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Excited-state proton transfer in 1-naphthol/ammonia clusters

M. F. Hineman, G. A. Brucker,? D. F. Kelley, and E. R. Bernstein
Colorado State University, Department of Chemistry, Fort Collins, Colorado 80523

(Received 31 January 1992; accepted 26 May 1992)

Excited-state proton transfer dynamics are reported for the 1-naphthol(NH,), cluster system
for n=3 and 4. Picosecond time- and mass-resolved pump (S|« Sy)—probe (I «.Sy) experi-
ments demonstrate the following results: (1) excited-state proton transfer occurs for n=3
and 4 clusters only; (2) for n=>5 clusters the proton is transferred in the ground state and
for n=2 clusters no proton transfer can be observed; (3) the proton transfer time in the
n==3 cluster at the 08 transition is ca. 60 ps; (4) this time is reduced to ca. 40 ps and ca. 10
ps for 800 and 1400 cm~! of vibrational energy in S, respectively; (5) for the n=4 clusters
these times are approximately 70, 70, and 30 ps, for 0, 800, and 1400 cm™! of vibrational
energy in S, respectively; (6) both n=3 and 4 clusters exhibit a second low-amplitude decay
component, which is about an order of magnitude slower than the initial decay; and (7) 1-
naphthol-d, (ND,), clusters have a greatly reduced rate constant for the excited-state proton
transfer dynamics. These observations are well fit and explained by a simple statistical/barrier

penetration model involving proton tunneling and the effect of van der Waals vibrations on
the height and width of the barrier to proton transfer.

I. INTRODUCTION

Proton transfer is a central mechanistic and kinetic
step in a large number of important reactions. Reactions
involving proton transfer are strongly affected by the sur-
rounding solvent: several studies of proton transfer mech-
anisms and dynamics in bulk condensed phases have ap-
peared encompassing solvent, pH, and isotope effects.!? In
these studies the effects observed can be related to the bulk
properties of the solvent. The individual effects of solvent
molecules and solute-solvent geometry can also be ex-
plored in the condensed phases through the study of
matrix-isolated clusters.? Gas-phase studies of clusters and
cluster chemistry are also now appearing,® which can
provide additional microscopic details of the solute—solvent
structure and the effect of the solvent on solute-solvent
chemistry (e.g., proton transfer). These latter studies are
of both a static*’ and dynamic®® nature. Two very sensi-
tive tests of the mechanism of a proton transfer reaction
are the hydrogen/deuterium isotope effect and the effect of
vibrational excitation within the solute-solvent cluster on
the reaction rate constant. Proton transfer reactions in gas-
phase clusters are not well explored partly because these
latter two experiments have not been performed and partly
due to other experimental difficulties. Studies to date sug-
gest that the occurrence of proton transfer for phenol and
1-naphthol clustered with water and ammonia solvents is a
function of cluster size and composition.>™

This report is concerned with proton transfer in 1-
naphthol/ammonia clusters; in particular, the effects of
cluster size, vibrational state, and hydrogen/deuterium
substitution [i.e., 1-naphthol-d,(ND;), vs I-naphthol-
h(NH,),] on the excited-state proton transfer dynamics
are observed and modeled. Excited-state proton transfer is

*Present address: Chemistry Department, University of Southern Cali-
fornia, Los Angeles, CA 90089.
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found to take place in these systems for clusters with three
and four ammonia solvent molecules. The transfer rate
increases for increased .S, vibrational excitation, decreases
for the deuterium-substituted clusters, and is independent
of the wavelength of probe laser used to ionize the cluster
for detection. A simple model involving proton tunneling is
proposed which explains these observations nearly quanti-
tatively.

ll. EXPERIMENTAL PROCEDURES

1-Naphthol/ammonia clusters are formed in a seeded
helium supersonic jet expansion. 1-Naphthol is purchased
from Kodak and used without purification. For isotope
effect studies the hydroxyl proton of 1-naphthol is ex-
changed with deuterium by dissolving 1-naphthol in anhy-
drous ether and washing the solution several times with
D,0. The ether and water layers are separated from one
another and the ether is evaporated under vacuum. 1-
Naphthol-OD (1-naphthol-d,) crystals are recovered from
this process.

