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In this contribution, studies of the dynamics of proton-transfer reactions in solvent cages are presented, building 
on earlier work [Breen, J. J.; et al. J .  Chem. Phys. 1990, 92, 805. Kim, S .  K.; et al. Chem. Phys. Lett. 1994, 
228, 3691. The acid-base system studied in a molecular beam is 1-naphthol as a solute and ammonia, 
piperidine, or water as the solvent, with the number of solvent molecules (n) varying. The rates and threshold 
for proton transfer have been found to be critically dependent on the number and type of solvent molecules: 
n = 2 for piperidine and n = 3 for ammonia; no proton transfer was observed for water up to n = 21. With 
subpicosecond time resolution, we observe a biexponential transient for the n = 3 cluster with ammonia. 
From these observations and the high accuracy of the fits, we provide the rate of the proton transfer at short 
times and the solvent reorganization at longer times. From studies of the effect of the total energy, the 
isotope substitution, and the number and type of solvent molecules, we discuss the nature of the transfer and 
the interplay between the local structure of the base solvent and the dynamics. The effective shape of the 
potential energy surface is discussed by considering the anharmonicity of the reactant states and the Coulombic 
interaction of ion-pair product states. Tunneling is related to the nature of the potential and to measurements 
specific to the isotope effect and energy dependence. Finally, we discuss a simple model for the reaction in 
finite-sized clusters, which takes into account the proton affinity and the dielectric shielding of the solvent 
introduced by the local structure. 

I. Introduction 

Proton transfer is ubiquitous in chemistry and biology (for 
some reviews, see refs 1-3). A key point in the measurements 
of proton-transfer rates is the ability to induce an acid-base 
reaction on a relatively short time scale (“pH jump”) and to 
follow the change with time. Since the first report by Webef‘ 
in 1931 for the evidence of excited-state proton transfer, Forstes 
and WelleId showed that with light such instantaneous changes 
of the pKa can be induced by excitation to the excited state. By 
using a four-level description, the Forster cycle, one can deduce 
the energetics as follows: 

where AH is the acid and A- is the conjugate base. The asterisk 
denotes the excited state, hv represents the excitation energy 
between origins, Na is the Avogadro number, and A H d  is the 
enthalpy of deprotonation. The enthalpy of deprotonation is 
related to the pKa of the acid by the following thermodynamic 
relation when the change of entropy is neglected: 
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2.303RT&Ka(AH) - pK,(A*H)] = AHd(AH) - Md(A*H) 
(2) 

That is, the enthalpy of deprotonation in the excited state 
decreases compared to that in the ground state with a significant 
increase in pKa introduced by the excitation. 

Fundamental to the proton-transfer reaction are the energetics 
of the initial and final states and the dynamical structure of the 
solvent. With femtosecond and picosecond time resolution, it 
is possible to study the elementary processes of structural 
changes due to solvent organization. Here, the system under 
study is 1-naphthol (referred to here as AH or 1-NpOH). The 
pKa of 1-NpOH in solution is determined to be 9.4 in the ground 
state and 0.5 f 0.2 in the excited state.’ This large change in 
pKa by the excitation makes it possible to induce the acid- 
base reaction on a very short time scale. 

In solutions and in clusters, the naphthol systems have been 
studied to elucidate the proton-transfer mechanism. Spectro- 
scopically, the broadening of the absorption peaks and the red 
shift of the emission have been used as indicators of proton 
transfer. Leutwyler’ s g r o ~ p ~ , ~  carried out thorough spectro- 
scopic studies of 1-NpOH clusters with solvent molecules, such 
as water, ammonia, methanol, and piperidine, and deduced the 
energetics and the approximate size dependence for the onset 
of the process. In solutions, measurement of the rise time of 
the red-shifted emission can give the time constant for proton 
transfer, and many groups have been involved in such studies. 
For naphthols in water (and other solvents), the groups’of 
Robinson and Clark’O have studied the proton transfer in pure 
water and in mixed solvents; they reported 32 ps for pure water. 
Eigen’s early studies” of acid solutions provided the dissociation 
and recombination rates (hence, equilibrium constants) and 
proposed a local structure for the proton, (H9O4)+, in water. 
Robinson proposed, based on his studies, that in water the 
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hydration involves an instantaneous structure of 4 f 1 water 
molecules, consistent with Eigen’s suggestion. However, since 
the experiments were conducted in the bulk, there was no direct 
evidence of such structures. Kelley’s group12 has measured the 
proton-transfer rates for matrix-isolated naphthol-ammonia 
complexes. These studies gave 22 ps for the l-NpOH.(NH& 
complex in a matrix of argon. By deuterium isotopic substitu- 
tion, the same group provided evidence for a strong isotope 
effect on the rate, which suggested tunneling as a mechanism 
for proton transfer. 

With picosecond and femtosecond laser techniques in mo- 
lecular beams, with mass or fluorescence resolution, we made 
our first real-time study of reaction dynamics in ~1usters.l~ In 
an earlier comm~nication,~~ we reported the time-resolved study 
for the proton-transfer dynamics of 1 -NpOH clustered with 
ammonia, piperidine, and water. The finite-sized clusters of 
AH*(NH3),, AH-(C5H11N),, and AH*(HzO), were formed in a 
molecular beam, and the proton-transfer dynamics of size- 
specific clusters were studied with the picosecond resolution. 
Bemstein, Kelley, and their co -~orke r s ’~  have investigated the 
proton-transfer dynamics of AH.(NH3), and studied the effect 
of isotopic substitution and total energy. Recently, new studies 
of proton-transfer dynamics in AH*(NH& have been carried 
out in this group with subpicosecond time resolution, identifying 
the elementary process of protonation, deprotonation, and 
solvent reorganization.16 Syage et al., in a series of papers,” 
has studied the phenol system and showed the applicability of 
the approach for the study of solvation effect in real time; with 
the addition of photoelectron detection, it was possible to directly 
examine the solvent rearrangement.18 The present contribution 
gives a full account of our earlier work and is aimed at 
understanding the structure and dynamics in these finite-sized 
solvent cages. 

The system under study is generally bimolecular in solutions, 
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A*H + B, A*-. .H+B, (3) 

In the cluster solvent cage, 

A*H* -B, == [A*-* *HfB,], [A*-* *H+B,], (4) 

it defines sharply the processes involved as the system changes 
from the unequilibrated (u) to equilibrated (e) structures. 
Because of the weak hydrogen bond, the zero-of-time can be 
defined, similar to other studies of bimolecular reactions in real 
time,19-21 and the diffusion-controlled processes are eliminated. 
The reversible process in eq 4 depends on a finite number of 
solvent molecules around the solute, miscible or immiscible,z2 
and has analogy in bulk studies of acid reactions. In bulk 
studies, Huppert et aLZ3 and Pines and Flemingz4 have shown 
the effect of reversibility on the time-dependent form associated 
with eq 3; the conventional kinetics approach may become 
inapplicable. 

The potential energy surface is normally thought of as a 
simple double-well, Figure 1. This is because the hydrogen 
bond is relatively weak and the configurations A*H and H+B, 
are much different. For the ion-pair product state, the shape of 
the potential energy surface is modified due to Coulombic 
interaction and the solvent cage effect, as discussed later in the 
tedt. If tunneling is the dominant mechanism, then the time 
for transfer will depend on the nature of the potential (barrier 
height and width), which is strongly dependent on the inter- 
molecular distance of the solute and the solvent (here, the 0-N 
distance). The rearrangement of solvent molecules is also 
expected to affect the potential energy surface in both static 
and dynamical ways. 

Generic Potential for Proton Transfer 

L 

Reaction Coordinate 

Figure 1. Generic potential of proton-transfer reactions, using two- 
state model. The barrier height is &, and the half-width along the 
reaction coordinate (4) is ao. R is defined as the distance between 0 
and N atoms of 1-naphthol and ammonia, respectively. The reaction 
coordinate for this case is the motion of the proton between two 
potential minima. 

On the time scale of tunneling (a few picoseconds for a barrier 
of -0.5-A width and a height of -3 kcavmol), IVR is expected 
to play a role in the initial transfer and after the transfer. The 
latter has been shown to be essential in intramolecular hydrogen- 
atom transfer.z5 h addition, solvent fluctuation and reorganiza- 
tion may or may not influence such redistribution depending 
on the time scale. Tunneling may not be as simple as the picture 
in Figure 1 implies. For example, the theoretical study of Ando 
and Hynes on HC1 in waterz6 indicates that the final transfer 
may involve several steps on going from “contact” to “solvent- 
separated” ion pairs, and this may be similarly the case even in 
finite-sized systems. These central issues in proton-transfer 
dynamics are discussed here with focus on measurements of 
the rates, isotope effect, energy dependence, and the effect of 
the number and type of solvent molecules. We discuss the 
energetics, the influence of the cluster structure and size, and 
the solvent rearrangement on the tunneling dynamics. 

The paper is outlined as follows. Section I1 gives the 
experimental description, while I11 summarizes the results. 
Section IV is the discussion, and in V, the paper is concluded. 

11. Experimental Section 

Three different experimental setups have been used in these 
studies. Below we describe each one briefly. 

A. Dispersed Fluorescence and Lifetime Measurements. 
Dispersed fluorescence and lifetime measurements were per- 
formed using an experimental setup that has been described in 
detail in earlier reports from this g r o ~ p . * ~ , ~ ~  Briefly, the setup 
consisted of a picosecond dye laser combined with a supersonic 
beam apparatus with time-correlated single-photon-counting 
equipment. A cavity-dumped dye laser was synchronously 
pumped by the 5 14-nm output of a mode-locked argon ion laser 
(Spectra Physics 2030). The dye solution was prepared by 
dissolving DCM in a mixture of 30 vol % benzyl alcohol and 
70 vol % ethylene glycol (-2.1 mM DCM). For the experi- 
ments with bare 1-NpOH, rhodamine 6G in ethylene glycol was 
used. The visible dye laser output delivered 20-30-nJ pulses 
of a temporal width of ca. 15 ps as measured by intensity 
autocorrelation and a spectral width of ca. 5 cm-’. These pulses 
were frequency-doubled in a LiI03 crystal and focused into the 
apparatus. 

