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’ INTRODUCTION

Charge stabilization by bulk and local solvent environments
has been a major focus of study in recent years in part due to the
interest surrounding solvated electron phenomena in chemical,
physical, and biological research communities.1,2 While electron
solvation is generally considered a “bulk” phenomenon, gas
phase cluster studies of excess electrons bound to a known
number of solvent molecules have provided significant insights
into electron binding motifs and the fundamental processes
associated with the formation and accommodation of a solvated
charge.3�5 These studies have been complemented by experi-
ments on halide�solvent clusters in which the excess electron on
the halide is ejected onto the solvent network via excitation of the
cluster analog of the charge-transfer-to-solvent (CTTS) band in
the ultraviolet6 producing, after some dynamics, a solvated
electron and providing a direct comparison to the analogous
process in bulk solvents.7 Cluster dynamics studies performed to
date have focused on femtosecond time-resolved experiments
on an iodide anion bound to water,8,9 methanol,10 and other
solvating species.11�13 These studies show a strong dependence
of the electron solvation dynamics on the size and composition of
the cluster, and that the CTTS excited state in iodide�water and
iodide�methanol clusters decays by autodetachment to a neutral
cluster and a free electron. In this paper, we focus on this decay
mechanism in more detail and investigate the autodetach-
ment dynamics subsequent to CTTS excitation over a range
of excitation energies in I�(H2O)n, I�(CH3OH)n, and

I�(CH3CH2OH)n clusters. We also examine whether the auto-
detachment rates and associated electron kinetic energy distribu-
tions can be accurately described by statistical models.

Previous work on charge-transfer-to-solvent dynamics in iodide-
doped water and methanol clusters revealed notable differences
between the electron solvation processes in the two species. Time-
resolved photoelectron spectra for iodide�water clusters suggested
that upon excitation of the CTTS band the excess electron was first
promoted to a diffuse state near the iodine atom before solvent
rearrangement leading to stabilization over a few picoseconds.9

After tens of ps, the vertical detachment energy (VDE), a measure
of electron binding strength, was observed to decrease slightly as
the iodine atom departed the cluster.9,14 The lifetime of the CTTS
state ranged from approximately 0.6�3000 ps for n = 3�10 with
excitation at 4.65 eV (267 nm). The decay of this state was
mirrored by the recovery of a second spectral feature near zero
electron kinetic energy attributed to electron autodetachment. This
feature was also present in single-photon UV spectra, suggesting
that it is the ultimate decay mechanism for the CTTS state.9

Photoelectron spectra of iodide-doped methanol clusters
also revealed autodetachment and pump�probe features with
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ABSTRACT: The effect of excitation energy on the lifetimes of the charge-transfer-
to-solvent (CTTS) states of small (4 e n e 10) iodide-doped water and alcohol
clusters was explored using femtosecond time-resolved photoelectron imaging.
Excitation of the CTTS state at wavelengths ranging from 272 to 238 nm leads to
the formation of the I 3 3 3 (ROH)n

� (RdH�, CH3�, and CH3CH2�) species,
which can be thought of as a vibrationally excited bare solvent cluster anion perturbed
by an iodine atom. Autodetachment lifetimes for alcohol-containing clusters range
from 1 to 71 ps, while water clusters survive for hundreds of ps in this size range.
Autodetachment lifetimes were observed to decrease significantly with increasing
excitation energy for a particular number and type of solvent molecules. The
application of Klots’ model for thermionic emission from clusters to I�(H2O)5
and I�(CH3OH)7 qualitatively reproduces experimental trends and reveals a high
sensitivity to energy parametrization while remaining relatively insensitive to the
number of vibrational modes. Experimental and computational results therefore suggest that the rate of electron emission is
primarily determined by the energetics of the cluster system rather than by details of molecular structure.
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near-identical time constants, but the iodide�methanol CTTS
state lifetimes were much shorter, ranging from 0.8 to 86 ps for n
= 4�11 with excitation at 4.71 eV (263 nm).10 This difference
was attributed to the instability of baremethanol cluster anions in
this size range with respect to electron loss.15 As in water, the
ejected electron in themethanol-containing clusters is thought to
first occupy a diffuse state near the iodine atom before solvent
rearrangement leads to an initial stabilization. This stabilization is
short-lived, however, as both the VDE and the width of the
CTTS spectral feature were observed to evolve dramatically
before the decay of the CTTS state by autodetachment. These
dynamics were suggested to result from a concerted rotation of
one or more methanol molecules to enhance the cluster’s
hydrogen bonding network.10 Ethanol has the same hydrogen
bonding capability as methanol but more vibrational modes,
raising the question of how the CTTS dynamics of I�(ethanol)n
and I�(methanol)n clusters would compare.

