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Reaction rate measurements and modeling calculations are presented that support a tunneling mechanism for
excited-state proton transfer (ESPT) in phenol-ammonia clusters. Rates of ESPT were measured by picosecond
pump-probe resonance-enhanced multiphoton jonization in a molecular beam mass spectrometer. In earlier
work on C¢HsOH-(NH3),, we measured size-specific excited-state lifetimes and observed a decrease from 5
ns (n = 4) to 65 ps (n = 5). Here we report excited-state lifetimes for partially and fully deuterated clusters,
C¢HsOD-(ND3), and C¢DsOD-(ND3),, that are significantly longer (>1 ns for n> 4) than for the protiated
clusters. The barrier to reaction is due to a crossing between a covalent state and a solvent-stabilized ion-pair
state of phenol. A barrier model and tunneling calculations are presented in support of the experimental results.

1. Introduction

In the course of nature, few phenomena play as prominent a
role as hydrogen bonding and proton transfer.! Biological roles
are numerous. Hydrogen bonding is the cornerstone to genetic
replication through DNA base pairing. Furthermore, photoin-
duced excited-state proton transfer (ESPT) has been implicated
as a mechanism of transcription error that can lead to loss of
genetic information.2 The very specific nature of hydrogen
bonding and proton transfer also largely accounts for the selectivity
of enzymatic catalysis in proteins. In laboratory synthetic
chemistry, acid and base conditions are often used to catalyze
specific reaction pathways.

Proton- (and electron-) transfer reactions are especially
intriguing because they can exhibit quantum-mechanical behavior
(in particular barrier tunneling), even in large systems.>” The
tunneling probability in condensed-phase systems is strongly
dependent on solvent interactions. Static interactions account
for the general shape of the potential energy surface and the
equilibrium enthalpy of the reaction. Dynamic interactions such
as solute-solvent vibrations and fluctuations in solvent orientation
and lattice structure modulate the barrier width and the relative
energy of the potential wells.

To understand the role of solvent effects on tunneling at the
most fundamental level requires a means to study the immediate
reactive site under specific conditions of energy and structure.
These conditions suggest the use of molecular clusters. Ideally,
by adjusting cluster conditions, choosing excitation energies, and
employing mass spectrometric analysis, one can measure the effect
of single molecules on the properties of small-to-medium-size
clusters. These studies may be viewed as a microcanonical
approximation of bulk-phase conditions where we control energy,
solvent size, and time resolution.

Time-resolved studies of cluster chemistry can be traced back
to the work of Felker and Zewail, who measured the picosecond
dynamics of hydrogen-bond dissociation for the stepwise solvation
of isoquinoline.? Several groups are now investigating real-time
dynamicsin clusters.8-2! A number of these efforts involve excited-
state proton transfer.!%!"-2 The Zewail group first reported on
the 1-naphthol-ammonia system and observed a distinct threshold
to reaction at the level of three ammonia solvent molecules.!
This result was corroborated by Kelley, Bernstein, and co-
workers.!” In a related series of experiments Bruker and Kelley
measured proton-transfer rates in small solvent complexes formed
in cryogenic argon matrices.22 They observed similar solvent-
size dependence for 1-naphthol-ammonia; however, the rates
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differed from the isolated clusters formed in molecular beams,
presumably due to the polarizability of the Ar matrix.

Our proton-transfer work has focused on the molecule phenol
in hydrogen-bonded solvent clusters.!#-20 It is interesting to note
the difference in the critical solvent size for ESPT for 1-naphthol
versus phenol in (NH3),, these being n = 3 and n = 5, respectively.
The pK,* values of excited state 1-naphthol and phenol are 0.5
and 4.1, respectively, which converts to an enthalpy difference
of 0.22 eV.2? Thus, additional ammonia solvent molecules are
required to stabilize ESPT in phenol compared to 1-naphthol.
Interestingly, time-averaged experiments on 1-naphthol?425 and
on phenol?6 in ammonia clusters indicated that both acids exhibit
a critical solvent size for ESPT of n = 4. These experiments,
which provided valuable spectroscopic and dynamic information
on ESPT in these clusters, apparently are less suitable than time-
resolved experiments for determining the minimum solvent size
for inducing ESPT.