The free jet was produced via a continuous-flow glass nozzle 
of -100-pm diameter. 1-NpOH was stored in a sample holder 
and heated between 90 and 120 “C. Mixtures of -3% NH3 in 
He or in Ar were passed over the sample before expansion. 
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Figure 2. Schematic diagram of the molecular beam system: TOF 
stands for time-of-flight; PMT for photomultiplier tube; MCP for 
microchannel plate. 

The backing pressures were typically in the range of 30-70 
psig. The ensuing free jet and the laser pulses interacted at a 
sufficiently long distance from the nozzle orifice (xld > 30). 
Fluorescence was collected in the perpendicular position to the 
directions of laser pulses and the molecular beam. Fluorescence 
was detected by a multichannel plate photomultiplier tube 
(Hamamatsu 2287) after passing through a 0.5-m-long mono- 
chromator (Spex Industries). The photomultiplier output was 
amplified and fed into the photon-counting electronics (ORTEC 
457 TAC). The system response was measured to be about 80 
PS. 

B. Picosecond/Molecular Beam Mass Spectrometry. The 
experimental apparatus for this setup has been described in detail 
e l ~ e w h e r e . ~ ~ . ~ ~  Thus, only the differences involved in perform- 
ing the experiments reported here [resonant two-photon ioniza- 
tion (R2PI) time-of-flight (TOF) mass detection] to the ones 
reported before [laser-induced fluorescence (LIF) detection] will 
be explained in more detail. 

The picosecond (pumplprobe) laser system consisted of two 
home-built cavity-dumped dye lasers, synchronously pumped 
by the second harmonic (532 nm) of a mode-locked Q-switched 
Nd:YAG laser built from components of a Quantronix Model 
416 Nd:YAG laser. The laser dyes used in the experiments 
reported here were DCM in methanol (pump laser) and DCM 
in DMSO (probe laser). The FWHM (full width at half- 
maximum) of the autocorrelation of the visible pump and probe 
laser pulses was 30-40 ps when fitted to a Gaussian profile. 
The visible cross-correlation between the pump and the probe 
laser pulses was about 60 ps when fitted to a Gaussian profile. 
The spectral widths (Gaussian profile FWHM) were ap- 
proximately 3 cm-l. Both laser beams were frequency-doubled 
using either a LiI03 or a KDP crystal. Typical UV pulse 
energies were approximately 0.2 mJ. The pump and probe laser 
pulses were temporarily delayed with respect to each other by 
passing the pump laser beam through a computer-controlled 
delay stage. Both lasers were sent via mirrors through a quartz 
window onto a UV lens (f= 75 mm) which was mounted inside 
the molecular beam apparatus. 

The molecular beam apparatus has been described b e f ~ r e l ~ ? ~ ~  
and is schematically shown in Figure 2. The expansion chamber 

was separated from the buffer chamber by a central flange in 
which was mounted a skimmer (Beam Dynamics, Model 2, 1.5- 
mm aperture). For the R2PI experiments, the conical (30") 
pulsed nozzle (General Valve, Series 9) was positioned close 
to the skimmer. The molecular beam entered the ionizer cube 
mounted inside the buffer chamber through a second skimmer 
(Beam Dynamics, Model 2,2-mm aperture) and left it through 
a 2-mm-diameter hole mounted into the face of the cube 
opposite the second skimmer. A transition tube connected the 
ionizer cube and TOF chamber. The center of the ionizer cube 
coincided with the center line of the TOF drift tube and the 
molecular beam axis. The laser beams entered through the UV 
lens mounted in a vertical translation stage which in turn was 
mounted on the bottom plate of the ionizer cube. Thus, 
molecular beam, laser beam, and the center line of the TOF 
drift tube were mutually orthogonal. 

The two-stage TOF mass spectrometer allowed for both 
electron impact ionization, by using an electron gun,30*31 and 
photoionization. Its design was based on the Wiley -McLaren 
scheme.32 The ions created in the center of the ionizer cube 
were accelerated via application of a two stage electric field 
and collimated by an Einzel lens.33 The ions passed through a 
120-cm-long drift tube and were detected by a microchannel 
plate (Galileo FI'D 2003). The ion signal was amplified by a 
factor of 25 in a 300-MHz preamplifier (Stanford Research 
Systems, Model SR 240). TOF mass spectra were recorded 
using a fast waveform analyzer consisting of a 100-MHz 
transient digitizer (LeCroy 88 18A), a memory module (LeCroy 
MM8103A), and a controller unit (LeCroy 6010 interface 
controller unit). The analyzer was based in a CAMAC crate 
(LeCroy 8013A) and triggered by the delay generator (Stanford 
Research Systems, Model DG535). The data were processed 
in a microcomputer. The mass resolution achieved with this 
TOF mass spectrometer was up to mlAm 200. The actual 
transients using only a single mass peak were taken with a 
boxcar integrator (Princeton Applied Research 162 mainframe 
and 165 integrator) rather than the transient digitizer. 

Backing pressure (4-20 psig), nozzle pulse width, time delay 
between the opening of the nozzle and the laser interaction, 
carrier gas composition, and temperature of the 1-naphthol 
sample (typically 90 "C) were set to maximize the signal of the 
cluster of interest while minimizing possible interference from 
other (larger) clusters due to possible fragmentation. The 
spectroscopic data (excitation wavelength and ionization wave- 
length) used in these experiments were taken from the work of 
Leutwyler and co-worker~.~,~ Since the energy necessary to 
excite the S1 state of each cluster is higher than 50% of the 
ionization energy from the S1 state, one-color R2PI was used 
as a diagnostic for ensuring optimal ion signals. In the actual 
two-color pumplprobe experiments, care was taken to lower the 
pump laser power to a minimum in order to prevent ionization 
by the pump laser alone. 

1-NpOH was heated to about 90-120 "C and seeded into a 
mixture of He and a small percentage (by pressure) of solvent. 
The nozzle was kept about 10 "C warmer than the sample 
reservoir in order to prevent clogging. For NH3, a gas mixture 
of 0.5-2% NH3 in He was used. To form clusters with H20 
or piperidine, the partial pressure of the solvent in the expansion 
was adjusted by controlling the temperature of a wet-line 
reservoir using a waterlicelsodium chloride bath. The experi- 
mental conditions were set to maximize the signal under study 
while minimizing interference from other clusters. 1 -NpOH 
(Aldrich, 99+%), piperidine (Aldrich, 99%), helium (Big 3 
Industries, 99.99%), and ammonia (Matheson, 99.99%) were 
used without further purification. Under typical experimental 
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conditions, applying a repetition rate of 100 Hz to the 150-pm- 
diameter nozzle, the pressure in the expansion chamber was 
approximately 5 x Torr and that in the TOF chamber was 
about 7 x Torr. 

For each of the transients measured, a given cluster or group 
of clusters was excited to the S1 origin by a W laser pulse and 
probed by ionization via a delayed second W laser pulse. Probe 
laser wavelengths were chosen to be as red as possible with 
our laser system while ensuring an acceptable signal level. A 
typical transient was obtained by averaging the detected signal 
using the boxcar integrator for each pump-probe time delay. 
About 50-100 scans were necessary to obtain a transient 
showing an acceptable signal-to-noise ratio. Small clusters 
could be excited and detected selectively, so only one mass peak 
needed to be detected (boxcar method). For larger clusters, a 
distribution of cluster sizes could be seen in the mass spectrum. 
In such cases, single cluster transients were obtained either with 
the boxcar method or altematively from experiments in which 
the signal of all clusters was averaged by the transient digitizer 
at each delay position. In this latter case, individual transients 
were obtained by processing the data from the averaged mass 
spectra. 

The time constants of the transients were obtained by fitting 
to single- or double-exponential decays including convolution 
with the system response function; a Marquardt nonlinear least- 
squares fitting routine was used.34 The rising edge of the 
transients were best fitted by a system response of 60 ps 
corresponding well to the measured cross-correlation. The zero 
of time was set to be at the half-maximum of the initial rise of 
the signal. 

C. FemtosecondMolecular Beam Mass Spectrometry. 
The setup for the generation of the femtosecond laser pulses 
used here has been detailed in ref 35. Briefly, a tunable linear- 
cavity dye laser (Coherent Satori) was synchronously pumped 
by the frequency-doubled output (532 nm) of a CW mode- 
locked Nd:YAG laser (Coherent Antares 76s) at a repetition 
rate of 76 MHz. R610 (or a mixture of KR620 and R640) in 
ethylene glycol (EG) and DODCI (or Marachite Green) in EG 
jets were used as the gain medium and saturable absorber, 
respectively, to generate a laser pulse at 614 (or 640) nm. These 
laser pulses went through a home-built four-stage pulsed dye 
amplifier (PDA), pumped by the frequency-doubled output of 
a 20-Hz Q-switched Nd:YAG laser (Quanta Ray DCR-2). 
KR620 and R640 in water and SR640 and DCM in methanol 
were used as gain dyes for amplification. The amplified laser 
beam was split into two parts by a 30/70 beam splitter. The 
30% fraction of the beam was amplified and subsequently passed 
through a computer-controlled submicrometer resolution delay 
line, frequency-doubled by a KDP crystal to give the pump laser 
pulse at 307 (or 320) nm. The other 70% fraction of the beam 
was focused into a D20 cell to generate a supercontinuum. From 
this supercontinuum (white light), a laser beam centered at 680 
(or 740) nm was selected by a 10-nm interference filter. The 
selected laser beam is further amplified by a three-stage home- 
built PDA using DCM (or LDS698) in methanol to give -100- 
pJ pulses. This amplified beam was frequency-doubled using 
another KDP crystal to generate the probe laser pulse at 340 
(or 370) nm. The pulse duration of this system is generally as 
short as -100 fs, but for this experiment, we fit the rise to -600 
fs as an operational procedure for handling the decay charac- 
teristics at longer times. The spectral widths of pump and probe 
laser pulses without etalons were measured to be -7 nm 
(FWHM). The pump and probe laser pulses were combined 
using the dichroic beam splitter and focused into the molecular 
beam chamber. 

