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Excited-state proton transfer (ESPT) rates in molecular clusters were measured as a function of 
cluster size using picosecond spectroscopy in a molecular beam mass spectrometer. ESPT from the SI 
state of phenol to base solvent clusters (NH3 ) n occurs for a critical solvent cluster size n>5, with a 
rate constant of k = (60 ± 10 ps) -I for n = 5-7. ESPT showing critical cluster-size dependencies was 
also observed in the basic solvent N (CH3 ) 3 (n """ 3 ). Proton transfer was not observed in the less-basic 
solvent clusters (CH30H)n and (H2 0)n' Mixed-solvent studies indicate that the addition ofa 
dissimilar molecule to an otherwise neat solvent cluster impedes ESPT, presumably due to a disruption 
of the hydrogen bonding network. Evidence is also presented for the direct measure of solvent 
r~organization following ESPT. For (NH3 ) n solvation, the solvent reorganization appears as a long­
time-scale component (0.3 ns) on the protonated solvent formation traces. 

I. INTRODUCTION 

The majority of useful chemistry takes place in solution 
and is strongly influenced by the properties of the solvent. 
The dependence of chemical behavior on macroscopic bulk­
phase properties (e.g., solvent polarity, viscosity, thermody­
namics) is well understood and for the most part described 
successfully by empirical models and continuum theories. H 

Much less is known about the detailed microscopic processes 
governed by pairwise molecular interactions and local dy­
namics.4.s Molecular clusters represent an ideal medium for 
studying solute-solvent interactions on a molecular level 
and for understanding the convergence to condensed-phase 
behavior by the addition of single solvent molecules.6-17 

Acid-base proton transfer reactions are quite prevalent 
in solution,18-22 yet they are exceedingly rare in the gas 
phase.23.24 The reason for this disparity is that the dissocia­
tion energy of a proton in a neutral gas-phase molecule is 
typically - 15 e V (about 400 kcallmol), which we compare 
to a typical hydrogen atom dissociation energy of 4 eV. The 
energy difference is due largely to the 13.6 eV ionization 
potential of the H atom. The fact that proton dissociation 
occurs under common solution-phase conditions illustrates 
the enormous stabilization exerted by the solvent. The study 
of solvation in clusters is a sensitive probe of how reactive 
potential surfaces are shifted in energy by individual sol­
vent-molecule interactions. It is not often appreciated that 
acid-base chemistry is electronic in origin. Hence, these re­
actions are typically governed by potential curve crossings, 
energy barriers, and geometry constraints. Each of these 
conditions are dependent on the properties of the solvent. 
We present results that show how the shape and energies of 
the reactive potential-energy surface are changed by the ad­
dition of single solvent molecules. 

Real-time spectroscopy in molecular beams, pioneered 
by Zewail and co-workers over the last decade,25-28 has pro­
vided a means for studying chemical reactions over very nar-
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row energy distributions and in the absence of interfering 
effects such as solvent interactions. This work is vital be­
cause to understand solvent effects, one must first under­
stand the intrinsic properties of the isolated molecule. A 
complementary literature has evolved around the study of 
van der Waals (vdW) dimers in order to understand how the 
isolated molecule is perturbed by other atoms and mole­
cules.28- 31 These studies are too numerous to summarize' 
however, some of the time-resolved work revealed pro~ 
nounced state-specific rates of dissociation. 28-30 These dem­
onstrations of quantum effects at the most elementary level 
of solvation (i.e., vdW dimer) may presage similar behavior 
in larger clusters. The use of real-time molecular beam mass 
spectroscopy for studying reactive molecules in solvent clus­
ters has been reported recently by Ray and Lineberger et al. 
for 12- dissociation and recombination in (C02) n clusters, 16 
by Breen and Zewail et al. for excited-state I-naphthol pro­
ton transfer in (NH3 ) n clusters,17 and by Steadman and 
Syage for free radical chemistry in (CH3 I) n clusters 12 and 
excited-state proton transfer of phenol in (NH3 ) n clus­
ters. 13

-
15 In related time-resolved work, Brucker and Kelley 

have measured proton transfer rates for aromatic hydroxy 
molecules in small solvent complexes formed on cryogenic 
surfaces.32 

In an earlier communication, we reported picosecond 
measurements of reactant cluster decay and product forma­
tion for excited state CSI ) phenol proton transfer in (NH3 ) 
I 13' n 

C usters. ThIS work expands on those results by presenting 
the dependence of the phenol reaction on other solvent and 
mixed solvent clusters, allowing us now the independent pa­
rameters of cluster size and solvent proton affinity (basi­
city). The results show that stabilization by individual sol­
vent molecules is not simply additive, but that there are 
cooperative effects that depend on the ability of the solvent 
cluster to form an optimum hydrogen bonding network. The 
focus of the discussion is on the energetics and structure of 
the microsolvent clusters. We present a model for stepwise 
solvation from which potential energy curves were obtained 
as a function of cluster size. In a companion paper (referred 
to as paper II), 14 we report on the reactivity of phenol cation 
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in solvent clusters and derive solvent-modified potential en­
ergy curves in the context of ion-molecule reactions. 

II. EXPERIMENTAL 

A pulsed (10 Hz) active/passive mode-locked and am­
plified Nd:Y AG laser was used to produce frequency dou­
bled (532 nm, 25 ps), tripled (355 nm, 25 ps), and quadru­
pled (266 nm, 18 ps) output and to pump a short-cavity 
tunable dye laser ( 10 ps). 12-15 A typical optical setup is illus­
trated in Fig. 1. The pump ,11 excitation was usually pro­
vided by 266 nm pulses or frequency-doubled dye laser 
pulses. The probe ,12 excitation was supplied by either the 
532 or 355 nm Nd:Y AG harmonics, or by the dye laser fun­
damental and/or frequency-doubled output. In the latter 
case, the 532 nm (20 mJ) Nd:YAG output was split into 
equal portions to pump the dye laser (580-600 nm, 10 ps, 
0.5-1.0 mJ) and a doubling crystal (266 nm, 0.4 mJ). The 
,11 and the ,12 pulses traveled along separate variable-delay 
lines and were then combined using a dichroic beam splitter 
and steered collinearly into the molecular beam apparatus. 
Polarizing attenuators and neutral density filters were used 
to reduce pulse energies. Typical pulse energy densities for 
this study were A. 1 (266 nm, 20/-lJ, 2 mm diam) and ,12 (532 
nm, 1 mJ, 3mmdiamor355nm,0.5 mJ, 3mmdiam). Time­
resolved spectra were recorded by delaying ,12 relative to ,11 

using a scanning optical delay line. The two-pulse cross-cor­
relation function was measured by sum-frequency genera­
tion in a KDP crystal and gave a response that was described 
well by a Gaussian function. Calculated curves were fitted to 
time-dependent measurements by convolving with a Gaus­
sian instrument function of width 25 ps for 532 nm probe 
ionization and 30-35 ps for 355 nm ionization. The 532 nm 
ionization is typically a two-photon process in the present 
work, which may account for the narrower correlation time. 

