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The present account describes our efforts to understand the microscopic aspects of condense phase phenomena,
such as ion solvation in molecular liquids and charge carrier localization in molecular solids, by viewing finite-size mo-
lecular clusters as their embryonic forms. In this effort, we efficiently prepared supersonically cooled, isolated molecular
cluster anions with up to more than 100 constituent molecules and size-selectively investigated their electronic structures
using anion photoelectron spectroscopy. Large anionic clusters of two different types of organic molecule; acetonitrile
and naphthalene reported as examples of the noteworthy results obtained in our studies. In these two systems, we found
that energetically close anionic isomers coexist over a broad range in size, and their contribution in the photoelectron
spectra could be separated using anion beam hole-burning technique. A detailed inspection into the electronic states
and size-dependent energetics of each isomer has enabled us to establish a link from the large finite cluster to the infinite

bulk system.

Molecular clusters are finite aggregates consisting of 2—
10* molecules and have been regarded as an excellent model
system to use for gaining profound insights into weak nonco-
valent interactions, which play a predominant role in determin-
ing the structures and properties of molecular assemblies in
chemistry, biology, and soft-material science. In molecular
clusters, most of the properties originate from weakly perturb-
ed, easily recognized, and well-defined units. Additionally, the
finite number of molecules in the gas phase under collision-
free conditions makes a theoretical treatment much easier than
that of bulk liquids and solids. Over the last two decades,
therefore, intensive experimental and theoretical studies on
molecular clusters have been performed, and a large number
of review articles on the spectroscopic study of molecular clus-
ters have been published in last twenty years.!=22

A main subject of research on molecular clusters is to ex-
plore the gradual evolution of the structural, electronic, ther-
modynamic, and chemical properties from molecular to con-
densed matter systems in a step-by-step manner, since the
number of molecules making up the cluster (i.e., cluster size
or n) can be varied successively. In addition, the macroscopic
asymptotes (n — 00) can be obtained by extrapolating the
experimental data for the clusters up to very large 7.5 In order
to fully take advantage of this potentiality of the cluster ap-
proach, size-selective investigations on a broad size range of
molecular clusters has been deemed imperative.

Heretofore, various types of laser-based spectroscopic meth-
ods with size-selectivity have been developed and mainly
applied for molecular clusters with less than 10 molecules.
Nowadays, size-selective spectroscopy of clusters containing
10-1000 molecules is a fascinating and challenging area in
the field of molecular clusters, because such studies are expect-
ed to provide a significant contribution to probe the “real”
transition of the properties of matter from molecular to macro-
scopic extremes (i.e., molecular liquids and solids). Some pre-
vious studies have already addressed this subject. Representa-
tive examples are the spectroscopic works conducted around
1990: the electronic spectroscopy of (benzene), (n < 60)>32*
and (H,0),~ (n = 6-50),% and the photoelectron spectrosco-
py of (H,0),~ (n =2-69),2627 (NH3),~ (n = 41-1100),>7-?8
X~ (H,0), (n = 1-60),>** and X~ (CH3CN), (n = 1-55; X =
Cl, Br, and I).3! In recent years, many beautiful experimental
results have been reported for large hydrated clusters, such
as SO42~-(H,0), (n = 4-40),2 H*(H,0), (n < 27),>*3 and
(H,0),,~ (n < 200),° using the coupling of the state-of-
the-art molecular beam sources and optical methods with mass
spectrometry. It is further noted that, while no size-selection
has been implemented, infrared predissociation spectroscopy
of giant water clusters (average sizes; (n) = 20-1960) has
been recently reported by Buck and co-workers.*

As just mentioned above, the spectroscopic studies on large-
size clusters of small o-type molecules, like water, has made
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significant progress, but those of 77-conjugated organic mole-
cules, such as polycyclic aromatic hydrocarbons (PAHs), re-
main almost completely undeveloped to date. There are some
reasons for this restriction. First, most of these molecules are
solid at room temperature, have a relatively high melting tem-
perature and are non-volatile. Thus, it is generally difficult to
produce sufficient amounts of their large clusters to implement
size-selective spectroscopic investigations. Indeed, almost all
previous experimental studies of PAH clusters*'* have been
limited to the size range of n < 10. Second, due to the signifi-
cant improvements in ab initio and density functional theory
(DFT) algorithms and rapid progress in computational capabil-
ity, acceptably accurate theoretical calculations have become
available even for larger aggregation systems. However, real-
ization of this is still extremely difficult at present even for the
relatively small aggregates of PAHs, because a large number
of constituent carbon atoms in the clusters inevitably result
in a large basis set number and the importance of many-body
effects and electron correlation require very accurate and cost-
ly molecular orbital calculations. In this context, we recently
succeeded in producing large amounts of cluster anions of
many 7-conjugated organic molecules, such as benzene,*04
oligoacenes,*® oligothiophenes,* and oligophenylenes®® as
well as small organic molecules like and acetonitrile®' by us-
ing an Even—Lavie valve? capable of providing very cold mo-
lecular beam conditions. Furthermore, we examined their elec-
tronic structures with anion photoelectron spectroscopy in a
size-selective fashion.**>! As discussed later, the improved
knowledge about electronic structures of large charged clusters
of m-conjugated organic molecules can be extended to gain in-
sight into charge localization, charge transfer, and polarization
phenomena in organic molecular crystals.

In this account, we would like to present our efforts to pro-
duce large amounts of molecular cluster anions and the appli-
cation of anion photoelectron spectroscopy to the study of their
electronic structures. A number of molecular systems (more
than 20 compounds) have hitherto been studied in our work,
but this account will focus on some of the most important re-
sults among those studies. The organization of this account is
as follows. In Section 1, we will start with a description of the
production method of “large” molecular clusters and their
anions, including some experimental results obtained in our
study. We will also give a description of anion photoelectron
spectroscopy as well as anion beam hole-burning photoelec-
tron spectroscopy. In Section 2, we will present a synopsis
of novel experimental findings in large anionic clusters of ace-
tonitrile and naphthalene. Finally, Section 3 is a summary and
a discussion of future perspectives.

1. Experimental Methodology

1.1 Production of Large Molecular Cluster Anions. Mo-
lecular clusters are usually produced by using supersonic jet
expansion into a high vacuum through continuous nozzles or
pulsed valves at ambient or elevated temperatures, which is
now a very familiar method.’3* Therefore, only the salient
points pertaining to the production of “large” molecular clus-
ters are explained here. By means of supersonic expansion of a
mixture of molecules diluted in a carrier gas (typically a noble
gas), both efficient cooling and formation of molecular clusters
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were easily achieved in the gas phase. As is well known, there
are some important factors in the production of large molecu-
lar clusters, e.g., the partial pressure of the seed molecules
(Pseed), the total pressure of the supersonic expansion (Pya),
the seed ratio (Rgeed = Pseed/Protal)> and the shape of nozzle.
To increase the total number of collisions between seed mole-
cules during expansion, it is necessary to obtain a reasonable
Pgeeq by heating both the sample reservoir and the valve. Con-
currently, a higher Py, is needed to sufficiently remove the
condensation energy generated in the clustering process. Since
neat expansions (i.e., Rseq = 1) tend to produce metastable
clusters via evaporative cooling and produce a wide energy
distribution, they are commonly not preferred to produce cold
stable clusters. Hence, the efficient production of internally
cold, large molecular clusters necessitates the supersonic ex-
pansion at high Ry and with higher Pgeq and Pioy-

Even and co-workers®> have developed a new high-pres-
sure, high-temperature, ultra-short-pulsed valve (Even-Lavie
valve), and successfully produced ultracold aromatic mole-
cules with the rotational temperature below 1K. They have
produced He-solvated clusters using this valve.’>>> High oper-
ating pressure (up to 120 bar) and temperature (up to 250 °C)
of the Even-Lavie valve make it possible to produce cold
molecular beams under adiabatic expansion conditions with
a high Pgeeq and Py for a wide variety of molecular systems.
It is, thus, very well suited to produce internally cold, large
molecular clusters, and we have incorporated this valve with
electron attachment sources in order to produce very large mo-
lecular cluster anions, as mentioned below.