Studies of charge-transfer-to-solvent dynamics in iodide-doped
water and methanol clusters have previously involved the use of
a single excitation energy to promote the charge transfer onto
the solvent network. CTTS bands blue-shift to the deep UV
(219�230 nm for ethanol, methanol, and water)16�18 with
increasing cluster size as n increases.7 The resonance of the CTTS
transition is therefore size-dependent. While the studies of Verlet
et al. and Kammrath et al. of I�(H2O)n clusters

8,9 and that by
Ehrler et al. of I�(CH3CN)n clusters

13 utilized different photon
energies to access the CTTS band in different size ranges, no study
yet presented has investigated the effect of pumping different
regions of the CTTS band for a cluster of a particular size.

To better understand dynamics in iodide�solvent clusters
following CTTS excitation, we have investigated for the first time

the effects of excitation energy on autodetachment lifetimes for
small (4 e n e 10) iodide-doped ethanol, methanol, and water
clusters as a function of solvent type and cluster size. We have
also applied Klots’ microcanonical formalism for thermionic
emission to model observed trends.19 Autodetachment lifetimes
were determined to increase with cluster size and decrease with
excitation energy. Lifetimes for methanol- and ethanol-contain-
ing clusters were nearly identical for the same excitation energy
and number of molecules and were significantly smaller than
those observed for iodide-doped water clusters. We find that the
Klots model effectively recovers these differences from approx-
imate vibrational frequencies and appropriate energy parametri-
zation and that it reproduces the form of the low kinetic energy
photoelectron signal resulting from autodetachment. The high
sensitivity of modeling results to energetics and the low sensi-
tivity of experimental results to the number of vibrational modes
implies that the energetics of the various cluster systems are more
important in determining their excited state lifetimes than the
precise structural identities of the molecules therein.

’EXPERIMENTAL SECTION

Details of the femtosecond time-resolved photoelectron imag-
ing experiment have been described elsewhere.20,21 Argon gas at
5�20 psig was flowed over reservoirs of ROH (RdH�, CH3�,
CH3CH2�) and methyl iodide and expanded through an Even-
Lavie valve pulsed at 100 Hz.22 The solvent reservoir and gas line
were heated slightly for effective I�(ethanol)n production. The
pulsed beam was then passed through a ring-shaped ionizer to
generate cluster anions via secondary electron attachment
before their perpendicular extraction with a Wiley�McLaren

Figure 1. Time-resolved photoelectron spectrum for I�(CH3CH2OH)8 with excitation energy = 4.85 eV (256 nm). Electron kinetic energy (eKE)
increases from right to left, while pump�probe delay increases from front to back. The intensity of the peak near zero eKE, “A”, is scaled by 0.1 for ease of
viewing. The inset in the upper left corner shows the normalized integrated intensities of “A” (autodetachment, AD) and “B” (resonant pump�probe
signal, [1 + 10]). The inset at right shows the evolution of these features with pump�probe delay in processed images. The vertical arrow indicates the
laser polarization while the gradient indicates the feature’s intensity.
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time-of-flight mass spectrometer.23 Clusters of the desired mass
were isolated with a pulsed electrostatic switch before entering
the interaction region where they were intercepted by femto-
second pump and probe laser pulses. The resulting photoelectrons
were then collinearly accelerated via velocity map imaging24 to a
pair of chevron-mounted microchannel plates coupled to a
phosphor screen. Images from the phosphor screen were cap-
tured with a charge-coupled device camera and reconstructed
using the basis-set expansion method (BASEX)25 following four-
way symmetrization to address detector inhomogeneities. The
reconstructed images provided both electron kinetic energy and
photoelectron angular distributions (PADs). Anisotropy para-
meters, βi, describing the detached electron’s angular momen-
tum, were obtained by fitting PADs to an even series of Legendre
polynomials:26,27

IðθÞ ¼ σtotal

4π
½1 þ β2P2ðcos θÞ þ β4P4ðcos θÞ� ð1Þ

where I represents intensity, θ the angle between the laser
polarization and the ejected electron, and σtotal the total photo-
detachment cross section. One-photon detachment is described
with a single anisotropy parameter, β2, while two-photon detach-
ment requires an additional parameter.