The molecular beam time-of-flight (TOF) mass 
spectrometer is based on differentially pumped source and 
detection chambers. Details of the vacuum system and data 
acquisition system have been described before. 11 The source 
chamber employs a temperature-controlled pulsed nozzle. 
Typical pulsed expansion conditions were 35 psi He or Ar, 
500 pm diam nozzle, 400 ps pulse width, 2 cm nozzle-skim­
mer distance, and 1 mm diam skimmer. The ambient base 
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FIG. I. A typical picosecond pump-probe configuration involving the use 
of Nd:YAG harmonics and a tunable dye laser. Terms are defined as fol­
lows: BS, beam splitter; DBS, dichroic beam splitter; F, filter; FD, fixed 
delay line; I, iris; A/2, half-wave plate; Me, monochromator; PO, photo­
diode; YD, variable delay line. 

pressure in the detection chamber was typically 2 X 10 - 8 

Torr, rising to about 2 X 10 - 7 Torr during operation of the 
pulsed nozzle at 10 Hz. Our TOF mass spectrometer is based 
on the Wiley-McLaren three-grid space focusing design.33 

We use I cm grid spacings, a I m drift tube, and extraction 
and acceleration fields of 200 and 1800 V /cm, respectively. 
Deflection plates are used to compensate for the molecular 
beam velocity. The deflector voltage is adjusted to optimize 
the signal for a particular mass range of interest. Mass spec­
tra were recorded by digitizing (100 MHz sampling rate) 
the amplified current output of a dual microchannel-plate 
detector. Time-resolved measurements were recorded by in­
tegrating specific ion mass signals with a boxcar averager 
while scanning the picosecond delay line. 

Solvated aromatic clusters were prepared by several 
procedures. In most cases, the aromatic was deposited in a 
sample holder contained in the pulsed nozzle housing and 
heated to about 60 ·C. For ammonia or trimethylamine sol­
vation, a 2 thigh-pressure cylinder was filled with a sample 
containing 10% gaseous solvent in helium. Water and 
methanol solvation was achieved by passing the helium flow 
through a bubbler containing either of these solvents. For 
the mixed solvent experiments involving NH3 and a con­
densable solvent such as H2 0 or CH3 0H, the 10% am­
monia in helium cylinder sample was passed through the 
bubbler containing the other solvent. 

III. MODEL FOR TIME-RESOLVED SPECTRA 

The picosecond pump-probe excitation/detection 
scheme is given in Fig. 2 and shows approximate potential 
curves for the relevant ground, excited, and ionic states of 
the cluster. The potential curves are strongly dependent on 
solvent cluster size and basicity and are discussed in detail in 
Sec. V. The illustration given in Fig. 2 approximates the case 
for phenol-(NH3 )5' 

The phenol (PhOH) excited-state proton transfer 
(ESPT) reaction 

PhOH*' Bn --+ PhO* - H + Bn 
k 

corresponds to a conversion from the locally excited SI state 
of the acid phenol to an excited ion-pair state (Bn refers to 
the base solvent cluster consisting of n molecules). Reactant 
and product are distinguishable by mass spectrometry be­
cause each species fragments differently upon ionization. 
The energetics and dynamics of the solvent-clustered phenol 
cation are reported in paper II. 14 Briefly, a double-well mini­
ma with a large barrier exists for the cluster ions. As illus­
trated in Fig. 2, ionization of the reactant cluster PhOH*' B 
to the inner ion potential well produces strongly bound 
PhOH + . Bn ions (R +). The product ion-pair 
PhO* - H + Bn is ionized to the outer ion well, which is 
weakly bound and therefore readily dissociates to form 
H + Bn ions (P + ). 

The time-resolved spectra depend not only on the frac­
tion of reactant and product ion dissociation./:, and};" re­
spectively, but also on the ionization efficiencies ia and ib 
from the neutral reactant cluster PhOH*' Bn and the prod­
uct ion-pair cluster PhO* - H + Bn. 34 These quantities vary 
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FIG. 2. Energy diagram forPhOH' (NH 3 )n consistent with a cluster size of 
n - 5. ESPT produces an excited state ion-pair product that is ionized to the 
weakly bound outer potential well of the cluster ions. 

with solvent cluster size and photoionization energy. The 
time dependence for reactant and product ions R + and P + 

is given by 

R + (t) = R *(O){ibO-fb) + [laO-fa) 

-ib(l-ft,)]e- kt}, (1) 

P + (t) = R *(O){ftft, + [faia - itft,]e - kt}, (2) 

where R *(0) is the initial population of the excited-state 
reactant PhOH*·Bn • For the ideal case where reactant ioni­
zation is undissociative (fa = 0) and product ionization is 
completely dissociative ifb = 1), the above equations re­
duce to the simple form 

R+(t)=R*(O)fae- kt
, (3) 

P + (t) = R *(O)ibO- e- kt
). (4) 

The 532 nm two-photon ionization from the SI state results 
in nearly ideal behavior for most of the solvents studied (pa­
per II) .14 The 355 nm one-photon ionization leads to incom­
plete dissociation from the outer well (i.e., fb < I). The ef­
fect of different values of fb on the time-resolved signals is 
illustrated in Fig. 3. For fb > fa' which holds for the solvated 
phenol clusters,14 the reactant traces R + (t) increase in in­
tensity with time for small values of fb and decay for large 
val ues of fb' Despite this variation of curve shapes, the time 
dependence for R + (t) is always due to the ESPT rate con­
stant k. Only when the bracket term preceding the 
exp( - kt) term in Eq. (1) is near zero is the time-depend­
ence difficult to measure [cf. Fig. 3 (b) ]. The shape of the 
product traces P + (t) are less sensitive to values ofla andfb' 

FIG. 3. Calculated reactant R + (t) [Eq. (I) (-) 1 and product ion P + (t) 
[Eq. (2) (---)] time dependence as a function of outer-well dissociation 
fraction!b' Calculations assume!a = 0, ib = 2ia , and 11k = 65 ps. Each 
plot is on the same relative intensity scale so that signal levels can be com­
pared. 

Values offa > 0 add step-function responses to P + (t); val­
ues of fb < 1 change the intensity, but not the shape of the 
time-varying part of the signal. 

IV. RESULTS AND ANALYSIS 

The excitation of PhOH· (NH3 ) n to the SI electronic 
state by A.I = 266 nm deposits excess energy ranging from 
about 1900 cm - I (n = 1) to about 2250-2800 cm - 1 (esti­
mated for n = 3_7).10 The SI origin of un com pIe xed phenol 
is at 275.1 nm,35.36 whereas the cluster onsets are shifted to 
longer wavelength (280.0,281.3, and 282.9 nm for n = 1-3, 
respectively; the larger cluster spectra are too diffuse to reli­
ably measure origins). 10.35-38 

The reactive SI state was ionized using A.2 = 355 or 532 
nm excitation. Ionization at 355 nm is by single photon. Ioni­
zation at 532 nm leads to greater cluster ion dissociation, 
suggesting a two-photon process. Although a single 532 nm 
photon exceeds the measured vertical E LP. for the larger 
PhOH· (NH 3 )n clusters [e.g., E1.p . (n = 4) = 6.89 eV vs 
h( VI + v2 ) = 6.99 eV for 266 + 532 nm resonance ioniza­
tion] , the ionization efficiencies at threshold are very 
small.1O A mass spectrum is displayed in Fig. 4 showing the 
seriesofreactantPhOH+ 'Bn andproductH+Bn probesig­
nals for B = NH3 solvation for positive and negative delay 
time. Pulse energies were reduced to minimize ion intensity 
due to single-color excitation. 
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FIG. 4. The two-color picosecond TOF mass spectrum ofPhOH' (NH')n 
for negative and positive relative delay times. Excitation conditions were 
AI = 266 nm (~20 ,Ill/pulse, 2 mm diam) and A2 = 355 nm (~0.5 
mJ/pulse, 3 mm diam). Expansion conditions were 10% NH, in He at 35 
psi and phenol at 60 ·C. The signal at 121 amu is believed to bean impurity. 
Deflection plates were adjusted to emphasize lower masses. 