Determination of the size distribution of clusters is generally
implemented by ionization combined with mass spectrometry.
In the case of experiments on size-selected cluster ions, ioniza-
tion process is included in a part of production.!"*!? In the pro-
duction of cluster anions, a method of electron attachment
early in the supersonic expansion is widely used,>! because
cluster growth, reorganization, and cooling after electron at-
tachment can be promoted by multiple collisions in the high-
density zone of the expanding jet. As depicted in Fig. 1, we
employed two anion production methods:*® (a) injection of
slow photoelectrons (kinetic energy: ~0.3 eV), produced by ir-
radiating the surface of a Y,03 disk with the second harmonics
of a Nd**:YAG laser, and (b) high-energy electron impact ion-
ization method (typically 300eV, ~5mA), where the forma-
tion of cluster anions results from attachment of slow secon-
dary electrons (kinetic energy: <1eV) generated by ionization
of the carrier gas. In both methods, electrons were injected into
the dense area of the supersonic expansion with the distance
(z) between ionization region and nozzle orifice variable from
1 to 50 mm. The cold cluster anions, thus formed, were skim-
med into an ion packet, extracted coaxially with a pulsed elec-
tric field (—3.0——5.0keV) and detected 2.2m downstream
with an in-line Wiley—McLaren time-of-flight mass spectrom-
eter (TOF-MS) with a mass resolution (M/AM) ca. 150.

The results of mass spectrometry for so-formed cluster
anions are presented as follows. One example is the first suc-
cessful production of neat benzene cluster anions, (benzene),~
in the gas phase.*>*’ Benzene clusters are the simplest proto-
type aromatic molecules for understanding the fundamental as-
pects of 7—7r interactions. An extensive amount of work has
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Fig. 1.

Two anion production methods employed in this work: (a) injection of slow photoelectrons produced by irradiating the sec-

ond harmonics of an Nd**:YAG laser onto a Y,0; disk surface, and (b) high-energy electron impact ionization method where the
formation of cluster anions results from attachment of slow secondary electrons generated by inelastic collision with the helium

carrier gas.

hitherto been devoted to the spectroscopy and structure of neu-
tral and cationic clusters of benzene;’#2257-70 however, there
has been, to the best of our knowledge, no report on anionic
clusters of benzene. As is well known, a benzene molecule
has a negative electron affinity (EA); for example, vertical
EA = —1.12eV has been reported by electron transmission
spectroscopy.’! The formation of the valence anion of a ben-
zene molecule is thus unfavorable in the gas phase. In contrast,
a benzene molecular anion can be stably formed in the con-
densed phases by the solvent-induced stabilization,’>7® which
leads to the following simple question: “How many benzene
molecules are needed to bind an excess electron?” An answer
for this question is given in Fig. 2, which shows the TOF mass
spectrum of benzene cluster anions obtained by injecting low-
energy electrons (*0.3eV) in benzene vapor at He stagnation
pressure of 70 bar. A very large onset of n = 53 (see inset of
Fig. 2) was observed together with a sharp rising part (n = 53—
63) and a roughly exponential intensity fall-off with increasing
cluster size (n g 75). This indicates that the series of the mass
distributions is attributed to homogeneous benzene cluster
anions, for the following three reasons. 1) Since cluster anions
of yittrium monoxide benzene, YO~ -(benzene), (m = 0-
60), were simultaneously observed as well, these impurity
cluster anions can play an important role in the precise mass
assignment, as shown in Fig. 1. Although there is some uncer-
tainty due to low mass resolution, the mass assignment is con-
sistent with the formation of benzene cluster anions within the
order of £1.5 amu. 2) When a disk of zirconium (Zr) was used
as the low-energy electron source with the 4th harmonic of
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Fig. 2. TOF mass spectrum of (benzene),” (n = 53-180)

obtained by electron attachment of slow photoelectrons
(see Fig. 1a). The inset shows the expanded view of
threshold size (n = 53) of (benzene),™ clusters with the
peaks (%) of yittrium monoxide benzene, YO~ -
(benzene),,.

Nd**:YAG (4.66¢eV), the same spectrum was obtained. This
evidently indicates that no impurities coming from the Y,03
disk contribute to the series of the mass peaks in question.
3) This is decisively confirmed by the results of photoelec-
tron measurements. The vertical detachment energies (VDEs)
of (benzene)s;_1p4~ are 0.4-0.6eV, while those of YO -
(benzene),, (even at small m) are more than 1.0eV. Further-
more, a possibility of a proton-loss product, phenyl radical



M. Mitsui et al.

—
L
L
I
w
=]

2
c
3
£
L2
=
w
[ =
2z
fo
T L)
5000 10000 15000 20000
Mass Number (m/z)
(b) 150

Intensity (arb. units)

5000 10000 20000

(

O
—

Intensity (arb. units)

T

1 T I T 1
5000 10000 15000 20000 25000

Mass Number (m/z)

Fig. 3. TOF mass spectra of (a) 2,2-bithiophene, (b) naph-
thalene, and (c) anthracene cluster anions, obtained by
high-energy electron impact ionization (see Fig. 1b).

anion (C¢Hs°*™) solvated by benzene molecules, can be exclud-
ed as well, because EA of C¢Hs*~ is known to be ~1.1eV,”’
which is much larger than the VDEs of (benzene)ss 124~
The threshold size (ny,) for continuous formation of abun-
dant series of benzene cluster anions (ng = 53) is much larger
than those of other anionic cluster systems, e.g., (pyridine),
(nn = 4),7%7 (H0),~ (ng = 11),'"3% (CH;CN),, ™ (i, =
13),8! and (NH3),~ (ng = 35).83%%3 The very large ny, of
(benzene),,~ suggests a crucial importance of many-body po-
larization effects beyond the first solvation layer to fully stabi-
lize excess electrons in benzene aggregates. However, it
should be noted that the threshold size observed experimental-
ly often strongly depends on the formation method of the clus-
ter anions. In the electron attachment process, in general, a
considerable amount of excess energy is imparted to the clus-
ters, and this energy may be rapidly dissipated into the dense
manifold of intermolecular, vibrationally excited states of a
cluster, causing reorganization, evaporative cooling, and/or
fragmentation of the cluster during the expansion. In addition,
these processes might produce metastable anionic species sur-
viving until the detection where their neutral forms have a neg-
ative adiabatic EA. Indeed, by using the high-energy electron
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Fig. 4. Scheme of the photodetachment transition in anion
photoelectron spectroscopy. The right side, the corre-
sponding photoelectron spectrum are displayed. Notice
that the 0-0 transition represents EA, or ADE.

impact method, smaller benzene cluster anions with n < 53 are
produced together with the larger (benzene), 53~ clusters,*%47
suggesting the occurrence of such phenomena.