1-Naphthol is placed in the sample compartment of a
pulsed nozzie and heated to roughly 80°C. The helium
expansion gas is maintained at 55 psi (gauge) and contains
0.05% to 0.1% ammonia. The molecular beam enters the
ionization region of a resonance-enhanced, two-photon
ionization, mass spectrometer.10 The clusters formed in the
expansion are detected by a two-color pump—probe ioniza-
tion scheme involving the transitions /«S;«.S, Time-
resolved signals for the S,-state proton transfer reaction
are obtained by varying the time delay between the pump
and probe beams.

The laser system used for this study is shown in Fig. 1.
A mode-locked, frequency-doubled, cw, Nd:YAG laser
(Spectra Physics model 3800S) synchronously pumps two
dye lasers (Spectra Physics model 3500). Approximately
10% of the remaining 1064 nm beam is used to seed a
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FIG. 1. The picosecond laser apparatus, SPDL denotes the synchro-
nously pumped dye laser.

Nd:YAG regenerative amplifier (Spectra Physics model
GCR-3A), the output of which when frequency doubled
provides up to 40 mJ of 532 nm light in a 50 ps pulse at a
repetition frequency of 10 Hz. This pulse is split 50/50 and
pumps two homebuilt four-stage dye amplifier trains. The
outputs of the amplifier trains are tunable pulses of ~5-8
ps duration with energies of 1-2 mJ. These pulses are fre-
quency doubled in type-I KDP crystals to give tunable UV
radiation with an intensity of a few hundred uJ/pulse. The
UV pulses can be Stokes Raman shifted with nearly 30%
efficiency in CH, to extend the accessible wavelength range
of the system. Either one of the beams can be delayed with
respect to the other using a computer-controlled, stepper-
motor driven, linear motion stage.

Data acquisition is accomplished by setting an integra-
tor gate on the appropriate time of flight for the ion of
interest. The output of the integrator is sent to an analog-
to-digital converter interfaced to the computer which con-
trols the delay stage. - : :

The excitation laser uses kiton red dye to give excita-
tion energies, after frequency doubling, in the region from
30 800 to 32 500 cm ™. The amplifier train employs either
DCM or R640 as the gain medium. The ionization laser
contains DCM and is amplified by either DCM or LDS
698 and frequency doubled. The ionization energy used for
most experiments is in the range from 28 500 to 29 500
cm~!. The ionization laser wavelength can be Stokes
shifted (2914 cm™!) by focusing the beam into a cell con-
taining 120 psi of CH,, permitting formation of the cluster
ion with lower vibrational energy. The excitation laser
pulse energy is kept below 20 uJ/pulse for all experiments,
while the ionization laser pulse energy is maintained at
100200 pJ/pulse. The pulse width of the amplified dye
beams can be determined by autocorrelating or cross cor-
relating the amplified beams using the delay stage and a
KDP doubling crystal. For experiments requiring Raman-
shifted beams, the dye amplifiers are run at high gain gen-
erating 350-400 uJ/pulse of frequency-doubled dye laser
energy and resulting in 90-100 uJ/pulse in the Raman-
shifted beam. Such high gain in the amplifier chain broad-
ens the ionization laser pulse by a factor of ~ 3 to ca. 20 ps.
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IIl. RESULTS
A. Spectroscopy

The steady-state excitation and ionization spectra of
1-naphthol/ammonia clusters have been reported.**®
These spectra provide the necessary excitation and joniza-
tion energies for the clusters of interest as a function of

- cluster size. The 1-naphthol(NHj), ; clusters display sharp

transitions that are red shifted from the bare molecule 1-
naphthol origin (31458 cm™!) by 240 and 350 cm ™', re-
spectively. The n=3 clusters possess both sharp and broad
features near their origin transitions, both of which are
further red shifted from the bare molecule origin. The n=4
clusters have only broad spectra still further red shifted
from the 1-naphthol origin. The n=5 cluster shows an
anomalously large (1000 cm™ 1) redshift relative the bare
molecule 03.

The ion appearance potentials for the n=1 and 2 am-
monia cluster jons are red shifted ~5000 cm™! from that
of the bare 1-naphthol molecule (62 600 cm™!). The ion
appearance potentials for the different geometries of the
n=3 clusters are red shifted from that of 1-naphthol by
~5000 cm ™! for the cluster that does not undergo excited-
state proton transfer and ~ 6600 cm™! for the cluster that
does undergo proton transfer.’® Clusters with n>4 all
have the same ionization appearance potential of ~55 900
cm ™. The threshold for proton transfer as a function of
cluster size for the 1-naphthol/ammonia system has thus
been suggested to be that geometry of 1-naphthol(NH;3);
with the lower (like n=4,...) ionization appearance poten-
tial. The previous time-resolved studies® further substanti-
ate this assignment.