A particularly interesting problem is the shape of the reaction
barrier along the O—H coordinate, which arises from a surface
crossing between a covalent O-H--B, potential and a solvent
stabilized ion-pair O---H*B, potential.!® Inthispaper, we present
time-resolved measurements of ESPT in phenol-d; and phenol-
dgin (ND;), clusters and compare them to the protio case. Because
of the very strong dependence of barrier penetration on the reduced
mass of an oscillator, tunneling reactions can exhibit very
significant isotope effects and provide details about barrier heights
and widths. We compare our measured rates to tunneling
calculations based on two models: a bound-free potential for
proton transition (gas-phase limit) and a bound-bound solvent-
activated transition (condensed-phase limit). These models
incorporate the dependence of the O-+N vibration on the O-H
potential!” and, in the latter case, the dependence of the solvent
coordinate on the relative energies of the reactant and product.
Aninteresting outgrowth of this analysis is that tunneling reactions
should exhibit unusually pronounced mode-dependent reaction
rates for those vibrations that cause modulation of the barrier
width.

2. Experimental Section

The picosecond molecular beam apparatus has been described
before,!8-2! hence, only general details are given here. The
molecular beam employs a temperature-controlled pulsed su-
personic nozzle which serves as the cluster source. The central
portion of the free-jet expansion passes through a 1-mm-diameter
skimmer to produce a molecular beam of about 4-mm diameter
at the ionization region of a time-of-flight mass spectrometer.
The acceleration region is based on the three grid design for
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Figure 1. Barrier to ESPT arising from the crossing of a covalent and
ion-pair potential. A parabolic barrier, used for calculating tunneling

rates, is fitted to the crossing region; ap and Up are the barrier half-width
and height measured from the vibrationless level of O-H.

space focusing. We use 1-cm grid spacings, a 1-m drift tube, and
extraction and acceleration fields of 200 and 1800 V/cm,
respectively. The ion signal is detected by a dual-microchannel
plate detector and recorded using a boxcar gated integrator/
averager. The deuterated phenols (Merck Sharpe & Dohme
Isotopes, 98 atom % D minimum isotopic purity, used as is) were
contained in a sample holder in the pulsed nozzle and heated to
about 50 °C. Samples of NDs, varying in concentration from 1
to 10% in He, were prepared in a 2-L high-pressure cylinder and
allowed to flow at about 35 psi over the phenol contained in the
pulsed valve. It was necessary to use NDj; instead of NHj to

avoid contamination of the deuteriophenols by proton exchange .

with ammonia. The flow mixture, at a typical backing pressure
of 35 psi, was expanded through a nozzle with a 750-um-diameter
aperture and 60° (full angle) conical throat.

The picosecond laser is based on a pulsed (10 Hz) active/
passive mode-locked Nd:YAG laser, which produces output at
532 nm (25-ps pulses), 355 nm (25 ps), and 266 nm (18 ps).
Time-resolved spectra were recorded by delaying a probe pulse
A, relative to a pump pulse A, using a scanning optical delay
line.'* We refer to the sequence and the delay time ¢ by the
designation A\;—z-X,. Calculated curves are fitted to the data
using a convolution that assumes a Gaussian-shaped instrument
function (typically 25-30 ps, fwhm). A minute deviation from
flatness in the particular delay line used in these experiments
prevented accurate measurements of long decay times (greater
than 1ns). Thedeviation isinsignificant over short travel distances
and, therefore, did not affect short time measurements (less than
200 ps).

3. Background

(3.1) Potential Energy Curves. The potential surface and
barrier to proton transfer derives from a curve crossing involving
a short-range O-H covalent bonding potential (e.g., So, S, and
ground-state cation) and a long-range Coulombic O-H* ion-pair
potential.!® We willexamine the potential along three coordinates,
the O-H coordinate, gy, which is the reaction coordinate, the
O--N coordinate, Q, which affects the barrier properties, and
the solvent coordinate, S, which affects the relative energies of
reactant and product. We represent the potential along the gu
coordinate in Figure 1. The example shown is for a fixed O-N
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distance of 2.8 A and a fixed solvent coordinate for which the
reactant and product energies are isoenergetic. Figure 1 will
serveas a starting point for examining the mechanism of tunneling
for ESPT in phenol-ammonia clusters. There are threeimportant
questions that need to be addressed: (1) what is the splitting at
the crossing point, (2) how does the barrier vary with changes
in O (e.g., due to O--N symmetric stretch), and (3) how does
the O-H potential vary with changes in solvent coordinate S?
These points are discussed in turn.