Femtosecond pump and probe laser pulses were generated
with a Ti:sapphire oscillator and multipass amplifier (KM Lab-
oratories Griffin Oscillator and Dragon Amplifier). The resulting
790 nm pulses were approximately 35 fs in duration and∼2 mJ/
pulse at a 600 Hz repetition rate. Most of this light was used to
generate a UV pump pulse either with a third-harmonic gen-
erator to produce 263 nm light (∼20 μJ/pulse) or by second
harmonic generation of the sum frequency of the fundamental
and the high or low frequency output of an optical parametric
amplifier (Light Conversion TOPAS-C) to produce 238�
272 nm (∼10 μJ/pulse) tunable UV light. The remainder of
the fundamental was used as the probe pulse (∼150 μJ/pulse).
Cross-correlation measurements taken at the entrance to the
vacuum chamber reveal pulse widths ranging from 80 to 200 fs.

’RESULTS

Time-resolved photoelectron imaging was used to investigate
the effects of changing excitation energy on CTTS dynamics in
iodide-doped ethanol, methanol, and water clusters of four to
ten molecules. Figure 1 displays reconstructed images, normal-
ized integrated intensities, and photoelectron spectra for
I�(ethanol)8, which are typical for the size range studied here.
Electron kinetic energy is shown increasing from right to left with
pump�probe delay increasing from front to back. Two features
are evident in the spectra and images: a peak with near zero
electron kinetic energy (scaled by 0.1 in the figure for clarity)
labeled “A” and a peak near 1.5 eV denoted “B” that emerges at
positive pump�probe delays. At 263 nm, “A” dominates the
spectra for the smallest cluster size and decreases in relative
intensity as n increases and the charge-transfer-to-solvent band
blue shifts. Similar trends are observed with higher excitation
energies. The images in the inset reveal that “A” is isotropic, while
the intensity of “B” is maximized parallel to the laser polarization.

For all cluster sizes and excitation energies, the integrated
intensities of “A” and “B” demonstrate complementary time
dependence (Figure 1). The population of “A” is relatively
constant for negative and very positive pump�probe delays.
When the pump�probe delay is near zero, the intensity of “A”

decreases sharply as “B” appears. The two features return to their
initial values in an exponential fashion.

The spectral features and trends described for I�(ethanol)n
clusters are similar to those observed for I�(water)n and
I�(methanol)n clusters and were observed here for all solvent
identities, cluster sizes, and excitation energies sampled.9,10 The
evolution of the peak center and width of the CTTS spectral
feature with pump�probe delay is also similar for iodide-doped
ethanol and methanol clusters. Based on the similarities between
these results and previous work, “A” is attributed to vibrational
autodetachment of the pump-excited cluster anion, while “B” is
assigned to resonant pump�probe detachment via the CTTS
state. The two decay channel model implied by these assign-
ments explains the similar time-dependence of the two features:
the excited CTTS state must either undergo autodetachment or
experience photodetachment by the probe pulse.9,10,13

Figure 2 displays the normalized integrated intensities of the
CTTS feature excited at various pump energies for iodide-doped
ethanol, methanol, and water clusters containing seven solvent
molecules. The CTTS excited states of ethanol- and methanol-
containing clusters reveal similar time-dependent behavior while
that for water-containing clusters appears much longer lived.
The lifetimes of the excited state feature appear to decrease as the
excitation energy increases for all solvents. These trends are
observed for all cluster sizes, n.