1-naphthol is known to have two rotomers; syn and
anti orientations of the hydroxyl group.!! The anti con-
former is the more stable and is the only one which has
significant population in our supersonic jet expansion.>®

B. Dynamics—1-naphthol(NH;),, n==2-5 origin

Time- and mass-resolved excitation (141, I S, «Sp)
data are collected on the n=2-5 clusters at the energies of
their respective S;«Sj origin transitions. Only the n=3
and 4 clusters exhibit any time-dependent results. The
time-resolved results are independent of ionization laser
wavelength within the range from near the ion appearance
threshold (25 000 plus 500 cm™!) to 5000 cm~! above the
threshold. Naphthol(NH;),, clusters with #n <3 do not un-
dergo proton transfer because the (NH;),, moiety is not
basic enough. Clusters with 7> 4 undergo proton transfer
in the ground electronic state because (NH;)s  moieties
are quite basic.>™® This interpretation is consistent with the
large redshift in the #=35 cluster mass-resolved excitation
spectrum.

Figure 2 shows a typical 141 time- and mass-resolved
ionization signal for 1-naphthol(NHj;),. The data are fit to
a biexponential curve with 71=60 and 7,=3500 ps, and
relative amplitudes of A4,/4,=0.3. The instrument re-
sponse function [~16 ps full width at half maximum
(FWHM)] is obtained from the rise of the n=1 and 2
cluster signals. The decay time constants are fit with a
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FIG. 2. Time-resolved 1+ 1 ionization signal scan of the 1-naphthol(NH,); cluster. Excitation energy, 31 100 cm™}; ionization energy, 29 000 cm™".

O, data; solid line, fit. The fit parameters are instrument limited rise followed by a biexponential decay ;=60 ps and 7,=500 ps.

Levenberg—Marguardt algorithm.'> The observed time de-
pendence is assigned to the proton transfer process based
on its cluster-size dependence and, as discussed below, iso-
tope effect. The possibility of cluster fragmentation has
been eliminated by careful searches for fragmentation
products. The observed decay must therefore be due to a
change in ionization cross section as the proton is trans-
ferred from 1-naphthol to ammonia in the S, state. The
1-naphthol(NH;), cluster decay times at the origin are
similar: 7{~70 ps and 7,~ 800 ps, with a relative intensity
ratio of 4,/A4,~ 1.0. These data are summarized in Table L
As in the n=3 case, these decay time constants are inde-
pendent of ionization energy from 500 to 4000 cm ' above
the ionization appearance threshold.

The analysis of the proton transfer dynamics of 1-
naphthol(NH3) 3 4 discussed below will focus on the proton

TABLE 1. Measured time constants for the nondeuterated clusters as a
function of vibrational energy. Uncertainties (20) are given in parenthe-
ses.

Mass Excitation T T

n energy (cm™~') (ps) (ps)

3
31100 (09) 57 (15) 440 (125)
32 040 43 (11) 500 (74)
32490 12 (3) 119 (10)

4
30 800 (09) 71 (31) 800 (400)
32040 70 (30) 600 (100)
32490 33 (20) 1000 (500)

transfer decay time 7,. The second long decay time 7, can
be attributed to either a cluster reorganization (which
changes the IS cross section) subsequent to the proton
transfer event or a proton transfer associated with a cluster
of different geometry.

The proton transfer time (7, ~ 60 ps) for the gas-phase
1-naphthol{NHj;); cluster is a factor of 2 to 3 slower than
the time observed for the argon matrix-isolated cluster
(20-25 ps).s(b) The faster proton transfer rate in the ma-
trix system can probably be attributed to polarizability of
the surrounding environment. Matrix polarizability can
have two effects on the proton transfer reaction: thermo-
dynamic, in which the matrix stabilizes the ion pair prod-
ucts; and kinetic, in which the matrix reduces the height of
the barrier to proton transfer.

