using ma_ss—anquzed threshol_d isza'from ring-coordinated to hydrogen-bonded complexes.
tion. This system is a prototypical acid—base combination, is

expected to form hydrogen-bonded complexes, and may al-
low formation of ring-coordination complexes as well. It is Il. EXPERIMENTAL METHODOLOGY

also considerably more complex than previous systems for The guided-ion beam instrument and methodology used
which detailed vibrationally-mode-selected scattering hasn this study have been described previou<lyibrationally
been reported. The exception is our recent study of thetate-selected beams of PhOHvere prepared by mass-

PhOH" reaction with methylamingalthough in that system analyzed threshold ionizatidrof a pulsed beam of phenol
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FIG. 1. Reaction coordinate diagram for PhROHND,. Except as indicated the energies are calculated from differences in MP2/6c2l¢lations. Some

results extracted from a series of QCISW6-31G" and G3 calculations are also shown. For proton transfer, we give our experimental endoergicity. The
heavy dot superimposed on the PhDFeactant structure shows the center of charge. The inset shows the extrema of vibrational trajectories for the two
vibrations excited.

seeded in helium. Phenol was single-photon excited to a papur experimental value for the PT endoergicityFor the
ticular vibrational level of théL,(S)) state, then excited by H/D exchange reaction the exoergicity is based on zero point
a second laser to high Rydberg states converging on thealculations at the MP2/6-3ZGlevel. A number of com-
same vibration in the cation. Both laser wavelengths werglexes were located, and geometries were optimized with
generated using a single Nd:YAG laser to pump a pair of dyéoth MP2/6-313& and B3LYP/6-31G theories, with similar
lasers, using appropriate frequency up-conversion to genestructures resulting. Single point QCISD/6-31G" calcula-
ate tunable UV. tions were done at both MP2 and B3LYP geometries, and the
Prompt ions created by REMPI, autoionization, or otherQCISD(T) results shown are for whichever geometry gave
processes were separated from the state-selected Rydberg lowest energy. All energetics include scafezero point
molecules by a weak retarding field-3 V/cm). The Ryd-  energy corrections appropriate fBhOH-ND;]*. The tran-
berg molecules were then field-ionized by a 30 V/cm pulsesition state for intracomplex proton transf@iS1) was opti-
creating a beam of state-selected reactant ions. The ion beafized at both B3LYP and MP2 levels. With B3LYP, there is
was injected into a quadrupole ion guide where time-of-flightng barrier to thd PhOH-ND]* —[PhO-HNDQy]* transfor-
(TOF) gating was used to sharpen the temporal and energation. At the MP2 level there is a small barrier that disap-
widths of the beam pulse. The pulgel5 us wide) was then pears when zero-point energy is included. A QC(ED
injected into a system of octapole ion guides. The first seggingle point at the MP2-optimized TS1 structure also shows

ment of the octapole guided the reactant ions through a scafjs signs of a barrier when zero-point energy corrected. The
tering cell containing NB (Cambridge Isotope Labs, 99 qther important transition state found is ts, structure,
at %), where a small fraction of the ions could react. Productrso This as far as we can determine. is the lowest energy

ions, together with unreacted PhOHwere collected by the ' 15 for H/D exchange, and is probably rate-limiting. To
ion guide and passed into a second, longer segment of thg,ack that multiple configurations were not a problem, par-
octapole guide system. Velocity distributions of both réaCicylarly at transition structures, CASSCHB)/6-31G"
tants and products were measured by TOF in the guidegjgie points were performed for the hydrogen-bonded com-

Finally, the ions were mass-analyzed and detecteds NDyjeyes and transition structures. The Hartree—Fock configu-

pressure was adjusted to maintain single collision conditions.r,a,[ion was found to account for97% of the active space
as shown by pressure-independence of the measured cross In addition to the hydrogen-bonded complexes, several

sections and branching ratios. non-hydrogen-bonded complexes were fofAd-C in Fig.
1). The two most stabléB and Q have ND, oriented so that

lll. RESULTS the nitrogen lone pair is perpendicular to the phenyl ring

A series ofab initio calculationd® on this system were plane, directed approximately toward the midpoint of the
reported in our paper on the energetics of proton transfer irtho or para CH bonds, with the closest approach between
PhOH" +ND3.** Those results are summarized in Fig. 1, to-ND3; and PhOH moieties being 2.29 A and 2.39 A, respec-
gether with additional calculations on non-hydrogen-bondedively, for the ortho and para complexes. The affected carbon
complexes. For the hydrogen-bonded complexes, our resultgom is slightly displaced from the ring plane toward ND
are generally in good agreement with the MP2 calculationgnd the hydrogen atom is displaced away fromzNDom-
of Yi et al!? For the proton transfetPT) reaction we give plex A is similar to the ortho coordination complex, except
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FIG. 3. Time of flight for PhOH ions with scattering cell filled or empty of
ND;, showing inelastic scattering.
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FIG. 2. Data Points: Measured cross sections for reaction of ground stata., |ntegra| Cross sections
PhOH" with ND5. Solid curve: Estimated efficiency for the H/D exchange . . N
reaction. The absolute cross sections for reaction gHEOH

with ND5 are shown in Fig. 2. The dominant channel at low

energies is production of PhODvia isotope exchange. Also
that the DN—C distance has decreased to 1.56 A, correshown as a solid curve is the percent efficiency of the H/D
sponding to a covalent bond, and the H atom attached to thexchange reaction, i.e., the ratio of the experimental cross
ortho carbon is shifted so that the CH bond angle with resection to the collision cross section. The collision cross sec-
spect to the ring plane is 46°. The binding energy in thistion is taken as the greater of the capture cross section or the
covalently bound complex is substantially weaker than in thehard sphere cross secti¢rn 63 A?). The capture cross sec-
coordination complexes. Because these complexes are vetipn is estimated using the statistical adiabatic channel model
slow to optimize, we have not attempted a complete searchof Troel’ The efficiency is around 40% at low collision
nor have we attempted to find transition states for interconenergy, but drops rapidly to less than a few percent above 1
version. eV. The hard sphere cross section was estimated using the