The molecular beam was prepared by heating a sample of 
1-naphthol (Kodak) to 100 f 20 "C and seeding it in a premixed 
carrier gas of N H 3  and He (0.5% NH3 in He) with a backing 
pressure of 30-40 psig. For the deuterium isotope effect 
experiment, 1-NpOH in ether was washed with D20 several 
times, separated, and collected. To avoid exchange, deuterated 
ammonia ( N D 3 )  in He was used as the carrier gas. The mixture 
was then expanded through a pulsed nozzle (0.25-mm diameter) 
into a vacuum chamber to generate clusters. The resulting 
cluster expansion passed through a 2-mm skimmer into a second 
chamber (maintained at -5 x lop7 Torr), and the molecular 
beam was crossed with the focused laser beams for time-of- 
flight (TOF) mass spectrometry. 

Using the two-pulse configuration, the mass spectra were 
collected by a fast digital oscilloscope (LeCroy 9361). The ion 
signal for a specific mass unit was selected by a gated integrator 
(SR250) and monitored as a function of the delay time between 
pump and probe pulses to give the transient for a specific cluster. 
The transients were averaged over 10 laser shots and 40-60 
scans, reaching a signal-to-noise ratio typically of 20 or more. 
This allowed us to reproduce the nonexponential behavior and 
to obtain accurate fits. We checked for the linearity of the pump 
power dependence; the probe power was very weak. We also 
checked for the effect of the nozzle condition on the observed 
transient. For example, by varying the delay time between the 
nozzle opening and the laser, a different ion signal was observed, 
while the actual form of the biexponential transient was found 
to be robust (for the l-NpOH.(NH& cluster, at two different 
nozzle-to-laser delay times). 

HI. Experimental Results 

A. Spectroscopy and Preliminaries. Spectroscopic studies 
were made using mass-resolved R2PI excitation and fluores- 
cence e m i s s i ~ n . ~ * ~  For l-NpOH.(NH3), and l-NpOH-(C5H11N),, 
a large red shift and a substantial broadening of the excitation 
spectra as well as a very large red shift and strong broadening 
of the fluorescence spectra were observed when the cluster size 
increased. In the ammonia system, n = 4 (for the piperidine 
system n = 2) was found to correspond to the onset of spectral 
 change^.^^^ The observed position and width of the emission 
were similar to those observed for the 1-naphtholate anion in 
basic aqueous solutions.1° For the water clusters, no evidence 
of such an emission behavior, up to n = 20, was found. Even 
for n 2 30, the position and width did not converge to that of 
the aqueous 1-naphtholate solutions. Recently, Bemstein and 
co-workers reported mass-resolved R2PI excitation spectra of 
1-NpOH clustered with ammonia and water.36 Their spectro- 
scopic findings were in agreement with those of Leutwyler and 
co-workers. 

The time-resolved dynamics of proton transfer in the ammonia 
~ y s t e m ~ ~ J ~  showed that the critical threshold for the rates was 
n = 3 and that the decay process involves a biexponential 
behavior, which cannot be deduced from line-width measure- 
ments. Because of this discrepancy in n, Bemstein and co- 
workers reinvestigated the l-NpOH.(NH& system and found 
a red-shifted broad emission which they attributed to proton 
transfer taking place in at least one geometric isomer of these 
n = 3 clusters.36 This analysis is consistent with our finding,14 
and Bemstein and co-workers attributed the discrepancy to the 
severe spectral overlap of the excitation spectra of n = 2 and 3 
clusters.36 

The spectroscopic results by Leutwyler's group were very 
helpful to our work, especially their results on the cluster-size- 
dependent spectral shifts in the R2PI spectra. These spectral 
shifts are reproduced in Table 1. By using these results with 
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TABLE 1: Spectral Shifts of Clusters and PumpRrobe 
Wavelengths 
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1, nm 
cluster spectral shift, cm-l pump probe 

1-NpOH 0 317.9 
l-NpOH*(NH3),’ 

n = l  -236 320.4 324.0 
n = 2 (A) -276 320.7 324.0 
n = 2 (B) -352 321.6 324.0 
n = 3  -409 322.3 337.5 
n = 4  -710(50) 323.3 337.5 

n = l  -307(25) 320.9 337.5 
n = 2  x -750 320.9 337.5 
n = 3  320.9 337.5 

n = l  - 143( 10) 319.4 337.5 
n = 2  -81 318.7 337.5 
n = 3  -136 319.1 337.5 
n = 4  -164 319.6 337.5 
n = 5  -1551-113d 319.9 337.5 
n = 6  1-107 319.9 337.5 
n = 7  1-111 319.9 337.5 
n = 8  -105/-208 319.9 337.5 
n = 9-20‘ 1-175 to N -238 319.9 337.5 

1 -NpOH.(CsHl IN)? 

1-NpOH.(H20)nC 

References 8 and 9. Sharp band positionlbroad band position. 
e The range of the spectral shifts is shown for n = 9-20 clusters. 

TOF mass analysis, real-time experiments on individual clusters 
without significant interference from other clusters were possible 
in the cases of l-NpOH.(NH3), (n = 1-3), ~ - N ~ O H . ( C ~ H I ~ N ) ~ ,  
and l-NpOH.(H20), (n = 1-4). In the other cases, especially 
for the water clusters, where n = 8-20, spectral overlap in the 
excitation spectra prevented single-cluster experiments and care 
was taken to adjust the clustering conditions (backing pressure 
and solvent partial pressure, and the temporal overlap of the 
gas pulse and the laser pulses) such that the cluster size 
distribution was peaked near the clusters under investigation. 
We then used TOF mass selection for the identification of n. 
The laser wavelengths used for the picosecond pump-probe 
experiments are listed in Table 1. 

B. Fluorescence Lifetime Measurements. By using pico- 
second time-correlated photon-counting methods, we have 
measured the emission lifetimes of the bare 1-NpOH and the 
smaller clusters l-NpOH.(NH3), (n = 1, 2). For n = 2, we 
studied the lifetime of two isomers. For n 1 4, the blue-green 
emission was observed when the clustering conditions and the 
excitation wavelength were chosen appropriately. Lifetimes 
were measured under these conditions. Fluorescence decay 
curves are shown in Figure 3, and the results of these 
measurements are given in Table 2. Except for a deviation of 
the lifetime of the bare 1-NpOH (60 ns) from those of the 
clusters (38-43 ns), no systematic dependence on the cluster 
size could be observed. Basically, the solvent shortens the 
lifetime, evidently because of nonradiative decay. 

Leutwyler and co-workers reported emission lifetimes for bare 
1-NpOH as well as for the smaller clusters l-NpOH.(H20), (n 
= 1-5) from the SI  rigi in.^ They also obtained the decay for 
the blue-green emission, indicative of the 1-naphtholate anion 
in experiments where the clustering conditions were set to form 
large water clusters with n I 50.37 The measured lifetimes for 
n = 1-5 varied between 47 and 72 ns, showing no specific 
monotonic behavior with cluster size. The blue-green emission 
lifetime averaged over a distribution of larger water clusters 
was found to be 28 f 1 ns. For the bare 1-NpOH, they reported 
a lifetime of 61 ns. 

Lakshminarayan and Knee recently reported fluorescence 
lifetime measurements for the bare 1-NpOH, excited to the S1 

t I  
I I  
U 

1 

0 10 20 30 40 50 

Time (ns) 
Figure 3. Fluorescence decay curves for (a) bare 1-NpOH, (b) 
l-NpOH.(NH& (n  = l), and (c) l-NpOH.(NH3), (n 2 4) clusters. 
Excitation and detection wavelengths are listed in Table 2. 

TABLE 2: Picosecond Fluorescence Measurements of 
~ - N D O H * ( N H ~ .  

1. nm 
detection cluster size lifetime, ns excitation 

bare 1-NpOH W 2 )  318.1 332.8 
n = l  38(1) 320.6 335.5 
n = 2 (A) 43(2) 320.9 335.8 
n = 2 (B) 39(1) 321.8 336.7 
n Z 4  38(1) 322.7 428.0 

state at different vibrational energies in a molecular beam.38 
These experiments were performed to characterize the dynamics 
of intramolecular vibrational energy redistribution (IVR) as a 
function of excess vibrational energy above the SI origin. No 
evidence for rapid IVR was manifested, as initial dephasing was 
not observed; only restricted IVR among a few levels could be 
detected, suggesting subnanosecond IVR in the energy range 
of 0 to 1600 cm-’. 

