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Excited state dynamics of acetonitrile cluster anions, ðCH3CNÞ�n , were investigated using time-resolved
photoelectron imaging (TRPEI) for 20 6 n 6 50. The clusters were excited and then photodetached with
femtosecond pump and probe pulses at 790 and 395 nm, respectively. Excited state lifetimes varied
between 200 and 270 fs over this size range, showing no obvious size trend. Experimental evidence indi-
cates that we are exciting ‘isomer II’ clusters in which the excess electron is valence-bound to a solvated
anionic dimer core. The absence of an obvious size-dependence in the excited state lifetimes is consistent
with such a structure.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Solvated electrons are important species in chemistry, biology,
and physics. A solvated electron is a purely quantum mechanical
solute and is therefore of fundamental interest in condensed phase
chemistry. From a more practical perspective, solvated electrons
are formed by ionizing radiation and are thus key players in radi-
ation chemistry and biology [1,2]. While much interest has focused
on hydrated electrons [3], i.e. electrons in aqueous solution, sol-
vated electrons have been observed in numerous inorganic and or-
ganic solvents. The properties of solvated electrons depend
significantly on the solvent in which they are formed, and the nat-
ure of the electron–solvent interaction responsible for these prop-
erties has been the focus of numerous experimental and
theoretical studies. Many aspects of the electron–solvent interac-
tion are controversial. Even in water, the most thoroughly studied
solvent, unresolved questions remain concerning structural issues
centered on whether the electron exists in a solvent cavity [4] or in
a chemically bound form [5], as well as dynamical issues related to
the mechanism by which delocalized and/or electronically excited
electrons relax to their ground state [6].

These considerations have motivated studies of gas phase clus-
ters of the type S�n , in which an excess electron is bound to a known
number of solvent species S, with the goal of applying the powerful
experimental tools developed for gas phase spectroscopy and
dynamics to these clusters and then extrapolating the results to
the infinite size limit to shed light on the properties of electrons
ll rights reserved.
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in bulk solvents [7]. Several laboratories have reported one-photon
[8–11] and time-resolved [12–14] photoelectron (PE) spectra of
ðH2OÞ�n clusters, while we have carried out both types of studies
on ðCH3OHÞ�n clusters [15,16]. This line of inquiry is continued in
this Letter, where we report time-resolved PE spectra for
ðCH3CNÞ�n clusters.

Electrons dissolved in bulk CH3CN show two broad absorption
bands, one in the near-infrared, peaking from 1200 to 1400 nm,
and the other in the visible around 500 nm [17]. Recent studies
by Shkrob and Sauer [18] and Kohler [19] have attributed the
near-IR band to a solvated electron located within a solvent cavity,
and the visible band to an electron localized on a monomer or
(more likely) a dimer of CH3CN. The dimer unit, ðCH3CNÞ�2 , is a va-
lence-bound species in which the excess electron is distributed
over the p* orbitals of two bent, antiparallel solvent molecules
[19,20].

Evidence for two electron solvation motifs in acetonitrile also
comes from PE spectra of ðCH3CNÞ�n (n = 10–100) clusters mea-
sured by Kaya and co-workers [21]. These show the existence of
two cluster isomers: a weakly bound isomer (isomer I) with verti-
cal detachment energies (VDE’s) ranging from 0.4 to 1.0 eV, and a
more strongly bound isomer (isomer II) with VDE’s from 2.2 to
2.8 eV. Isomer II dominates starting at n = 13, but both are seen
out to n = 100. Based on comparison with the bulk results, isomer
II was attributed to clusters with a valence-bound, ðCH3CNÞ�2 core,
while the more weakly bound isomer I was assigned to an electron
within a solvent cavity. Recent electronic structure calculations
[20,22] on small ðCH3CNÞ�n clusters support the existence of the
two isomers along these lines. The calculations by Takayanagi
et al. [22] are particularly relevant as they show that the
ðCH3CNÞ�2 anion core, which is unstable in the gas phase with
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respect to autodetachment, becomes thermodynamically stable
with the addition of only a few solvent molecules.