To give some idea of the types of vibrational motion calculated geometries for PhOHnd ND;, with appropriate
probed, the inset to Fig. 1 shows superimposed extrema fangle averaging.
the vibrational trajectories of the two modes excited. The  Proton transfer is a minor channel with a clear threshold
experimental frequencies for the two modes are 516'cm and best-fit endoergicity 0f-0.195 eV} Even at collision
and 815 cm?, respectively. The normal modes for PhOH energies well above the endoergicity, proton transfer occurs
were calculated with Hartree—Fock, MP2 and B3LYP within no more than a few percent of collisions.
varying basis sets. B3LYP/6-3%1G** gave the best match A minor, but mechanistically important product is the
with the experimental frequenci€526 vs 516 and 818 vs collision adductf PhOH—-NDB;]~. The cross section in this
815 cm 1), and normal modes from that calculation are plot-case is really an effective cross section for forming, then
ted, using gOpenMol to visualize the vibratioisThe  detecting the adduct. The significant cross section implies
modes are assigned as thesensitive vg, and v, that the adduct lifetime is long enough that some fraction
vibrations?® Note that neither mode involves OH stretching. survives to be detected. The adducts have a well defined
vga iNVolves collective motion of the COH moiety, with little velocity (V¢y, the velocity of the center of mass relative to
change in CO bond length or COH bond anglg, also the labh and thus, a well defined flight time to the detector
preserves the COH angle, but has significant CO stretching~1 mg. Either the adduct lifetime is long enough to allow
character. some survival probability, or survival is enhanced via radia-
Finally, calculations of atom charges and the center-oftive or collisional stabilization. The spontaneous IR emission

charge for the PhOH reactant where carried out using the timescale is almost certainly too long to allow significant
CHelpG schem® at the MP2/6-316 level. CHelpG calcu- radiative cooling during the 1 ms flight time. At the scatter-
lations were done both for the equilibrium geometry and foring cell pressures used, however, the time between collisions
PhOH" distorted along the vibrational normal coordinates.is ~300 us, thus collisional stabilization is possible. Note,
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however, that the average time spent in the cell is enly0 ‘f/ 4
ps, thus only a fraction of the adduct products experience a ¢ —&-Ground
secondary collision, regardless of lifetime. In any case, itis § 3 A vg,=1
clear that adducts must form with reasonable efficiency in ~ § ~O-vy,=1
low energy PhOH—ND; collisions, and that their lifetimes @ 2
must be in the tens of microseconds range. As expected, thh 2
effective cross section for detecting the adduct declines rap- © 1
idly with increasing collision energy as the lifetime drops
below the range where survival or stabilization are possible. U L L I
The final cross section shown is for a particular subset of 0.0 0.1 0.2 0.3 04 05
non-reactive scattering events. This cross section has bee Total Energy (eV)

estimated by examining the effects of scattering on the vel—:IG 5 or tions for reaction of PhO# different vibrational stat
locity distributions of the PhOM primary ions. With the > 1088 Sections for reaction peren’ vibretiona States

. ~  with ND,, plotted as a function of total energy=collision+vibration).
scattering cell empty, the PhGHoeam has a sharp velocity
distribution. When filled, the sharp peak in the distribution is
attenuated by a combination of reactive and nonreactive scat-ack of activity for the ring hydrogen atoms is expected;
tering. The reactive scattering results in net loss of signathey are substantially more strongly bouidhe other ma-
from the primary beam TOF spectrum. Non-reactive scatterjor point is that in the energy range below0.2 eV, the
ing results in appearance of a distribution of slower ions, asls-PhOH" cross sections are uniformly higher than the
shown in Fig. 3, which gives typical PhOHvelocity distri-  equivalenthg-PhOH' values. The difference is largest for
butions recorded with and without NDWe are interested in the adduct channel, where the effective cross section in-
that fraction of collisions that form a collision complex, but creases by a factor of4 upon deuteration of the ring. The
then decay back to reactants. In such collisions, low recoiH/D exchange cross section increases by a facterfand
velocities are expected, thus to capture these events we intdie proton transfer cross section increases by a factor of
grate the nonreactive signal only over the velocity range near2.5.
Veu- Figure 5 shows the effects of PhOHibration on the
Figure 4 compares the cross sections for reaction o€ross sections. Note that the cross sections are plotted for
ds-PhOH"(CgDsOH ™) with those forhg-PhOH™ over the  different energy ranges and are plotted as a function of total
low collision energy range where they differ significantly. energy(collision plus vibrational energyin order to allow
There are several points of interest. There is ng;MPoduct  direct comparison of the effects of vibration and collision
detected, nor do we observe the decrease in the H/D exnergy. The effective cross section for adduct formation/
change cross section that would be expected if the ring hysurvival (bottom framé appears to vary primarily with total
drogen atoms were involved in the atom exchange processnergy. The H/D exchange reaction is strongly inhibited by
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meters/second previously’ Axial velocity distributions are simply the pro-
FIG. 6. Axial lab frame velocity distributions for the PhOproduct from jection of the full velocity distribution on the octapole guide
H/D exchange at three collision energids,, is the velocity of the center- ~ axis, which is co-axial with the average relative velocity vec-
of-mass frame in the lab. tor ((vye)) and the averag¥€cy . Two pieces of information
can be read directly from the distributions. If reaction pro-
collision energy but strongly enhanced by botfy andvi,  ceeds via a collision intermediate with lifetime long com-
vibrations. The enhancement is slightly greater on a per emared to its rotational period, the resulting axial velocity dis-
ergy basis fow, than forve,, and neither vibration has a tributions must be forward—backward symmetric abdgt,
significant effect at energies aboved.5 eV. For the endo- (forward is defined as faster thavicy). Conversely, an
ergic proton transfer reaction, both vibration and collisionasymmetric distribution implies a direct reaction where the
energy provide similar enhancements in the threshold energyollision time is short. The maximum deviation of the axial
range, but there is a weak, but reproducible, vibrational invelocity distribution fromV¢) is a measure of the maximum
hibition at high energies. energy going into recoil of the products. One caveat is that
the apparent velocities of product ions with low lab energies
are easily distorted by surface potentials on the octapole. For
Time of flight (TOF) was used to record axial velocity this reason, the reported distributions are truncated at veloci-
distributions for reactants and products, as describeties corresponding te-100 meV.