Figure 3 shows the mass spectra of cluster anions measured
for three aromatic compounds, that is, 2,2-bithiophene (2T),*
naphthalene (Nph), and anthracene (Ac), which are solid at
room temperature and have different melting points (2T:
33°C, Nph: 81°C, Ac: 216°C). The cluster anions were
formed by expanding sample vapor seeded in 30-100 bar
He-carrier gas into a vacuum chamber and subsequent high-
energy electron impact ionization. In the case of 2T, continu-
ous formation of 2T cluster anions, (2T),,~ from n =1 to 150
was clearly observed in the mass spectrum (Fig. 3a). In our
TOF-MS measurement, the detectable mass was limited to
<25000u (i.e., (2T),~ with n < 150) due to lower velocities
of larger cluster anions and limited sensitivity of ion detector.
In the photoelectron measurement, however, a weak photo-
electron signal was detected up to n ~ 500, suggesting the for-
mation of (2T),~ clusters with value of n of 500 (ca. 80000 u).
For both Nph and Ac systems, the cluster anions over n = 100
can be also efficiently produced, as shown in Figs. 3b and 3c,
which are much larger than the cluster anions formed in the
past studies.*+%*

1.2 Anion Photoelectron Spectroscopy. Photoelectron
spectroscopy of anions is conducted by crossing a mass select-
ed beam of anions with a fixed-wavelength laser light (hv) and
measures the kinetic energy (Ey) of the resultant photodetach-
ed electrons. Figure 4 illustrates the principle of anion photo-
electron spectroscopy, based on photodetachment from an
anion ground state to a neutral one. Like conventional photo-
electron spectroscopy, it is a direct approach to measure the
electron binding energy (EBE), since it relies on the energy
conserving relationship #v = EBE + Ex. The outstanding vir-
tues of anion photoelectron spectroscopy are its capability
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1) to allow mass selection prior to photodetachment, which is
extremely difficult in conventional photoelectron spectroscopy
via cation < neutral transitions, 2) to measure directly the
electron affinities of isolated molecules'>#-% and their clus-
ters with a high precision, and 3) to probe the excited states
of neutral molecules.!>83-%° In particular, the “dark” optically
forbidden electronic states (e.g., excited triplet states) of neu-
tral molecules are accessible via a one-electron photodetach-
ment transition from the corresponding anion ground state.

Figure 5 illustrates a schematic diagram of our anion photo-
electron spectroscopy apparatus°®®' which consists of three
parts: a cluster anion source, an in-line Wiley—McLaren
TOF-MS (M/AM = 200), and a magnetic-bottle-type electron
energy analyzer.”? On the left side, the anion source containing
a pulsed Even-Lavie valve and electron gun (or Y,03 disk) is
displayed, the details of which have been already mentioned
above. The cluster anions formed in the source chamber con-
tinue through a skimmer to the ion flight tube for the linear
TOF-MS, where a pulsed electric field directs the cluster
anions toward a magnetic bottle photoelectron spectrometer.
TOF mass spectrum of the cluster anions was measured at
two different positions depending on the experimental aims.
To obtain a higher quality mass spectrum, we used the up-
and-down movable micro channel plate detector (MCP1) put
in front of the magnetic bottle TOF spectrometer (thus avoid-
ing the loss of ions due to a magnetic field). On the other hand,
when we performed the mass-selected photoelectron spectros-
copy measurements, we used another MCP detector (labeled as
MCP2) located at the back of the magnetic bottle photoelec-
tron spectrometer.

When the target anions reach the magnetic bottle, they are
photodetached with 1064 nm (1.165eV), 532nm (2.331¢eV),
or 355nm (3.496eV) of a Nd**:YAG laser. In the measure-
ments for cluster anions with the mass less than 4000 u, the
anions accelerated by a pulsed electric field of —1.5keV were
decelerated to minimize the degradation in energy-resolution

arising from a Doppler effect that causes the energy of the de-
tached electron to spread. The resultant energy resolution was
about 50meV for 1eV photodetached electrons. Meanwhile,
the larger cluster anions with >4000u have relatively lower
velocities, irrespective of high acceleration voltage (Ej) of
~4keV, and the Doppler broadening® has been, for example,
estimated to be ca. 90 meV at E; = 1eV for 4000 u or ca. 40
meV at Ey = 1eV for 25000u (at E; = 4keV). These values
are similar to our instrumental resolution (i.e. ca. 50 meV at
Eyx = 1eV) attained by ion deceleration. Indeed, the photoelec-
tron spectral feature for the large mass anions (>4000u) did
not changed by varying the acceleration voltage from —1.5
to —5keV. Hence, the photoelectron spectra for the large clus-
ter anions were measured without ion deceleration. The de-
tachment laser fluence was kept below 10mJcm™2 per pulse
during the entire measurement so as to avoid possible multi-
photon processes. Under these conditions, photoelectron spec-
tra having relatively high signal-to-noise ratios are usually ob-
tained over the range of n = 1-100 by the accumulation of
2000-30000 laser shots at 10 Hz repetition rate. The photo-
electron spectrometer was calibrated with the 1Sy — 28, )
and 'Sy — 2Ds), transitions of the gold atomic anion, Au~.>*

1.3 Anion Beam Hole-Burning Experiment. Even with
size selection, there is often more than one species (i.e. iso-
mers) contributing to the signal at a given size, requiring addi-
tional dissection of the observed photoelectron spectra. In most
cases, isomers have different electron binding energies one an-
other, so that they are often observed as plural distinct bands
in the photoelectron spectrum. In this case, one can employ
an anion beam hole-burning technique so as to verify whether
the observed bands originate from different anionic isomers or
not. First application of this technique has been reported by
Tsukuda et al.%> for (CO»)s~, showing that the (CO,)s~ cluster
fluctuates between two isomeric forms of CO,™-(CO;)5 and
C,047-(CO,)s. More recently, Akin and Jarrold®® have ap-
plied this method for Alz;O3~, where two structural isomers:
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Fig. 6. Experimental setup of anion beam hole-burning photoelectron spectroscopy. As exemplified in the inset, if EBE of isomer I
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ment, the lower EBE “isomer I” can be selectively photodetached by using the HB laser (hv). After the photodetachment by the
HB laser, the remaining anions enter the magnetic bottle spectrometer, where the “Hole-burnt” photoelectron spectrum is mea-
sured by intersecting the photodetachment laser (hv,). The two laser pulses were temporally separated from each other by ~25 us.

the kite-shaped isomer coexists with the bent rectangle isomer
having a higher electron affinity.

The experimental scheme for anion beam hole-burning is il-
lustrated in Fig. 6. As shown in the inset of Fig. 6, if EBE of
isomer I is much lower than that of isomer II and if no trans-
formation between two isomers takes place on the timescale of
the measurement, the lower EBE “isomer I” can be selectively
photodetached by using a first laser (hereafter denoted as the
HB laser) in the first interaction region. The photodetachment
of a fraction of the isomer I in the ion beam by the HB laser
pulse is ensured by monitoring the resultant fast-neutral clus-
ters. After the photodetachment by the HB laser, the remaining
anions and fast-neutral clusters entered the magnetic bottle
spectrometer, where the photoelectron spectrum is measured
by intersecting the second photodetachment laser pulse. The
two laser pulses were temporally separated from each other
by &25 ps. In order to cause the first photodetachment to be
efficient, strong HB laser pulses (1064 nm, up to several hun-
dreds mJpulse™!, 10mm diameter) were delivered from a
Nd3+:YAG laser, while the <10 mJ pulse’l, 3 mm diameter,
second (532 nm) or third harmonic (355 nm) output of another
Nd**:YAG laser was used in the photoelectron measurements.
As will be presented in later sections, the anion beam hole-
burning experiment was carried out in our study to confirm
that the two distinct bands observed in the photoelectron spec-
tra originate from two distinct anionic species.