A. BasiCity and solvent-size dependence 

A set of reactant decay measurements R + (t) are pre­
sented in Fig. 5 (A 2 = 532 nm) as a function of solvent clus­
ter size n for the solvents NH3 and CH30H. The NH3 sol­
vent clusters induce ESPT for solvent sizes n > 4. The 
solvent N(CH3)3 was also studied and gave evidence of a 
reactive threshold at n = 3 as discussed in Sec. IV D. No 
evidence of reaction was observed for CH3 0H (up to 
n = 11, Fig. 5) or H2 0 (up to n = 6) by time-resolved mea­
surements of reactant. Small residuals of the n > 4 decay 
traces for NH3 solvation are observed on the n = 3 and 4 
traces in Fig. 5 due to a minor evaporation of the cluster ions. 
The reaction rates for PhOH*(NH3)n are plotted in Fig. 6 
in the form of a single-molecule titration curve. The (NH3 ) n 

solvent proton affinity (Table I) and calculated enthalpy are 
discussed in Sec. V. 

Product formation kinetics, as measured by the ion-pair 
dissociative ionization signal H + (NH3 ) n' are given in Fig. 
7. This signal, as discussed in paper II, arises predominantly 
by ion-pair ionization to the weakly bound outer potential 
well of the cluster ion. 14 Hence, the absence or presence of 
H + Bn is a signature for whether or not ESPT occurs for a 
particular solvent. Formation kinetics are observed for val­
ues of n less than the reaction threshold of n = 5 because the 
exothermicity of the cluster ion dissociation causes some 
evaporation [typically one or two molecules depending on 
the photoionization energy (Sec. VI C)] .15 The formation 
curves in Fig. 7 have two time dependencies-a fast one 
( = 65 ps) which matches the decay of reactant in Fig. 5 and 

o 
c 
Ol 

Vi 
c 
o 

..... 

a 

n 

4 

55 ps 
' ... : . . . 5 

65 ps 6 

70 ps 7 

200 400 600 a 
Time Cps) 

n 
. .... '. 5 -0:0 •• 

7 

'., ... ~ .... : '._ .::.,' ..... :- 8 

200 400 600 

FIG. 5. The observed lifetime of the reactant PhOH*' Bn (as measured by 
PhOH + . Bn detection) in solvent clusters (NH')n and (CH,OH)n' Exci­
tation conditions were AI = 266 nm (~20 ,Ill/pulse, 2 mm diam) and 
A2 = 532 nm (~ I mJ/pulse, 3 mm diam). The calculated lifetimes are giv­
en next to each curve. The calculated curves through the NH, data assume 
ib/i, = 2.0,f. = 0, and!b = 0.92 (n == 5),0.96 (n = 6),0.97 (n = 7). Cal­
culated curves assuming a 10 ns lifetime are drawn through the (CH, OH) n 

data. 

a slow one (0.3 ns), which we attribute to solvent reorgani­
zation. The model and calculated curves describing these 
processes are discussed in Sec. VI A. 

The reaction rate ofPhOH*' (NH3)n is not very sensi­
tive to n above the reaction cluster size threshold 
(Ilk = 60 ± 10 ps for n = 5 and ~65 ps for n = 6,7). One 
might expect more variation in rate with n, considering that 
the stabilization energy for each successive solvent molecule 
is large in these small clusters (Table 0. The addition of 
solvent molecules should reduce the reaction barrier and 
cause an acceleration of rate. Countering this effect, how­
ever, is the increased density of states in larger clusters, 
which should suppress reaction rates according to RRKM 

....... 12 I 
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FIG. 6. The single-molecule titration curve relating k to the solvent cluster 
size n, proton affinity P A, and calculated enthalpy 6.Hcalc ' The rates are 
averages over many measurements. 
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TABLE I. Stepwise solvation energies for the reaction H + Bi _ 1 + B -+ H + Bi and solvent cluster proton affini­
ties (eV) (\ eV Imolecule = 23.06 kca1/mol)." 

B=NHJ B=CHJOH B=H2 O 

i,n D~:t l:7D H' D~' D~~I l:7DH + D~+ D~~l I7DH+ D H+ 
n 

1 8.84 8.84 8.84 7.90 7.90 7.90 7.36 7.36 7.36 
2 1.08 9.92 9.77 1.44 9.34 9.04 1.37 8.73 8.43 
3 0.76 10.68 10.38 0.92 10.26 9.66 0.85 9.58 8.98 
4 0.60 11.28 10.83 0.70 10.96 10.06 0.78 10.36 9.46 
5 0.54 11.82 11.22 0.59 11.55 10.35 0.55 10.91 9.71 
6 0.33 12.15 11.40 0.54 12.09 10.59 0.50 11.41 9.91 
7 0.52 12.61 10.81 0.46 11.87 10.07 
8 0.52 13.13 11.23 0.43 12.30 10.20 
00 0.15b 0.30c 0.30d 

• D ~ ~ 1 values are from Refs. 6 and 46. The solvent cluster proton affinity is approximated as 
D ~. = l:7 D ~ ~ I - n X D ~ , where the latter is the neutral-neutral hydrogen bond energy which we equate to 
D~~ I in the limit ofi-+ 00. 

bFrom Refs. 48 and 76. 
cReference 77. 
dWe assume the same value as for CH, OH. 

arguments.39 Further complicating the dynamics is that 
tunneling may be involved in the barrier crossing. 19 Future 
work will explore these issues by varying the excitation ener­
gy, examining substituent and deuteration effects, and ap­
plying more accurate potential curves and quantum statisti­
cal analysis (e.g., RRKM) to the measured rates. 

Solgadi and co-workers measured the ionization poten-

n 

4 

0 
c 
en en . '. 
c 5 
0 

o 250 500 750 1000 

Time (ps) 

FIG. 7. Observed ESPT PhO· - H + Bn ion-pair formation kinetics (as 
measured by H + B. detection) for NHJ solvation. Traces were recorded 
using 266 nm pump and 532 nm probe excitation. The data were fitted to 
Eqs. (8) and (9), assuming 11k = 6S ps andfb =fc = 1.0 for n = 4,5; and 
11k, = 350ps,iJib = 2.4 (forn =4);and 11k, = 300ps,iJib = 2.0 (for 

n = 5). The dashed curve assumes k, = O. 

tial (El.p. ) of phenol- (NH3 ) n clusters using two-color reso­
nance ionization and observed an abrupt reduction of EI.p. 
(of 0.62 eV) in going from n = 3 to 4.10 They attribute the 
result at n = 4 to production of the neutral proton-transfer 
ion-pair state, which has a lower ionization potential than 
the locally excited SI state (cf. Fig. 2). However, our results 
indicate that the excited state clusters are long lived ( ~ I ns) 
for n = 4 and short lived (<,70 ps) only for n > 4. One possi­
bility for the discrepancy between the two experiments is 
that our n = 4 trace is not revealing the reaction because of a 
low probability of cluster ion dissociation in the outer well 
[i.e.,jb < 1 in Eq. (1)]. For a restricted set of conditions, a 
null result can occur in the decay curves, as discussed in Sec. 
III and illustrated in Fig. 3(b). However, the enthalpy of 
cluster ion dissociation is not sufficiently different between 
n = 4 and n = 5 to account for a dramatic difference in fb 
values. 14 Alternatively, it is possible that the EI.p. measure­
ments by Solgadi et al. are responding to a particularly stable 
n = 4 cluster ion, which could cause a decrease of El.p. rela­
tive to n = 3 in the inner potential well. The n = 4 cluster 
should be especially stable since it corresponds to a closed 
cluster shell about NH4+ [i.e., NH4+ (NH3 ) 3 PhO]. This 
structure is analogous to the stable (magic number) closed­
shell cluster ion NH/ (NH3 )4.40