B. Product velocity distributions
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TABLE |. Summary of recoil velocity distribution fits. TABLE Il. Collision time scales.
Collision Lavg (Erecoi) Collision Hydrogen-bonded  Para-ring-bonded  Direct collision
Reaction energy(eV) (h) Tcomplex (eV) {Erecoit/{ Eavai) energy RRKM? RRKM? time
H/D 0.1eVv Aus 2ns 0.46 ps
Exchange 0.12 133 >22ps <0.01 ~6% 0.5eVv 1ns 1.3 ps 0.21 ps
0.22 146 >25ps <0.03 ~11% 0.8 eV 70 ps 0.16 ps 0.16 ps
0.50 170 >1.8 ps 0.15 ~27% 1.0 eV 20 ps <100 f§ 0.15 ps
1.01 196 >1.5ps 0.32 ~30% 1.5eV 1.6 ps <100 f$ 0.12 ps
1.52 214 >1.4ps 0.49 ~31% 20eV 0.3 ps <100 f§ 0.10 ps
Proton FFor L=Layg-
Transfer 0.50 170 >1.8 ps 0.17 43% bTime for reactants to traverse 5 A.
1.01 196 >1.5ps 0.33 38% ‘Lifetime below limit where RRKM is expected to be valid.
1.52 214 300 fs 0.51 37%

E.vail IS the total available energy in the products, i.e., the
sum of E.yision. the reaction exoergicity and the reactant
Axial velocity distributions for the H/D exchange prod- vibrational and rotational energieB,y;ation depends on the
uct from reaction of ground state PhOHt selected energies state selected, anB,qi0n iS @ thermal distribution at the
are shown in Fig. 6. At all collision energieg () the dis-  scattering cell temperatufe-350 K). The model depends on
tributions are symmetric aboitcy,, within experimental er-  only three parametersr{ompiex fwiatn: fpeald » @ll of which are
ror, but the width of the distributions increases with increasphysically significant. Fitting is done with a Monte Carlo
ing energy. Results for the proton transfer reaction are givesimulation of the experiment, discussed previodsly.
in Fig. 7. For PT, the distributions are noisy because of the The results of osculating complex fits to the velocity
small cross section, but appear forward—backward symmedtlistributions are given in Table |. Note that for the H/D
ric for energies up to about 1 eV, then distinctly backwardexchange channel, the kinematics are such that the total re-
peaked at higher energies. The width of the distributions in<oil velocity is partitioned primarily to the light neutral prod-
creases substantially with collision energy. Distributionsuct, rather than the detected ion. As a result, the velocity
were measured for reaction of vibrationally excited PROH resolution is poor, particularly at low collision energies
as well, but are not plotted as they do not differ significantlywhere much of the width of the distribution results from ion
from those for the ground state. Negligible vibrational effectbeam and target velocity distributions. The average recoil
on recoil velocities is typical of systems we have studidd. energy (E.ci)) extracted from the modeling has high un-
Recoil behavior is most sensitive to dynamics late in thecertainty, as does the fraction of available energy going into
collision, by which time the reactant vibration excitation is recoil ((Eecoi)/{Eavaip)- At low collision energies we can
scrambled. The energy contributed by reactant vibration i®nly say that the fraction of available energy going to recoil
simply too small to significantly affect recoil. is small, but there appears to be a significant increase at the
The osculating complex model of Fisk al!® was de-  highest energies.
veloped to treat angular distributions in the transition be-  For the proton transfer reaction, the kinematics are more
tween direct and complex-mediated mechanisms. By fittindavorable, and there are several significant differences com-
the experimental distributions to this model, we can correcpared to the H/D exchange channel. First, it is obvious that at
for experimental broadening factofi®actant velocity distri- high energies, the PT products are backward peaked with
butiong and extract estimates for both collision time and therespect toV¢y, indicating dominance of a direct reaction
E,ecoi distribution” The model assumes that reaction is me-mechanism, i.e., a collision time short comparedrtg. At
diated by a complex that decomposes to products unimolecudewer energies the distributions are forward—backward sym-
larly with lifetime, 7compiex- The complex also rotates, with metric, however, the fraction of available energy appearing
classical periodr,, determined by its moment of inertia and in recoil ((E ecoip/{Eava)) remains large.
the available angular momentuh). 7, is calculated using
moments of inertia from thab initio calculations, andi.a\,g,_ V. DISCUSSION
corresponding to the average impact parameter leading to
capture, estimated using the statistical adiabatic channéy. Adduct
theory!’ For the PhOH—NDj; system,r,,, drops smoothly

from ~4.4 ps atEeiision=0.1€V t0~1.8 ps at 2 eV. AS 0 ¢glision adduct is consistent with tld initio energet-
Teomplex drOps below~0.57,;, the velocity distributions be- s A noted, this observation implies that some fraction of
come progressively asymmetric, providing a signature forne aqqycts must survive to be detected or collisionally sta-
decreasing collision time. In our fitting, t&Eeco) distr- 64 in either case implying a lifetime in the tens of mi-
bution is assumed to be a Gaussian, peakinGyak Eavai  croseconds range, at least. We have estimated the lifetime as
with width=fyign/Eavail, a function of energy using the RRKM program of Zhu and
. c i e 5 Hase!® using its direct state count algorithm, scafette-
P(Erecon):exﬁ{ _( width” [ Erecoii— fpeak ava"]) } quenpies from our MP2 calculatior_ls, ar_1d our QCG‘.B]Z_)enT
ergetics. The results are summarized in Table Il. Lifetimes

The first question to address is whether observation of

Eavail
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are reported for complexes with the average angular momernucts is small. Other observations that must be accounted for
tum for capture (,,¢. For comparison purposes we have are the observed strong inhibition by collision energy, the

calculated lifetimes for the most stable hydrogen-bonded andnhancement produced by vibrational excitation, and the en-
non-hydrogen-bonded geometrig®hO-NDH]" and com-  hancement from ring-deuteration.

plex C, Fig. 1, respectively For the hydrogen-bonded com- A plausible low energy reaction path, based on our ab

plex, all three exit channels are included: PhOHND, initio calculations, is shown in Fig. 1. Reactants can form a

PhOD"+ND,H, and PhG-NDzH*. Note that the branching hydrogen-bonded PhOH-ND,]* complex, and there is

to the endoergic proton transfer products (RHD;H™) is  clearly no barrier to this association process, as shown by
less than a few percent over the energy range of interest. Thghservation of the hydrogen-bonded adduct at low energies.
details of the non-hydrogen-bonded calculation are given inn this complex, the available internal energy: Ecqjision

the next section. + Eyiprationt Erotation Well depth) is far in excess of the bar-