2. A Link of Electronic Structure from Cluster to Bulk

2.1 Electron Localization in Neat Acetonitrile Systems:
Coexistence of Solvated Electron and Covalent Dimer
Anion.>!  2.1.1 Research Background: Electron localiza-
tion in molecular liquids has attracted widespread interest

largely because of its fundamental importance in physics and
chemistry. In general, two different localized forms of elec-
trons are known for molecular liquids. One is a solvated elec-
tron (e~ ) of which the excess electron is cooperatively trapped
in a cavity formed by several solvent molecules. The other is a
solvent-bound valence anion, of which the extra electron is
fully localized on one (or two) solvent molecule(s), i.e., mono-
mer (or dimer) radical anion. e;~ is well known to be exclu-
sively formed in a wide variety of molecular liquids, for in-
stance, water,”’ ammonia,®® and alcohols.”® On the other hand,
valence anions can be produced permanently or temporarily in
many organic liquids. Although equilibria of e;~ with solute
anions in nonpolar liquids have been known for a long time,'%
cases of neat liquids, in which e;~ and solvent valence anion
stably coexist, are quite rare.

Acetonitrile (CH3CN) has a large dipole moment (~4 D)
and a negative vertical EA (—2.84eV) in the gas phase,'"!
and liquid CH3CN is well recognized as one of the most rep-
resentative polar solvents. In very early studies,'? it was con-
sidered that solvated electrons are produced in liquid CH3CN,
like water. In 1977, however, Bell et al.'9 suggested that the
formation of two kinds of valence anions in neat liquid aceto-
nitrile: one absorbing in the IR region at 1-2 um and the other
in the visible at 400-800 nm. They assigned the former and the
latter species to be the monomer and covalent dimer anions
of CH3CN, respectively. Recently, this view has been revised
by two research groups. Shkrob and Sauer'®* have conducted
a definitive study on excess electron localization in liquid
CH;CN using pulse radiolysis-transient absorption and time-
resolved photoconductivity methods. A second group, led by
Xia et al.,'% has also studied this system using femtosecond
pump—probe spectroscopy. Although different techniques have



1064 Bull. Chem. Soc. Jpn. Vol. 80, No. 6 (2007)

() N | SSEEE— E— .

(CH,CN),

Intensity (arb. units)

T - T T T
1000 2000 3000 4000
Mass Number (m/z)

—
(=2
—

|

1

4

Intensity (arb. units)

x40

T T T T B 5
5000 6000 7000 8000 9000
Mass Number (m/z)

Fig. 7. TOF mass spectra of acetonitrile cluster anions,
(CH3CN),~, with (a) n =7, 10-110 and (b) n > 110
produced by high-energy electron impact ionization (see
Fig. 1b).

been used by both groups, each has reached the same conclu-
sion, namely, the IR absorbing-species is e;~ and the visible-
absorbing species is the covalent dimer anion of CH3CN.

In the gas phase, acetonitrile cluster anions, (CH3;CN),~,
have been also studied by many researchers.’®81-106.107 The
first experimental study of the (CH3CN),™ clusters has been
reported by Kondow and co-workers,?' who found the con-
tinuous formation of (CH3;CN),~ with n > 13 by means of
collisional electron transfer from high-Rydberg krypton atoms
to neutral clusters. As for small clusters, only the odd num-
bered species (n =3, 5, and 7) have been produced by the
Desfrangois and Schermann group using the Rydberg electron
transfer (RET) method.!%%197 The peaked Rydberg quantum
number dependences of relative formation rate constants for
n = 3 and 5 demonstrate their dipole-bound characters, though
the heptamer anion (n = 7) is not a pure dipole-bound spe-
cies.'%7 To our knowledge, however, the excess electron states
of the larger (CH3CN),~ clusters have not yet been experi-
mentally elucidated. Currently, it is therefore not clear how
the excess electrons states in finite CH3CN systems evolve into
the two different bulk anionic forms, i.e., e,~ and covalent di-
mer anion. Elucidation of this point should provide a rationale
for the unusual coexistence of e;~ and valence anion in liquid
CH;CN.

2.1.2 Mass Spectrum of (CH3CN),~: Figure 7a shows
the mass region of 50-4700u of a typical mass spectrum of
(CH3CN),~ generated by the electron impact ionization meth-
od. The cluster size distribution, in particular in the small clus-
ter size region, is somewhat different from that from the RET
method.® In our experimental conditions, an abrupt increase in
ion intensity was always observed from n = 10, together with
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Fig. 8. Photoelectron spectra of (CH3CN),,~ (n = 10-100)
measured at 355nm (3.496eV) without deceleration of
parent ions, together with the spectra of n = 10-12 taken
at 532 nm (2.331 eV) with deceleration of parent ions. The
two anionic isomers are labeled as I and II.

very weak signals for n = 2-9 (note that n =7 is the most
abundant size formed), of which their appearances were ex-
tremely sensitive to source conditions. Hence, the anions with
n = 2-9 (except for n = 7) may be kinetically stable anionic
species, which are presumably produced by evaporative cool-
ing and/or fragmentation of larger clusters during the expan-
sion. The clear onset at n = 10 of the abundant series most
likely suggests the emergence of a new anionic state in the
larger cluster anions. As shown in Fig. 7b, the efficient produc-
tion of very large (CH3CN), ™ clusters over n = 200 was also
observed under intense expansion conditions of 50-100 bar
He-carrier gas.

2.1.3 Photoelectron Spectra of (CH3CN),~ (n = 10-100):
Figure 8 shows photoelectron spectra of (CH3CN),~ with
n = 10-100 taken using a photodetachment laser at 355 nm,
together with the spectra of n = 10-12 taken at 532 nm with
deceleration of the parent ions. In the 532 nm photodetachment
spectra of n = 10, a strong narrow peak was observed around
0.43 eV, following a much weaker peak at ~0.8 eV, which was
not resolved in the lower energy-resolution spectra at 355 nm.
Since the energy spacing between these two peaks was very
close to the energy of C—H stretching vibrations, we tentatively
assigned the two peaks to the origin-containing peak and to
the excitation of C—H stretching modes. A similar assignment
was also made with respect to the spectra of n = 11 and 12. As
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illustrated in Fig. 8, we hereafter denote the two peaks as
“band 1.”

A noticeable change was found in the spectra as the cluster
size increased. For n = 10, only band I was observed. Interest-
ingly, for n = 11, another very weak band (denoted by “II”)
appeared at much higher energy (2.4 eV). The relative peak
intensities between bands I and II were completely reversed
for n = 13, and the peak intensity of band II increased prefer-
entially with n. However, band I did not completely disappear
in the larger clusters, and band I barely was observed even
to n > 100. The relative intensities of band I to band II did
not change markedly on moving to n Z 30. The values of
VDE—the energy required to remove the excess electron ver-
tically—of band I shifted gradually with increasing cluster
size, as did those of band II. Another remarkable feature
is the large difference in electron binding energy between
bands I and II. The coexistence of two different anionic iso-
mers has been reported for several cluster anions, such as
(uracil)~Xe,!%® (pyridine);~,”®”® and (HF);~,'%° in which the
differences between VDEs of the isomers have been reported
to be ~0.2eV. For the (CH3CN),~ clusters, however, the dif-
ferences between VDEs of bands I and II (~*1.8eV atn = 11—
100) are much larger than in these species. These results illus-
trate the following three points: (1) two different types of
anionic isomers coexist in (CH3CN),,~ with n > 11 and their
relative abundances switch drastically in the very narrow size
region of n = 10-13, (2) a large activation barrier seemingly
exists between the two anion states, and (3) the nuclear rear-
rangement from the corresponding neutral cluster is much
more significant in the anion state of band II than that of
band L.