Time-resolved experiments on electrons in liquid acetonitrile
were performed by Kohler [19], who excited the charge-transfer-
to-solvent (CTTS) band of the iodide anion in CH3CN at 265 nm
and monitored the resulting electron solvation dynamics with
transient absorption. The overall dynamics were described by
three time-constants, 1.9, 29, and 257 ps, attributed respectively
to initial solvation dynamics, geminate recombination of the free
electron with the I atom, and scavenging of the electron by CH3CN
monomer or dimer. The cluster analog to this experiment was per-
formed in our group [23,24], in which we measured time-resolved
PE spectra of I�ðCH3CNÞn clusters subsequent to ejection of the
electron from the iodide to the surrounding solvent network. The
VDE dropped abruptly within 300–400 fs, followed by a bi-expo-
nential increase that was complete by �10 ps. Previous theoretical
work [25] found that the iodide is internally solvated, and that
photodetachment results in formation of a diffuse electron cloud
in a confined cavity. We interpreted the initial drop in VDE as a
combination of expansion of the cavity and localization of the ex-
cess electron on one or two solvent molecules. The subsequent in-
crease in VDE was attributed to a combination of the I atom leaving
the cavity and rearrangement of the acetonitrile molecules to sol-
vate the electron.

In this Letter, we use time-resolved photoelectron imaging
(TRPEI) [26] to investigate the relaxation dynamics of electroni-
cally excited ðCH3CNÞ�n isomer II clusters in the size range n = 20–
50. These experiments complement our previous work on
I�ðCH3CNÞn clusters, in the same way that our TRPEI studies on
I�ðH2OÞn and ðH2OÞ�n clusters complemented one another [27].
There is reasonably strong evidence that in CH3CN clusters, both
the iodide and excess electron are internally solvated
[20,22,25,28,29]. In contrast, small water clusters (n 6 25) favor
surface solvation for both species [30,31], while the nature of elec-
tron solvation in larger clusters is being actively investigated
[11,32,33]. Hence, the experiments presented here provide an
opportunity to investigate the dynamics of internally solvated
electrons and to compare the results to other solvent clusters
where the solvation motif is less settled. We find that the excited
state of isomer II after 790 nm excitation has a lifetime of 200–
270 fs for the size range studied here with no obvious dependence
on cluster size. The absence of size-dependence is consistent with
the assignment of isomer II as a having a valence-bound anion core
solvated by the remaining solvent molecules.
Fig. 1. (a) One-photon photoelectron spectra of ðCH3CNÞ�40 taken at hm = 1.57 eV
(red) and 3.14 eV (blue). The red spectrum is scaled up by a factor of 20. Feature A is
excited state autodetachment from isomer II and feature B is direct detachment of
isomer I. Feature C, at 3.14 eV, is from direct detachment of isomer II. BASEX
reconstructed photoelectron Newton spheres are shown at (b) hm = 1.57 eV and (c)
hm = 3.14 eV, with the intensity of image (b) scaled up by a factor of 5. See text for
details and extracted anisotropy parameters.
2. Experimental

Details of our experiment setup have been presented previously
[34]; only a brief summary will be given here. A seeded supersonic
expansion was created by passing argon gas at 35 psig over room
temperature liquid acetonitrile. The resulting gas mixture was sent
through a solenoid valve [35] pulsed at 87 Hz into the vacuum
chamber. Anion clusters were formed by secondary electron
attachment to neutral (CH3CN)n clusters [36] from a pulsed ring
ionizer attached to the valve. The resulting anions were extracted
perpendicularly into a Wiley–McLaren time-of-flight mass spec-
trometer [37] where ions of the desired mass were transmitted
by an electrostatic switch pulsed at the appropriate time. This
ion packet was interrogated by femtosecond pump and probe laser
pulses that induced electronic excitation and photodetachment,
respectively. The detached photoelectrons were accelerated by
velocity-map imaging [38] onto microchannel plates coupled to a
phosphor screen. A CCD camera converted this to a digital image
that was four-way symmetrized and inverted using the BASEX
method [39] to recover the photoelectron velocity distribution.
Photoelectron kinetic energy spectra were obtained via angular
integration. The images also yielded photoelectron angular distri-
butions (PADs) as a function of electron kinetic energy (eKE),
which, for one-photon processes, are given by [40]

Iðh; eKE; nÞ ¼ rtotal

4p
1þ bðeKE; nÞP2ðcos hÞ½ �; ð1Þ

where h is the angle between the emitted electron and the laser
polarization, n is the cluster size, rtotal is the total photodetachment
cross section, and b is the anisotropy parameter for the feature of
interest.