C. Pump-Probe Transient Measurements. (a) Naphthol- 
Ammonia (n = 1-4) Picosecond Resolution. A typical TOF 
mass spectrum for l-NpOH.(NH3), clusters obtained with a laser 
wavelength of 322 nm is shown in Figure 4. Clusters as large 
as n = 30 were formed in the molecular beam. Figure 5 shows 
the experimental transients of clusters l-NpOH.(NH3), (n = 
1-4) obtained with this picosecond resolution. The pump 
wavelength was chosen to excite the specific cluster under 
investigation to minimize interferences from other clusters 
(Table 1). An exception to this procedure is the system 
1-NpOH*(NH3)4 which has a broad and not well-defined spectral 
origin. We excited this cluster at 323.8 nm (pump), which 
differs by 150 cm-’ from the reported8 value of 322.1 nm. 
However, no significant change in the time-dependent behavior 
of the transients was observed when changing the excitation 
wavelength to 322.1 nm. For n = 2, two transients are 
presented, labeled “A” and “B”, respectively. These correspond 
to the two reported isomers for n = 2 for which different spectral 
origins were identified.* 

For all clusters, l-NpOH.(NH3), (n = 1, 2), the transients 
obtained show no short-time, Le., picosecond time scale, 
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Figure 4. Multiphoton ionization time-of-flight mass spectrum of 
1-NpOH(h%3), showing a typical cluster distribution obtained using 
the setup described in section II.B. 
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Figure 5. Picosecond (pump-probe) transients recorded for the clusters 
of l-NpOH.(NH3),=,-4. Excitation conditions are listed in Table 1. 
The solid lines are calculated fits using a double-exponential function 
(see text). 

dynamics. The slight decay observed in the transients at these 
relatively short times is related to the excited-state lifetimes 
which are on the order of tens of nanoseconds, Table 2. As 
the delay line has a usable range of up to 4 ns, these lifetimes 
could not be reproduced as accurately with the pump-probe 
apparatus as with the photon-counting results given in section 
1II.B. 

For the clusters l-NpOH*(NH3), (n = 3, 4), the measured 
transients reveal dynamics on the picosecond time scale. Each 
of the transients was fitted to a double-exponential decay. The 
fitted time constant for the fast decay component was 87 f 30 
ps for n = 3 and essentially the same value for n = 4 (in ref 
14, z was 100 f 30 ps). These measurements were first reported 
in our earlier comm~nication.'~ The slow decay time constants 
are estimated to be more than a nanosecond, Figure 5. As 
discussed below, with subpicosecond resolution, these rates can 
be obtained more accurately and the form of the transient, short 
and long decay components, becomes certain in the assignment. 

(b) Naphthol-Ammonia (n = 1-6) Subpicosecond Reso- 
lution. The proton-transfer dynamics of the ammonia system 
were studied again with a subpicosecond resolution. In this 

0.8 

120 140 160 180 200 220 240 260 280 300 320 

Mass (amu) 
Figure 6. Multiphoton ionization time-of-flight mass spectrum of 
l-NpOH.(NHs), showing a typical cluster distribution obtained using 
the setup described in section 1I.C. 
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Time delay (ns) 
Figure 7. Subpicosecond (pump-probe) transients for l-NpOH.(NH&, 
with n varying from 0 to 6. Pump/probe wavelengths are as follows: 
320/340 nm for n = 0-4; 320/370 nm for n = 5 ;  and 326/370 nm for 
n = 6. 

apparatus, the cluster distribution obtained is shown in Figure 
6. Transients obtained for n = 0 to n = 6 are shown in Figure 
7. The transients for n = 0-4 were taken at 320/340 nm (pump/ 
probe), while those for n = 5 and 6 were obtained at 3201370 
and 326/370 nm, respectively. With the 320/340-nm arrange- 
ment, no time-dependent signal was observed for clusters larger 
than n = 4, possibly due to ion fragmentati~n.~~ The transients 
for clusters of n = 3-5 show an initial fast decay, while the 
others show relatively slow decay with time constants of tens 
of nanoseconds, which are comparable to the fluorescence 
lifetimes of the excited state, Table 2. A very fast initial decay 
with small amplitude was observed within the first few 
picoseconds for the n = 5 transient. 

The transients for A*H-(NH3)3 and A*D.(ND3)3 taken at two 
different pump energies are shown in Figure 8. These transients 
show distinct biexponential decays and were fit with a function 
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Figure 8. Subpicosecond experimental transients and theoretical fits 
for l-NpOH*(NH& and l-NpOD.(ND3)3: (a) pump/probe wavelengths 
of 320/340 nm and (b) 307/340 nm. Excess vibrational energies are 
given relative to the origin at 31 050 cm-l for the n = 3 cluster. 

TABLE 3: Biexponential Fits to Observed Transients of 
~-NDOH.(NH~.~  . 

~ , ~ = 3  D , n = 3  H , n = 4  D , n = 4  
320 nm t l  52(4) 150(20) 93(8) 335(200) 

t 2  1210(60) '2100 '2700 '8000 
R 2.5 1 .ob 0.6b 0.4b 

307nm tl 25(3) lOO(10) 70(6) 152(35) 
tp 226(20) 1720(150) 727(25) '5000 
R 2.2 2.1 0.8 0.4b 

tl and tp are in picoseconds. The values in parentheses are standard 
deviations. The uncertainty of R, which is defined in the text, is within 
20-30%. Less reliable due to large uncertainties of t 2 .  

of the form S(t) = Ao[R exp(-t/tl) + exp(-t/t2)], which is 
convoluted with the instrumental response function. The results 
of the fits for n = 3 and 4 clusters are listed in Table 3. The 
results for the fast decay component are consistent with those 
obtained with the picosecond resolution of the previous section 
but provide more accurate time cohstants. For the long-decay 
components, the results obtained here are quantitatively quite 
different from the values given in ref 15. For example, for the 
n = 3 cluster, our fast decay component is 52 f 4 ps, while 
the slow component is 1210 f 60 ps. The results in ref 15 
gave 57 f 15 and 440 f 125 ps, respectively. 

(c) Naphthol-Piperidine (n = 1-3) Picosecond Resolu- 
tion. Figure 9 shows our picosecond real-time results for the 
1-NpOH-piperidine clusters. For all the clusters, the same 
excitation wavelength (320.9 nm) was used in our experiments. 
This wavelength corresponds to the SI origin of the 1-NpOH-- 
(C5H11N)1 cluster and is within one of the broad bands reported 
in the R2PI spectrum for the ~ - N ~ O H . ( C ~ H I I N ) ~  cluster.* 
Again, each transient was recorded individually with the 
experimental conditions set to maximize the ion signal for the 
particular cluster under consideration. The probe wavelength 
was to the red of the excitation wavelength. 

Similar to the observations reported for the ammonia clusters, 
a significant change in the transients can be noticed when 

-0.50 0.00 0.50 1.00 1.50 2.00 2.50 
Time (ns) 

Figure 9. Picosecond (pump-probe) transients obtained for the clusters 
of l-NpOH.(C5HI1N),,=1-3. Excitation conditions are listed in Table 
1. The solid lines are fits using a single-exponential function (see text). 

n =  13 

n =  19 

I 
Time (ns) 

Figure 10. Picosecond (pump-probe) transients obtained for the 
clusters of l-NpOH.(H20),=1-19. Excitation conditions are listed in 
Table 1. The solid lines are fits using a single-exponential function 
(see text). 

increasing the cluster size. For the n = 1 cluster, a very slight 
decay on the nanosecond time scale can be seen which is 
consistent with being due to the excited-state lifetime. Both 
the n = 2 and n = 3 clusters reveal picosecond time-scale 
dynamics. Each of the transients exhibits a characteristic proton- 
transfer time of -65 ps. From the transients shown in Figure 
9, it can be seen that only the n = 2 transients shows a slight 
leveling off, whereas the n = 3 transient reaches the zero 
background within less than 500 ps. 

(d) Naphthol-Water (n = 1-21) Picosecond Resolution. 
In Figure 10, our real-time results of the l-NpOH.(H20), (n = 
1-21) clusters are summarized showing the transients for n = 
1, 3, 9, 13, and 19. Individual experiments were performed 
for the water clusters with n = 1-4 using the reported cluster 
 origin^.^ The remaining transients were recorded using a 
transient digitizer with signal-averaging capabilities which 
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allowed the transients of a number of clusters to be measured 
in a single experiment. For such experiments, the excitation 
wavelength was chosen to excite a range of clusters with 
overlapping R2PI spectra. Two different experiments were 
performed in order to cover the remaining range of clusters. 
The excitation wavelength was 320 nm, and the backing pressure 
was varied from 15 to 30 psig in these two experiments. Thus, 
the cluster distribution could be shifted to larger n. As can be 
seen from Figure 10, no dynamics on a short (picosecond) time 
scale characteristic of proton transfer could be observed. 

Kim et al. 

IV. Discussion 

A. Structure of Clusters. The structure of clusters formed 
in a molecular beam is quite important in determining the 
energetics and dynamics of the proton-transfer reaction since 
the solvation energy is closely related to the local structure of 
the solvent. Felker’s group, using rotational coherence spec- 
troscopy, has shown that for the 1:l complex of 1-NpOH and 
ammonia the NH3 is attached to the OH group of 1-NpOH by 
forming a H bond between (0)H and the N atom?0 Pratt’s 
group41 obtained the structure for the 2-NpOH-ammonia 
complex from the high-resolution spectra; the structure is similar 
to that of 1-NpOH, with slightly different interatomic distances. 
Bernstein and c o - ~ o r k e r s ~ ~  have calculated the most probable 
structure for the 1 : 1 complex as the one in which NH3 resides 
on the ring of 1-NpOH. For the n = 2 cluster, there are two 
geometrical isomers for which distinct spectral origins were 
observed. Felker’s group found that both NH3 molecules are 
attached to the OH group in one geometrical isomer, while for 
the other isomer the results were suggestive of an NH3 bound 
to the ring of 1-NpOH. 