2.1.4 Experimental Evidence for Isomers: To verify the
above-mentioned three facts experimentally, we employed
the anion beam hole-burning technique that was described
in the Section 1.3. Band I (e.g., VDE of n =12 is 0.53eV)
was so widely separated from band II (e.g. VDE of n =12
is 2.38eV), that the anions yielding band I were selectively
photodetached by a 1.165eV (1064 nm) HB laser pulse. After
the photodetachment, they entered the magnetic bottle, and the
photoelectron spectrum was measured at 355nm. Figure 9
shows typical results of photoelectron spectra for n = 12 and
13 with and without the HB laser (1064 nm). Complete loss
of band I was observed for all of the cluster anions examined
here (n = 11-30), which confirms that bands I and II originate
from different anionic isomers. Besides, it indicates no trans-
formation between two anion isomers, which is probably due
to the large activation barrier between these two anionic states
as well as low internal temperatures of the produced cluster
anions, prohibiting solvent rearrangements.

2.1.5 Electronic States of the Coexisting Two Isomers:
Figure 10 shows the photoelectron spectra of n = 13 measured
at different laser fluence under the same ion source condi-
tion. For clarity, they are normalized to the peak intensity of
band II. At a high laser fluence (100 mJ pulse~! cm~2), the
intensity of band I increased nearly 2-fold, compared to that
of the spectrum recorded at much lower laser fluence
(5mJ pulse™' ecm™2). This laser fluence dependence suggests
that the photodetachment cross section (PDCS) of the anion
state yielding band I is smaller than that of the anion state
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Fig. 9. Photoelectron spectra of (CH3CN),,~ with n =12
and 13 measured with (O) and without (@) 1064 nm
(1.165 eV) hole-burning (HB) laser prior to the photoelec-
tron measurements at 355nm. The arrow indicates the
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Fig. 10. Photoelectron spectra of (CH3CN);3~ measured at
a high laser fluence (O: ~100mJpulse™! cm™2) and at
low laser fluence (@: 5mJ pulse™' cm™2) under the same
ion source condition.

of band II.

To gain further insights into these two anionic states, we
evaluated the relative PDCS for bands I and II in the clusters
with n = 11 and 30, respectively. At n = 11, band II was too
small to measure its relative PDCS, and so, only that for band I
could be measured. In contrast, for n = 30 (see Fig. 8), band II
was dominant, and only the relative PDCS for band II could be
measured. The results are shown in Fig. 11. Even though the
threshold detachment region of band I was not examined, it
is apparent that the PDCS of band I for n = 11 sharply de-
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Fig. 11. Relative photodetachment cross sections of
(CH3CN),,~ with (O) n =11 and (O) 30. The down and
up arrows indicate the vertical detachment energies
(VDE) of the band I in n =11 and of the band II in
n = 30, respectively. The dash lines linking each data
point are guide for eye.

creases with increasing photon energy, manifesting diffuse
spatial distribution of the excess electron in a cluster. In the
case of the diffuse electron, its wave function spans a much
larger volume than that of the neutral core and has no node,
whereas the wave function of the detached electron has nodes,
which become dense with increasing kinetic energy. Thus, the
magnitude of the transition dipole moment integral has a max-
imum around the threshold detachment energy and decreases
with the photon energy, since the overlap integral is canceled
out by the fast oscillating wave function of the ejected elec-
tron.''%!11 Since the diffuse electron is characteristic to a
dipole-bound anion'!® or e, state,”>!!! the anion state of
band I can be assigned to either the dipole-bound anion or
es~ state. In strong contrast to band I, for n = 30, a rapid in-
crease in PDCS with photon energy is found for band II. This
dependence is often observed for anions in which the excess
electron occupies a valence molecular orbital, that is, a cova-
lent anion. In common with the photoionization cross sections
of neutral molecules, the PDCS shows a rise around the VDE
as the result of integrating the Franck—Condon overlap be-
tween the vibrational wave functions for the vibrational modes
of the anion ground state and neutral one,''2 where the elec-
tronic term of the transition dipole moment can be assumed
to be constant over the energy range for a particular electronic
state.!'3 Hence, we can expect that the anionic state of band II
is a covalent anion.

An important observation is that band I exists throughout
the broad range of n (10-100) and gradually shifts to higher
energy with increasing size. This behavior evidently indicates
that the anion state of band I is a e;™ state, since dipole-bound
anions usually exhibit a relatively flat trend in electron binding
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Fig. 12. Schematic energy diagram for neutral and anionic
CH3CN dimer obtained at B3LYP/6-311G(d,p), together
with their minimum energy structures. A similar calculat-
ed structure of acetonitrile covalent dimer anion has been
also reported in Refs. 104 and 105.

energy with increase in the cluster size and can survive only at
low values of n. Besides, the VDEs of band I (0.5-1.1¢eV for
n = 10-100) are higher than those of dipole-bound anions,
which are typically much lower than 0.2eV.7%198.109 Consis-
tently, the formation of e;~ was experimentally confirmed in
liquid CH3CN.!%4105 Recent theoretical study of excess elec-
tron attachment to CH;CN clusters by Takayanagi''* also sup-
ports our assignment. In the e~ state, the excess electron is co-
operatively trapped in a “solvation cavity” formed by the sur-
rounding CH3CN molecules. Our observation of excitation of
C-H stretching modes by electron detachment indicates that
the methyl group of CH3CN is orientated towards the excess
electron and there is strong interaction with its H atoms. This
orientation is quite reasonable from the direction of the dipole
moment of CH3;CN molecule and also has been predicted the-
oretically.'!#

As mentioned earlier, the dimer anion is the most stable
anionic form in liquid CH3CN.'" Since band II becomes the
more abundant and stable species with increasing n, it is ex-
pected that the anion state of the band II could be the dimer
anion. As shown in Fig. 8, band II exhibits bell-shaped broad
envelopes with very large VDEs. We note that the spectral
shape of the band II is intrinsically broad even in higher ener-
gy-resolution (ion deceleration) measurements. Both the broad
envelopes and the large VDEs of band II suggest the consider-
able intramolecular rearrangements induced by electron de-
tachment. Then, the DFT calculations with various basis sets
were performed to investigate “bare” covalent dimer anion
of CH;CN using the Gaussian 98 software package.''> As
shown in Fig. 12, for example, a minimum energy structure
of the covalent dimer anion at B3LYP/6-311G(d,p) level of
theory exhibits a largely bent structure with a CCN angle of
~130°, which is far from the neutral one having an almost lin-
ear CCN. A similar structure has been also reported.'+!05
More importantly, all of the B3LYP calculations with different
basis sets employed here, e.g., 6-31G (Ref. 105), 6-31G(d,p),
and 6-311G, yielded a large negative adiabatic detachment
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energy (ADE)—the energy difference between the equilibrium
geometries of anion and neutral ground-states—of ca. —1.2eV
and large positive VDE of ca. 1.4eV (hereafter denoted as
VDE(2)) for the dimer anion. Therefore, the dimer anion could
be a kinetically stable species in the gas phase, and the cluster
anions with n = 2 that were weakly observed in the mass spec-
trum might be the covalent dimer anion produced by solvent
evaporation of larger clusters. The present results strongly sug-
gests that the ADE of the anion state of band II must be nearly
zero (or slightly positive) when n = 11. Consistently, the sum
of the calculated values of VDE(2) (1.4eV) and —ADE
(1.2eV) for the “bare” covalent dimer anion (2.6eV) is very
close to the VDE of the band II for n = 11 (ca. 2.4eV) (see
Fig. 8). This is, of course, a coarse comparison; however,
the good agreement supports that the anion state of the band
II is due to the covalent CH3;CN dimer anion solvated by neu-
tral CH3CN molecules. Therefore, the bell-shaped broad enve-
lopes with large VDEs are reasonably attributed to the Franck—
Condon effect as the result of the substantial nuclear rearrange-
ment of the covalent dimer anion occurring upon photodetach-
ment. Based on this fact, it is also evident that there is a large
gap between ADE and VDE of the dimer anion states when
n > 11. In this case, even though the VDE of band II (i.e., co-
valent dimer anion state) is much larger than that of band I
(i.e., ey~ state), the dimer anion state is not necessarily ener-
getically more stable than the e;~ state because the stability
is correlated to the adiabatic, not the vertical energy.