Only the hydrogen-bonded complex is stable enough taier (if any) to intracomplex proton transféif'S1), and this
account for the observed adduct. For our lowest collisiontransition state is relatively loose. It is reasonable to con-
energy(0.05 eV, the lifetime for a complex with.,,4is 18  clude, therefore, that isomerization between the
us, dropping rapidly for increasing collision energy. In com-[PhOH-ND;]" and[ PhO—HND,] " forms of the complex is
paring with experiment, it is important to note that there is arapid compared to the long complex lifetime, and that much
distribution of collision energies at each experimental enof the time is spent in the energetically more-favorable
ergy, resulting from ion beam energy spread and target mqg-PhO—-HND,]* configuration. While in this configuration, it
tion. The standard deviation of thysion distribution at s possible for the NHP moiety to flip through TS2, thus
low collision energies is~0.1 eV. At nominal energies of accomplishing H/D exchange. Following exchange, the rapid
0.05 and 0.1 eV, therefore, a significant fraction of collisionsintracomplex protor(deuteron transfer process will estab-
are at very low energies, resulting in complexes with thelish a population of PhOD—NDH]", and if the complex
long lifetimes required for direct detection or collisional sta- dissociates while in th¢ PhOD—-NDQH]* form, H/D ex-
bilization. For higher energies, the fraction of collisions with change products result. Note that in this mechanism, there is
energies low enough to result in detectable adducts dro% exchange of pheny| ring H atoms, in agreement with ex-
rapidly. periment.

The other interesting observation along these lines is that In this mechanism, the degree of isotope Scramb”ng is
the effective cross section for adduct formation/detection ingetermined by the rate of passage through TS2 relative to the
creases by a factor of about 4 in reactiondiePhOH". This  |ifetime of the complex with respect to dissociation. RRKM
enhancement also appears to be consistent with the RRKMna|ysis indicates that at our lowest collision energies, the
modeling, where it is found that because of a higher densityrgo passage rate is in the’46 ! range, compared to com-
of states in the complex, the lifetime pfls-PhOH-ND]™  pley lifetimes in the microsecond range. At low collision
adducts are 6-8 times longer than those ofenergies, then, complete scrambling is expected. The disso-
[he-PhOH-NDy]™ at the same energy. _ ciation rate of the complex increases more rapidly with in-

In principle, we could use a RRKM-based fit to the ad- ¢reasing energy than the TS2 passage rate, however, so that
duct cross section to provide an experimental value for the energies above-1.3 eV scrambling should become in-

adduct binding energy. We have not done this because theggeasingly incomplete(the dissociation and TS2 passage
are too many uncertainties, including the adduct formation,ies gre equal &.,~1.8e\).

cross sectiortand its dependence @oyision and L) and the Because the group of scrambled atoms includes one H
detailed experimental collision energy distribution at very g three D atoms, the observed H/D exchange cross section
low nominal energies. Nonetheless, it is clear that the adducy,,,1d be~75% of the cross section for formation of the
binding energy must be close to the QCISDresult(1.45 hydrogen-bonded complex, at least g, < ~1.3eV. Ac-

eV) for the hydrogen-bonded complex. For example, if We{ally, because zero point energy favors PHGIND,H by
assume a binding energy equal to the MP2/6-3Malue 7 ey (Fig. 1), RRKM analysis predicts that H/D ex-
(1.24 eV), the RRKM lifetimes are about 12 times shorter, opanqe should occur in 76%—85% of collisions in which the
and we would not detect significant adduct signal. Con'hydrogen-bonded complex is forméthe higher probability

versely, significantly stronger binding would result in detec—being at low energids In Fig. 2 we plot the efficiency of
tion of adducts at energies higher than observed. In any casgyp exchange as a fraction of total collisions

it is clear that the non-hydrogen-bonded compleiesC in (Cexchangd Tcotisior) - Al Ecaiision=0.2€V the efficiency  is

Fig. 1)., are not nearly stable enough to account for the adébout 40%, dropping te< 1% at high energies. Given that
duct signal. the branching out of the hydrogen-bonded complex should
give ~80% H/D exchange, 40% net H/D exchange effi-
ciency implies that such complexes form in only about 50%
H/D exchange, because it requires at least two bonds tof collisions at low energies, and that hydrogen-bonded com-
break and reform, almost certainly requires a long-lived colplex formation is strongly inhibited by collision energy.
lision complex. The fact that the axial velocity distributions For ds-PhOH', the H/D exchange cross section is
are forward—backward symmetric at all energies is consistentearly doubled at low collision energi€Big. 4). As noted
with this requirement, as is the observation that the fractiorabove, ring deuteration does increase the lifetime of the
of available energy appearing as recoil energy of the prodhydrogen-bonded complex, however, this effect cannot ex-

B. H/D exchange mechanism
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TABLE llI. Single point energies for various Np-hydroxyl orientations. tures were frozen in the geometries found in the
[PhOH-ND;]* hydrogen-bonded complex.
The first three geometries in the table have ;NiDsi-

Energy with respect to reactants

Geometry 2 A separation 2.3 A'separation  tjoned with its symmetry axis perpendicular to the PhOH
LP over H 0.23 0.04 plane, with the N atom 2 or 2.3 A from the plane, and with
LP over O 1.69 0.50 its lone pair pointing at the hydroxyl H, O, or ipso-C atoms
|I§||T O‘ézrg/erH %-g‘(‘) %%:,%3 (“LP over H,” etc.). The “flipped over,” geometries are
F"gged over O 168 103 identical to the “LP over” geometries, except that the ND
Flipped over C 1.31 0.70 is inverted. The in and out-of-plane “NH—-O" geometries
Out-of-plane NH-O 0.34 0.32 have the potential for ND—O hydrogen bonding, i.e., one ND
In-plane NH-O 0.39 0.28 bond in ND is directed at the hydroxyl O atom, either in or
:t(:te;f:%o :8:2; :g:gg perpendicular to the PhOH plane. Note that all geometries