’ANALYSIS

The complementary time dependence exhibited by the auto-
detachment and CTTS features for each cluster solvent, size, and
excitation energy studied can be analyzed after extraction of
integrated intensities at each pump�probe delay. Population

Figure 2. Normalized integrated intensities for “B” of iodide-doped
clusters of seven molecules of ethanol (upper panel), methanol (middle
panel), and water (bottom panel) with excitation energies of 263 (red),
253 (black), and 246 nm (blue). Lines between points are fits described
in the Analysis section.
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dynamics are modeled with single or biexponential decay; for
t g t0, where t0 is the zero of pump�probe delay, the multi-
exponential function is convoluted with a Gaussian function to
account for experimental response. A delta function centered at
t0 accounts for coherence artifacts during the period of cross-
correlation of the pump and probe pulses while an offset, I0,
addresses background:10

I ¼ e�t2=σ2
/

I0, t < t0

I0 þ a0δðt � t0Þ þ ∑
i
aiexp � t � t0

τXi

 !" #
, t g t0

8>><
>>:

ð2Þ
In eq 2, σ represents the temporal width of the Gaussian function
and X is either A or B (CTTS). In general, the smallest clusters
(i.e., n = 4, 5) exhibit single exponential decay from t0 (i = 1), while
larger clusters (n > 5) achieve their maxima after t0 before
beginning to decay (i = 2). The rise time τB1 for clusters following
a biexponential pattern is approximately 1 ps for all materials
studied. Time constants for “A” and “B” are generally within error
bars of each other, with those for “A” often larger due to the
inherent difficulty in measuring small changes over a large
background. Thus, lifetimes presented in Table 1 and graphically
summarized in Figure 3 are time constants τB1 for processes
described by single exponential decay and τB2 for biexponential
decay processes. These lifetimes increase with cluster size and
decrease with excitation energy for each system. Varying the
source backing pressure between 5 and 20 psig did not noticeably
affect lifetime measurements.

It should be noted that lifetimes presented for I�(water)n at
263 nm were obtained using the fit function described here with
data taken previously in our research group. The values reported
by Kammrath et al.9 were measured by first fitting the signal at
each pump�probe delay to a Gaussian function and then
applying a multiexponential fit to the calculated peak centers,
neglecting values less than the maximum. The refitted lifetimes

fall approximately within error bars of those previously reported
for n = 4�7; for n = 8, the lifetime differs more significantly as

Table 1. Lifetimes of Iodide-Doped Solvent Clusters at Various Excitation Energies

I�(CH3OH)n I�(CH3CH2OH)n

n 263 nma 255 nm 245 nm 238 nm 263 nm 255 nm 245 nm

4 0.8 ( 0.1 1.4 ( 0.1

5 4.1 ( 0.0 4.1 ( 0.2

6 9.4 ( 0.5 6.6 ( 0.6 5.9 ( 0.7 9.3 ( 0.1 7.3 ( 0.7 4.2 ( 0.2

7 19.6 ( 0.5 12.4 ( 0.5 10.9 ( 0.7 17.8 ( 0.5 12.7 ( 0.5 10.4 ( 0.4

8 32.6 ( 0.4 20.4 ( 1.4 16.3 ( 1.1 13.0 ( 1.7 36.0 ( 3.1 21.5 ( 0.5 16.2 ( 0.2

9 49.7 ( 0.8 41.2 ( 2.1 31.6 ( 2.0 26.1 ( 1.1

10 70.9 ( 2.6 37.9 ( 2.1

I�(H2O)n

n 272 nm 263 nmb 255 nm 245 nm

4 13.0 ( 1.9 6.4 ( 0.1

5 59.4 ( 2.2 53.6 ( 1.9 23.2 ( 0.3

6 159.1 ( 16.5 131.3 ( 4.6 90.4 ( 30.7 75.6 ( 2.1

7 334.7 ( 11.5 290.2 ( 31.3 225.2 ( 32.0

8 594.6 ( 37.0 579.9 ( 29.5
a Young et al. 2011.10 bKammrath et al. 2005.9 See text for details on fitting.

Figure 3. Top panel: Lifetimes of I�(CH3OH)n (circles) and
I�(CH3CH2OH)n clusters (triangles). Bottom panel: Lifetimes of
I�(H2O)n (squares) clusters. Lifetimes presented are measured with
excitation energies of 272 (orange), 263 (red), 253 (black), 246 (blue),
and 238 (purple) nm. Wavelengths used are known to within (2 nm.
Lifetimes for I�(CH3OH)n at 263 nm are taken from Young et al.,10 and
lifetimes for I�(H2O)n at 263 nm are taken from spectra measured by
Kammrath et al.,9 as described in the text.
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the decay is now treated with the convolution of a Gaussian and a
multiexponential function where biexponential character cap-
tures a late rise to a maximum followed by decay rather than a
complex decay from a maximum intensity.