2.1.6 Why Do Solvated Electron and Covalent Dimer
Anion Coexist in Liquid Acetonitrile?: Our initial interest
was to understand why e;~ and covalent dimer anion coexist
in liquid CH3CN. One of our most interesting findings is that
the covalent dimer anion state starts to appear when n = 11.
This result indicates that the solvation of (at least) nine
CH;3CN molecules is necessary to turn the ADE of the cova-
lent CH3CN dimer anion into a positive value. Owing to the
very broad features of band II, an accurate ADE value could
not be determined from the photoelectron spectrum. However,
it is most likely to be very small and positive, since the ADEs
of clusters change only gradually with increasing n. On the
other hand, the photoelectron spectrum of the same size indi-
cates that the ADE of the excess electron solvated by 11
CH;3CN molecules (0.3-0.5eV) is also low, (see the onset or
the most dominant peak of n = 11 in Fig. 8). Therefore, the
energy difference between adiabatic levels of the e;~ and the
dimer valence anion states are probably very small when n =
11 and should gradually converge to the bulk value of about
0.5eV as the cluster size increases.'® Furthermore, the previ-
ous experimental and theoretical studies have shown that 9-11
CH;CN molecules can nearly complete the first solvation layer
for halide ions.3""!'® In the first solvation layer, the strong di-
rect ion (or excess electron)—solvent interaction results in effi-
cient anion (or excess electron) stabilization. In contrast, in the
second (and larger) layer(s), solvent molecules do not directly
interact with the core charge and hence provide no further sub-
stantial stabilization for the anion or excess electron. Hence, it
is expected that solvation beyond the first layer will not alter
the relative energetic stability between the e;~ and covalent di-
mer anion states so greatly. Consequently, the close energy-
vicinity of these two electron localized states is maintained
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in very large clusters and even in bulk, resulting in the unusual
coexistence of e~ and covalent dimer anion in liquid CH3CN.
2.2 A New Finding in Polycyclic Aromatic Cluster Sys-
tems: Emergence of Rigid, Crystal-Like States in Large
Anionic Clusters of Naphthalene.** 2.2.1 Research Back-
ground: The electronic structure of organic molecular solids,
such as polycyclic aromatic hydrocarbons (PAH) and their re-
lated aromatic compounds, has been the object of intensive re-
search for almost a half-century.!'7-120 It is directly connected
with their optical, dielectric, and charge-transport properties,
which are currently utilized for widespread applications in or-
ganic light emitting diodes, field effect transistors, photovolta-
ic cells, and so on. A detailed understanding of the electronic
structure of organic molecular solids is therefore of immense
interest from both fundamental and practical points of view.
Organic molecular solids are usually characterized by weak
van der Waals intermolecular interactions and a small overlap
between the wave functions of adjacent molecules and have
narrow electronic bands. In other words, an electron (or hole)
in organic molecular solids is strongly localized on a single
molecule, meaning it is a molecular anion (or cation). As well
recognized, such a localized charge does not exist as a free
particle, but as a polaron-type quasi-particle—an electron (or
hole) “dressed” in the electronic polarization cloud of polar-
ized neighboring molecules,''’"'?! and the polarization cloud
is believed to extend over 10* or more molecules.!?! As depict-
ed in Fig. 13, the polarization effects give rise to so-called
“gas-to-solid shift,” and the polarization energies P* for cat-
ions (holes) and P~ for anions (electrons) are the parameters
that determine the energy level of the transport gap (E;) for
creating a separated free electron—hole pair. So far, reliable ex-
perimental data concerning Pt of 7r-conjugated organic solids

Molecule

1 n > oo

Fig. 13. Schematic energy diagram of electronic structure
of an isolated molecular anion, finite cluster anion, and
bulk solid. Probing of the excess electron occupying
LUMO of cluster anions enables us to explore an energet-
ics of LUMO level from an isolated molecule to the cor-
responding bulk in a stepwise fashion.
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Fig. 14. Photoelectron spectra of naphthalene cluster anions (Nph),,~ (n = 3-100) measured at 532 nm (2.331eV). Band II started
to appear around n = 28 and gradually increased in intensity with increasing cluster size. The intensity of band II was extremely
sensitive to the cluster ion source conditions, e.g., stagnation pressure and valve temperature including the sample holder. Note
that all of the photoelectron spectra were measured under a cold ion source condition which was optimized to maximize the

intensity of band II.

has been acquired by using ultraviolet photoelectron spectros-
copy (UPS) in the solid state.'?? In strong contrast, there are
rather few reliable experimental data for P~, while it is cur-
rently under investigation by means of inverse photoemission
spectroscopy (IPES).!23-126

Finite-size cluster anions of 7-conjugated molecules are
viewed as an embryo of a negative polaron in organic molecu-
lar solids, because the single excess electron doped in the clus-
ter is stabilized by the finite number of polarized molecules,
i.e., a finite-size polarization cloud. As shown in Fig. 13,
size-selective photoelectron spectroscopy of cluster anions en-
ables us to stepwise explore the energetics of the lowest unoc-
cupied molecular orbital (LUMO) level from an isolated mole-
cule to the bulk. In addition, it provides spectroscopic informa-
tion about the ion core character (e.g., monomeric or multi-
meric), and also, it sheds light on the size and geometrical
effects on the magnitude of polarization energy. As mentioned
above, we were recently able to produce large amounts of clus-
ter anions of many PAHs and their related aromatic com-
pounds and size-selectively investigated their electronic struc-
tures by means of anion photoelectron spectroscopy.*6=! In
these experiments, we discovered a novel phenomenon in
large-size cluster anions of several PAHs, such as linear oli-
goacenes.*® We herein focus on the results involving naphtha-
lene (Nph) cluster anions.