are repulsive with respect to reactants. For comparison, the
final two structures are in the near-linear (PhOH—ND
hydrogen-bonded geometry, but with the intermolecular
plain the doubling because even fdrg-PhOH", the  separation stretched or stretched with the;NBtated such
hydrogen-bonded complexes live far longer than required fothat its symmetry axis is at 35° to the hydrogen bond axis.
H/D scrambling at low energies. The conclusion is that ring-Note that these distorted hydrogen-bonded structures are at-
deuteration nearly doubles, t8100%, the probability for tractive with respect to reactants.
forming the hydrogen-bonded complex in low energy colli- Obviously, these frozen geometry calculations give only
sions. Similarly, excitation of theg, andv,, PhOH", vibra-  a crude picture of the potential. In particular, it is expected
tions leads to a substantial increase in H/D exchange. In thigat the energy of the “LP over O” and “LP over H” ge-
case it is clear that the enhancement must result from ingmetries should be greatly lowered by allowing the hydroxyl
creased efficiency of forming the hydrogen-bonded complex to relax into a position in between the nitrogen and oxygen
rather than some effect of vibration on the chemistry follow-atoms, developing some hydrogen bond character. For ex-
ing complex formation. This conclusion rests on the idea thagmple, in the LP over O geometry, moving the hydroxyl H
energy is rapidly randomized in such strongly bound com=tom in between the O and N lowers the energy by at least
plexes. In order for vibration and collision energy to haveg 37 ey, although at that point the geometry is still repulsive
opposite effects, the rate-limiting step must occur prior Oyjth respect to reactants. It is less likely that hydroxyl ge-
complex formation. ometry relaxation can significantly lower the energy in ND
To account for these effects we propose a precursof, inso C interactions. Clearly some of these geometries
complex mechanism, in which H/D exchange occurs via twg,, ;st become weakly attractive at larger NIPhOH" sepa-

pathway_s. At all energies, Cﬁ”lS;]OI’(]jS n “'\Hsm dhy(;jroxyl” | rations, but at long range the attraction is necessarily weak.
geo(Tedtr:ces H(/:gn a(r:]cess tG(.e ybr?r?iﬂ- OE € C(()jmp etx e tentative conclusion from these calculations is that there
needed for | exchange. Given bo € shape and centeg significant barrier or barriers separating the ring-bound
of-charge(Fig. 1) of PhOH', it is clear, however, that most

- - - . and hydrogen-bonded geometries.
collisions are in “ND; on ring” geometries. We propose that . . Co I -
at low collision energies, these “NDon ring” collisions With this scenario in mind, it is not surprising that H/D
. . ’ - . exchange should be so strongly inhibited by collision energy
have high probability for trapping into ring-bound, precursor L . .
. - o (a factor of 100 inhibition from a factor of 10 increase in
complexeqFig. 1, A—Q, with the subsequent possibility of .
transition to the reactive hydrogen-bonded geometry. Ecolision- Exchange requires a hydrogen-bonded complex
For H/D exchange to occur in collisions that initially tha:l's%rvwes I'ong enohugh forl the necessarybzeirranger?epts.
form ring-coordinated complexes, there must be a transitioA't 9N energies, such complexes presumably form only in
to the hydrogen-bonded geometry. The barrier, or barrier§,he small fr_actlon of collisions wherg the approach geometry
separating ring-bound and hydrogen-bonded geometries ars,Near-optimal, and even then the lifetime is too slidable
therefore, important. Unfortunately, the system is far too'_'ﬁ tp result in efficient H/D scrambling. The short complex
complex to allow detailed characterization of the isomerizalifétime presumably also accounts for the observed, incom-
tion reaction coordinate. The rate-limiting barrier must lie Plet® energy randomization. As collision energy is reduced,
between the ortho ring complex and the hydrogen-bondeH“e first significant effects are probably that direct trappmg
geometry, i.e., probably at geometries where;NeDinteract- N0 the hydrogen-bonded complex becomes more efficient,
ing with the hydroxyl oxygen or ipso carbqthe atom to and that the complex lifetime increases, both factors enhanc-
which OH is attached To give a crude idea of the interac- ing the net H/D efficiency. At lower energies an increasing
tions experienced in such geometries, Table Ill, summarizef§action of the H/D exchange signal arises from collisions
a series of single point MP2/6-3%¥Ccalculations in which  that trap into ring-bound “precursor” complexes, and sub-
ND; was positioned in various orientations with respect tosequently isomerize into hydrogen-bonded complexes where
PhOH" at intermolecular separations of either 2 or 2.3 A.exchange can occur. In this mechanism, the net H/D ex-
Note that 2.3 A is approximately the equilibrium inter- change efficiency at low collision energies might be limited
molecular separation in the ring-bound complei®snd C, either by the efficiency with which ring-bound complexes
Fig. 1). In these calculations, the PhOrand NDy substruc-  form, or by the probability for transition from ring-bound to
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hydrogen-bonded geometries, or by some combination of thand that this efficiency is strongly inhibited by collision en-
two factors. ergy, and strongly enhanced by ring deuteration and vibra-
Given that the binding energies of the ring-bound com-tion. Certainly, collision energy is expected to inhibit forma-
plexes are more than a factor of 15 times our lowest collisiortion of the weakly bound complexes, though it is unclear
energy, and that there are ten vibrations of the complex bewhether the collision energy effect could be as strong as is
low 500 cm?, intuition suggests that trapping into ring observed. It also seems reasonable that ring deuteration
bonded complexes should be quite efficient at low energieshould increase complex formation efficiency, by increasing
In that case, the-50% net reaction efficiencisome attrib-  the density of states in the complex. The higher density of
utable to direct “NDy on hydroxyl” collisions would have  states will tend to facilitate the collision-to-vibrational en-
to be attributed to inefficient isomerization from ring to ergy conversion required to form the compléAs already
hydrogen-bonded complexes. In the statistical limit, thenoted, deuteration certainly increases the complex lifetime,
isomerization efficiency would be determined by the relativeas well) Without detailed information about the collision

rates of isomerization and dissociation back to reactantsiynamics, it is unclear whether this deuteration effect could
While we have no details about the isomerization transitiorbe |arge enough to account for the near doub"ng of H/D

state (or statey it is clear that this TS must be lower in exchange efficiency at low energies.

energy and somewhat tighter than the orbiting transition state Finally, it is not obvious how one might account for the

for dissociation of the complex. In that case, we expect thagiprational enhancement if the rate-limiting step were com-

isomerization would be favored at low energies, with thepjey formation. Note that the vibrational effect is large

fraction dissociating back to reactants increasing with €Ngnoygh that even at fixed collision energy, there is a substan-

ergy. The pre@cted trend is, at least qualitatively, consistent) (factor of 2 increase in H/D exchange as energy is added

with the experimental energy dependence. in the form of vibration. Absent any dynamical effects, ad-
For reference, the lifetime of the most strongly bound of ity energy in the reactants would be expected to de-

the ring complexeqC in Fig. 1) ranges from~2 ns for crease complex formation

Ecolision=0.1 €V, to less than 100 fs Bkoiision>1 €V (Table Regardless of what factors control the contribution of

