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Abstract. Cluster anions of 2,2’-bithiophene, (2T)−n , were produced up to n ∼ 500 in the gas-phase. The
energetics of the excess electron in the (2T)−n clusters with n = 1−100 were explored by negative ion
photoelectron spectroscopy. When the vertical detachment energies (VDEs) obtained from the photoelec-
tron spectra were analyzed by a plot against n−1/3, it has been revealed that the excess electron trapping
level thus extrapolated is located at ∼0.8 eV below the conduction band minimum (i.e. LUMO) of the 2T
thin film. The large slope of the VDEs vs. n−1/3 plot suggests that the neutral 2T molecules surrounding
the anion core take non-planar twisted conformations with permanent dipole moments, resulting in the
exceedingly deep trapping of the excess electron in the 2T cluster anions.

PACS. 36.40.-c Atomic and molecular clusters – 36.40.Wa Charged clusters

1 Introduction

Oligothiophene compounds have received widespread at-
tention as attractive organic materials used in a variety
of applications in electronics and optoelectronics such as
light emitting diodes [1], field effect transistors [2], and
photovoltaic cells [3]. Understanding the structural and
electronic peculiarities of oligothiophenes and their aggre-
gates is thus one of important subjects to control their
charge transport and optical properties.

The 2,2’-bithiophene (2T) is the smallest building
block (apart from the thiophene monomer) and has been
extensively investigated as a useful model for the prop-
erties of longer oligothiophenes. For examples, gas-phase
electron diffraction experimental data show that 2T ex-
ists in two nonplanar conformation, syn-gauche and anti-
gauche, with torsional angles of 36 ± 5◦ and 148 ± 3◦ [4].
Molecular electron affinity as well as energetic positions of
singlet and triplet states of 2T has been revealed by high
resolution negative ion photoelectron spectroscopy [5].
Unoccupied and occupied electronic states of thin film
of 2T have been also investigated by ultraviolet pho-
toelectron spectroscopy and inverse photoelectron spec-
troscopy [6].

Gaseous clusters can provide microscopic aspects of
local structures and electronic properties of condensed
media. In particular, wide size range studies of clusters
enables us to bridge the gap between microscopic and
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macroscopic phenomena. Despite the numerous experi-
mental and theoretical studies on 2T [4–10], the clusters
of 2T have been never studied up to date. In this ar-
ticle, we present the photoelectron spectroscopic study
on gaseous nanometer scale cluster anions of 2T, (2T)−n
(n = 1−100). The structure and electronic properties of
2T molecular anion have been revealed by photoelectron
spectroscopy and theoretical calculations. Specifically, the
experimental slope obtained by the vertical detachment
energies (VDEs) versus n−1/3 plot is much larger than
those of the negatively charged non-dipolar clusters, e.g.
(benzene)−n [11,12] and comparable to those of the dipolar
clusters, e.g. (CH3CN)−n [13] and (NH3)−n [14], suggesting
the non-planar twisted conformations of the neutral 2T
molecules surrounding the anion core.

2 Experimental section

Details of the experimental apparatus are given in refer-
ences [15]. In short, the solid sample of 2,2’-bithiophene
(2T) was placed in a sample holder heated up to ∼100 ◦C
to obtain sufficient sample vapor. The sample vapor was
entrained in helium carrier gas at a stagnation pressure
of 50−100 atm and was pulsed out through a Even-Lavie
valve [16] into a vacuum chamber at a 10 Hz repetition
rate. Anions were produced by attachment of slow sec-
ondary electrons generated by high-energy electron impact
(∼500 eV) ionization at the condensation zone in a free jet.
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Fig. 1. Mass spectrum of 2T cluster anions.

The anions, (2T)−n , were continued through a skimmer to a
linear time-of-flight mass spectrometer (TOF-MS), where
a pulsed electric field directed the cluster anions toward a
magnetic bottle photoelectron analyzer [15]. For 2T anion
(2T−) and small (2T)−n clusters (n = 2−8), the anions
were impulsively decelerated before being crossed with a
photodetachment laser. For larger clusters (n ≥ 9), the an-
ions were not decelerated, because the photoelectron spec-
tra obtained without deceleration were nearly the same
with the spectra with deceleration. In this study, three de-
tachment photon energies were used, 1064 nm (1.165 eV),
532 nm (2.331 eV), and 355 nm (3.496 eV). The photoelec-
tron spectra represented an accumulation of 3,000−10,000
laser shots. Typical energy resolution of our photoelectron
spectrometer is ∼50 meV FWHM (full width at half max-
imum) at 1 eV electron kinetic energy. The photoelectron
energy was calibrated with the 1S0 → 2S1/2 and → 2S3/2

transitions of the gold atomic anion.