2.2.2 Photoelectron Spectra of Naphthalene Cluster An-
ions (n = 3-100): A single Nph molecule cannot bind an ex-
cess electron because of its negative EA, (—0.19eV).!?’ In
2002, Song et al.* have reported that the formation of homo-

geneous Nph cluster anions, (Nph),~, begins at n = 2. They
have measured the photoelectron spectra of (Nph),,~ and deter-
mined VDEs of the clusters in the size range of n = 2-7. In
the present study, we examined sizes range up to n = 100.
Figure 14 shows the photoelectron spectra of (Nph),~ over
the range of n = 3-100 measured at 532nm. From n =3 to
27, a single asymmetric profile was observed in the spectra,
and they shifted gradually toward a higher binding energy with
increasing cluster size. In the spectra of (Nph); 4~, partially re-
solved vibrational structure was observed, which has been al-
ready assigned to the v4 (181 meV) and/or vs (171 meV) C-C
stretching mode.** This vibrational structure signifies that the
excess electron occupies the LUMO of a (or few) Nph mole-
cule(s) in the cluster anions. However, this vibrational struc-
ture gradually becomes unresolvable as the cluster size grows,
because the number of (low-energy) intermolecular vibrational
modes excited in the photodetachment process increases rapid-
ly with cluster size. Hereafter, this band is referred to as “band
1.” From n = 28 to 100, a new feature (labeled “II”) was ob-
served to emerge on lower EBE side of band I. Although a
sharp variation of the spectral profile is seen for band II in
the size range of 56 < n < 60,'?® their VDEs become an al-
most constant value of 0.99eV beyond n = 60. Finally, this
band became more prominent as n increased, especially when
n > 70. It is surprising that vibrational structure resembling
that of (Nph)s 4~ is clearly observed for each band in the spec-
tra with n = 75-100.

All of the spectra presented in Fig. 14 were measured under
relatively high He-carrier gas pressures (typically 50-100 bar),
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Fig. 15. Photoelectron spectra of (Nph)jgo~ measured at
different He-stagnation pressures. As increasing the stag-
nation pressure was increased (from top to bottom), band
II became more intense than band I and displays the vibra-
tional structure of the C—C stretching mode (V4 and/or Vs).

where we also carefully adjusted the valve temperature, valve
opening-time, and the time interval between the opening of the
pulsed valve and the high-voltage pulse for the ion extraction,
in order to produce colder cluster anions. Note that band II dis-
appears under warmer source conditions, which thus seems to
favor colder source conditions. To show clearly this behavior,
the effect of varying stagnation pressure is shown for n = 100
in Fig. 15. As the stagnation pressure was increased, band II
became stronger than band I and clearly exhibited the vibra-
tional structure of the C-C stretching mode of v, and/or vs,
indicating that more efficient cooling of the cluster ensemble
occurs at higher stagnation pressure. The temperature depen-
dence on the cluster source suggests that anionic isomers |
and II at a given size are very close in (adiabatic) energy.
The anion beam hole-burning experiments were also carried
out, a procedure which distinguishes between anionic isomers
having widely differing electron binding energies, as men-
tioned in Section 1.3.°°® Bands IT was sufficiently separated
from band I such that the isomer with lower VDE (band II)
could be selectively photodetached with the HB laser at
1064 nm (1.165eV) without detaching electrons from isomer
I. After photodetachment, the surviving cluster anions enter
the photoelectron spectrometer, where the photoelectron spec-
trum was measured at 532 nm. Figure 16 shows typical photo-
electron spectra for the (Nph);go~ clusters taken with the HB
laser off and laser on. As shown in Fig. 16, only band II dis-
appeared with the HB laser (=50 mJ pulse™!), and no other
changes were observed between the spectra with and without
the HB laser. This result confirms that bands I and II originate
from different anionic isomers, and that there is no dynamic
equilibrium between the anion states of isomers I and II on
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Fig. 16. Photoelectron spectrum of (Nph);go~ measured
with (O) and without (@) 1064 nm (1.165eV) photode-
tachment prior to the photoelectron measurements at
532 nm. The arrow indicates the maximum electron bind-
ing energy accessible with 1064 nm photodetachment.
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Fig. 17. Plot of —VDE:s of isomers I and II as a function of
n~'/3 where n is the number of Nph molecules. The range
of variation in the bulk adiabatic energies of the LUMO
level with respect to the vacuum level is also displayed.

the timescale of the measurement.

2.2.3 Insight into Isomers: Comparison to the Bulk:
What is different between two distinct anionic isomers? The
results of note in this work are that (1) the VDE values of
isomer II are nearly size-independent and always 0.5-0.6eV
smaller than those of isomer I, (2) the spectral features of iso-
mer Il maintain a relatively sharp profile with an intramolecu-
lar vibrational structure, while the spectral profile of band I be-
comes gradually broader and less structured with cluster size,
and (3) colder source conditions favor the formation of isomer
Il in the size range of n = 28-100, whereas warmer conditions
favor isomer I in the whole size range examined in this study
(n = 3-100).

To gain insight into these anionic isomers, we compare the
cluster data obtained herein with the bulk data. In Fig. 17, the
—VDE values of isomers I and II are plotted against n~'/3. The
VDEs of isomer I with n > 20 were fitted linearly and a
straight line thus obtained extrapolates to a —VDE(co) value
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of —2.12¢eV. In contrast to the size-dependent isomer I, the
—VDEs of isomer II in (Nph),~ with n = 60-100 are not size-
dependent, but are nearly constant within experimental uncer-
tainties, i.e., —0.99¢eV.

Let us now compare these values with the bulk data to
consider the character of these isomers. In molecular crystals,
the adiabatic energy of the LUMO level with respect to the
vacuum level (hereafter referred to as “Epumo”) is given by
—EA, + P~ where P~ is the effective polarization energy
consisting of the charge-induced dipole interaction and the
charge—quadrupole interaction terms. The lattice relaxation en-
ergy of oligoacene-type crystals is negligibly small, typically
~10meV, a level which is due to the rigidity of the crystal lat-
tice relative to the localized charge.l18’124*126’129 Here, there-
fore, the contribution of the lattice relaxation energy is ignor-
ed. The EA, of a Nph molecule!?’ has been reported to be
—0.19eV. Munn and FEisenstein have theoretically estimated
P.it~ of the Nph single crystal to be —1.05eV.'3%131 On the ba-
sis of these data, the E} ymo value was estimated to be —0.86 eV
for Nph single crystal. In addition, in the experimental results
of IPES for highly ordered Nph thin film on Ag(111) reported
by Frank et al.,'?? the energy of the LUMO from the vacuum
level has been reported to be —1.1 = 0.15eV. Because of im-
age charges on the metal substrate, this energy may be a little
larger than the intrinsic energy of the bulk.'?® We will here
compare these Ejymo values with the present results.

For isomer I, —VDEs already exceed the bulk Ej ymo values
in clusters as small as n ~ 20, and the extrapolated value of
—2.12eV is much larger than the bulk values (see Fig. 17).
This discrepancy indicates that the reorganization energy (A)
considerably contributes to the VDE, i.e., —VDE = E ymo —
A = —EA, + Pz~ — A, where A is the sum of two reorgan-
ization energies: (1) those of the nuclear reorganizations from
the equilibrium geometry of the neutral state to that of the
anion state and (2) those from the equilibrium geometry of
the anion state to that of the neutral state. In other words,
the equilibrium geometry of isomer I is far from that of the
neutral state. Since isomer I is preferentially produced using
warmer sources, electron attachment to relatively warm (or lig-
uid-like) clusters allows for substantial orientational relaxation
of neutral molecules around the anion after the electron attach-
ment and result in the anion internalization. This formation
process is similar to the cases of the (H,0),,~ and (CH3CN),,~
clusters, in which the substantial solvent reorganization occurs
in the electron internalization process. At this moment, we
have no information concerning the cluster structure; however,
it is probably far from a highly ordered crystalline form.