’DISCUSSION

The results in Table 1 and Figure 3 show that, for all solvent
molecules and cluster sizes studied here, the excited state lifetime
at fixed wavelength increases with cluster size but, for a fixed
cluster size, decreases with increasing excitation energy. For all
clusters, the longest and shortest lifetimes differ by about a factor
of 2 over the range of wavelengths used here (272�238 nm).
The other notable trend is that, at a given excitation wavelength,
the lifetimes for I�(H2O)n clusters are considerably longer than
for comparably sized I�(CH3OH)n and I�(CH3CH2OH)n
clusters, while clusters with the same number of CH3OH and
CH3CH2OH solvent molecules have essentially the same excited
state lifetimes. For example, the lifetimes of I�(methanol)8 and
I�(ethanol)8 at 263 nm excitation are 33 and 36 ps, respectively,
but that for I�(water)8 is 595 ps.

As discussed in previous work, the excited states in these halide-
clusters are accessed by the cluster analog of CTTS transitions.6,10

The complementary dynamics of “A” and “B” in the time-resolved
photoelectron images show that these states decay by autodetach-
ment. Hence, the overall autodetachment mechanism is

I�ðROHÞn f
hνpump

I 3 3 3 ðROHÞ�n f
τB

I 3 3 3 ðROHÞn þ e� ð3Þ
Given the large number of vibrational modes in these clusters

and the very low energies of the electrons ejected by autodetach-
ment, it is reasonable to see if these results can be understood
within the framework of cluster thermionic emission. This is a
statistical decay process that can be treated assuming either a
canonical or microcanonical ensemble of clusters.28 The micro-
canonical model developed by Klots19 has previously been suc-
cessfully applied to neutral and negatively charged clusters29,30

and thus provides a useful framework within which we would like
to explain the qualitative and quantitative trends seen here for
halide-solvent clusters.

In this model, the rate of electron emission k(E) is given by

kðEÞ ¼ WðE, EbÞ
hFðEÞ ð4Þ

where h is Planck’s constant, E is the total energy, Eb is the
adiabatic binding energy,W(E,Eb) is the total number of neutral
states, and F(E) is the density of anion states. The totality of
neutral states and density of anion states should both increase
dramatically with increasing energy. Each of these quantities
should also be strongly dependent on the number of vibrational
modes in the species of interest as they express the partitioning of
energy among states with energy e(E � Eb) for W(E, Eb) and
between (E and E + dE) for F(E).

Equation 4 is similar to the RRKM expression for unimole-
cular dissociation,31 but the numerator in eq 4 refers to the total
number of available product states as opposed to the total
number of states at the unimolecular transition state. The expre-
ssions are essentially equivalent in the limit of a transition state at
infinite fragment separation, with the caveat that the number of
nuclear degrees of freedom considered in the numerator and
denominator of eq 4 is the same. Hence, some of the trends seen
here are readily understood based on well-known results from

RRKM theory. In particular, the increasing autodetachment rate
with excitation energy and the decreasing rate with cluster size
are characteristic of statistical decay models.

On the other hand, the dependence of the autodetachment
rate on solvent is less intuitive. For a given cluster size, one might
have expected the autodetachment rate to be considerably faster
for I�(H2O)n than for the corresponding I�(CH3OH)n or
I�(CH3CH2OH)n cluster since the density of states at a parti-
cular excitation energy (i.e., the denominator in eq 4) is much
smaller for iodide�water clusters. Instead, we find considerably
slower autodetachment for water and about the same rate for
methanol and ethanol clusters.

We therefore must carefully consider the energetics involved in
eq 4 and determine how these differ for water- and methanol-/
ethanol-containing clusters. With respect to eq 3, E is the excess
energy of the I 3 3 3 (ROH)n

� intermediate created by the pump
pulse, and Eb is the adiabatic detachment energy (ADE) of this
intermediate relative to the I 3 3 3 (ROH)n + e� products, as
indicated in Figure 4. The binding energy of the iodine atom to
the intermediate is estimated to be∼50 meV for water-containing
clusters,9,32,33 and if that is neglected, then Eb is the adiabatic
electron binding energy of the (ROH)n

� cluster.34Given that small
water cluster anions are readily seen in mass spectrometry3,35 but
methanol cluster anions are not observed until n ∼ 70,15 it is
reasonable to assume that Eb is positive for water cluster anions but
negative or only slightly positive for methanol (and presumably
ethanol) cluster anions. This effect is the most likely origin for the
slower autodetachment rates in water as it will significantly reduce
the number of accessible product states (i.e.,W(E, Eb) in eq 4) for
iodide�water clusters compared to the other solvent species.