The pump and probe laser pulses were created by a commercial
Ti:sapphire femtosecond oscillator and amplified by chirped-pulse
multipass amplification (KM Labs Griffin oscillator/Dragon ampli-
fier), yielding pulses at a center wavelength of 790 nm (1.57 eV)
with a pulse duration of 35 fs. Some of this light was directed
through a BBO crystal to generate probe pulses at the second har-
monic wavelength, 395 nm (3.14 eV), yielding 120 lJ pulses with
minimal temporal broadening. The remaining fundamental was
attenuated to <20 lJ/pulse and used as the pump. The cross-corre-
lation time within the vacuum chamber was�70 fs FWHM as mea-
sured separately by above-threshold detachment of negative ions.

3. Results and analysis

Reconstructed single photon photoelectron images and their
associated normalized kinetic energy spectra are shown in Fig. 1
for ðCH3CNÞ�40. Kinetic energy spectra are shown in Fig. 1a for pho-
ton energies hm = 1.57 eV (red) and hm = 3.14 eV (blue). The red
curve in Fig. 1a is multiplied by a factor of 20. Fig. 1b and c show
the associated photoelectron Newton spheres for the red and blue
curves, respectively.

For photodetachment at 1.57 eV, peak B, centered at an eKE of
1.0 eV, is from direct detachment of isomer I. Peak C, seen from pho-
todetachment at 3.14 eV, is from direct detachment of isomer II;
these features yield VDE’s of 0.6 and 2.6 eV for isomers I and II,
respectively. At 3.14 eV, virtually no signal is seen from isomer I
for this cluster size. The very slow peak A is attributed to vibrational
autodetachment of isomer II excited at 1.57 eV, since this photon
energy lies well above the VDE of isomer I. While the energetics
and relative isomer intensities are consistent with the PE spectra
measured by Kaya at 3.50 eV [21], the slow autodetachment feature
was not seen previously; its observation here results from using
photoelectron imaging for detection, which is considerably more



Fig. 3. Integrated intensity for ðCH3CNÞ�39 feature D upon 1.57 eV excitation. Data
are integrated from 2.45 to 3.20 eV. The excited state reaches its maximum shortly
after t0, and decays back to its initial value with a time constant of s = 226 ± 19 fs.
Inset: depletion of feature C, normalized to the maximum of feature D, showing no
recovery out to 10 ps.
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sensitive to slow electrons than time-of-flight photoelectron
spectroscopy. The photoelectron image for feature B from isomer
I shows significant anisotropy in the PAD. We find that bB =
0.60 ± 0.07 for the outer feature. Isomer II has a more symmetric
photoelectron image, with feature C having bC = 0.35 ± 0.09.

Time-resolved photoelectron images of ðCH3CNÞ�n were re-
corded for 20 6 n 6 50, with pump and probe-photon energies of
1.57 and 3.14 eV, respectively. Representative photoelectron spec-
tra for n = 39 extracted from these images are displayed in Fig. 2,
with pump–probe delay increasing nonlinearly from back to front
and feature C scaled down by a factor of 8. These spectra show a
weak, short-lived transient between 2.4 and 3.4 eV, feature D,
attributed to excited state dynamics induced by the pump pulse.

The intensity of the excited state feature D is shown in Fig. 3,
integrated from 2.45 to 3.20 eV. The fitting procedure involves con-
voluting an exponential decay with lifetime s beginning at t0,

PðtÞ ¼
I0 t < t0;

I0 þ A1e�t=s t P t0;

�
ð2Þ

with a Gaussian instrument response function of width r (given by
FWHM = 2r

ffiffiffiffiffiffiffiffiffiffiffiffi
2 ln 2
p

), yielding [41,42]

IðtÞ ¼ I0 þ A2 1� erf
r
2s
� t � t0

r

� �� �
e

r
2sð Þ

2�t�t0
s

� �
; ð3Þ

where the A’s are scaling factors and I0 is an offset. Integration is
performed on the higher eKE side of feature D in order to minimize
contamination from isomer I, from which instrument-limited
above-threshold detachment can occur and obscure the dynamics.
The extracted decay constant for the excited state in n = 39 is
s = 226 ± 19 fs. Excited state lifetimes as a function of cluster size
are shown in Fig. 4; each point is the average of multiple experi-
ments on the same cluster size, with the error bars representing
the standard deviation of the mean, or in the case of only a single
data set, the standard error associated with the fit. The lifetime of
the excited state is relatively constant over the cluster size range,
varying from 208 to 266 fs, with no clear size-dependent trend.