On the other hand, the —VDESs of isomer II are size-inde-
pendent and nearly constant within experimental uncertainties
(=0.99eV; n = 60-100). These results indicate that the anion
gains only a little stabilization energy by the addition of sub-
sequent molecules. Interestingly, it is found that the near-con-
stant —VDE values of isomers II (—0.99eV at n = 60-100)
are very close to the range of bulk Ejumo values (—0.86—
—1.1eV). These energy proximities suggest that the anion
state of isomer II correlates to the bulk crystalline state of
Nph. In addition, band II, exhibiting an intramolecular vibra-
tional structure, appeared on the lower energy side of band I.
In strong contrast to isomer I, the presence of isomer II is evi-
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dently due to the anion states being formed without (or with
much less) intermolecular geometrical relaxation after electron
attachment to the neutral cluster (i.e., A & 0). This is consis-
tent with the fact that the lattice relaxation energy of the crys-
tal is quite small, only ~10 meV, owing to the rigidity of the
crystal lattice relative to the excess charge.'?%1?° Thus, it is
conceivable that isomer II is the anionic states arisen from
electron attachment to internally cold, crystal-like neutral
clusters.

The anion state of isomer II appear to be favorable as the
cluster size increases, and besides their near-constant —VDE
values (—0.99eV for n > 60) are in good agreement with
the bulk Epymo values of Nph crystal (—0.86——1.1eV).
These facts strongly suggest that isomer II (n > 60) is the clus-
ter analogue of the “polaron” in the bulk Nph crystal, in which
the excess electron accommodated by a single (or few) Nph
molecule(s), i.e., the Nph monomer (or multimer) anion core,
is stabilized by the remaining, polarized neutral molecules in
the cluster. In particular, the energy agreement is a great sur-
prise because the electronic polarization of neutral molecules
around the anion is generally believed to extend over 10* or
more molecules in bulk crystals.''®!?! However, the present
observation confirms the considerable localized nature of the
electronic polarization around the anion core in the crystal-like
cluster. The agreement with the bulk data also suggests that the
anion or excess electron is completely incorporated in the in-
ternal position of the cluster, i.e. an internalized anion state.*®
To place the anion completely in an internal position in the
crystal-like cluster, three or more layers must be stacked in
the herringbone-layered motif that is present in Nph crystal.
As already mentioned above, the electron attachment process
is accompanied by a large amount of excess energy, which
can be rapidly dissipated into the dense manifold of intermo-
lecular, vibrationally excited states of a cluster. In the forma-
tion process of isomer II, therefore, a thermally activated elec-
tron hopping transfer between neighboring Nph molecules in
the cluster could perhaps take place through intermolecular
sr-orbital overlaps in the crystal-like structure and internalize
the excess electron without disturbing the intermolecular
geometry so greatly. Unlike o-type molecular clusters (e.g.,
water and CH3CN clusters), this might be an electron internal-
ization process unique to the highly ordered clusters of 7-con-
jugated organic molecules. In the future, the interpretation
mentioned above should be further verified experimentally
and theoretically in relation to the formation process and struc-
tural morphology of the crystal-like cluster anions (isomer II)
discovered in this study.

3. Summary and Perspectives

In this account, we described the formation of large-size
molecular cluster anions and elucidation of their electronic
structures by means of size-selective anion photoelectron spec-
troscopy. Homogeneous anionic clusters of CH;CN and Nph
highlighted as examples of the most striking results obtained
in our study. We found for the first time that the different
anionic isomers coexist over a broad size range in both the mo-
lecular anion systems. For the CH3CN system, anion photo-
electron spectroscopy was used to demonstrate the coexistence
of two different anionic species: e;~ and a covalent dimer
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anion of CH3CN. The distinctly different nature of these two
anions was confirmed by using anion beam hole-burning tech-
nique and relative photodetachment cross section measure-
ments. This unusual coexistence was attributed to the closely
lying nature of their anionic states at just the number of solvent
molecules sufficient to almost complete the first solvation lay-
er. On the other hand, the two distinctive anion states, i.e., 1S0-
mers I and II, were shown to coexist competitively in the large
Nph cluster anions. Detailed investigation of the degree of
structural rearrangement of the cluster induced by the electron
attachment showed that isomer I is a fully relaxed, “disor-
dered” cluster anion formed through the substantial intermo-
lecular reorganization associated with the anion internaliza-
tion. In contrast, isomer Il is a crystal-like cluster anion, which
lacks such a geometric relaxation almost entirely, due to their
rigidity. From their size-independent VDEs, we concluded that
isomer II (n > 60) is an internalized anion state with a crystal-
like structure, which appears to be correlated to negative polar-
on in the bulk Nph crystal.

As presented in this account, the size-evolution of the elec-
tronic structure of cluster anions clearly contains distinct iso-
mers over a broad range of n, and they could be related to
the corresponding bulk liquid or solid. However, some impor-
tant aspects are still unresolved at present. Among these, the
most important subject is structural characterization of large
aromatic cluster anions, of which the structures were tentative-
ly determined from their electronic structures. For neutral and
cationic clusters, structure determination has been performed
using various laser-based spectroscopic methods, such as IR—
UV double resonance spectroscopy, rotational coherence spec-
troscopy, and IR multiphoton dissociation spectroscopy. In
contrast, structure determination for anionic clusters is much
less common and often difficult compared to neutral and cat-
ionic species. In the past, vibrational spectroscopy of cluster
anions has been implemented by the use of autodetachment!3?
or predissociation'33136 induced by vibrational excitation of
the cluster anions. These methods require that the vibrational
energy of the excited anion exceeds the electron affinity or
the dissociation energy of the cluster anion. However, useful
structural information for aromatic clusters often resides in a
very low energy region of intermolecular vibrational motions
(<100cm™").137 In this regard, stimulated Raman pumping-
photoelectron spectroscopy, developed by Neumark and co-
workers,'3® may be the most promising spectroscopic method
for structural characterization of aromatic cluster anions, al-
though it is still under development for such application. An
alternative experimental approach is needed for future prog-
ress, because spectroscopic determination of the cluster struc-
ture is mostly limited to the cluster sizes feasible for a spectro-
scopic analysis. Ion mobility spectrometry may be a promising
candidate for this purpose, because its capability of the probing
geometric structures of PAH cluster ions has been recently
demonstrated by Beitz et al.!*® For theoreticians, large aromat-
ic cluster anions can also be rather cumbersome, because their
structures are mainly determined by competition between po-
larization and charge resonance interactions, and the evalua-
tion of charge resonance interaction, in particular, necessitates
the application of proper theoretical methodology.'*? In any
case, a maximum collaboration between experiment and theo-
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ry is unequivocally necessary for clarifying this formidable
subject in the future.

Finally, it is noted that the coexistence of two isomeric
forms in the large Nph cluster anions*® may imply phase coex-
istence in the finite-size clusters.'*!-143 Although we could not
determine the cluster temperature, the variations in the cluster
source conditions (see for example Fig. 15) drastically affect
the relative abundance of the two distinct anionic isomers. This
behavior implies that liquid-like (non-rigid) and solid-like (rig-
id) neutral clusters temporarily coexist in a supersonic beam
(under non-equilibrium conditions), and they are possibly ther-
modynamically competitive. In larger clusters, a vast number
of the internal quantum states, e.g., intermolecular vibrational
modes, should be populated at a finite temperature, so that the
concept of free energy becomes more important. In the large
size regime, therefore, the vibrational entropy contribution to
the free energy may dominate the relative abundance of iso-
energetic isomers at a given size. Hence, a key step to future
progress is to realize the reliable control and measurement of
cluster temperature. Also, it is important to obtain experimen-
tal information about intermolecular vibrational motions, espe-
cially large amplitude intermolecular motions, of the clusters,
because they might promote the interconversion between lig-
uid-like and solid-like clusters. In any case, our understanding
of these issues is far from complete at present, and we antici-
pate that our new findings for the very large aromatic cluster
anions described in this account will provide an incentive for
future works in this domain.
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