•
41 

B. Dependence of kinetic traces on ionization energy 

The model in Sec. III describes how the shape of the 
measured kinetic curves depend on the ionization efficien­
cies and cluster-ion dissociation efficiencies. The ion-pair 
states of the neutral cluster are strongly bound (-3 eV) 
because of Coulombic attraction (Sec. V). This interaction 
is lost in the cluster ion, leaving only the weaker charge­
dipole and charge-induced dipole interactions (<,1 eV) to 
bind the protonated solvent cluster to PhO in the outer po­
tential well. The weakly bound outer-well cluster ion dissoci­
ates readily, which makes the detection ofH + Bn a conven­
ient probe of ESPT. 14 Nonetheless, it is possible to ionize 
with sufficiently low energy to avoid extensive dissociation 
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(i.e.,};, < 1). This is the case for 355 nm one-photon ioniza­
tion of phenol in (NH 3 )n solvent clusters. A set of kinetic 
traces for [PhOH] + . (NH3) nand H + (NH3 ) n using 
A.2 = 355 nm is presented in Fig. 8. The ESPT time depend­
ence for the [PhOH] + . (NH3 ) n signal that is so prominent 
using 532 nm two-photon ionization (Fig. 5) is barely dis­
cernible in Fig. 8. The contrasting behavior for the two ioni­
zation energies is due to different values ofib from the outer 
potential well, as described by the model in Sec. III (and Fig. 
3). Ifwe assume ib - 2ia (which is in good overall agreement 
with the results in paper II),14 then the kinetic traces are 
consistent with values of ib -0.5 for A.z = 355 nm and 
};, -1.0 for A.2 = 532 nm. A slight evidence of decay is seen 
in Fig. 8 for n = 6, which was fit to a function with};, = 0.65. 

c. Mixed solvents-disruption of the solvent shell 

Mixed solvents were used in an effort to vary basicity for 
specific cluster sizes. We present measured reactant decay 
traces in Fig. 9 for different solvent distributions 
[PhOH]*(NH3)n (CH3 0H)m of similar cluster size 
(n + m = 6 or 7). Whereas excited phenol in neat NH3 sol­
vent cluster (n,m) = (6,0) decays in 65 ps, the substitution 
of a single CH3 OH molecule for NH3 to give a (5,1) cluster 
slows the decay to 750 ps. Interestingly, because the (5,0) 
cluster reacts in 60 ps (Fig. 6), the addition of a CH30H 
molecule reduces the reaction rate by more than an order of 
magnitude, even though one would expect the proton affin­
ity of the larger solvent size to be greater. One explanation 
for the slower reaction is that CH3 0H acts as an intruder 
that disrupts the hydrogen bonding network of the neat 
(NH3 )n solvent structure that is crucial to solvating and 
stabilizing the dissociated proton.42,43 The following obser­
vations regarding the mixed solvent structure may be rel­
evant: (1) the hydroxy proton of phenol bonds to NH3 rath­
er than CH30W4 and (2) CH30H is capable offorming a 
strong bond to the phenol oxygen, whereas NH3 avoids that 

I PhOH+(NH3)n I . 
."' .... n n 

',:,,' ,/' ..... 4 4 

".:. ":,' 5 5 

'/ :'" 6 
6 
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Time (ps) 

FIG. 8. Reactant (R + ) and product (P + ) time dependencies for NH, 
solvation measured using 266 nm pump and 355 nm probe excitation. The 
R -+ data were fitted to Eq. (1) for J. = 0, i.lib = 2.0, and!. = 0.5 and 
0.65 for n = 4.5 and n = 6, respectively. The P + data were fitted to Eq. (4) 
for convenience, even though a second time constant becomes evident at 
longer times [cf. Fig. 7, Eq. (8)]. 
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FIG. 9. Measured rates of ESPT for the mixed solvent clusters 
PhOH*(NH, ).(CH,OH)m using 266nm pump and 532 nmprobeexcita­
tion. The calculated time constants 11k (ps) were obtained by fitting Eq. 
(3) to the data. 

site.44
•
4s It is not known whether CH3 0H acts as a proton 

acceptor and binds to NH3 , or a proton donor and binds to 
the phenol oxygen in the mixed solvent cluster. 

The concept of critical solvent structures in ESPT reac­
tions has been investigated in the solution phase by Robin­
son and co-workers.4Z Their picosecond measurements and 
theoretical analyses on aromatic acids (e.g., 1- and 2-naph­
thol) in H20 and alcohol (CH30H and CzHsOH) mix­
tures support the notion that a specific solvent structure is 
necessary to promote proton transfer. They concluded that a 
critical solvent cluster core was necessary to act as an effi­
cient proton acceptor. For naphthol in solution, the critical 
solvent-core size for HzO is about four. 42 Regarding the 
present results, it is known from gas-phase cluster studies 
that the closed-shell structure NH/ (NH3 )4 is very favor­
able for stabilizing a proton.6,4I,46 The presence of CH3 OH 
can disrupt this structure because the NH3 -CH3 OH bond is 
stronger than the NH3 -NH3 bond.47,48 Hence, CH3 OH can 
"force" its way into the first solvation shell and prevent a 
pure NH3 closed-shell structure from forming. The struc­
ture of the solvent about a reactive solute molecule has never 
been measured directly. Studies of cluster distributions for 
mixed solvent systems are beginning to yield information on 
the bonding structure of the solvent.49,so These investiga­
tions should provide new insight into the influence of solvent 
structure on chemical reactivity. 

D. The case for trimethylamine (TMA) solvation 

Our studies using N (CH3 ) 3 (henceforth TMA) cluster 
solvation gave some bewildering results, although distinct 
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cluster-size-specific rates were measured that seem attribut­
able to ESPT. We report these results for the sake of com­
pleteness. TMA is an interesting cluster solvent because it 
has a very large proton affinity (9.8 eV),51 but cannot form a 
strong hydrogen bonding network. We were curious to know 
whether this strong gas-phase base might prove to be a poor 
base in clusters and condensed phase. 

Unlike the other solvents studied, the ionization poten­
tialofTMA (7.81 eV)S2 is less than that of the chromophore 
phenol (8.51 eV).1O Following ionization of 
PhOH· (TMA) n' an intracluster electron transfer can take 
place in competition with the dissociative proton transfer 
that we rely on to probe ESPT. We summarize a few observa­
tions from Figs. 10 and 11 that are specific to TMA: (1) the 
presence of a strong unprotonated TMA + signal and the 
absence of a PhOH + signal (Fig. 10); (2) the absence of 
protonated solvent signal H + (TMA) n for values n > 2 
(Fig. 10); and (3) the unusual and baffling time dependen­
cies for the PhOH + (TMA)" and H + (TMA)" signals 
(Fig. 11), compared to the sensible time-resolved signals for 
NHJ solvation in Figs. 5-8. We interpret the presence of 
H + (TMA) n in Fig. 10 as evidence that ESPT occurs and 
the abrupt change in the PhOH + (TMA) n time dependence 
at n = 3 in Fig. 11 as an indication of the critical cluster size. 
A mechanism that describes our results is given by 

[PhOH] + • (TMA)n --+ [PhOH]' (TMA)n+ 

{

PhOH + TMA + (n = 1) 