(1) Juanés i Timoneda and Hynes calculated electronic
couplings for the neutral and ion-pair potentials of a model OH-N
complex and obtained a value of about 1 eV for O--N distances
of 2.8 A (a calculated coupling of 0.7 eV at 3.0 A indicates the
sensitivity of the coupling to On).> Using this splitting for our
potential model leads to a barrier height of 0.4 eV measured from
the vibrationless level. We represent the barrier in Figure 1 by
a parabolic function that has an equilibrium barrier height and
width of U and 2ay, respectively. We choose this shape because
it simplifies the tunneling calculations described later.

(2) Typical O-H---N linear hydrogen bond distances are about
2.8 A.27 An early calculation on PhOH-NH; predicted minima
along the gy coordinate at 1.0 and 1.8 A28 which is consistent
with an equilibrium Q% value of 2.7-2.8 A assuming typical
O-H and N-H bond lengths of 0.95-1.0 A. More recent
determinations of Qg, from spectroscopic measurements of
naphthol-NH; range from 2.6-2.9 A.2930 Thevalue of aqin Figure
1 is determined to be 0.30 A based on the spacing between minima
of 0.8 A and the O-H vibrationless amplitude of 0.10 A.3! The
point to note is that the barrier width and height depend directly
on the Oy coordinate. For example, the symmetric O--N vander
Waals stretch mode will modulate @ and U from their equilibrium
values, which can lead to enormous enhancements in the tunneling
probability during the compression phase of the vibration. This
effectis animportant part of the tunneling model discussed below.

(3) The potential in Figure 1 assumes a solvent configuration
that is fixed such that the minimum energies are the same (we
will call this solvent configuration S¥). The equilibrium solvent
geometry, however, will certainly be different for the covalent
and ion-pair states. Schematic representations of the the O-H
potential for equilibrium solvent configurations of the reactant
and product, S, and Sy, respectively, are given in Figure 2a. This
picture isimportant because it implies that proton transfer requires
solvent motion to reduce the energy of the product state. A
convenient way to represent the solvent configuration energy is
to plot the minumum energies of the reactant (covalent) and
product (ion-pair) potentials as a function of solvent coordinate
S as shown in Figure 2b. This view indicates that there is an
activated solvent configuration S* at energy AG* for bringing
the reactant and product minimum energies (or vibrationless
levels) into resonance. The importance of this condition for
promoting proton tunneling is examined below. The free energy
difference AG; — AGy is commonly referred to as the solvent
reorganization energy A.

(3.2) Tunneling Model. We examine two views of proton
tunneling in clusters. The first is a solution-phase picture that
introduces the concept of solvent motion and reorganization energy
to facilitate tunneling. This picture is based on the potential
model in Figure 2 for solvent activation. Proton tunneling is
treated as a bound—bound transition and occurs when the solvent
attains a configuration for which the reactant and product states
aredegenerate. Analternative view of proton tunneling, advanced
by Hineman, Bruker, Kelley, and Bernstein (HBKB) for 1-naph-
thol-ammonia clusters, is to assume that the product potential
is unbound (e.g., a gas-phase free-particle dissociation).!” This
strategm removes the restriction for solvent motion to bring two
bound states intoresonance. The justification given for the bound-
free approach is (1) proton transfer occurs from the vibrationless
level of cold clusters for which there cannot be significant solvent
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Figure 2. (a) Schematic representation of the potential energy along the
O-H coordinate for fixed solvent configurations S and Sp. (b) Reactant
and product minimum energy as a function of solvent coordinate S. AG*
isthe free energy of activation for achieving resonance between the reactant
and product minimum (vibrationless) energy. AGy is the free energy of
reaction for an equilibrating solvent. AG; and AGj are the free energies
of reaction for fixed-solvent configurations S; and S, respectively.

motion and (2) there are a large number of product vibrations,
including intermolecular and solvent modes, that couple to the
O-H coordinate and that can accept energy corresponding to
mismatches between the vibrationless reactant and product states
along the O-H coordinate. Although the proton clearly goes to
a bound state of the product, the use of a free-particle product
potential simplifies the analysis.