For the AH*(NH3)3 cluster, several geometrical isomers are 
possible. Felker’s group found that at least one of the structural 
conformers, which corresponds to the relatively sharp spectral 
origin, has a structure in which all three NH3 molecules reside 
on the side of the OH group of a 1-NpOH. Because of the 
sharpness of the spectra, this structure was assigned to the 
conformer where no proton transfer took place. Felker’s group 
could not determine the structure of clusters which undergo 
proton transfer. As discussed below, some ammonia molecules 
may reside on the ring and affect the energetics involved in the 
proton-transfer dynamics, thus establishing an interplay between 
the structure and the dynamics. 

Because of the relatively high proton affinity of piperidine, 
a strong hydrogen bonding is expected between the OH group 
of 1-NpOH and the N atom of piperidine. Felker’s result for 
piperidine is consistent with this structure.@ For water clusters, 
Felker’s group found that the water solvent is attached to the 
OH group of 1-NpOH in both 1:l and 1:2 (1-Np0H:water) 
complexes.@ This is consistent with the calculation by Bem- 
stein and co-workers, who found that the water molecules have 
a tendency to bind together and reside as a group in the vicinity 
of the OH group of ~ - N P O H . ~ ~  This local structure of the water 
solvent is not in favor of the solvation of ion-pair states; 
therefore, it could be one of the factors in preventing the proton- 
transfer reaction in water clusters. 

B. Energetics: The Thermochemical Cycle. We begin by 
outlining a thermochemical cycle that identifies the energetics 
of bare 1-NpOH and the stepwise energies of solvation necessary 
for describing the cluster system. The reaction of interest, 

can be broken down to the following sequence: 

AH** - .B - AH* + B D; 

AH* - AH +;(AH) 

H - H H + + e -  EIP(H) 

AH - A + H D(A-H) 

A + e- - A- -EEA(A) 

A- - A*- hv;(A-) 

H+ + B - H+B -OB+ 

H+B,-, + B - H+B, 

A*- + H+B, - A*-. . .H+B, v: 
-D:+ 

where AH is shorthand for 1-NpOH and D represents the 
dissociation energy. The energy terms are known to reasonable 
accuracy except for the ion-pair bond energy c. Calculations 
of Coulombic potentials are presented below. The above 
description allows us to compare the energetics of gas-phase 
reactions to cluster reactions and to compare the energetics of 
proton transfer for different solvents. The enthalpy of the gas- 
phase deprotonation of AH to form A- + Hf is given by 

AHd = D(A-H) + E,(H) - EEA(A) 
= 3.60 + 13.60 - 2.51 = 14.69 eV (6) 

(where the stated values are from refs 42, 43, and 44, 
respectively). The analogous energy for AH* is given by 

AH: = AHd - hv:(AH) + hv:(A-) 

= 14.69 - 3.90 + 3.2 = 14.0 eV (7) 

(where the spectral energies were obtained from spectra in ref 
8).7,45 These very endothermic gas-phase reactions undergo 
significant stabilization under cluster (or condensed-phase) 
solvation conditions. The excited-state enthalpy for dissociative 
proton transfer in clusters of solvent size n (Le., AH*. * -B, - 
A*- + H+B,) is given by 

n n 

i i 

The importance of defining the dissociative proton-transfer 
enthalpies is that these energies can be determined fairly 
accurately. A tabulation of stepwise energies and enthalpies 
for NH3 solvation is given in Table 4. The proton transfer 
measured here does not involve a full dissociation; instead, the 
proton remains bound to the counterion by Coulombic attraction. 
The enthalpy of proton transfer in clusters is, therefore, given 
by 

(9) AH&,, = AH;,, - v:, - €: 
where we have included an additional solvation energy, e;, 
that describes further stabilization, due to geometry change or 
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TABLE 4: Coulombic Potential Parameters for 
l-NpOH*(NH3)” 
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-0.2 
-0.53 
-0.82 

3.68 
3.76 
4.43 

1.85 
1.8 
1.5 

Parameters used here are Tph-0 = 2.5 A, rH-N = 1.04 A, m-H3 = 

The repulsive parameters are A = 100 eV and e = 0.32 A. The 
potential energy curves for ion-pair states in Figure 11 are calculated 
using the following parameters: qo = -0.53 and q H  = +1.0 (n  = 0); 

= 1.40, 1.44, 1.47, respectively. 

O S 2  A; q h g l  = qring2 = -0.235; q H  = 0.54, q N  = -1.01, q H 3  = 1.38. 

forfl = 2-4, q H  = 0.52, 0.507, 0.49; q N  = -1.06, -1.11, -1.15; q H j  

anion solvation that are not explicitly accounted for in the ion- 
pair bond (along the OH coordinate) energy, Vi, or elsewhere 
in the above thermochemical cycle. 

C. Coulombic Interaction and Potential Energy Curves. 
Here, we consider the form of the potential from an approximate 
charge distribution in the ion-pair configuration. The ion-pair 
state representing the proton-transfer product can be described 
by a Coulombic potential V(r), where r is the 0-H internuclear 
separation. We are interested not only in the well depth V,, 
which is needed for the thermochemical expressions, but in the 
shape of the potential energy curve, which determines the barrier 
properties and tunneling rates. The potential V(r) is calculated 
from the sum of the pairwise attraction and repulsion interactions 
between specific sites i and j (e.g. ,  atoms within a molecule or 
cluster), 

where the q’s are charge densities separated by distance rq and 
A and e are constants.46 Such potentials have been introduced 
by Syage for the phenol system”.39 and may now define Vz 
(well depth) and the equilibrium distance of the ion-pair state. 

Charge densities for H+(NH3), (up to n = 4) were calculated 
by D e a k ~ n e . ~ ~  The only charge density data we could find for 
naphtholate was a 1968 molecular orbital calculation4* and an 
ESR study;49 however, they gave very different results for the 
charge density of the 0 atom of naphtholate (40) of -0.82 and 
-0.20, respectively, although the ESR work was for the TI state. 
We use charge densities for 1-NpO*- based on molecular orbital 
calculations for PhO- by Taft and co-workers (Le., qo = 
-0.53),50 which turns out to be close to the average of the two 
values mentioned above. We computed potential curves for 
all three cases, and the results together with the potential 
parameters are given in Table 4, with the following in mind: 
(1) to simplify the analysis, we have grouped some charges as 
outlined in Table 4, (2) we adopt the same repulsive parameters 
used for PhOH.(NH3), (A = 100 eV and = 0.32 A), since 
these values lead to an OH equilibrium bond length of about 
1.8 A for the l-NpO*-. *HfNH3 ion-pair state.40,41,51-53 The 
calculated ion-pair potentials neglect some potentially important 
contributions, such as (1) interatomic potential terms (although 
these should be small relative to V), (2) stabilization of the 
1-NpO- anion by the solvent, and (3) charge redistribution or 
ion-induced dipole effects that might be transmitted through the 
0-H bond (Le., polarizability or dielectric ~c reen ing) .~~  The 
latter two effects are solvation properties that we relegate to 
the 6: term above in eq 9. 

For the bare naphthol ion-pair state, the positive charge resides 
on the H atom (we assume qH = 1.0) in close proximity to the 
negatively charged phenoxy. Hence, at the equilibrium position, 
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Figure 11. Calculated potential energy curves for l-NpOHS(NH3)” 
along the 0-H coordinate. The ion-pair Coulomb potential parameters 
are listed in Table 4. The figure gives both the covalent (solid lines) 
and ionic (dotted lines) potentials and defines the values of V;, the 
equilibrium distances, and the change of AH* (difference between 
minima of covalent and ionic potentials). 

the Coulombic well depth for bare naphthol is relatively large 
(Vi = 6.1 eV) and the 0-H bond length is short (re = 1.4 A). 
A single NH3 molecule delocalizes the positive charge, causing 
the ion-pair bond energy to decrease to V; = 3.8 eV and the 
bond length to increase to 1.75 A. Additional solvation further 
weakens and extends the 0-H bond (e.g., Vs = 3.1 eV and re 
= 1.9 A for n = 5). 

To complete our picture of the proton-transfer surface 
crossing, the initially excited SI potential curves are fitted to a 
Morse function of the form 

~ ( r )  = D{ 1 - exp[-P(r - re>]}* (1 1) 

The bond energy D is reported in eq 6. We take the equilibrium 
0-H bond length to be re = 0.95 A.55 The vibrational 
amplitude is calculated from the classical turning points of a 
harmonic oscillator. For an 0-H (Y = 1) fundamental of 
frequency 3500 cm-’, one obtains lrmax - rei = 0.16 A. Fitting 
eq 11 to these values gives p = 2.25 A-1. The addition of a 
single NH3 molecule does not change the shape of the 
1-NpO-H potential curves nearly as much as it lowers the 
energies relative to uncomplexed naphthol. 

Figure 11 and Table 5 illustrate how proton transfer is 
stabilized in the presence of base molecules. AH;,, changes 
in value from about 8 eV for n = 0 to about zero for n = 5 
(note the difference in energy between minima of the solid and 
dotted curves, representing the covalent and ionic potentials, 
respectively). From the observed threshold at n = 3, we assume 
a value of AH;,) I 0 compared to a calculated value of 0.78 
eV. Our proton solvatiodCoulomb model, therefore, accounts 
for ’90% of the observed solvent stabilization energy. Better 
agreement is expected by including the additional interactions 
outlined above that were lumped together as solvation energy 
6;. For example, the Coulomb model favors a solvent geom- 
etry in which the second level of NH3 molecules, which carries 
0.07-0.15 units of positive charge for n = 2-4, respectively, 
establish close proximity to the negative charge density on the 
0 atom or aromatic ring. This would give an additional 
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TABLE 5: 
l-NpOH*(NH& Excited-State Proton Transfer (eV) 

Some Relevant Energies and Enthalpies for 

i ,  n 0: DY+ AH; n AH&"+€; 

Kim et al. 