..... [PhOH]' (TMA)n+_ m + (TMA)m (n> 1) 

PhO + H+ (TMA)n+_m + (TMA)m (n>2) 

The model assumes a fast electron transfer followed by one 
of three possible cluster-size-dependent dissociations. For 
n = 1, only one bond can break, thus producing TMA + . 
The presence of TMA + and absence of PhOH + in Fig. 10 
confirms the electron transfer step. 53 Cluster ions for n > 1 
dissociate preferentially a neutral TMA to preserve the 
stronger cluster ion-dipole bond(s). Thus, unprotonated 
(TMA)n+ is not observed for n> 1 in Fig. 10. For n>2, 
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FIG. 10. The two-color picosecond TOF mass spectrum of 
PhOH· (TMA). clusters. Excitation conditions were Al = 266 nm (10 ItJ, 
2 mmdiam) andA2 = 532 nm (1 mJ, 3 mmdiam). An NH3 impurity gives 
rise to the weak [PhOH) + NH3 (TMA). signals at 170 and 229 amu. 
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FIG. 11. Reactant (R +) and product (P + ) time dependencies for TMA 
solvation measured using 266 nm pump and 355 or 532 nm probe ioniza­
tion. Single-exponential decay curves [Eq. (3) 1 are drawn through some of 
the data for clarity. These are identified by the calculated 11k time con­
stants (ps) listed next to each trace. The n = 3,4 data for A2 = 532 nm were 
fitted to the folJowing exponentialtime constants (llk, 11k,) :(50,800) for 
n = 3; and (50, 1000) for n = 4. 

ESPT is presumed to occur, leading to the formation of neu­
tral excited state ion pairs, which then undergo dissociative 
ionization to the outer-cluster ion potential well. The ion 
H + (TMA) n _ m is not observed for n - m > 2 because 
TMA forms only a limited hydrogen-bonding network. The 
closed solvent-shell structure for protonated TMA is 
(CH3 )3N'H + 'N(CH3 )3 (cf. Sec. VI C). 

Measurements ofPhOH*' (TMA) n SI lifetime are pre­
sented in Fig. 11. The 532 nm ionization results show an 
abrupt change in behavior at n = 3. Because of the ion intra­
cluster electron transfer and the lack of a strong hydrogen­
bonding solvent network, the measured time-resolved traces 
may reflect dynamics other than just ESPT. Our discussion 
of these results are therefore tentative. The A.2 = 355 nrn 
data are fitted to Eq. (3) for convenience, although these 
traces probably reflect more complicated kinetics. The 
A.2 = 532 nm data can be fitted to Eq. (1) if we assume 
fb < (ib - ia )/ib for n = 3,4 and fb "'" (ib - ia )/ib for 
n = 5,6. One would then assume a slow ESPT reaction 
(11k = 500-1000 ps). However, this simple explanation 
overlooks two observations: (1) there appears to be a fast 
component present in the [PhOH] + '(TMA)n traces and 
(2) the H + (TMA) n signal decreases rather than increases 
with time. An alternative explanation is that a fast ESPT 
occurs to an unrelaxed solvent structure, followed by a 
slower solvent reorganization. The Franck-Condon factors 
to ionization would improve as the unrelaxed structure rear-
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ranged about the newly formed proton. The 
[PhOH] + '(TMA)n traces in Fig. 11 (n = 3,4; ..1.2 = 532 
nm) were fitted to a double-exponential function and yield­
ed time constants of 50 and 800 ps (n = 3) and 50 and 1000 
ps (n = 4). The decaying H + (TMA)n signal is explained 
by Franck-Condon factors that become more diagonal by 
solvent relaxation and, therefore, produce lower-energy 
cluster ions that undergo less dissociation. 

. The ESPT kinetics are not evident using ..1.2 = 355 nm, 
possibly because of a near-null condition, as discussed in Sec. 
III, involving the parameters ia , ib, and fb in Eq. (1). 
Neither 355 nor 532 nm ionization leads to extensive cluster 
ion dissociation following ESPT, as indicated by the lack of a 
strongly decaying [PhOH] + . (TMA) n signal. By this mea­
sure, 532 nm ionization appears less dissociative than 355 
nm ionization, opposite to that observed for (NH3 ) n solva­
tion. These results suggest that 532 nm ionization is an effi­
cient one-photon process in TMA vs two photon in NH3. 
This crossover point is accountable by the increased proton 
affinity ofTMA (9.76 vs 8.84 eV for NH3 ),51 which lowers 
the energy of the outer-cluster ion potential well proportion­
ately (Fig. 2). 

V. POTENTIAL ENERGY CURVES FOR SEQUENTIAL 
SOLVATION 

The addition of single solvent molecules can have large 
effects on the electronic properties of small clusters. Witness 
the dramatic changes in chemical behavior at critical cluster 
sizes in Fig. 5. These incremental effects diminish as the clus­
ter size increases and approaches the bulk-phase limit. For 
the small clusters studied here, the incremental changes are 
significant. In this section we construct potential energy 
curves for the relevant electronic states that are involved in 
the ESPT reaction. The curves in Fig. 12 are drawn by as­
suming Morse potentials for covalent bonds and Coulombic 
potentials for ion-pair bonds. 
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A. Covalent bonding states 

The potential curves of the isolated phenol molecule are 
given in Fig. 12(a). The energies of the So ->SI origin transi­
tion and the El.p, are 4.51 and 8.51 eV, respectively.35,36 The 
PhO-H bond energy is D = 3.75 eV54 in So and estimated to 
be about 3.8 eVI4 in the ground state cation (we assume 3.8 
eV for SI as well). The potential curves are fit to a Morse 
function of the form 

VCr) =D{I-exp[ -,8(r-re )]Y (5) 

We assume an equilibrium O-H bond length of re = 0.95 
A.49 The vibrational amplitude is calculated from the classi­
cal turning points of a harmonic oscillator. For an O-H 
v = 1 fundamental of frequency 3500 cm - I, one obtains 
Irmax - rei = 0.16,.\.55 The excited-state ionic curve that 
correlates to the dissociative limit PhO + H + is discussed in 
paper II.14 

The addition ofa single NH3 molecule does not change 
the shape of the PhO-H potential curves for the So, SI' and 
ionic ground states nearly as much as it lowers the energies 
relative to uncomplexed phenol [Fig. 12(b)]. These shifts, 
obtained from measured transition frequencies and ioniza­
tion potentials, are - 0.29, - 0.36, and - 0.87 eV for So, 
SI' and the ground state cation, respectively. 10,35 The mini­
ma positions as a function of n are tabulated in Table II. The 
potential curves for n = 5 are shown in Fig. 12(c). 