The fact that the n=3 and n =4 clusters exhibit similar
proton times suggests that the barriers to proton transfer in
these clusters are similar. This result is somewhat surpris-
ing because (NH,), is expected to be more basic than
(NH,;);: the increased ammonia cluster basicity would in-
crease the proton transfer exothermicity and thus might be
expected to lower the barrier to proton transfer. As the
experimental rates demonstrate, this expectation is not
confirmed. The likely explanation for the cluster reaction
exothermicities not directly translating into cluster reac-
tion rates is probably related to cluster structure. The n=4
cluster geometry may require significant rearrangement to
reach the final equilibrium solvated proton structure. Thus,
the exothermicities of the n=3 and n=4 cluster reactions
prior to reorganization of the ammonia could be fairly sim-
ilar, resulting in comparable barriers. Without detailed

J. Chem. Phys., Vol. 97, No. 5, 1 September 1992
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TABLE I1. Effect of deuteration on measured time constants as a func-
tion of vibrational energy.

Mass Excitation m T
H/D energy (cm™") (ps) (ps)
H 31100 57 440
D 31100 > 1000 .
H 32490 12 119
D 32 490 a5 > 1000

knowledge of the cluster structure before and after proton
transfer quantitative comparisons of the barrier heights in
clusters of different sizes are difficult to make.

C. Dynamics—1-naphthol(NH;),, n=3,4 vibronic
transitions

Excitation of the 1-naphthol molecular vibrations in
the S, state of the van der Waals cluster is observed to
increase the proton transfer rate even though the O-H
stretch motion itself is not excited, and is not energetically
accessible. Specifically, if ~900 cm™! of vibrational energy
is placed in the n=3 cluster S state the signal decay times
become 7,~40 ps and 7,~500 ps. At ~1400 cm™! of
vibrational energy for the n=3 cluster in S|, the decay
times drop to 7;~12 ps and 7,~120 ps. For the n=4
cluster the decay times at ~ 1250 cm~! of .S, vibrational
energy are 7,~70 ps and 7,~600 ps and at ~ 1700 cm™!
of S, vibrational energy the decay times become 7;~ 30 ps
and 7, ~ 1000 ps. These data are also summarized in Table
I. The n=4 cluster signals are much weaker and have
much larger error limits than the n=13 signals. Nonethe-
less, they still show that the n=4 cluster has a reduced 7,
time with increasing vibrational energy and that the overall
effect of vibrational energy is less than that observed in the
n=3 cluster.

Even with up to 1700 cm ™! of vibrational energy in S,
and up to 4000 cm ™' of vibrational energy in the cluster
ions no fragmentation of 1-naphthol(NHj;); 4 is observed:
we do not find (NH,),,H" signals or is any time depen-
dence found in 1-naphthol(NHj;),, mass channels.

D. Dynamics—1-naphthol-d,(ND;),

Perhaps the most convincing demonstration that the
observed time-dependent cluster ionization signals for 1-
naphthol(NH;); 4 are indeed due to S excited-state pro-
ton transfer is a substantial deuterium isotope effect on the
observed rates. Moreover, if the changes in decay times are
large, one can expect tunneling to be a major contribution
to the proton transfer mechanism.

The observed decay times 7, and 1, for the deuterated
n=3 cluster at the origin and at 1400 cm ™! of vibrational
energy in S, are given in Table II. For the l-naphthol-
d,(ND3); cluster excited to the S;«S; 03, virtually no
proton transfer is observed. At 1400 cm™! of vibrational
energy the decay time 7; of the signal decreases to 75 ps,
roughly a factor of 6 larger than observed in the 1-
naphthol(NHj;) cluster.

Hineman et al.: Proton transfer in clusters

These results corroborate the proton transfer interpre-
tation of the observed S, 1-naphthol(NH;); 4 decay times
and additionally suggest a mechanism for this reaction
which involves proton tunneling through a barrier. Similar
results and conclusions obtain for the 03 studies of matrix-
isolated 1-naphthol(NH;); clusters.>®

IV. DISCUSSION

In this section we present a model for calculating the
proton transfer rate constants for van der Waals clusters.
The model employed consists of three essential features:
(1) the untransferred and the transferred structures are
separated from one another by a potential-energy barrier
which can be characterized by a width and a height;>!>!4
(2) the barrier width and height are modulated by vibra-
tional excitation of the intermolecular cluster modes;!>!8
and (3) vibrational energy is distributed statistically
among the vibrational (van der Waals) modes.