0 14.00 6.07 7.93 
1 0.36" 8.84b 5.52 3.76 1.76 
2 0.25 1.08 4.69 3.50 1.19 
3 0.20 0.76 4.13 3.35 0.78 
4 0.15 0.60 3.68 3.21 0.47 
5 0.15 0.54 3.29 3.10 0.19 

D; is obtained from the spectroscopically determined value for 
PhOH.NH3 (ref 58), and the remaining values are chosen to converge 
to the neutral NH3-NH3 bond energy of 0.15 eV (ref 62). 07' is the 
proton affinity of NH3 (ref 43), and the remaining values are measured 
stepwise solvation energies (ref 63). 

e 
2-cis 

e 
2-trans 

1 2 3 4 
0-H distance (A) 

Figure 12. (a) Geometry of NpOH.NH3 used to calculate Coulomb 
potentials for different isomers and rotomers of NpOH. The charges 
qnngl and qnngZ are assigned to the center of mass of the aromatic rings 
marked by a solid circle. The tic marks on the axes represent 1-8, 
units. (b) Coulombic potentials calculated for the cis and trans rotomers 
of 1- and 2-NpOH. The dissociative limit is at zero energy. 

stabilization of roughly 0.2 eV for charges of say $0.1 and 
-0.4 separated by 3 A. It is also possible that NH3 binds to 
the ring, which we have not considered in these calculations. 

The Coulomb potential is useful for explaining the relative 
excited-state acidities for the 1-NpOH and 2-NpOH isomers and 
their cis and trans rotomers. It is apparent from the molecular 
structure in Figure 12a that the cis rotomer of 1-NpOH permits 
the closest approach of oppositely charged sites and, therefore, 
gives the most stable ion-pair state as calculated in Figure 12b. 
Indeed, the pKi of 0.5 for 1-NpOH is lower than that of 2.8 for 
2-NpOH.' This corresponds to an energy difference of 0.14 
eV, which compares favorably to the calculated Coulomb 
potential difference (averaging over rotomer energies) of about 
0.21 eV. It is interesting that this cis and trans rotomers of 
1-NpOH differ in energy by the fairly large value of 0.34 eV. 
This interpretation may have bearing on the conclusions of 
Bemstein et al. that only a certain isomer of the l-NpOH.(NH3)3 
clusters undergoes proton transfer.36 Note that in the molecular 
beam the trans rotomer of 1-NpOH is predominantly popu- 
lated.36 

We now examine the enthalpy of reaction AH;sn as a 
function of solvent size using the model for potential energy 
outlined above. A tabulation of AH;,, + E: values for NH3 
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Figure 13. Computed enthalpy of proton transfer as a function of 
solvent type and size. The dashed line originating from the origin is 
an estimate of the magnitude of E: and, therefore, represents the line 
for which AH;," = 0. The proton affinities Df of piperidine, NH3, 
and HzO are 9.82, 8.84, and 7.36 eV, respectively (ref 43). The curve 
for piperidine could not be extended because stepwise solvation energies 
DZ',, to our knowledge, are not known. 

solvation is given in Table 5. As defined earlier, 6; accounts 
for a certain amount of solvent stabilization energy, which is 
closely related to the local solvent structure and not accounted 
for by the simple terms AH;,, and V:. If we assume that the 
observed threshold at n = 3 indicates that AH;,, < 0, then 
one might argue from Table 5 that E ;  > 0.78 eV. A plot of 
AHb,n + 6; vs n is presented in Figure 13 for various solvents 
with 1-NpOH and for NH3 with phenol. Stepwise solvation 
energies for H+(C5H11N), are not known other than for the 
proton affinity, so only a single point at n = 1 and an 
extrapolation to n = 2 are given. Nonetheless, it is evident 
that piperidine is predicted to give the smallest threshold solvent 
size for proton transfer for the cases shown, which is in 
agreement with experiments. The relative ordering of enthalpies 
of reaction for the other cases in Figure 13 also conforms with 
the ordering of threshold solvent size observed experimentally. 
Quantitative predictions of threshold solvent sizes are not 
obtained by Figure 13 but require a more rigorous theory that 
avoids the need to invoke the correction factor 6;. However, it 
is encouraging that a smooth and reasonable function for E ;  
can be drawn that crosses with the solvation energy curves 
(indicating AH;,, = 0) at points that are in close agreement 
with the observed threshold solvent sizes for all cases measured. 

D. Elementary Steps in Dynamics. Since the observed 
rates are much slower than those characteristic of coherent wave- 
packet motion,13 we shall use rate processes to describe the 
system outlined in eq 4: 

From the above reaction scheme, it is clear that a biexponential 
decay would be observed by monitoring the reactant, A*H. -B,. 
From the solution of the population equations, it follows that 
the fast component is determined by -(kl + k-l), while the 
slow component reflects the effect of the k2 process. This is 
true when the ionization cross section of the optically prepared 
excited states is dramatically decreased to nearly zero when the 
proton transfers to the solvent in clusters. It is important to 
realize that eq 12 in the absence of k-1 process can also give 
rise to an apparent biexponential decay if both A*H. -B, and 
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TABLE 6: l-N~OH.(NHd. (n = 3) System: kr, k-1, and k f  
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the Q coordinate. Experimental evidence for a barrier includes 
the relatively slow (many picoseconds) rates measured for 
naphthol, and also for phen01,'~q~~ in relatively strong base 
solvents such as ammonia. Support for a tunneling mechanism 
is found in results showing reactivity from the vibrationless level 
of 1-NpOH and a very large deuterium isotope effect in 1-NpOH 
and in 

Generally, the semiclassical expression for the tunneling rate 
constant from bound-to-free (inverted) parabolic potential energy 
surface is given by' 

Evib, Cm-' time, ps H , n = 3  D , n = 3  
200 llkl 71(9) 275(40) 

1 lkz 910(60) '1120 
1540 llk1 35(4) 143(10) 
(307 nm) llk-1 106(30) 357(90) 

1 lkz 164(25) 1200( 170) 
Rate constants are obtained from time constants and ratios listed 

in Table 3 using the following relations: lltl + lltz = kl + k-1 + k2, 
ll(tltz) = klkz, and R = ( a  + kl - k-1 - k2)/(a - kl + k-1 + kz), 
where a = [(kl + k-1 + k# - 4klk~]~'~. Vibrational energies were 
calculated relative to the origin at 31 050 cm-' for the n = 3 cluster 
(see refs 8 and 36), and they represent the average values at the center 
of our excitation pulses. Less reliable due to uncertainties of values 
in Table 3. 

[A*-* *H+B,], are assumed to be detectable with different 
ionization cross sections; a ratio of around 1:O.l-0.3 for 
A*H. -B, and A*-. .H+B, can be invoked. In this case, the fast 
and slow decays represent the proton transfer and solvent 
reorganization rate, respectively, and the ratio of fast-to-slow 
decays represents the relative ionization cross sections. The 
transient for l-NpOH-(NH& at 307 nm (where k2-l - 150 ps) 
decays to zero background (Figure 8), suggesting that the final 
product, [A*-. .H+B,],, is not detectable since one expects for 
this species a rise with a plateau. 

In Table 6, for AH*(NH3),, we present the fit parameters to 
the biexponential form given by eq 12. We note, from Table 
6, that the fast rate of transfer is very sensitive to the isotopic 
substitution and to the total energy, consistent with the trends 
given in ref 15. With the subpicosecond resolution reported 
here, we observed no faster decay than the picosecond value 
given for AH.(NH3)3. From Table 6, it is apparent that kl 
increases with the total energy and decreases with D substitution. 
The value of k-1 is consistently smaller than that of kl, and on 
the time scale of both kl and k-1, IVR may play a role. The 
IVR rate is expected to become faster as the density of states 
increases in 1-NpOH itself3* or due to cluster modes.56 Hence, 
increasing the vibrational energy, decreasing the vibrational 
frequencies by H/D isotopic substitution, or increasing the 
number of degrees of freedom by increasing the number of 
solvent molecules should increase the rate constant of IVR. The 
time constants listed in Table 3 show that neither z1 nor t2 is 
consistent with the above trend except for vibrational energy. 
Moreover, some of our measurements were made near the origin 
where one expects IVR to be on a very long time scale. 
Accordingly, our scheme in eq 12 does not include an IVR 
process, although it is part of the description of the solvent 
reorganization. In the following sections, we discuss the 
different elementary steps expressed by kl, k-1, and k2 and 
consider the interplay between structures and dynamics. 

E. Proton Transfer: Tunneling. The mechanism of proton 
transfer has been extensively modeled and studied (see, e.g., 
refs 1-3, 15, and 57). There are mainly three coordinates to 
be considered: the motion of the proton along the reaction 
coordinate (q), the vibration of 0 and N atoms of 1-naphthol 
and ammonia, respectively, along the intermolecular coordinate 
(Q),  and the motion of solvent molecules along the solvent 
coordinate (8. The crossing of the S1 Morse-type potential and 
the ion-pair Coulomb potential suggests the existence of a baxrier 
to proton transfer, Figure 11. In this case, the potential curve 
is adiabatic and the crossing is avoided. In clusters, at early 
times the solvent configuration may be fixed. Accordingly, the 
proton transfer may be described as tunneling along the q 
coordinate through the barrier, with the height and width being 
modulated by the 0 - N  van der Waals stretch motion along 

(320 nm) llk-1 200(40) 37oc 

where v is the OH vibrational frequency, m is the effective mass, 
a0 is the half-width of the barrier, and UO is the barrier height 
(see Figure 1). Different potentials are used to account for the 
parameters. For example, Bernstein and co-workers15 used a 
model potential energy surface for which the untransferred 
proton is bound in a well and the transferred proton is a free 
particle. Syage, on the other hand, used a bound potential 
instead of a free parti~1e.l~ UO and a0 are strongly modified by 
the 0-N stretching vibrational motion, and these effects can 
be considered by calculating an expectation value of tunneling 
rate constant for each quantum state of the 0-N stretch.15 

At the origin, k in eq 13 should be averaged over the zero- 
point vibrational motion of the 0 - N  stretch;15 k(v=O) = 
(@olkl@~,O), where $0 is the harmonic wavefunction for the 0-N 
stretch mode at Y = 0. Then k(v=O) is given by 

7 2  112 q = - -(2mU0) h 

p = a - q/2ao (14) 

where v is the OH vibrational frequency as in eq 13, p and v2 
are the reduced mass and frequency of the 0-N oscillator, and 
UO and a0 are the barrier height and width at the equilibrium 
0-N position as defined above. As the total vibrational energy 
increases, the probability of being populated in the quantum 
states of the 0-N stretch mode increases and the rate should 
be averaged over energetically accessible quantum states of the 
0-N stretch mode. Expressions for tunneling rate constants 
for vibrationally excited states of the 0-N stretch mode are 
elaborate and are given in ref 15; they have been used to account 
for the trends of experimental results. 