Perhaps an acceptable picture that is intermediate to the two
just described is to consider a high density of product-bound
states (those states that couple to the product N-H bond). The
appeal of this picture is that it retains the essence of a solvent-
assisted bound—bound transition yet recognizes that the solvent
interaction need not be very large, just large enough to shift
energies by an amount equal to the inverse of the density of product
states coupled to the O-H coordinate. This treatment is really
the same as the activated-solvent model of proton transfer, except
that the density of product states method conveniently prevents
the free energy of solvent activation AG* in Figure 2a from
becoming too large.

Tunneling is sensitive to many coordinates of a multidimensional
potential surface.>-” A tractable approach that encompasses the
essential features of proton tunneling is to treat the O—H and
O--N coordinates, gy and Qx, respectively, as quantized motions,
and the solvent coordinate as a classical parameter. This model
will necessarily introduce parameters that are experimentally ill
defined. The objective is not to obtain quantitative agreement
with experiment but rather to examine how sensitive tunneling
rates are to these different parameters. By exploring the range
of results (parameter space), we should be able to test the
reasonableness of our potential energy picture. Furthermore,
the model should suggest what experimental parameters are worth
measuring in future work.

Solvent-activated proton transfer: Borgis and Hynes® and

- Cukier and Morillo? have shown that in the limit of slow solvent
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motion the rate constant for proton tunneling can be expressed
as

k= 25c(%)" expl-sc] )

where 2C is the tunneling splitting for a symmetric double-well
potential. B is defined as (kyT + E.ip/s)~!, where T is the initial
cluster temperature (ks is the Boltzmann constant), E.;, is the
vibrational excitation energy in S;, and s is the number of effective
degrees of freedom in the cluster that contribute to the heat
capacity. We have arranged the terms in eq 1 to resemble a
Golden Rule rate equation (i.e., k = (2w/h)C?p where p is the
density of states at some given energy). This suggests the
interesting interpretation that the product of the square root and
exponential term is a density of states. The condition for slow
solvent motion (i.e., slow energy modulation limit by bath
fluctuations), for which eq 1 is valid, is (2\/B)'/2 > hy; where
vy is the inverse of the correlation time for solvent fluctuations.
For hydrogen-bonded solvents at low temperature, we equate vy
to typical intermolecular solvent vibrational frequencies (about
100cm™1). The left-hand side of the inequality is about 500 cm-!
based on values of A and j estimated later.

The tunneling splitting for an O-H symmetric double-well
potential with a parabolic barrier is given by*

2C = (hv,/7) exp[-Q] (2a)
where v, is the O-H stretch frequency and
Q = (x’a/h)(2mU)'/? (2b)

It is worth noting that the tunneling frequency for this case is
defined as v, = 4C/h,* which allows us to interpret the remaining
part of eq 1 as the probability of solvent being in a configuration
S* that gives rise to a tunneling resonance. The reason C also
appears in the latter definition is that the effective energy range
of coupled solvent accepting modes for proton transfer depends
linearly on », based on the uncertainty principle. By a Golden
Rule argument, the number of bath states thatare active or coupled
depends on the strength of the coupling C. Inserting egs 2 into
eq | leads to the tunneling rate constant

2

The solvent free energy of activation AG* isillustrated in Figure
2b. For parabolic potentials the term is given by

B 2
Jres exp[—29](7r—f)l/ ? exp[-BAG*] 3)

AG* = (A + AGy)?/4\ (4)

where the solvent reorganization energy A is defined as AG, —
AGy in Figure 2b. AG* has an interesting dependence on the
reaction free energy (driving force) AG,, which we summarize
as follows: (1) AG, = 0, in which case AG* = /4, (2) AGy =
-\, in which case AG* = 0, and (3) AG, < -\, in which case the
value of AG* increases again. The latter situation is the so called
Marcus “inverted region”.32