Two vibrational coordinates take on special signifi-
cance in this model. First, the reaction coordinate is taken
to be the O-H stretch. The hydroxyl group is hydrogen
bonded to the ammonia nitrogen, and the barrier to proton
transfer is taken to be along this O-H- N reaction coor-
dinate. Second, the O---N distance in this hydrogen bond
is of central importance in determining the height and
width of the proton transfer barrier. This distance can be
modulated by excitation of the “diatomic” stretch mode,
for which the 1-naphthol and (NH;); moieties are taken to
be the “atoms.” Excitation of the O-- N stretch can dra-
matically affect the proton tunneling rate.'*'® Numerical
application of this model requires calculation of the proton
tunneling rate for each quantum state of the diatomic
stretch mode and calculation of the probability of occupa-
tion of each quantum state. These calculations are dis-
cussed below. Tunneling rates can be calculated as a func-
tion of the O---N separation based upon the WKB
approximation for particle penetration through a barrier of
assumed functional form.

The model potential surface for this system is pre-
sented in Fig. 3, in which the untransferred proton is
bound in a well and the transferred proton is represented as
a free particle. The curve in Fig. 3 thus represents the
hydrogen stretch coordinate. This curve is taken to be an
inverted parabola centered about the top of the barrier: its
height and width are measured from the OH vibration
zero-point energy. The proton transfer reaction is exother-
mic and the products are expected to have a high density of
states: this justifies both the ‘“‘free-particle” product de-
scription and the barrier penetration limit. Under these
approximations, the tunneling rate constant for the proton
transfer reaction reduces to the well-known expression'*

k=vexp[—%7r(2mEh)l/2], (1

in which v is the zero-point frequency for the proton in the
potential well, E, is the height of the barrier, and ¢ is the
barrier half width at the zero-point energy position in the
reactant well. This expression is derived from the WKB

J. Chem. Phys., Vol. 97, No. 5, 1 September 1992
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O-H SEPARATION

FIG. 3. Schematic diagram of the potential model used for proton trans-
fer rate calculations. The dashed line is the parabolic barrier using pa-
rameters fit to origin n=3 data. The solid curve is the barrier model
including a harmonic potential well with an OH vibrational energy of
3000 em™~". The well is centered at 1.0 A. The other parameters for this
model are E,=6500 cm~', a;=0.2 A, and the van der Waals stretch
energy is 110 cm™! for 1-naphthol(NH;);. See Egs. (Al) and (A2) for
the relation between E, and a and their equilibrium values E; and a,.

approximation to the wave function for particle penetra-
tion through a potential barrier. Assuming that this barrier
is modulated by the stretching motion between the naph-
thol molecule and the ammonia cluster situated near the
OH group, the barrier width and height is a function of the
O---N distance.

Calculation of the proton transfer or barrier penetra-
tion rate as a function of the van der Waals vibrational
excitation in the cluster requires an average of the rate
constant of Eq. (1) over the wave function for the “di-
atomic” O---N distance. Thus,

k(U)=(¢u|k(0)|¢u>: (2)

in which 1, is taken to be a harmonic oscillator wave func-
tion, and v is the number of quanta in the O---N stretch
mode.

The rate constant can be calculated for the O-- N vi-
brational levels of cluster S, excitation using Eq. (2). Note
that the vibrational energy in the cluster is never sufficient
to excite the OH stretch either directly or indirectly. Cal-
culation of ¥, requires knowledge of the force constant and
reduced mass of the “diatomic” O---N stretch. A reduced
mass of 38 amu is calculated for the O---N stretch motion
with naphthol and (NH,); taken as the two moieties in the
“diatomic.” The force constant is taken to be the same as
that known for the phenol(NHj;), system:”!® a vibrational

3345

energy of 110 cm™! is calculated. Several other parameters
are needed to evaluate Eq. (2). Specifically, the OH stretch
in S, is chosen as 3000 cm ™}, assuming it is decreased from
the bare phenol® by hydrogen bonding and the O---N
distance in 5, is taken to be the same as that recently
determined for the excited-state naphthol(NH;), complex,
2.60 A.2' The equilibrium barrier half width at the zero-
point level can be estimated for the classical turning points
of the harmonic oscillator to be ~0.2 A.