Peak C, from probe-photon detachment of isomer II, exhibits a
small but rapid decrease at positive pump–probe delays, displayed
in the inset of Fig. 3, showing that the probe pulse depletes the
ground state population of isomer II. It is unclear if there is any
Fig. 2. Time-resolved photoelectron spectra displayed as a waterfall plot for
ðCH3CNÞ�39 with hmpump = 1.57 eV and hmprobe = 3.14 eV, with pump–probe delay
increasing from front to back. The time-dependent feature D occurs at the zero of
pump–probe delay, in the energy range 2.45–3.20 eV. Feature C is scaled down by a
factor of 8.

Fig. 4. Isomer II excited state lifetime as a function of cluster size. All timescales
reported lie between 200 and 270 fs.
recovery of the ground state population for larger cluster sizes;
recovery has been observed for n P 40, but the signal is not repro-
ducible in every experiment, most likely reflecting the difficulty in
accurately measuring a small pump-induced depletion signal
(�2%, see inset of Fig. 3) on top of a large background.
4. Discussion

The one-photon photoelectron kinetic energy spectra in Fig. 1
and the time-resolved photoelectron spectra can be interpreted
with reference to Fig. 5, which shows the vertical detachment energy
for isomer II of ðCH3CNÞ�40. Isomer I is not shown on this diagram, be-
cause its energetics relative to isomer II are unknown. While the dif-
ference in the VDE’s between the two isomers is known, vertical
detachment accesses rather different neutral species in each case;
the two bent CH3CN molecules comprising the dimer anion core in
isomer II represent a particularly high energy configuration for the
neutral cluster, for example. The photoelectron spectrum associated
with isomer II (peak C, Fig. 1) is superimposed on this diagram, and



Fig. 5. Energetics for electronic states of isomer II in ðCH3CNÞ�40, with photoelectron
spectrum from Fig. 1 at 3.14 eV superimposed. State II* is formed by excitation at
1.57 eV. Autodetachment from this state is energetically allowed.
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as such it represents the spectrum of electron binding energies
given by hm-eKE. Note that this spectrum extends down to 1.57 eV,
the photon energy used to generate the red spectrum in Fig. 1. Hence,
an excited state of isomer II produced at this photon energy will have
sufficient energy to undergo autodetachment, producing the very
slow electrons (peak A) in Fig. 1.

The one-photon images in Fig. 1b and c provide additional in-
sight into the nature of the excess electron in isomers I and II of
ðCH3CNÞ�n clusters. The PAD’s associated with detachment from
the two isomers are distinctly different, with peak B from isomer
I showing more anisotropy than peak C from isomer II
(bC = 0.60 ± 0.07 vs. 0.35 ± 0.09). The PAD is sensitive to the shape
of the orbital from which detachment occurs [43], so our results
are consistent with quite different electronic wavefunctions for
the excess electron in the two isomers. Moreover, the more posi-
tive value of b for isomer I suggests more s-like character for the
excess electron than in isomer II, which is again consistent with
the notion that the excess electron in isomer I resides in a solvent
cavity as opposed to a more structured p* orbital expected for
localization on a CH3CN dimer unit [20]. Hence, the PAD’s offer
some support for previous assignments of the two isomers.