To explore these effects more quantitatively, we need to
explicitly evaluate the quantities in eq 4. For microcanonical
thermionic emission,19 the numerator is related to the kinetic
energy distribution of the ejected electrons, F(ε), by

WðE, EbÞ ¼
Z E � Eb

0
FðεÞ dε ð5Þ

The electron energy distribution is obtained from

FðεÞ ¼ FvðE� Eb � εÞðLmax þ 1Þ2 ð6Þ
where

Lmax ¼ b=l ð7Þ

Figure 4. Schematic describing the energetics considered in the micro-
canonical rate theory modeling. The purple vertical arrow represents the
excitation utilized to promote the charge-transfer-to-solvent transition.
Gradients represent the densities of states of the anion and neutral
species.
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in which Fv(x) is the density of neutral states, λ is the de Broglie
wavelength of the electron and neutral species, and b is the
classical hard-sphere collision radius. W(E, Eb) is then given by

WðE, EbÞ ¼
Z E � Eb

0
FvðxÞf1 þ 2½2μb2ðE� Eb � xÞ=p2�1=2

þ ½2μb2ðE� Eb � xÞ=p2�gdx ð8Þ
where μ is the reduced mass (effectively the mass of the
electron). An electron spin degeneracy factor of 2 should also
be included. The expressions given above assume that the
rotational energy level spacing is much smaller than the excess
energy imparted to the system and that the transmission
coefficient, T (λ, L), or “sticking probability”, is 1 for L e Lmax

and 0 for L > Lmax.
Let us consider I�(H2O)5 and I

�(MeOH)7 as specific exam-
ples. Figure 4 shows that the excess energy E is given by

E ¼ hν� ADEðI�ðROHÞnÞ þ Eb ð9Þ

where ADE(I�(ROH)n) is the adiabatic detachment energy of
the initial cluster anion. For I�(H2O)5, this was obtained either
by extrapolating the adiabatic detachment energies described by
Serxner et al.6 or by selecting the onset of the spectral feature in
the photoelectron spectrum of Markovich et al.,36 yielding 4.22
and 4.43 eV, respectively. Because the binding energy of the
neutral iodine atom is quite weak9,14,33,37 (and probably similar)
in both the intermediate anion and final neutral state, we took Eb
to be the ADE of (H2O)5

�, and estimated it as 0.22 eV from the
onset of the photoelectron spectrum of this cluster.34 We note
that the extraction of adiabatic rather than vertical detachment
energies from unstructured photoelectron spectra is subject to
considerable uncertainty, but our goal here is only to come up
with reasonable initial estimates for use in eq 4.

Iodide�methanol energetics can be similarly described. The
difference in energy between the I�(CH3OH)n and I 3 3 3
(CH3OH)n states was taken as the ADE estimated from unpub-
lished single-photon photoelectron spectra measured at 240 nm
in our laboratory, giving 4.60 eV for I�(CH3OH)7. Again,
neglecting the weak binding of the iodine atom, ADEs of the

bare methanol cluster anions could be used to estimate Eb,
however, no such values exist in this size range.15 Instead, a
selection of values ranging from slightly positive to slightly
negative energies was utilized to test the effect of Eb on the
autodetachment rate.