This model has only one adjustable parameter: the
equilibrium barrier height, E,. The vibrationless proton
transfer rate for the n=3 cluster is fit to the observed rate
of (57 ps)_1 to find a value for E, of 6500 em~!. The
transfer rates as a function of the vibrational state can then
be obtained. The details of the above calculations are given
in the Appendix.

Cluster vibrational excitation in S is generated by ac-
cessing vibrational states of 1-naphthol which are then as-
sumed to undergo rapid relaxation [intracluster vibrational
energy redistribution (IVR)] to the cluster van der Waals
modes. Rapid naphthol to van der Waals mode IVR for the
1-naphthol (NH,); 4 clusters is a good assumption based on
the following two considerations: high cluster density of
vibrational states, and known IVR cluster behavior for
other cluster systems [e.g., aniline(Ar);, (N,);, (CHy)y,
and indole(Ar), ; and (CHy), clusters].”? The energy dis-
tribution in the van der Waals modes is then taken to be
statistical and can be readily calculated. The probability
that a specific van der Waals mode [in this case, the O---N
“diatomic” stretch] is populated with v quanta is then cal-
culated using the Marcus-Rice approximation®

E—E S5=2 E—Ev S-2
R

in which £ is the vibrational energy in the cluster, £, is the
energy of the specific van der Waals mode, and S is the
number of van der Waals modes for the cluster. The prod-
ucts of k(v) and P, for the modes of interest are summed
to find the total transfer rate for a given .5, vibrational
energy and

k(E)= 2 Pk(v). (4)

Diatomic harmonic oscillator levels (Av~110 cm™!) to
v=3 are found to contribute to the observed rates with up
to 1500 cm™! of vibrational energy in the n=3 cluster.
Table III presents the results of these calculations: agree-
ment between the calculated transfer rates (7 1) based on
the above model and the experimental results is excellent.

Isotopic substitution (H/D) affects the proton transfer
rate in S, for the 1-naphthol(NH;); cluster in several
ways: (1) the OD stretch has a zero-point energy which is
much smaller than that of the OH stretch, and therefore
both the barrier height and width increase; (2) the van der
Waals vibrational reduced mass increases for (ND;)3, and
thus the van der Waals vibrational energy decreases; and
(3) the tunneling (proton) mass is doubled. The proton
mass appears directly in the exponential [Eq. (1)] and as m
increases the rate decreases. Increasing the barrier height

J. Chem. Phys., Vol. 97, No. 5, 1 September 1992
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TABLE I1I. Comparison of barrier penetration model calculations with
measured proton fransfer time constants. See text for parameters used.

Mass n, Vibrational 7, calculated® 7, observed
H/D energy (cm™!) (ps) (ps)
3,H 0 57 fit 57
3,D 0 2140 > 1000
3, H 940 28 43

3, H 1390 13 12
3,D 1390 180 75

*E,=6500 cm ™, ag=0.2 A, E(OH)=3000 cm~}, E(vdW) =110 cm~".

E, and width a also decreases the rate. Decreasing the van
der Waals vibrational energy also decreases the transfer
rate but additionally increases the population of the par-
ticular mode. The model predicts that the deuteron trans-
fer rate for the cluster should be small at the origin and
should increase more quickly with vibrational energy than
does the proton transfer rate for the protonated cluster.
These results are clearly shown in Table III and represent
excellent qualitative and quantitative agreement between
the model and the experimental data. Both the trends and
the details are well described: the effect of vibrational en-
ergy on the proton transfer rate of 1-naphthol(NHj;); clus-
ters is reproduced and the decrease of the isotope effect for
the deuteron transfer rate of 1-naphthol-d;(ND;); clusters
as a function of vibrational energy is predicted as well.

Other methods of calculating the O-:*N separation-
dependent proton transfer rates, such as a Fermi golden
rule approach,'® can also be employed. In this approach,
two harmonic potential wells (e.g., O-H-:-N and O---H~
N) are considered to be coupled by an intermolecular term
in the Hamiltonian. Inclusion of the van der Waals modes
into this approximation involves integration of the cou-
pling term over the proton and van der Waals mode wave
functions for all initial and final states populated at a given
temperature of the system. Such a procedure requires the
reaction exothermicity and a functional form for the vari-
ation of the coupling as a function of well separation. In
the present study we employ the barrier penetration ap-
proach: this approach is calculationally straightforward
and leads to a clear qualitative physical picture of the pro-
ton transfer process.