Bound-free proton transfer: For reasons discussed earlier,
HBKB adopted a bound-free model to explain their tunneling
results for 1-naphthol/ammonia clusters. The escape probability
for a bound proton separated from a dissociative potential by a
parabolic barrier is given by*

k = v, exp[-Q] (5)

HBKB defined gy as the reactive coordinate and incorporated
the effect of the O--N vibrational coordinate Qn in modulating
the barrier height and width. In so doing, they obtained
expressions for k(F) by averaging over the probability of
populating v quanta of the O--N stretch. The integration over
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the O--N vibrational wave functions involves the exponential
term in eq 5 because of the barrier parameters in the term Q. The
exponential term also appears in the condensed-phase tunneling
rate constant eq 3, so the HBKB treatment of On will also be
adapted for that case as well. For convenience we define the
exponential term as

A = exp[-29] = exp[-(2n%a/h)(2mU)'?] (6)

It is worth noting that by this definition 4 = (2C/hv;)%.
Averaging over Qn: The O-H stretch mode, having a frequency
of 3500 cm™!,3 is not acutally excited in these studies, so tunneling
occurs from the origin of the O-H potential. What facilitate
tunneling are vibrations that compress the O-N distance, thereby
reducing the barrier height and width. For simplicity, we consider
only the O-N stretch mode although other vibrations such as the
O-H-N bend mode could be important. The O-N stretch has
an S, frequency of 182 cm™! in PhOH-NH; (reduced mass p =
14amu).3* Assuming the same force constant for PhOH-(NH3)s
and assuming a rigid solvent, leads to a frequency of 102 cm™!
(1 = 44 amu).3> However, the solvent will most likely deform
somewhat in response to the O-N stretch thus decreasing the
effective reduced mass (this assumes that there are solvent modes
of higher frequency than the O-N frequency). We choose an
intermediate frequency value of 140 cm™!, which corresponds to
an effective reduced mass of 23 amu. The tunneling rate is not

excessively sensitive to moderate variations in this value.

Following HBK B, we evaluate 4 as a function of O--N distance
and integrate over the wavefunction for » quanta of O--N stretch:

A®) = WA, = [JA@ S dx (D)

where x is the deviation of the O---N distance from the equilibrium
position. The A(x) dependence derives from the a(x) and U(x)
dependences, which are easily evaluated for a parabolic barrier.!”36
The O-N vibrational amplitude probability f,(x) is given by

£,(x) = W) = INH(a"*x) exp(-ax?/2)F  (8)

_ L ja\/2qre
N,= ﬁ(w) ] (92)

41r2m/2
T h
and », is the O--N oscillator frequency and H,(a!/2x) are the

Hermite polynomials. Substituting egs 6, 8, and 9 into eq 7 gives
the expression

where

(9b)

a

A@) = yN, [ H,(a'*x)? exp(-px + 2gx) dx (10)

where
v = exp(2ga,) (11a)
q = (x*/h)(2mUy)'"* (11b)
p=a-q/2a, (11¢)

Equation 10 can be integrated analytically; however, the com-
putation becornes extremely tedious for increasing v because of
the squared FHermite polynomial term. We used a symbolic
algebra routine to evaluate eq 10 up to v = 5.3738

The value A(E) atenergy E is then determined by the expression
A(E) = Y P,(E) Av) (12)
v

where P,(E) is the population probability of v quanta of O--N
stretch at energy E. P,(E) can be evaluated by direct counting
methods; however, the frequencies for the intermolecular vdW
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modes, which willdominate the density of states, are not all known.
Because these modes are of low frequency and we are interested
in high total vibrational energy, we follow HBKB and use a
classical expression for calculating P,(E) based on the Marcus-
Rice approximation®®

[(E-E,)/E)”*
P(E) = (13)

> [(E-E,)/E}

where E, is the energy of the specific vdW mode (i.e., the O-N
stretch fundamental frequency) and s as defined earlier is the
number of effective degrees of freedom.