The evaluation of eq 4 also requires vibrational frequencies for
determination of the total number and density of states. For
consistency, frequencies calculated for neutral (H2O)5 and
(CH3OH)7 clusters were used for both the intermediate
(ROH)n

� and final (ROH)n species, under the assumption that
the highly averaged quantities in eq 4 are relatively insensitive to
the presence of an excess electron. As it is unclear if the iodine
atom leaves the cluster before autodetachment occurs, particu-
larly for I�(CH3OH)n clusters, vibrational frequencies asso-
ciated with the iodine atom were not included. The geometries
for various (H2O)5

� isomers calculated with density functional
theory by Herbert and Head-Gordon38 were used as starting
points for calculation of the corresponding neutral geometries.
Neutral geometries were optimized with the B3LYP39,40 density
functional and the 6-31(1+, 3+)G* basis set using the Q-Chem
electronic structure programming suite.38,41 Frequencies were
calculated using MP2/6-311(2+, 3+)G**. This method and basis
set combination was previously used for geometry optimization
for benchmark VDE calculations for clusters in our size range of
interest.42 A cyclic methanol cluster geometry was generated
based on the lowest energy structure proposed by Buck et al.43

and was optimized with B3LYP/6-31(1+, 3+)G*; frequencies
were also calculated with this method and basis set. Vibrational
densities of states were obtained from the Beyer�Swinehart
direct counting algorithm which calculates all possible combina-
tions of energy partitioning among vibrational modes of a system
of harmonic oscillators.31,44 The value of b needed for calculation
of the electron emission rate was estimated from optimized
structures.

Autodetachment rates and lifetimes were calculated over a
range of values for ADE(I�(ROH)n) and Eb to test the model’s
sensitivity to these parameters. The full set of results is presented
in the Supporting Information. Because calculated lifetimes for
I�(H2O)5 were found to be relatively insensitive to cluster
geometry, the results displayed are those for a representative
structure. Table 2 lists the energetics that lie within about an

Table 2. Autodetachment Rates and Lifetimes Calculated Using Klots’ Microcanonical Rate Expression at Three Excitation
Energies for I�(H2O)5 and I�(CH3OH)7

ADE (eV) calculated observed

species initial state excited state (Eb) pump (eV) k(E) (1/ps) lifetime (ps) lifetime (ps)

I�(H2O)5 4.30 0.3 4.57 8.97 � 10�3 111.50 59.4 ( 2.2

4.71 3.93 � 10�2 25.43 53.6 ( 1.9

4.87 1.24 � 10�1 8.04 23.2 ( 0.3

0.22 4.57 5.92 � 10�2 16.88 59.4 ( 2.2

4.71 1.87 � 10�1 5.33 53.6 ( 1.9

4.87 4.90 � 10�1 2.04 23.2 ( 0.3

I�(CH3OH)7 4.60 0.06 4.71 6.54 � 10�3 152.98 19.6 ( 0.5

4.87 1.82 � 10�1 5.49 12.4 ( 0.5

5.06 1.01E+00 0.99 10.9 ( 0.7

0.04 4.71 5.28 � 10�2 18.94 19.6 ( 0.5

4.87 7.01 � 10�1 1.43 12.4 ( 0.5

5.06 2.65E+00 0.38 10.9 ( 0.7
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order of magnitude of the experimental results for all excitation
wavelengths. For I�(H2O)5, using 4.30 eV for the initial cluster
anion ADE and either 0.30 or 0.22 eV for Eb gave acceptable
agreement with experiment. These numbers are close to the
initial estimates obtained from previous experimental work as
described above. For I�(CH3OH)7, acceptable agreement was
found for values of 4.60 and 0.04 eV for ADE(I�(ROH)n) and
Eb, respectively. The parameters displayed in Table 2 were biased
toward giving slightly faster rather than slower autodetachment
compared to experiment as the calculations neglected effects
due to anharmonicity of the vibrational modes that would
be expected to increase the density of states and thus slow
autodetachment.30

The results in Table 2 and the SI show that, as expected, eq 4
always yields lifetimes that decrease with increasing excitation
energy, however in general calculated lifetimes changed more
steeply with excitation energy than did measured lifetimes.
Though changing either ADE value notably changes autodetach-
ment lifetimes, we found that increasing Eb has a much greater
effect than increasing ADE(I�(ROH)n) by the same amount,
that is, that the energy difference between the neutral and excited
anion states is more important than the energy difference
between the neutral and initial states. This trend is consistent
with the greater stability of water cluster anions compared to
small-chain alcohol cluster anions leading to lower electron
emission rates for water-containing clusters. Interestingly, we
found that even slightly negative values of Eb gave autodetach-
ment lifetimes that were orders of magnitude larger than the
experimental values. Whether this means that weakly bound bare
methanol cluster anions in this size-range can exist remains open
to investigation; as of yet, none have been seen in mass spectra of
clusters from our ion source.15