II). Note that these lifetimes neglect both mterconversmrgrecursor complexes to the H/D exchange mechanism, at

Ee(tjween rtljng-(;)o(;md corr}[plezes, atnd |sgmerlzla;uon o th ome energy, the precursor is expected to become mechanis-
ydrogen-bonded geometignd on to producjs Intercon- tically insignificant. One crude measure of the significance of

version will tend to lengthen the lifetime of the precuxsbr a complex is its lifetime, compared to some characteristic

by pooling their density of states, but the effect should be ncfi[ne associated with a direct collisidr.g., stripping or fast

more than a factor of 2 because the para complex is the mos . .
. L rebound collisions In Table Il, we compare complex life-

stable of the ring-bound set. Isomerization to the hydrogen:. . - . oo
times and the direct collision time, taken arbitrarily as the

bounded geometry will tend shorten the precursor lifetime bytime required for relative motion by 5 A. Note that the

providing an additional decay channel, but this effect will . ) :

also be at most a factor of 2, as the total efficiency Ofhydrogen-bonded complex lifetime is substantially greater

hydrogen-bonded complex form,ationsﬁio% than the direct collision time over most of the collision en-
Having isomerization as the rate-limiting step can alsg" 9y range where H/D exchange is significant. By this mea-

rationalize the substantial increase in low-energy H/D exSure, the precursor complex is mechanistically significant at

change efficiency upon ring-deuteration. Deuteration in.collision energies below-0.8 eV. In particular, at low col-

creases the density of states in the ring-bound complex by IéSlon energies, formation of the precursor increases the col-

factor ranging from 3.8 to 5 for collision energies from 0.1 to 510N time by orders of magnitude compared to a direct col-

0.5 eV. Because the affected vibrations are less active in tH&1O"- o _ .
orbiting TS for dissociation, the sum of states at the TS in- 1 N€ Precursor mechanismiis also consistent with the sub-

creases by only a factor of 2%6—30% over the same energ?fa”tial cross segtion observeql for deeply ipelastic, nonreac-
range, resulting in a net increase in lifetime by a factor of!'Ve Scattering(Fig. 2, producing PhOH with velocities
~3.6, approximately independent &.yson. Because the nearVey. Thgre are three con.trlbutlo_ns to this signal. As
TS for isomerization is lower in energy than the orbiting TSNoted, there is a~20% branching ratio for decay of the
for dissociation, ring deuteration should have a larger effecfiydrogen-bonded complex back to reactants. This mecha-
on the sum of states controlling isomerization. In that casefiSm accounts for a substantial fraction65%) of the non-

we would expect ring deuteration to enhance the probabilityeactive signal at the lowest collision energies, but by 0.5 eV

for isomerization from ring to hydrogen-bonded complexes,formation of hydrogen-bonded complexes is inefficiésee
consistent with observation. abové and this channel accounts for less than 2% of the

The substantial vibrational enhancement of H/D ex-honreactive signal. The major contribution over most of the
change is not easily explained within a purely statisticalexperimental energy range will be collisions in the
mechanism. By invoking coupling of vibration to the reac- NDs-on-phenyl-ring geometry, and at low collision energies,
tion coordinate at the TS for isomerization, it is possible tomany of these collisions will result in precursor complex
rationalize the enhancement. Vibrational effects are disformation. The nanosecond to picosecond lifetimes calcu-
cussed in the final section, below. lated for the precursor & .gision=0.6 €V are certainly suf-

The alternative is to propose that the rate-limiting factorficient to result in substantial collision-to-internal energy
is the efficiency with which the ring-bound complexes form, conversion, producing slow products with lab velocities near
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Veum- At high collision energies, slow products must resultrecoil expected for statistical decagompare to the results
from highly inelastic, but direct collisions. for the H/D exchange channel, which is statistical at low
energies Note that it is possible to have high recoil energies
in decay of a statistical complex, if there is a barrier in the
exit channel that accelerates the products as they leave the
As discussed elsewhet®, proton transfer(PT) was transition state. The exit channel in the PT reaction has no
found to be endoergic, and as a consequence, is a minsuch barrief!
product at low collision energies. We found that it was pos-  The other observation suggesting a nonstatistical PT
sible to fit the threshold behavior of the PT channel usingnechanism comes from the RRKM-based modeling of the
either a line-of-centers model fit to the cross section, or @T pranching ratid> RRKM theory was used to calculate
RRKM-based simulation of the branching fraction for PT the pranching to PT vs energy in decay of the hydrogen-
products in dissociation of the hydrogen-bonded complexy,nded complex. This RRKM branching was then convo-

Theshe t_Wt(_) fli_ttir_1tg ﬁ_t;]atelgies fare tappropri;tle f_itn_ Oppoj_itefuted with experimental broadening factors and compared
mechanistc imrts. 1he fine-ol-centers model 1S predi- oy, 1o experimental branching ratio. It was found that the

cated on the notlon.that _reactlon occurs in d|recF COHIS'OnSRRKM simulation could fit the energy dependence of the
where the endoergicity is overcome by impulsive energy

transfer. The RRKM branching model is appropriate for aexperimental brar_mhing, but qnl_y if_ scaled by a fagt_or of
mechanism where PT is simply one channel for decay of 40.2. The conclusion from the fitting is that decomposition of
statistical hydrogen-bonded complex. Both models lead t& Statistical, hydrogen-bonded complex is only a minor con-
the same endoergicity (0.3®0.04eV). Our experiment tributor to the PT mechanism, even at low collision energies.
leads to a neutral phenol OH bond energy that is withinThis conclusion is consistent with the observed high recoil
experimental error of the recent value from Ervin andenergies for the PT products.
co-workeré® based on negative ion chemistry, but signifi- The idea that PT is predominantly not statistical, even at
cantly larger than the earlier literature vafte. low energies, seems surprising in light of the deep well as-
The congruence of the two limiting-case models raisesociated with hydrogen bonding, and with the observed
the question of where the PT mechanism lies on the directforward—backward symmetric velocity distributions. We
statistical continuum, anq how it relates to Fhe. mechanisnbropose the following mechanism. Roughly 10% of PT at
for H/D exchange. Experiments with-PhOH indicate that |4, energies does, undoubtedly, originate in statistical decay
only the hydroxyl proton is involved in either PT or H/D of [PhOHND,]*. The balance must result from collisions