B. lon~pair bonding states 

The ion-pair states formed by ESPT correspond to 
charge transfer (CT) states in the isolated PhOH molecule. 
The potential energy curve for CT states can be calculated 
from the sum of the pairwise Coulombic attraction and re­
pulsion interactions. The pairwise potential interaction be­
tween specific sites i andj (e.g., atoms within a molecule or 
cluster) can be expressed as 

V - qjqj +A (rij) jj --- exp -- , rij P 

-- Covalent States 
.-:- . ...,. .c.ation 'states . 
--- lon-Pair States 

(6) 

o 2 3 4 5 o 2 3 4 5 o 2 3 4 5 6 

PhO-HB Bond Length (A) 
n 

FIG. 12. Approximate PhOH· (NH')n cluster potential energy curves for the reactive PhO-H coordinate. (a) n = 0; (b) n = I; and (c) n = 5. 
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TABLE II. Energies of some solvated phenol electronic states (eV) relative to PhOH + n( NH 3 ) (1 eV Imole­
('u1e = 23.06 kcallmol).· 

I II III IV 
n PhOH'(NH3 )n PhOH*'(NH3 )n PhO*-H'" (NH3)n PhO·- +H+(NH3)n 

0 0 4.51 13.3c 18.55 
1 - 0.29" 4.15' 6.6 9.71 
2 - 0.49b 3.90b 5.7 8.63 
3 -0.64 3.70 5.1 7.87 
4 -0.79 3.55 4.5 7.27 

( >3.55)d 
5 -0.94 3.40 4.0 6.73 

( <3.4O)d 
10" -1.64 2.87 3.0 5.34 

"The PhOH' NH3 bond energies for So and SI are reported to be 0.29 and 0.36 eV; respectively (Ref. 35). 
bSequential binding energies chosen to converge to the neutral NH3-NH3 energy of 0.15 eV (Ref. 76). 
c Based on calculated V:n (see the text) and asymptotic energies in column IV. 
d Determined from observed ESPT cluster size threshold at n = 5 and known SI energies in column III. 
'We assume that n = \0 closely approximates the bulk limit. 

where the q's are charge densities separated by distance 'ij' 
andA andp are constants. 56 The total potential V(,) for a 
specific coordinate, is obtained by summing over all iJ com­
binations. Charge distributions for the PhO - ground state 
were obtained from molecular orbital calculations by Taft 
and co-workers. 57 Charge densities for H + (NH3 ) n (up to 
n = 4) were calculated by Deakyne.40 To simplify the analy­
sis, we have grouped charges as explained in the caption to 
Fig. 13. The Coulombic potential energy VCr) was calculat­
ed as a function of the, OH bond length. The location of the 
minima depends strongly on the repulsive term in Eq. (6). 
The O-H equilibrium bond length for the PhOH· NH3 ion­
pair state has been calculated to be 1.8 A.58 The parameters 
A and p in Eq. (6) were determined by choosing reasonable 

2 

/H 
0···· H-N B n-1 / \H ,--... 0 Ph 

~ 
"-' 

>-
01 
L. 
II) 
c -2 

W 
II) 
> :;:; 
0 
Qi -4 ~ 

-6 
0 2 4 6 8 10 

rOH C.&.) 

FIG. 13. Calculated Coulombic potentials for the PhO· - H + Bn ion-pair 
state as a function of the number of solvent molecules. Input parameters to 
Eq. (6) are rph-O = 2.5 A. rH _N = 1.04 A, rN _H , = 0.52 A; qph = - 0.43, 

qo = - 0.57; and for n = 0, qH = + 1.0; for n = 1, qH = 0.54, 
qN = - 1.01, qH, = 1.40; for n = 5, qH = 0.48, qN = - 1.15, qH, = 1.50. 
The repUlsive parameters are f3 = 100 A-I and p = 0.32 A. The dissocia­
tion limit is at zero relative energy. The dashed line corresponds to 
r,tn=Q). 

starting values5 and adjusting them so that a potential mini­
mum occurred at'e = 1.8 A for n = 1. These repulsive pa­
rameters (f3 = 100 A -landp = 0.32 A) were usedincalcu­
lating the potential curves for all values of n in Fig. 13.59 The 
calculated ion-pair potentials neglect some potentially im­
portant contributions, such as (I) interatomic potential 
terms (although these should be small relative to V); (2) 

stabilization of the PhO - anion by the solvent; and (3) 
charge redistribution or ion-induced dipole effects that 
might be transmitted through the O-H bond (i.e., polariza­
bility). The latter effect is analogous to dielectric screening 
by polar molecules in solution and would reduce the ion-pair 
dipole strength and Coulombic attraction.60 

The Coulombic attraction is a long-range interaction. 
Even at a separation of 10 A, the ion pair is bound by ;> leV 
relative to the dissociative limit (Fig. 13). For the phenol 
monomer CT state (n = 0), 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 posi­
tion, the Coulombic well depth is relatively large 
(Ve = - 5.2 eV) and the O-H bond length is short 
(re = 1.4-1.5 A). A single NH3 molecule delocalizes the 
positive charge, causing the ion-pair bond energy to decrease 
to I Ve I = 3.1 e V and the bond length to increase to 1.8 A. 
Additional solvation further weakens and extends the O-H 
bond (e.g., I Ve I = 2.7 eV and re = 1.9 A for n = 5). 

The position of the ion-pair states in absolute energies 
varies with cluster size. The monomer CT states occur at 
very high energy as shown in Fig. 12(a). The dissociative 
limit to form PhO - + H + relative to the ground electronic 
state of PhOH is obtained from the reported heat of depro­
tonation of 14.9 eV.6

\ As a consistency check, a thermody­
namic cycle can be written 

PhOH-.PhO + H, D(PhO-H), 

H--H + + e-, EI.p. (H), 

PhO + e- -.PhO -, - EE.A. (PhO) 

that leads to the expression 
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IlH = D(PhO-H) + EI.P. (H) - EE.A. (PhO) (7) 

= 3.75 + 13.60 - 2.36 = 15.0 eV 

(where the values are from Refs. 54, 52, and 62, respective­
ly). Deprotonation is clearly an unfavorable event in the 
isolated molecule. The dissociative energy to forming 
PhO* - + H + is at 18.6 eV based on the PhO* - excited 
state energy of3.65 e V. 63,64 (We assume that the ground and 
excited ion-pair states have similar potential curves, even 
though the phenoxy charge distributions may be different.) 

The PhO H + ion-pair states (and all states with large 
proton character) undergo a considerable energy shift when 
complexed to NH3. The asymptotic limits of the potential 
curves that correlate to free H + are reduced in energy by an 
amount equal to the proton affinity ofNH3 {8.84 eVSI [Fig. 
12 (b) ]}. As the solvent size increases, the aggregate proton 
affinity increases (cf. Table I), which further stabilizes the 
ion-pair states. The bound state energies and dissociative 
limits are summarized in Table II as a function of solvent 
size n. The ion-pair potential curves for n = 5 are plotted in 
Fig. 13 (c). The bonding energy V:'n of the excited state ion 
pair can be estimated from our experimental results. We in­
terpret the observed ESPT threshold at (NH3)s to mean 
that 1lH:' > 0 and IlH ~ < 0. 65 From Table II, we can place 
the following limits on the ion-pair bond energy: / V:'4/ .;;;3.7 
eVand W:'s/>3.3 eV. If we measure enthalpies from the 
zero-point energy rather than the minima energy of the lo­
cally excited and ion-pair potential curves, then the empiri­
cally derived values of I V:'n I decrease by about 0.3 e V. These 
values are in reasonable agreement with the calculated value 
of / Ve / = 2.7 eV for n = 5 (Fig. 13). Better agreement is 
expected once we include neglected effects listed above such 
as solvent stabilization of the anion. 

VI. DYNAMICAL PROPERTIES OF THE SOLVENT 

A. Direct measure of solvent reorganization in clusters 

The kinetics for the ion-pair probe signal H + (NH3) n 

in Fig. 7 exhibit two time responses: a fast response of 60--70 
ps that matches the decay constant for the reactant locally 
excited state and a slower response of about 0.3 ns. The latter 
response suggests some dynamical process that occurs after 
the initial proton transfer event. This observation is intrigu­
ing because it may represent a direct measure of solvent reor­
ganization. Other explanations seem less plausible. The slow 
component is not due to a structural isomer, because this 
would also appear in the reactant decay curves. Evaporation 
can be ruled out for the following reasons: ( I ) evaporation in 
the neutral ion-pair state should show decay, not formation 
kinetics66

; (2) dissociation from the cluster ion outer well 
does cause one or two solvent molecules to evaporatel5

; 

however, this process occurs after the ..1.2 pulse and, there­
fore, the effect on intensity is independent of the pump­
probe delay time. 