The approximations and limitations of the two-dimensional 
tunneling model have been discussed before. 15-17 Our intention 
here is to give an order of magnitude estimate of the rates and 
to predict their changes, accounting for the following effect and 
dependencies: deuterium isotope effect, vibrational energy 
dependence, dependence on barrier height and width, and 
variations with cluster size. At the origin, the tunneling rate 
constant can be calculated using eq 14. However, there are 
several parameters that we must consider. First, v of -3500 
cm-' in bare 1-NpOH is expected to be lower in clusters with 
base solvents due to a strong hydrogen bonding. Bernstein and 
co-workers have estimated v to be -3000 cm-l.15 The 
frequency of the 0-N stretch mode (v2) has been estimated to 
be - 110 cm-l in ref 15, while it has been measured to be -1 82 
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ratio of the isotope effect here is similar to that reported in ref 
15 (see Figure 14). It is fair to say that calculations based on 
the tunneling model give reasonable estimates of the rate 
constants and explain their qualitative trends (see Figure 14). 

The free particle tunneling model implies the irreversibility 
of the proton transfer; the model works only when the product 
states have a much higher density of states than the reactant 
states. The experimental results using the reaction scheme in 
eq 12 suggest that the proton transfer may be reversible before 
it reaches the final equilibrium. Furthermore, there could be 
other intermolecular modes that can modify the tunneling barrier. 
For example, the reaction coordinate 0-H-N is not linearly 
oriented; instead, it has been found that it is which 
suggests that the bending motion could also modify the barrier 
parameters. Syage has introduced the activated solvent model 
to account for the phenol system.17 The activated solvent model 
is based on the mechanism that the proton transfer occurs by 
the nonadiabatic crossing of two adiabatic potential energy 
surfaces of reactants and products driven by the dynamical 
solvent effect. This treatment only works in the high-temper- 
ature limit and strong-solvation approximation. Most of our 
experimental results were carried out near the origin; hence, 
this model has not been tried here. 

In the studies of intramolecular proton t r a n ~ f e r , ~ ~ , ~ ~ @  the 
reaction coordinate is shown to involve low-frequency modes 
and not the OH stretch vibration. In the intermolecular proton- 
transfer case, the reaction coordinate is coupled to the solvent 
coordinate, as one knows that solvent reorganization must take 
place. Second, from a molecular dynamics point of view, it is 
not clear that the proton transfer involves only one step. In 
fact, the study by Ando and HynesZ6 of HC1 in water shows a 
two-step process for the creation of the “contact” and “solvent- 
separated” ion pairs. Tunneling was shown to be not significant 
in the fiist step.26 It would be interesting to follow the proton- 
transfer dynamics of the system under study here with molecular 
dynamics simulations in clusters of different sizes. This will 
allow us to examine the motion of the individual solvent 
molecules involved, reaching the dielectric continuum limit in 
the bulk. This work is currently in progress in collaboration 
with the Hynes group. 

F. Structures and Dynamics: Size Dependence. The 
structure of the cluster has not been considered explicitly in 
the energetics discussed in section 1V.C. The structure has a 
significant influence, since V,, (or E,, as defined in section 1V.B 
and C) is closely related to the geometrical structures of the 
cluster, as discussed earlier (see section 1V.C). As mentioned 
earlier, there could be more than one geometrical isomer for 
the same-sized cluster. For example, let us consider two 
geometrical isomers I and I1 for the AH-(NH3),, (n = 3) cluster; 
I has a structure in which all three NH3 molecules are on the 
side of the OH group and I1 has a structure in which two NH3 
molecules are attached to the OH group and one NH3 resides 
on the ring. As pointed out by Felker’s group,@ V,, of I is 
expected to be smaller than that of I1 since the delocalization 
of the positive charge in the ion-pair state would be more 
effective for I than 11. In addition, for the geometrical isomer 
11, Coulombic interaction between ammonia and the naphthol 
ring would contribute to the increase of V,,. Therefore, from 
eq 9, structure I1 would be more favorable for proton transfer 
than I assuming that the proton affinity remains similar; the 
stability will depend on the net change in the proton affinity 
and the ion-pair bond energy upon changing the NH3 position. 
This indicates that the energetics and dynamics of proton transfer 
are critically dependent on the structure. This point is significant 
even in bulk studies, as discussed in the Introduction. 

1 1 I I I I I 

--I 
I I I 1 I I I 

500 1000 1500 2000 

Figure 14. Calculated tunneling rate constants for AH-(NH& (solid 
line) and AD-(ND& (dashed line) as a function of the vibrational 
energy. The time constants for the fast decay components are plotted 
from Table 3 (filled circles and squares) and ref 15 (open circles and 
squares). Parameters for calculation are ~ ( 0 - H )  = 3000 cm-’, ~ ( 0 -  
D) = 2150 cm-’, Y~(O-N) = 110 cm-’, p(H) = 38 amu, a0 = 0.2 A, 
and VO = 7500 cm-I. 

cm-’ in the PhOH.NH3 cluster.58 For the barrier width (Q), 
this can be estimated from recent spectroscopic 
According to Pratt’s group, the 0-N distance in the 2-NpOH*- 
(NH3) cluster is -2.6 and -2.8 8, in the excited and ground 
states, re~pectively.~~ On the other hand, Felker’s group 
determined the 0-N distance in 1-NpOH-(NH3),, (n = 1-3) to 
be -3.0 Felker’s group reported the average of the ground- 
and excited-state values. Hence, if it is assumed that the 0-N 
distance in the excited state is -0.2 8, shorter than that in the 
ground state, its value will range from 2.8 to 2.9 A. For the 
0-N distance of 2.6 and 2.8 A, uo is estimated to be -0.2 and 
-0.3 8,, respectively, by considering the classical turning points 
of the zero-point energy levels (-0.1 8,) and the 0-H and N-H 
distances (-1.0 8, each). The absolute value of the rate constant 
for a cluster at the given energy can be fit by varying the barrier 
parameters. Since the energetics is strongly dependent on the 
basicity and the number of the solvent (see section IV.B), the 
shape of the barrier is expected to be unique for the specific 
cluster under examination. Therefore, it is less meaningful to 
compare tunneling rate constants for different clusters using the 
same reaction barrier. Here, we calculate rate constants for the 
AH*(NH3)3 and AD.(ND3)3 clusters as a function of the total 
vibrational energy. As in ref 15, the vibrational states are 
assumed to be statistically populated, and the rate constant is 
averaged over all energetically accessible quantum states of the 
0 -N  stretch mode. However, we pointed out in ref 16 that 
the distribution need not be complete or statistical. 

In Figure 14, the calculated tunneling rate constants are 
compared with the experimental results for AH*(NH3)3 and AD.- 
(ND3)3 clusters. The parameters used in the calculation of rate 
constants are listed in the caption for Figure 14. For comparison 
with experimental results, the time constants for the fast decay 
component (TI) reported here (Table 3) and in ref 15 are plotted 
together. The effect of the H/D isotopic substitution near the 
origin is much smaller than that reported in ref 15. As shown 
in Figure 14, the proton-transfer rate becomes only 3-4 times 
slower by the H-to-D substitution, while ref 15 gave -20 times 
slower rate for the deuterium cluster. Because of the subpico- 
second time resolution, our energy spread is larger than that 
reported in ref 15 and this may contribute to some difference. 
However, at an excess vibrational energy of -1500 cm-l, the 
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The size dependence of dynamics is quite dramatic in 
l-NpOH*(NH3), clusters (Figure 7). The proton-transfer rate 
constant for the n = 4 cluster is smaller than that of n = 3. 
This trend is consistent with the findings of eq 12. The forward 
reaction is -3 times faster than the reverse reaction for n = 3. 
This means that the reaction is exothermic, giving the negative 
AGO. For n = 4, the ratio of kl and k-1 is nearly 1, giving 
AGO of nearly zero. The sharp initial decay observed for n = 
5 could be consistent with a continued increase in k-1, giving 
the small -20% amplitude. (Note that the excess vibrational 
energy is larger for the larger clusters and the decay is expected 
to be faster.) 

Based on the energetics without considering the local solvent 
structuG as shown in Table 5, the experimental results cannot 
be explaiqed; n = 4 is more exothermic than n = 3, and we 
expect akaster rate for n = 4. As discussed before, the 
hydrogen-bonded structure determines the stability of charge 
separation, and the above trend suggests that the solvent 
configuration for clusters formed in the molecular beam may 
become more favorable for reactants, compared to products, as 
the cluster size increases. But there are other possibilities. For 
example, for clusters larger than n = 4, proton transfer might 
occur even in the ground state, and the transients for n = 5 and 
6 clusters in Figure 7 may be due to the significant contribution 
from ion-pair states in the ground state. The other possibility 
is the passage through the Marcus inverted region, where the 
absolute value of AGO exceeds the solvent reorganization 
energy. In other words, as the number of solvent molecules 
increases, the free-energy difference exceeds the solvent reor- 
ganization, resulting in an increase in the activation energy, 
hence a smaller rate ~0ns tan t . l~  This description is based on 
the assumption that strong solvation is the driving force of the 
proton-transfer reaction. 