We can also calculate the electron kinetic energy distribution
from autodetachment, F(ε), using eq 6. Examining eq 6, it is
apparent that the choices of E � Eb and Lmax are the only
parameters used to model the autodetachment spectral feature.
As expressed in eq 9, the value of E � Eb is equivalent to the
difference between the excitation energy and the ADE of
the initial state, so changing either value should simply shift
the simulated curve for a constant Lmax, altering the curvature
of the normalized distribution in the energy range of interest.
Calculations were performed assuming exclusively s-wave electron

emission (Lmax = 0). The assumption of s-wave emission is
consistent with the isotropic (β2 ∼ 0) photoelectron angular
distribution of the autodetachment feature (Figure 1); note that
s-wave detachment does not involve a centrifugal barrier45 and
thus is expected to dominate for the low energy electrons
associated with autodetachment in these experiments.

Simulated and measured spectra for I�(CH3OH)7 excited with
two different photon energies are shown in Figure 5. The simulated
traces follow the shape of the autodetachment spectra reasonably
well, though in both examples the curvature appears too shallow for
eKE values near zero. This discrepancy may in part result from the
neglect of anharmonicity in density of states calculations, which,
while simplifying, should result in the increasingly significant
underestimation of the neutral and, most prominently, anion
density of states with increasing excess energy.30

The analysis outlined herein demonstrates that the micro-
canonical thermionic emission model put forth by Klots can
reproduce the trends in our autodetachment rates for I�(ROH)n
clusters involving two different solvents as well as the electron
kinetic energy distribution from autodetachment. This agree-
ment is obtained using reasonable energetics for the quantities
in Figure 4. It thus appears that our conceptual view of the
autodetachment process as outlined in eq 3 is qualitatively
correct, as is the idea that small variations in energetics have a
significant effect on the autodetachment rate, thus explaining the
slower autodetachment from I�(H2O)n clusters relative to
comparably sized I�(CH3OH)n and I

�(CH3CH2OH)n clusters.
On the other hand, more sophisticated treatments including
anharmonicity are needed to improve agreement between
calculated and measured autodetachment rates. The neglect
of anharmonicity may be particularly important in the clusters
containing methanol and ethanol because the resulting increase
in the density of states will have to be compensated to some
extent by reducing Eb, possibly yielding a negative value that
would be more consistent with the non-observation of bare
cluster anions in this size regime.

’SUMMARY

Femtosecond time-resolved photoelectron imaging has been
used to study the charge-transfer-to-solvent process of iodide-
doped water and alcohol clusters as a function of excitation
energy. I�(ethanol)n (4e ne 10) clusters were also studied for
the first time. The autodetachment decay channel was observed
to deplete the CTTS excited state within 1�71 ps for iodide-
doped methanol and ethanol clusters with 263 nm excitation
while water-containing clusters were significantly more stable
with respect to autodetachment due to the enhanced stability of
bare water cluster anions compared to alcohol cluster anions.
The similarity between iodide�methanol and iodide�ethanol
cluster lifetimes with the same number of molecules alluded to an
insensitivity to the quantity of vibrational modes in the system
and provided further support for the idea that energetics are the
driving factors for electron emission rates. The CTTS state for all
systems studied was decreasingly stable to autodetachment as the
excitation energy was increased from 4.57 to 5.06 eV as expected
for a statistical process. Autodetachment lifetimes for I�(H2O)5
and I�(CH3OH)7 were modeled according to Klots’ expressions
for thermionic emission from clusters and the results found to
qualitatively reproduce the trend of decreasing lifetime with
increasing energy as well as the large discrepancy in length
between the two solvents’ lifetimes with reasonable energy

Figure 5. Simulated and experimental photoelectron spectra for
I�(CH3OH)7 excited at 4.87 eV (upper panel) and 5.06 eV (lower panel).
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parametrization. The quantitative difference between calculated
and experimentally observed lifetimes likely results in part from
the neglect of anharmonicity in density of states calculations and
also from uncertainties in the energetics used to describe the
system.

’ASSOCIATED CONTENT

bS Supporting Information. Tables including additional
calculated lifetimes for I�(H2O)5 and I�(CH3OH)7. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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