exchange. Because the hydroxyl proton is transferred, al “ " ; ;
there is a deep potential well for the hydrogen-bonded congﬁat access the “Npon hydroxyl" region of the potential

plex, one might think that most PT products form via a Icmg_sun‘ace, allowing transfer of the hydroxyl proton, but which

lived intermediate, at least at low collision energies. Figure fepzrage tcl)l Iproducts V\;:thout torlapplng Into thihhydtr)ogen—
and Table | summarize the recoil velocity results for the prRonded well long enough to randomize energy. The observa-

product. Table Il summarizes direct collision times andtion that PTis inefficient, even at energies well above thresh-
RRKM lifetimes for hydrogen-bonded and nonhydrogen-©ld. is evidence that such collisions are rare.
bonded complexes. “ND 5 on hydroxyl” geometries can be accessed both by
At E.ision=1.5€eV, the velocity distribution is back- collisions directly in this geometry, or as proposed above, by
ward peaked, indicating a collision time shorter tha@.3  rearrangement from ring-bound precursor complexes. The
ps. While longer than the direct collision time at this energy,relative importance of the two mechanisms is expected to be
0.3 ps is substantially shorter than the lifetime for thecollision energy-dependent. At low energies the precursor
hydrogen-bonded complex, indicating that most PT productsnechanism is efficient, ““delivering” a substantial fraction of
do not result from breakup of a statistical, hydrogen-bonde&ollisions into “ND; on hydroxyl” geometries. At low en-
complex. Further evidence for the nonstatistical nature of thergies, most of these collisions will ultimately trap into the
PT channel comes from the recoil energy distribution. Atdeep hydrogen-bonded well, and as a consequence, the frac-
Ecolision=1.5€V, the frac'Fion of ava}ilat.)!e energy appearingtion of collisions leading to PT products is small. As energy
as recoil(Erecon)/( Eavan), is 37%—significantly higher than g ,reased, the probability for trapping into the hydrogen-
would be expected for decay of a statistical complex. bonded well decreases, but so does the efficiency of the pre-

As the collision energy is lowered, the velocity distribu- :
. cursor mechanism. As a consequence, a smaller number of

tions become forward—backward symmetric within experl-Collisions access “ND on hvdroxvl” geometries. but a
mental error. Change to symmetric distributions at low . B Y g ' .
Eouicion IS Often the sign of a transition to a complex- greater fraction of them go on to PT products. At energies

mediated reaction mechanism, and such a transition woul@20V€~1 €V, the precursor mechanism is inactive and most
not be surprising in this system, given the substantial hydroP'T results from the relatively infrequent, direct “Nlon

gen bond energy. There are two observations that are incofydroxyl” collisions. At high energies, trapping into the
sistent with a fully statistical mechanism, however. First, thehydrogen-bonded complex is also less efficient, thus PT oc-
fraction of available energy going into recoilH..)/  Curs in a substantial fraction of “Npon hydroxyl” colli-
(Eavai)) remains high as collision energy is decreased. Evessions. The result of the competing mechanisms is a small,
at E.qision= 0.5 eV, there is roughly four times the energy in but nearly energy-independent cross section for PT.

C. Proton transfer mechanism
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D. Vibrational effects gies, in contrast to experimefriote change of energy scales

The most surprising feature of this system, and the hard" I_:ig. 5. The tentat.ive. gonclusion 'S that these vibrations,
est to explain, is the large effect of low frequency ring vi- which both involve significant motion of the OH group as a

brations. The modes excitdig. 1) have no obvious con- unit, somehov_v inhibit_ attack on the hydrox_yl pr_oton by HD
nection to the reaction coordinate, and little effect on the The classical periods of thes, andu ., vibrations are 65

total energy of the system, particularly in comparison to the?d 40 S, respectively, ;\md the root mean square atomic
deep potential wells accessible to the reactants. Other th{g{splacement)&:s 0.025 A, with maximum displacements
our recent report on reaction of PhORuith methylaming ~ around 0.04 A. In the 0.5-2.5 eV collision energy range

there are no vibrationally resolved studies of comparabld/here the inhibition is observed, the relative motion time
systems to guide interpretation. scale ranges from-40 fs/A to ~25 fs/A, i.e., the vibrational

Some vibrational effects are easily understood. The enP€riod is comparable to the time for relative motion over a
ergy dependence of the adduct cross sedffég. 5, bottom _bond Ieng'Fh. Nlote, however, that the atomic ve_I(_)C|t|es res_ult-
is mostly determined by the adduct lifetime, which should"9 from v_|brat|on_ are much smaller than velocmes_resultln_g
depend only on total energy. There are secondary effects thPm relative motion of the reactants. Based on this consid-
complicate matters, however. For example, only thegration, it appears 'that the gxplanatlon fori the. V|b.rat|onal
hydrogen-bonded complex lives long enough to account foeffect at_ high energies must myoke some vibration-induced
adduct detectiofiTable 1), but the results for H/D exchange change in the reactant properties, rather than some effect of
suggest that formation of such complexes is probably vibrath€ vibrational motion itself. .
tionally enhanced via the precursor mechanism. On the other Oneé possibility is vibration-induced changes in elec-
hand, for given total energyy, is lower for vibrationally ~ tronic structure that might influence bonding or long-range
excited reactants, increasing the flight time to the detectoglectrostatic interactions. We calculated orbital populations,
and possibly changing the collisional stabilization probabil-atomic chargegMulliken and CHelpG, and total electron
ity. Within these uncertainties, we would expect the adducglensity for PhOH in its equilibrium structure, and for dis-
signal to depend largely on total energy, as is observed. tortions along g, andv, normal coordinates roughly equal