As discussed in the Experimental Results section, we did not 
observe proton transfer for clusters with (H20), of n I 21. This 
observation is in line with the results of the spectroscopic work 
by the groups of Leutwyler9 and B e r n ~ t e i n . ~ ~  The fact that no 
proton transfer in the water clusters is detectable is common to 
both I-naphthol and p h e n 0 1 . ~ J ~ . ~ ~  Although Leutwyler and co- 
workers observed a moderate red shift of the fluorescence with 
increasing cluster size, at n I 20 the emission did not converge, 
however, to that observed for the naphtholate anion in aqueous 
solutions. The work of Knochenmuss et al., however, shows 
that red-shifted naphtholate emission is observed for very large 
water clusters, l-naphthol.(H20), clusters (n  up to about 800), 
that they attribute to proton transfer.61 The rate constants 
reported, ranging from 0.5 to 1.5 ns (the rate constant decreases 
with increasing cluster size), were much slower compared to 
the time constant of 32 ps measured in liquid water.I0 
Knochenmuss et al. explained the slow rates measured in 
clusters as being due to a cold fluxional state of water that 
impedes proton transfer.61 

Leutwyler and co-workers interpreted the resistance of water 
to promote proton transfer, even in relatively large clusters, to 
water molecules being concentrated around the OH group of 
the naphthol m ~ i e t y . ~  The latter interpretation is consistent with 
the calculations of Bernstein and c o - ~ o r k e r s , ~ ~  who found that 
the water molecules tend to concentrate near the OH group of 
1-NpOH and prefer to bind to each other rather than to the 
aromatic system (see section 1V.A). Thus, there is incomplete 
solvation of the naphtholate anion, at least for intermediate- 
sized clusters, and the proton transfer does not take place. It 
should be noted that the relevant potential hypersurfaces are 
multidimensional in nature. and even if there exists a low 
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tunneling barrier along the proton-transfer coordinate, there may 
be insurmountable barriers along other coordinates which 
prevent such a favorable situation. These arguments are in line 
with considerations of the rigidity of the cluster or other 
geometrical constraints preventing proton transfer. 

G. Solvent Reorganization. For the AH*(NH3),, clusters, 
distinct biexponential decays were observed (Figures 7 and 8). 
According to the model of eq 12, the long-time decay 
component is related to the irreversible processes of equilibra- 
tion, as discussed in section IV.D, which could involve 
fragmentation, IVR, emission, or solvent reorganization. If the 
fragmentation is one of the processes, then the product would 
be the Hf.(NH3),, complex. But, in contrast to the case of the 
phenol*(NH3), complex, 17,39 no protonated ammonia complex 
could be detected in this work. Lifetime of emission has been 
measured to be tens of nanoseconds (Table 2), and therefore, 
this process is excluded. Accordingly, the slow decay time in 
transients is associated with solvent reorganization which 
includes IVR in the product form. The ion-pair complex is 
formed on the picosecond time scale, and the solvent rearrange- 
ment takes place for further stabilization of the acid-base 
product state. The reorganization requires the dissociation and 
formation of hydrogen bonds as well as the “rotation” of solvent 
molecules. In the clusters at low temperatures, the time scale 
for solvation is therefore expected to be slower compared to 
that in bulk media. Recent time-resolved photoelectron spec- 
troscopic studies showed that the time constant for solvent 
reorganization in phenol-ammonia clusters is around 300 ps.18 
Syage found that for the phenol system, the Franck-Condon 
distribution for ionization is shifted by solvent reorganization 
to increase the total ion signal. But for the naphthol system, 
even when it is assumed that the ion-pair state before the solvent 
rearrangement, [A*-. .H+B,],, is detectable, the solvent reor- 
ganization seems to decrease the ionization cross section. 
Actually, the ion signal went down to zero background in 
transients for AH.(NH3)3 taken at 307 nm (pump), Figure 8. 

The dependence of z2 or llk2 on vibrational energy, cluster 
size, and WD isotope substitution is quite noticeable (see Tables 
3 and 6). The time constant decreases as the vibrational energy 
increases. For the n = 3 cluster, l/k2 - 910 ps at the vibrational 
energy (Evib) - 200 cm-l decreases to llk2 - 164 ps at Evib - 
1540 cm-l. This dependence is more dramatic than that for 
proton transfer. As the total vibrational energy increases, the 
intermolecular vibrational motions are increasingly excited, thus 
facilitating the solvent motion, hence, an increase in the rates. 
The deuterium effect on k2 is also large. For example, l/k2 - 
1.2 ns for AD.(ND3)3 at Evib - 1540 cm-l is -7 times larger 
than llk2 - 164 ps for AH.(NH3)3 at the same &b. This 
suggests the involvement of the intermolecular modes in solvent 
motion associated with solvent reorganization. 

The dependence of z2 on the cluster size is shown in Table 
3. The time constant z2 - 1.2 ns for n = 3 cluster at Evib - 
200 cm-l increases to z2 > 2.7 ns for n = 4 at an even higher 
vibrational energy (see the spectral shifts in Table 1). As the 
cluster size gets larger, the number of intermolecular modes 
associated with solvent motions increases. The solvent reor- 
ganization along a certain coordinate is accordingly expected 
to be slower as the probability of populating this coordinate 
decreases with the number of modes increasing. The solvation 
energies associated with solvent motions are not accurately 
known, and, therefore, one cannot rule out the possibility of 
the existence of structural isomers which undergo different (or 
no) proton-transfer dynamics. As discussed before, the reaction 
coordinate must involve the solvent motions, and the local 
structure of the solvent is therefore critical. 
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Finally, we should mention that the solvation effect on excited 
dipoles is expected and has been examined by, e.g., the change 
of fluorescence with time.64 Therefore, the excitation of AH-B, 
could lead to reorganization even in the absence of proton 
transfer. However, as shown in Figure 8, the proton transfer 
occurs on a much shorter time scale than the reorganization, 
and in the “absence” of proton transfer in higher n clusters 
(Figure 7), we do not observe the characteristic decay of the 
reorganization observed when, e.g., n = 3 and proton transfer 
is present. 

V. Conclusions 

In this paper, we reported real-time picosecond and subpi- 
cosecond studies of solvation involving proton-transfer reactions 
in clusters. The solute/solvent systems are 1-naphthol-(am- 
monia), (n = 1-6), 1-naphthol-(piperidine), (n = 1-3), and 
1-naphthol-(water), (n = 1-21), all prepared in a molecular 
beam. The occurrence of proton transfer on the picosecond time 
scale was observed for the ammonia clusters at a critical number 
of solvent molecules where n = 3, while for piperidine n = 2. 
The water clusters show no sign of short time scale (picosecond) 
dynamics for n = 1-21, indicating no evidence of proton 
transfer in these solvent clusters. To understand the nature of 
the transfer and the role of structural changes, we made the 
following studies: (1) accurate measurements of the transient 
decay and its form (biexponential, etc.); (2) the isotope effect; 
(3) the vibrational energy dependencies; (4) the effect of the 
number and type of solvent molecules. From these results, we 
describe a simple model which takes into account deprotonation 
by tunneling process, protonation, and solvent reorganization. 

The distinct cluster size thresholds for proton transfer and 
the variation among different solvents was explained in the 
model by considering the thermodynamics of solvation and the 
Coulombic potential energies for the ion-pair state. Though 
we use a rather simple approach, important insights were gained. 
For example, the model is able to explain why 1-naphthol is a 
stronger acid than 2-naphthol and why a certain isomer of 
l-naphthol~(NH3)~ can be reactive. The barrier to proton transfer 
is due to a crossing of a covalent reactant state and a Coulombic 
ion-pair state. The characteristic proton-transfer times of 50- 
100 ps were well reproduced in the model by the simple 
tunneling between two states. The role of tunneling was 
examined and the origin of the barrier was tested by comparing 
calculated rates to the measured rates reported here and to other 
observations made elsewhere. 

The importance of the local structure of solvent molecules 
in determining the proton-transfer dynamics was discussed. It 
is suggested that the overall dynamics of the transfer is governed 
by the interplay between the energetics and the solvent effective 
dielectric screening which determines the strength of the 
Coulombic interactions of the ion pairs. By considering the 
rates of deprotonation and protonation and the cluster size 
dependence, we conclude that the change in free energy with 
the structural changes shifts the equilibrium toward the acid as 
the cluster size increases. The critical value found for the 
number of solvent molecules (n  = 3 for NH3; n = 2 for 
piperidine; n > 21 for H20) for proton transfer elucidates the 
key role of the local structure on proton transfer, a central point 
to the argument made in bulk studies by Eigen, Robinson, and 
others. We are cunently involved in further studies of the 
molecular dynamics under these stepwise solvation conditions 
in these and other acid-base reactions. 
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Note Added in Proof. Very recent publications have 
reported on studies of the naphthol-water system in clusters 
(fluorescence) and ice crystals. The findings are relevant to 
the discussion in this paper. See: Oi, P.; et al. Chem. Phys. 
Lett. 1994, 230, 322; Knochenmuss, R. D.; Smith, D. E. J. 
Chem. Phys. 1994, 101, 7327. Also, see the article on 
complexes of 2-naphthol with cyclodextrins for structural 
modeling: Park, H.-R.; et al. J .  Phys. Chem. 1994, 98, 6158. 
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