Estimation of tunneling parameters: The O-H potential and
barrier parameters have already been examined in section 3.1.
Here we examine solvent parameters. We assume that only
intermolecular vibrational and rotational (or reorientational)
modes are of sufficiently low frequency to be effective oscillators
in low temperature clusters and, therefore, define s = 6n — 6,
where n is the number of molecules in the cluster.®® All other
modes (i.e., intramolecular modes) are assumed to be of
significantly higher frequency to be significantly less important
to the effective density of states. For the cluster size PhOH-
(NH5;)s, one obtains s = 30. The average thermal energy is (Ei)
= skyT and the average total energy E is

E=(E,)+E;=s/8 (14)

Thevalue of k, T'can be estimated using Klots’ evaporative cooling
model,*! which holds that k,T'= Do/, where Dy is the monomer-—
cluster bond energy and v is called the Gspann parameter and
has a nearly universal value of about 25.42 For the medium-size
clusters studied here (n> 5) we assume a value of Dy = 1200 cm™!
corresponding to the binding energy of the neutral (NH;), dimer.*?
The resulting value of ky7 = 50 cm™! (or about 75 K) assumes
that clusters cool only evaporatively, when in fact collisional
cooling can be quite effective. Therefore, we consider the cluster
temperature obtained by the Klots evaporative cooling model to
be an upper limit and use half this value (i.e., ksT = 25 cm™)
as an input for calculations. At these low temperatures, the
calculated tunneling rates are not overly sensitive to k,T.

Thesolvent reorganization energy A is an important parameter
that is difficult to determine. We expect it to be relatively small
since the equilibrium solvent configuration for reactant and
product should be similar (i.e., lie in a similar region of Franck—
Condon space). Assuming that several quanta of intermolecular
modes (typically ~100 cm™! each) are necessary to cause an
interchange between reactant and product solvent configuration,
we estimate a lower limit of A = 1000 cm™'. This is consistent
with values of A determined from spectral data for ESPT of
3-hydroxyflavone in polar liquids.** An upper limit for A is
estimated from time-resolved shifts in the photoelectron spectrum
of phenol-ammonia clusters of about 4000 cm~'.2° For our
calculations we choose a value of A = 2000 cm™!. The reaction
free energy AG is assumed to be slightly exothermic for the n
= 5 cluster given the fact that the n = 4 cluster size is unreactive.
We assign AG a value of ~1000 cm™! based on the incremental
increase in the proton affinity of the ammonia cluster from n =
4ton= 513

4. Results and Discussion

(4.1) Experimental Measurements. The time dependence of
excited-state reactant PhOH*(NHj;), is measured by detecting
the parent-ion signal PhOH*(NH3), as a function of the pump—
probe delay time z. As discussed in earlier work, ionization of
excited-state reactant leads almost exclusively to parent ion,
whereas ionization of excited-state product PhO*-H*(NHj;),
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Figure 3. Effect of deuteration on the excited-state lifetime of PhOH*

(NH3), (n = 4-6). The data were fitted to single-exponential functions

with the following lifetimes: (a) 5.0 ns (n = 4), 55 ps (n = 5), 65 ps (n

=6); (b) 1.5ns (n=4),1.5ns (n=5), 1.1 ns (n=6); (c) 2.4 ns (n=

4), 2.0 ns (n = 5), 2.4 ns (n = 6).

leads to extensive dissociative ionization to PhO + H*(NH3)-p
+m(NH;).'8!° The parent-ionsignal decays by therate of ESPT,
buttoa plateau level determined by the fraction of product cluster
ion that does not dissociate upon ionization. For 532-nmionization
(a two-photon process), the undissociated fraction is small, so the
parent-ion signal decays to a level near the baseline (Figure 2a).
For lower energy ionization, the plateau level is higher and the
decay is less distinct.!®1945 We expect the above behavior to
apply to the deuterated clusters as well, in which case ESPT
should be detectable if it occurs.

The measured rates of ESPT in phenol-d; and phenol-dg in
(ND;), clusters are compared to measurements for phenol-(NH;),
in Figure 3. In the latter case (Figure 3a), a distinct onset to
ESPT occurs at n = 5 as discussed in detail in previous work.!3
The lifetimes for » = 5 and n = 6 are about 60 ps. The calculated
curves in Figure 3a were fitted to a single-exponential function
that decays to a plateau level described above. The deuterated
cluster measurements in Figure 3b,c do not show evidence of fast
decay for n > 4. Instead, lifetimes of about 1.5 and 2.4 ns,
respectively, are observed. These curves were fitted to single-
exponential decays without including an asymptotic plateau level.
Also because of a slight deviation on the long-time behavior
introduced by the delay line (cf. Experimental Section), we report
these lifetimes toan uncertainty of £50%. Despite the uncertainty,
the isotope effect is clearly greater than an order of magnitude,
which is strong evidence of a tunneling mechanism.