The proton transfer cross section at energies below 0.8 the classical vibrational amplitudes. Using gOpenMol
eV is, within the rather large experimental uncertainty, alsodRef. 14 to visualize electron density surfaces with various
dependent only on total energy. For an endoergic reactiofutoff densities, there are no apparent changes in the shape
near threshold, it is not unexpected that total energy might bef the electron cloud. The average variation in atomic charge
the determining facto®2although in some such cases there(CHelpG as PhOH vibrates is~0.01, and the root mean
are large mode-specific effects if a particular mode couple§duare variation is less than 0.02. The largest variation is for
especially well to the reaction coordindfe?® In this system, one of the meta carbon ator(®05), but the ipso carbon, and
PT probably is occurring by at least two mechanisms in thidiydroxyl O and H atoms show charge variations less than
energy range, making prediction of the expected vibrationaP.01. We also considered the extent to which the moving
effects difficult. At high collision energies, both;, andv,,  atoms might change the center-of-charge or dipole moment
excitations have a small, but reproducible, inhibitory effect.0of PhOH". The center-of-charge moves by about 0.035 A
It is interesting to note that in proton transfer from PhDld ~ between the vibrational extremawof, , and by only 0.011 A
methylamine® where the cross section is large enough tofor vi,. The magnitude of the dipole moment changes by
give good signal/noise, we observe vibrational effects qualiless than 3% for either vibration, and the direction also is
tatively similar to those observed for NDIn the methy- nearly constant. It seems unlikely that such small changes in
lamine reaction there is a nonspecific effect from both vibra€lectrostatic properties could have a significant effect on the
tions and collision energy at low total energies, while atlong-range interaction of Npwith PhOH", but small effects
Eoiision=>0.5 eV, there is little effect of collision energy, but on the short range dynamics controlling PT cannot be ex-
both vibrations inhibit proton transfer. The similarity is sur- cluded.
prising in that PT from PhOH to ND; is a minor channel, The other obvious possibility is that the effect is geo-
endoergic by 0.19 eV, while PT from PhOHo CH;NH, metrical, i.e., steric. In this case, the relevant parameters are
is the dominant channel in that system and exoergic byhe distance separating the hydroxyl proton from neighboring
0.44 eV. atoms that might block access. The equilibrium distance be-

It is interesting that the ring vibrations should slightly tween the hydroxyl H and the hydrogen attached to the ortho
inhibit PT at high energies, where the vibrational energy iscarbon atom is 2.35 A, and this distance varies fret3 to
clearly insignificant. Particularly in the higher end of this ~2.4 A during either vibration. Here, again, the
energy range, the precursor mechanism is negligible andibrationally-induced changes are small, but could possibly
most PT must occur in collisions directly in “NDon hy-  result in a small change in the PT efficiency at high energies.
droxyl” geometries, where the proton is transferred and the  The largest effect is the substantigt2 timeg vibra-
products separate without trapping into a statistical complextional enhancement of H/D exchange at low collision ener-
The vibrational inhibition could result either from vibrational gies. It is certain that in the statistical hydrogen-bonded com-
inhibition of the proton transfer probability, or from a vibra- plex where H/D exchange occurs, any memory of the
tionally enhanced probability of trapping into the statisticalreactant energy partitioning is lost, and the vibrational effect
complex. If the latter were true, then the H/D exchange crossust result from some event earlier along the reaction coor-
section should also be vibrationally enhanced at high enedinate. We have argued that the dominant contribution to
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H/D exchange at low energy involves a ring-bound precursopling in the complex, and strong coupling in the TS region.
complex, and that the vibrational effect is manifest either ad’here are vibrations of the complex in which the motion of
a vibrational enhancement of complex formation, or as vithe PhOH moiety is essentially identical to the;, andv,
brational enhancement of the ring-to-hydrogen-bondedibrations of free PhOH. Furthermore, in both vibrations of
isomerization. the complex, the NP moiety is nearly stationary. As ex-
The notion that ring vibration somehow greatly enhancespected for such vibrations, the frequencies are also shifted
the probability for formation of ring-bound complexes is dif- very little from free PhOH. The vibration corresponding to
ficult to support. Certainly it would not be surprising to find ve, in free PhOH is blue-shifted by~3 cm* (~0.5%) in
a modest enhancement resulting from partitioning energyhe complex. The ;, vibration is also blue-shifted, but by
from collision energy to vibration at constant total energyonly 0.5 cni'* (0.06%). The implication is that the two in-
(Fig. 5. Note, however, that there is a substantfactor of  plane ring modes studied are, indeed, very weakly coupled to
2) enhancement even from adding vibrational energy at conthe ND; moiety.
stant collision energy, and it is difficult to see how adding to  Itis almost certainly also the case that the ring vibrations
the total energy of the colliding partners could enhance theouple strongly with N motion as the system approaches
probability of trapping into a weakly-bound complex. Suchthe TS for isomerization. This T@®r set of TSgmust be in
an effect would require a dynamical explanation that woulda geometry corresponding to NDnteracting with the ipso
require strong coupling between the PhOHing vibrations ~ carbon or hydroxyl oxygen atoms. As shown in Table llI, the
and the relative motion of the two reactants. As discussednteraction potential in this region of configuration space is
below, the coupling, in fact, appears to be rather weak.  strongly dependent on the N[position relative to these at-
The other avenue for a vibrational enhancement is vibra®ms. The motion of these atoms in the vibrations will, there-
tionally enhanced isomerization from ring to hydrogen-fore, be strongly coupled to NPmotion. The coupling will
bonded geometries. This possibility would require that thecertainly end any adiabaticity of these vibrations as the TS is
initial vibrational state not be immediately scrambled inapproached, and may also provide a mechanism for vibra-
forming the ring complex, and there is some precedent fotionally enhanced barrier crossing.
such vibrational adiabaticity. In reaction ofZ; with meth- Certainly, we are far from being able to give a definitive
ane, for example, §; bending vibration substantially en- explanation of the vibrational effects in this system. The sur-
hances the endoergic H atom abstraction reaction, while thfising result is that large effects can exist for low frequency
CC stretch has little effeéf In a paper reportingab initio  Vibrations of such a largeand apparently statistioasystem.
calculations and transition state theory on this reactionVVe are optimistic that by probing vibrational effects on other
Klippensteif® proposed that the absence of a CC stretci€actions of benzenoid cations, and by examining the effects

effect results from weak coupling of this mode in a precurso©f other vibrations, we will be able to at least partly unravel

complex. As a consequence, the reaction was proposed to (f2e dynamics.

adiabatic in the CC stretch mode, so that its vibrational en-

ergy is not available to drive the endoergic reaction. ACKNOWLEDGMENTS
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