A possible explanation for the dual time dependence is 
that the rapid 60-70 ps ESPT is followed by a slower process 
in which the solvent hydrogen-bond network reorganizes in 
response to the new electric-dipole forces imposed by the 
ion-pair structure. The initial ESPT involves an electron 

transfer and a geometry change along a single coordinate 
O-H. Therefore, it is expected to be a relatively fast process. 
The relaxation of the solvent involves many coordinates and 
should therefore be slower. Time-dependent ionization effi­
ciencies are analogous to time-dependent Stokes shifts, the 
latter are used to measure structural reorganization in solu­
tion. 1 Both phenomena are due to changing 
Franck-Condon factors brought about by molecular mo­
tion. 

The diagram in Fig. 14(a) illustrates how the potential 
energy along the O-H coordinate might change with time 
due to solvent reorganization. The equilibrium bond dis­
tance re for the neutral solvated ion-pair PhO* - H + Bn is 
about 1.8 A58 and is expected to increase slightly with in­
creasing n (Fig. 13). The value of re in the cluster ion 
PhO' H + Bn should be greater because of the loss of Cou­
lombic attraction (we assume 2 A in paper II). 14 The neu­
tral ion-pair PhO* - H + Bn structure that is formed on the 
60 ps time scale retains much of the solvent bonding struc­
ture of the neutral excited state PhOH*' Bn and is, therefore, 
a nonequilibrium structure with respect to solvation of the 
newly formed proton. The solvent network must reorganize 
to achieve a structure that best accommodates the proton 
(i.e., maximizes the proton affinity of the solvent shell). This 
reorganization represents solvation of the proton and causes 
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FIG. 14. (a) A schematic representation of the evolving solvent-relaxed 
ion-pair potential. (b) Calculated ion signal time dependence according to 
Eq. (8) for different relative values of the unrelaxed (ib) and relaxed U.) 
ionization efficiencies. Other parameters used in the calculations were 
fa = O,f" =fc = 1, l/k = 65 ps, l/k, = 300 ps. 
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delocalization of charge and lengthening of the O-H bond 
[Fig. 14(a)]. The relaxing ion pair moves toward a geome­
try similar to the cluster-ion equilibrium configuration. This 
improves the Franck-Condon factors for ionization and 
leads to increased ionization efficiency with time. 

We modify Eq. (1) to include the production of a sol­
vent-relaxed ion-pair structure with time constant 1/ k" ion­
ization efficiency ic and cluster-ion dissociative fraction/c to 
give 

P + (I) = R *(O){icic - [icic - A(t) ]e- kJ}, (8) 

where AU) is given by the term in braces in Eq. (2). If we 
assume thatla = 0 then 

A(t)=iJb(1-e- kl
). (9) 

This model treats the continuously evolving ion-pair struc­
ture as a two-state problem. The predicted response for dif­
ferent relative ionization efficiencies for relaxed vs unrelaxed 
solvent structures is shown in Fig. 14(b). The calculated 
curves through the data in Fig. 7 assume the values 1/ k = 65 
ps and Ilks <::<0.3 ns (see Fig. 7 caption). Similar parameters 
were fit to the H + (NH3 ) n traces recorded using ,,1,2 = 355 
nm ionization (Fig. 8 only shows the early time data). 

It is difficult to judge whether 0.3 ns is a reasonable time 
scale for solvent reorganization in (NH3 ) n solvent clusters 
because we do not know the cluster temperatures. Most 
models of solvent reorientation about a dipole include more 
than one time constant, reflecting many types of molecular 
motion. I The fastest motions are due to bond rotations, 
whereas the slowest reorientations involve breaking and re­
forming of intermolecular solvent bonds. These would be 
particularly slow for hydrogen-bonded solvents. Extensive 
measurements of solvent relaxation for each of the reorienta­
tional degrees of freedom have been reported by many 
groups over a wide range of temperatures. 1,67-70 For the var­
iety of solvents, molecular motions, and temperatures con­
sidered, relaxation times ranged from the experimentally de­
tectable limit of about 100 fs69 to greater than a nanosecond. 
The intermolecular motional time constant for ethanol at 
253 K, e.g., was 112 ps (responding to a dipole excitation in a 
dye molecule). This is an activated process because of hy­
drogen-bond energy and, therefore, the rates vary signifi­
cantly with temperature. We have not found any measure­
ments of NH3 solvent relaxation rates; however, it is 
certainly reasonable to expect the reorientation of hydrogen 
bonds at low temperatures (E( 100 K) to be on the nanosec­
ond time scale in accord with our experimental results. 

B. Geminate ion-pair recombination 

Because proton transfer is an equilibrium phenomena, 
one must consider the reverse rate constant k _ . The kinetic 
models of proton transfer in solution treat this process as a 
geminate ion-pair recombination and relate the rate to the 
competitive process of ion-pair separation3 

k 

PhOH*'Bn <=PhO* -H +Bn ...... PhO* -BnH +. (10) 
k 

Picosecond measurements in solution have provided ample 
evidence for measurable values of k _ (by measurable, we 
mean equilibrium constants K = k Ik _ not far from uni­
ty}.21 The reactant time dependence (ignoring ion-pair sep­
aration) is given by 

If the separation of the ion pair is slow relative to k _ , then 
the reactant signal decays to a plateau level of magnitude 
R *(O)k _ I(k + k _ ).71 This type of effect is observed in 
the decay traces of [PhOH] + . (NH3 ) n' For n = 5, a dis­
tinct plateau is observed that diminishes as n increases (Fig. 
5). 

The possibility that geminate ion-pair recombination is 
observable in clusters seems unlikely when considering the 
large stepwise solvation energies and low temperatures in 
clusters. The ratio of equilibrium constants for cluster sizes n 
and n - 1 is given by 

K* 
In __ n_ = (6.G! -1 - 6.G!)lkT 

K!_1 

(12) 

where we assume that 6.Sn - 6.Sn _ l' The enthalpy change 
in going from n = 4 to n = 5 is 0.35 eV (Table II). The 
enthalpy change for n = 5 --+ 6 is certainly > 0.10 e V. If we 
assume this lower limit and a cluster temperature of 100 K 
(kT= 8.6X 10 -3 eV Imolecule), then we obtain a ratio of 
equilibrium constants of K": I K t > 104

• Although proton 
transfer studies in clusters enables single molecule titration of 
acid-base reactions, one cannot exercise fine control over the 
value of K. It will either be very large or very small. To make 
studies of geminate ion-pair recombination in clusters possi­
ble will require ESPT thresholds at larger solvent sizes and 
controllable cluster temperatures or energies. 

The observed plateau in the decay curve for n = 5 can be 
explained by the model in Sec. III for incomplete cluster ion 
dissociation. The calculated curves in Fig. 5 assume for 
n = 5-7 values Ofjb = 0.92, 0.96, and 0.97, respectively. 