(4.2) Comparison with Calculations. Calculated tunneling rate
constants asa function of vibrational photoexcitation are presented
in Figure 4 for the HBKB bound-free gas-phase model (——-)
and the bound—-bound activated-solvent model (—). Experimental
data points from the measurements in Figure 3 are included for
comparison. The agreement on an absolute scale is good, though
probably fortuitous. We have not adjusted any parameters. For
example, the barrier values ay and Uy were determined strictly
from the best determination of the covalent and ion-pair potentials
along the O—H coordinate and the calculated barrier splitting.
However, the choice of solvent-related parameters (e.g., A, AGy,
kyT, s), was somewhat more arbitrary, which if varied by
reasonable amounts could have an aggregate effect on & of greater
than an order of magnitude.

The tunneling parameters used here differ somewhat from
HBKB.!” We use an O-H fundamental frequency of 3500 cm-!
rather than 3000 cm™! based on measurements by the Felker
group.>> We assume an equilibrium barrier half width of @y =
0.30 A rather than 0.20 A. The latter value used by HBKB was
based on an O-+N equilibrium distance of 2.6 A reported by
Pratt and co-workers for 1-naphthol bound to one ammonia.??
Other reports, however, indicate that this distance may be in the
range 2.8-2.9 A.22 Finally, because we worked at higher
vibrational energy than HBKB, it was necessary for us to include
contributions to eq 12 up to v = 5.37-33 The P(v) distribution for
the O--N vibration at E,;, = 2500 cm™! was determined from eq
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Figure 4. Comparison of calculated tunneling rates to observed rates for
deuterated (D) and nondeuterated (H) clusters for n= 5 NH; molecules.
Parameters for calculations are as follows: »; = 3500 cm™! (O-H), 2475
cm™! (O-D); v, = 140 cm™!; g = 23 amu; ap = 0.30 A (O-H), 0.32 A
(0-D); U = 0.40 eV (O-H), 0.53 eV (O-D); E = 2500 cm™!; s = 30;
koT = 25 cm™!, A = 2000 cm™!; AGo =-1000 cm™'. The values of ap and
Uparedifferent for the O—H and O-D oscillators because the vibrationless
levels lie at different energies. The symbols @, O, and 0, represent the
measured lifetimes for n = 5 in Figures 3a—c, respectively.
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Figure 5. Dependence of calculated k for the activated-solvent model on
barrier parameters ap and Up. Curves are presented for s = 30 (—) and
36 (——-). See Figure 4 caption for parameters and symbol assignments.

13 to be 0.715, 0.208, 0.057, 0.015, 0.0036, and 0.0008 for P(v
= 0) to P(v = 5), respectively). Although the population
probability at higher v is very small, the tunneling term A(v) is
very large so that the contribution to the overall k fromv = 5
was for some cases as large as 10%. Finally, HBKB assume
sufficiently cold clusters to ignore thermal energy, whereas we
have allowed for a modest amount of thermal energy through the
koT term of E (eq 14).

The sensitivity of k to varying values of ao, Up, and s is examined
in Figure 5. Only small adjustments in these parameters are
needed to obtain an excellent match between calculated and
measured values of k. However, because of the approximations
of the theory, it is probably not justified to extract values of Up
and ay by fitting calculated rates to observed rates. Instead we
consider the good agreement to indicate that the potential model
in Figure 1 is not unreasonable. The sensitivity of k on values
of s are indicated in Figure S for s = 30 and s = 36. The latter
value was chosen because it represents the number of intermo-
lecular modes for the next larger cluster size that undergoes ESPT,
namely, PhOH-(NH;)s. Hence, the effect on k due to increasing
cluster size can be roughly examined.
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The more important comparison between experiment and
theory concerns the isotope effect. In this regard there is good
agreement. The nearly 2 order of magnitude decreasein reaction
rate observed for deuterated versus protiated clusters is supported
by theoryand is the principal evidence for tunneling. Both models
predict the same isotope effect because this dependence is due to
the function 4 (eq 6), which is shared by both models. The mass
dependent effect occurs because the O-D oscillator wave function
penetrates the barrier to a lesser extent than the O-H wave
function. It also follows that the energy dependence of k with
E will be steeper for the deuteron because it is more sensitive to
properties that increase the overlap of the reactant and product
wavefunctions. Consequently, the kinetic isotope effect, as
measured by ky/kp decreases with E (or temperature).