We next consider the interpretation of the transient feature D in
our experiments. The pump laser wavelength of 790 nm is on the
red edge of the electronic absorption band of electrons in liquid
acetonitrile localized on solvent dimers [17,19]. Since this dimer-
localized motif is calculated to lie at the core of isomer II cluster
anions [22], it is reasonable to assign feature D to pump–probe sig-
nal via the isomer II excited state, labeled II* in Fig. 5, and its decay
to the lifetime of this excited state. Several specific observations
from our results support this interpretation. First, the observation
of autodetachment (Fig. 1) implies that the 790 nm pump pulse
overlaps an electronic transition of ðCH3CNÞ�40. Secondly, while
the measured lifetime of feature D is quite short, �200 fs over
the size range considered here, it is significantly longer than the
temporal width of the laser pulses (�70 fs). This measurement
therefore rules out feature D originating from, for example, two-
color above-threshold detachment of isomer I or isomer II, since
either process would result in symmetric transients persisting only
during the cross-correlation of the pump and probe laser pulses. Fi-
nally, the pump-induced depletion of peak C, the isomer II ground
state feature, for all clusters shows that the pump pulse is exciting
isomer II. This result also confirms the proposed association of the
bulk 500 nm electronic transition with isomer II [21].

The excited state lifetimes for n = 20–50 shown in Fig. 4 all lie
between 200 and 270 fs and show no obvious size-dependence.
This result differs from the excited state lifetimes in comparably-
sized water cluster anions [13] which, for example, drop from
400 fs for ðD2OÞ�25 to 200 fs for ðD2OÞ�50. Such a result is consistent
with the attribution of isomer II clusters built around a valence-
bound ðCH3CNÞ�2 dimer core, whose properties are relatively insen-
sitive to solvent molecules beyond those in direct contact with this
moiety. The calculations by Takayanagi et al. [22] find that in iso-
mer II of ðCH3CNÞ�8 , there are three solvent molecules bound to
each N atom of the dimer anion core, and eight molecules on each
core N atom for ðCH3CNÞ�10. The first solvent shell would continue
to build in this manner until it is closed, encapsulating the dimer
anion. Over the size range studied here, it is reasonable to assume
that the number of strong binding sites on the dimer core is
saturated.

While our experiments yield excited state lifetimes, the relaxa-
tion pathway for the cluster excited state is less clear. In water
cluster anions, the time-constants for excited state decay and
ground state recovery were nearly the same over a wide cluster
size range [13,42], indicating that the excited state decayed by
internal conversion to the ground state. The situation is more com-
plicated for acetonitrile, given that no recovery of the ground state
feature C is seen for cluster sizes below n = 40. While there are
hints of recovery for larger clusters, we have not been able to ob-
serve this reliably. We also searched for recovery in the energy re-
gion where probe-induced detachment from isomer I would occur,
around 2.4–2.5 eV, with the idea that isomer I might be formed as
an intermediate decay product from the excited state II*, but no
evidence for this was seen, either. It is possible that excited state
autodetachment is the primary decay channel for state II*. This
channel is open, as evidenced by peak A, and autodetachment
was observed to compete with internal conversion for excited
ðH2OÞ�n clusters with n < 25, although the autodetachment yield
never exceeded 25% [42]. Future studies on larger clusters than
those reported here at wavelengths closer to the bulk absorption
band at 500 nm may provide additional insights into the excited
state decay channels.

The results presented here show that the excited state decay
dynamics in ðCH3CNÞ�n clusters are quite different from those in
water and methanol cluster anions [27], showing a much weaker
and possibly non-existent size-dependence in the n = 20–50 size
regime. It will be of considerable interest to see if these lifetimes
carry over into electrons in liquid acetonitrile, and we hope our re-
sults will stimulate such investigations in other laboratories.
5. Conclusions

Time-resolved photoelectron imaging was used to investigate
excited state dynamics in acetonitrile cluster anions ðCH3CNÞ�n over
the size range 20 6 n 6 50. These experiments were performed
using femtosecond pump and probe laser pulses at 790 and
395 nm, respectively, in which the pump pulse electronically ex-
cited the clusters and the probe pulse photodetached them. In this
cluster size regime, isomer II cluster anions, in which the excess
electron is valence-bound to a solvated dimer anion core, are the
dominant species. We observed pump–probe signal yielding ex-
cited state lifetimes of isomer II clusters with decay times varying
between 208 fs and 266 fs with no obvious size-dependent trend.
Depletion of the ground state population was observed for all clus-
ters, which signifies that the visible absorption band in the bulk is
associated with isomer II, as proposed in the literature. The
absence of a clear size-dependence, in contrast to earlier work on
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water and methanol cluster anions, is consistent with a highly
localized excess electron that is only weakly perturbed by solvent
molecules beyond the first solvation shell.
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