C. Solvent shell structure and evaporation 

Bonding interactions involving solvent molecules playa 
vital role in chemistry. How solvent molecules aggregate 
about a reactive solute molecule has never been established 
experimentally. A variety of high-resolution spectroscopic 
methods have been able to determine the structure of a single 
solventlike molecule bound to a larger molecule (e.g., an 
aromatic); 72-74 however, as additional solvent molecules are 
added, the spectra often become too diffuse to be interpreted 
in terms of geometries. Instead, one can infer geometry and 
structural information from dynamical experiments.49

,50 

There are three primary outcomes following cluster ion­
ization of PhOH· (NH3 ) n: 
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{

[PhOH] + (NH3)n (no reaction), 

[PhOH] + (NH3)n ...... NH4+ (NH3 )n-1 + PhO (DPT), 

[PhOH] + (NH3 )n-1 + NH3 (evaporation), 

(13a) 
( 13b) 
( 13c) 

where DPT stands for dissociative proton transfer. The com­
petition between reactions (13a)-( 13c) depends primarily 
on two properties: (1) the binding energies and binding sites 
for each solvent molecule which differ with nand (2) on 
whether [PhOH] + . (NH3) n is formed in the first or second 
potential energy well (Fig. 2). Evaporation [reaction 
(13c)] from the inner potential well and from the reactant 
SI state (at least for n < 6) is minor on the basis ofthe negli­
gible residual of the n = 5 curve on the n = 4 curve (Fig. 5), 
and the weak phenol cation signal relative to the strong sin­
gly solvated phenol cation signal (Fig. 4). Other solvents 
also produce weak evaporative byproduct signals. 

DPT [reaction ( 13b) ] is the principal reaction from the 
outer potential well and occurs for n > 4. The competition 
between DPT and evaporation [reaction (13c)] depends on 
whether the bond energies for the second-shell NH3 mole­
cules (.0;;0.33 eV) are greater than the PhO'" H + (NH3) n 

bond energy. One can argue that they are not. Because the 
proton affinities of PhO and NH3 are reported to be simi­
lar,75 one would expect that NH3 in the second shell would 
dissociate (evaporate) more readily than PhO in the first 
shell. However, the [PhOH] + . (NH3 ) n decay curves in 
Fig. 5 would indicate otherwise. If reaction (13c) were 
prominent, a distinct residual baseline would be observed 
due to the accumulation of [PhOH] + . (NH3 ) n from larger 
clusters. Because such a residual signal is minimal (Fig. 5), 
it is concluded that DPT [reaction (13b)] dominates even 
when second-shell NH3 molecules are present. An alterna­
tive explanation is that sufficient energy exists in the ion to 
evaporate all weakly bound NH3 molecules and PhO. 

Evaporation clearly occursfollowing DPT as witnessed 
by the abrupt disappearance of the H + (NH3 ) n series for 
n> 5. Analogous behavior occurs forTMA solvation, where 
the protonated H + (TMA) n series terminates abruptly for 
n > 2. This is consistent with the solvent having a shell clos­
ing at n = 5 for NH3 and at n = 2 for TMA. Ammoniated 
ammonium ion, which we write as NH/ (NH3 ) n _ 1 , has a 
stable closed-shell structure at n = 5 corresponding to four 
NH3 molecules that bond directly to the four protonic hy­
drogens ofNH4+ .41 These first-shell solvent molecules have 
bond energies that range from 1.08 (n = 1) to 0.54 eV 
(n = 4). Additional NH3 molecules add to the second shell 
and, therefore, have lower bond energies (Table 1).6 TMA 
does not have any proton donor sites and, therefore, has a 
protonated shell closing at n = 2 with the structure 
(CH3 ) 3 N· H + . N (CH3 ) 3 . The termination of the observed 
H + Bn series at n = 5 for NH3 and n = 2 for TMA argues 
that the hydrogen-bonding solvent structure about phenol is 
built around self-association of the solvent. Some stabiliza­
tion of second-shell solvent molecules, however, may be 
gained by bonding to the phenoxy oxygen or to the aromatic 
ring. 

VII. SUMMARY AND CONCLUSIONS 

Proton transfer, which is the gas-phase terminology for 
acid-base reaction, is described by an electron transfer pro­
cess, whereby a covalent bond is transformed to an ion-pair 
bond. The electron transfer is made possible by an environ­
ment (i.e., solvent) that can stabilize the ensuing proton. 
The movement of the electron is actually due to an electronic 
transition arising from a surface crossing. These properties 
characterize most proton transfer reactions. It is not obvious 
that these properties also describe solution-phase acid-base 
chemistry until one looks at the gas-phase counterpart and 
examines how the potential curves are changed by sequential 
addition of solvent molecules. The solvation properties in 
solution follow clearly from the cluster analogy. 

We have presented a study of the prototype aromatic 
acid phenol seeded in clusters of solvent molecules. The rates 
and critical solvent sizes were measured for ESPT from phe­
nol to a variety of pure and mixed solvent clusters. Our find­
ings are summarized in the following: 

(1) Proton transfer from SI phenol to (NH3) n solvent 
clusters occurs abruptly at n = 5 [k = (60 ± 10 ps) -1 for 
n = 5-7]. Evidence of a reaction threshold in N (CH3 ) 3 
(n c::< 3) is also presented. Proton transfer was not observed 
in the less basic solvent clusters (CH30H)n and (H2 0)n' 

(2) In mixed solvent clusters (NH3)n (CH30H)m, a 
PhOH* decay time of 750 ps was measured for 
(m,n) = (5,1) vs 60 and 65 ps for (5,0) and (6,0). The 
reduction in reaction rate due to the presence of a single 
CH30H molecule is attributed to a disruption of an efficient 
(NH3 ) n proton-accepting cluster core. 

(3) Evidence is presented for the direct measure of sol­
vent reorganization following ESPT. Solvent reorganization 
gives rise to a time-dependent Franck-Condon factor for 
ionization. A clearly observable long time-scale component 
(0.3 ns) was observed on the protonated solvent formation 
traces for (NH3) n cluster solvation. 

A model was developed to determine how the relevant 
potential energy curves for proton transfer are modified by 
sequential addition of solvent molecules. The following con­
clusions are obtained: 

( 4) The charge-transfer states of the isolated phenol 
molecule are responsible for gas-phase proton transfer and 
solution-phase acid-base chemistry. The high-energy dis so­
ciativelimitsofPhO-H+ (I5.0eV) andPhO*-H+ (18.6 
eV), which yield a proton, are stabilized considerably by 
basic molecules such as NH3 (e.g., AE = 8.8 eV for n = 1). 
This results in a curve crossing with the locally excited states 
of SI and SQ' 

(5) The ion-pair well depths, calculated using a Cou­
lomb potential and reported theoretical charge distribu­
tions, decrease from Ve = - 5.2 eV (n = 0) to Ve = - 2.7 
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eV, reflecting the deiocalization of the proton charge 
through the (NH3 )n hydrogen-bonding network. 

(6) For the ion-pair states of phenol, about SO% of the 
bulk proton stabilization energy is provided by the first NH3 
molecule and about 90% by the first shell closing at n = 4 or 
n = S. This analysis is based on aggregate proton affinity 
only and ignores other contributions to bulk dielectric polar­
ization effects. 

These analyses have provided a consistent framework 
for investigating the solvation of a chemical reaction on a 
molecular level. The solvent properties are not governed by 
energetics alone, but also by specific structural stabilities. 
We have gained important insight into solvent structure and 
the relative importance of first- and second-shell solvent 
molecules. 

The combination of time-resolved spectroscopy and 
mass-selective detection holds great promise for studying 
complex reaction mechanisms in size-specific neutral clus­
ters. Although the techniques are now well established for 
studying stepwise solvation, the work reported here shows 
that picosecond mass-selective measurements of rapid inter­
molecular photochemistry in clusters offers a new domain 
for studying the molecular basis of solvation on reactive sys­
tems. 
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