It is interesting to compare the two divergent models of
tunneling. Both give rate constants of similar magnitude, although
as discussed above variations in the solvent parameters would
significantly change the absolute magnitude of k. Both models
predict the sameisotope effect, but that is because this dependence
is due to the function 4 (eq 6), which both models share. The
two models differ greatly, though, in the energy (or temperature)
dependence. The activated-solvent model has a much steeper
energy dependence owing to the barrier to solvent reconfiguration
(Figure 2b). Theenergy dependence in the HBKB model, on the
other hand, arises solely from the probability of populating v
quanta of the O-N stretch mode. Our measurements did not
explore the vibrational energy dependence on the tunneling rate.
However, HBKB reported measured values of k(E) for 1-naph-
thol-ammonia clusters that are well described by their bound-
free tunneling model. However, the calculated temperature
dependence is sensitive to the values of the O---N stretch frequency
v, and the number of bath degrees of freedom s, which are not
well-known. The temperature dependence of the activated-solvent
model also becomes less steep for decreasing AG*. Hence, one
cannot rule out the latter model as an appropriate description of
the 1-naphthol-ammonia results. However, the evidence to date
is in good agreement with the HBKB model.

As a final comment, it is puzzling that the observed rates of
ESPT are relatively insensitive to the number of NHj solvent
molecules [e.g., 55 ps (n = 5), 65 ps (n = 6), 70 ps (n = 7)],18
considering the strong dependence of k on barrier properties and
thesignificant effect of single molecules on the energetics in small
clusters. This trend has also been observed by Zewail et al.!® and
HBKB!?for 1-naphthol/ammonia. A possible explanationisthat
there are two opposing effects on k with n that may counteract
eachother. Forincreasing n,one expectsa lowering of the barrier
height, which would increase the values of 4(v). However, the
density of states increases with n, which shifts the P(v) distribution
to lower values of v. The overall effect on k(E) may be small.
As an illustration, we consider the case of PhOH-(NH3), for n
=5and 6. For a reduction in the barrier height of 0.05eV [e.g.,
Up=0.40eV,s =30 (n=5); Uy=0.35eV, s =36 (n=6)] one
obtains the same calculated lifetime of 16 ps (Figure 5b). Another
explanation why the expected increase in k with n is not observed
is that the Marcus inverted region may be moderating rate. This
behavior is predicted for the condition AGy > -\, which is likely
to apply in small clusters where the stepwise solvation energies
of the ion pair are relatively large.

5. Summary and Conclusions

Time-resolved measurements of ESPT in phenol-ammo-
nia!®1945 and naphthol-ammonia clusters!®!? are helping to
elucidate the properties of the reaction barrier and in particular
the importance of tunneling. The principal evidence in support
of tunneling in this work is a dramatic slowing of reaction rate
for transfer of a deuteron versus a proton. A three-coordinate
tunneling model is adapted to a barrier picture composed of the
crossing of a Morse-type covalent potential and a solvent-stabilized

Syage

Coulombic-type ion-pair potential. Calculations based on this
model give a consistent explanation of the experimental results.

It is interesting to note that the tunneling model predicts that
vibrations that have amplitude components along the O--N
coordinate can significantly accelerate proton transfer. This
suggests that tunneling rates should exhibit strong mode spec-
ificity. It would be interesting to find a cluster system that is
large enough to exhibit solvent-stabilized proton transfer, yet
small enough to have a resolved S; excitation spectrum, in which
to test the possibility of observing mode-specific tunneling.
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