V. CONCLUSIONS

Excited-state proton rates are measured and modeled
for 1-naphthol(NH;),, n=2, 3, 4, 5, clusters as a function
of vibrational energy in the .S, state and as a function of
hydrogen/deuterium isotope substitution. These rates are
summarized in Tables I-III.

Proton transfer occurs for n=3 and 4 clusters in the S
state and is suggested to occur in the Sj state for n>5. No
transfer is found for n <3 clusters. Substitution of deute-
rinm for hydrogen in these clusters [i.e., 1-naphthol-
d;(ND;);] has dramatic effects on the observed transfer
rates. At the origin of the S, S, transition the kinetic
isotope effect is at least a factor of 20 (D™ transfer is

Hineman et al.: Proton transfer in clusters

slower than H™ transfer) but at an energy of 1400 cm™!

the kinetic isotope effect is about a factor of 6. The pro-
posed model for proton transfer in these clusters equates
proton transfer with a simple barrier penetration problem.
The height and width of the barrier are modulated by vi-
brational energy in the cluster intermolecular van der
Waals modes. The deuterium isotope effect is related to the
OD zero-point energy, the reduced van der Waals mode
energy for the 1-naphthol-d,(ND;); cluster, and the H/D
masses. The general trends and detailed rates observed are
well described by the model.
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APPENDIX

In this Appendix we obtain expressions for the proton
transfer barrier height and width as a function of the van
der Waals vibrational displacements and derive equations
for the proton barrier crossing rate constant as a function
of the van der Waals vibrational level.

The potential used in this calculation is indicated sche-
matically in Fig. 3. The barrier to proton tunneling is taken
to be an inverted parabola with height £, (measured from
the zero point energy level) and half-width a. Hetero-atom
motion changes the width of the barrier from its equilib-
rium value. With the assumption that the curvature of the
parabola remains constant, hetero-atom motion also
changes the barrier height, as given by

Ey=Eo(14-x/2a0)%, (A1)

in which E, is the barrier height at equilibrium O--N
separation and x is the deviation of this separation from its
equilibrium value. The variation of the barrier half width is

a=ay(1+x/2ap), (A2)

in which ag is the barrier half width at the equilibriom
separation. The effect of small asymmetries of the size ex-
pected for this system (<5000 cm™! of minimum energy
difference between the two wells and frequency differences
of 10% to 20%) on the accuracy of Eq. (A1) is sufficiently
small ( <5%) to ignore. Substitution of these into Eq. (1)
gives

(2m EO) 172 . x 2
7 mTagy +200 ].
Equation (A3) may now be substituted into Eq. (2)

and, assuming harmonic oscillator wave functions for the

O--+N vibration, the integrals which must then be per-
formed are of the form

k(x)-——-vexp[ _ (A3)

+ o0
f x" exp( —px?+2gx)dx. (A4)

- Q0

Equation (A4) has the value?*
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1 T 172 df!—l q2 .
71 (;) ag—T (q exp ;) (AS)

The rate constants calculated for harmonic oscillator wave
functions up to v=3 using the substitutions,

ma
B=exp— \/ZmEo—ﬁg, : = ceo
T
=—§% \/ZmEo,

o T
P= aag V2Eos

in which m is the proton mass, p is the van der Waals
stretch reduced mass, and o is the van der Waals stretch
frequency are expressed as follows.

(A6)

For v=0,
12
k(u=0)=vﬂ(l-;—;,) exp(g). (A7)
For v=1,
3/2
o 24 s
k(v—l)—vﬁ(ﬁp) (1+ » )exp(p). (A8)
For v=2,
vB (o[ po [ 24
w=2=7 (%) [z (+7)
o\t 1 (6 124% 8¢* 7
+( ﬁ) - (p+—pr+;r) exp(p)- (A9)
For v=3,

32 3
wo-=% () [ (1+25)3 (%)
6 Z ¢\ 1 [uw\?
X(ﬁ“?”?)*ﬁ (% )

><(60+360q2 2108 132 6)
P PR

&

exp(q—z).
p

(A10)
Overall rates may then be evaluated using Eq. (4).
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