3 Results and discussion

3.1 Mass spectrum of 2,2’-bithiophene cluster anions

Figure 1 shows mass spectrum of (2T)−n clusters recorded
with the high helium stagnation pressure of 100 atm. The
cluster anions are formed up to n � 150. In our TOF-MS
measurement, however, the detectable mass is limited up
to ∼25,000 u [i.e. (2T)−n with n � 150] due to lower veloc-
ities of larger cluster anions and limited sensitivity of ion
detector. It should be noted that the photoelectron signal
can be detected up to n � 500 in the photoelectron mea-
surement, indicating the formation of (2T)−n clusters up
to n � 500 under the current experimental condition. As-
suming a spherical cluster shape, the diameter of (2T)−500
clusters is larger than 4 nm.

3.2 Photoelectron spectrum and theoretical
calculation of 2,2’-bithiophene anion, 2T−

Figure 2 shows the photoelectron spectrum of 2T. mea-
sured with detachment wavelengths of 1064 nm. The ori-
gin peak is observed at 31±20 meV, which agrees with the

Fig. 2. Photoelectron spectrum of 2T anion (2T−) taken at
1064 nm.

Fig. 3. The optimized structures of 2T neutral (a) and anion
(b) calculated at the B3LYP/6-311++G** level.

adiabatic electron affinity (EAa) value of a 2T molecule
determined by Weinkauf et al., EAa = 49±5 meV [5]. The
two prominent vibrational progressions were also observed
with a spacing of 82 meV (∼660 cm−1) and 175 meV
(∼1410 cm−1) which were tentatively assigned to ring de-
formation and C-C stretching modes, respectively [6].

Although many theoretical studies on neutral 2T
molecule have been reported [6,8–10], there have been few
calculations on the anions. Exploratory density functional
theory (DFT) calculations were carried out to gain insight
into the nature of 2T.. All calculations of the equilibrium
geometries, energies and harmonic vibrational frequencies
were done using a suite of Gaussian 98 programs [17]. Fig-
ure 3 shows global minimum structures at the B3LYP/6-
311++G** level of theory for neutral (a) and anion (b)
of 2T. In both the neutral and anion, the anti-gauche con-
former is the most stable, though their torsional angles
are different. The neutral anti-gauche conformer possesses
nonplanar twisted conformation with torsional angle (θ)
of 154◦ which agrees well with the experimental data of
148±3◦ determined by gas-phase electron diffraction mea-
surement [4]. On the other hand, the anti-gauche con-
former anion takes planar C2h structure. The significant
geometry changes in the anion compared to the neutral
are found in the lengthening of the S1–C2 (0.039 Å), C2–
C3 (0.036 Å) and C4–C5 (0.012 Å) bonds and the short-
ening of the C3–C4 (0.015 Å) and inter-ring C–C bond
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Fig. 4. Photoelectron spectra of (2T)−n (n = 1−100) taken at
1064 nm for n = 1−3, 532 nm for n = 4−20, and 355 nm for
n = 22−100.

(0.046 Å). As shown in Figure 2, the two vibrational pro-
gressions of the ring deformation and C–C stretch were
clearly observed in the spectrum, which are compatible
well with the calculated geometry changes from the anion
to the neutral. The torsional mode should be also excited
in the photodetachment process, since the torsional an-
gle changes from the anion to the neutral. However, the
energy of torsion is only ∼5 meV [6], which cannot be
resolved with the limited energy resolution of our photo-
electron spectrometer.

3.3 Photoelectron spectra of 2,2’-bithiophene cluster
anions

Figure 4 shows the photoelectron spectra of (2T).
n

(n = 1−100) measured with detachment wavelengths of
1064 nm for n = 1−3, 532 nm for n = 4−20 and 355 nm
for n = 22−100. The partially resolved vibrational fea-
tures of C–C stretching modes were also observed in the
spectra of (2T)−2 . In the photoelectron spectra of larger
clusters (n ≥ 3), however, the vibrational features be-
come unresolved and the bandwidth becomes broad with
the cluster size, because the number of intermolecular vi-
brational modes excited in the photodetachment process
increases with the size. Although the irregular shift is ob-
served from n = 4 to 5, the vertical detachment energy
(VDE) of cluster anions (n = 6−100) is shifted monotoni-
cally toward higher electron binding energy as the cluster
size increases.

Fig. 5. Plot of VDEs of (2T)−n (n = 1−100) as a function
of n−1/3. The VDEs for n = 6−100 are all fitted linearly with
n−1/3 and are extrapolated to intercepts [VDE(∞ )] of 2.68 ±
0.05 eV.

3.4 VDE versus n−1/3 plot: extrapolation from cluster
to bulk

The cluster size n can be related to the radius of the spher-
ical cluster (R) by R = rsn

1/3, where rs is the effective ra-
dius of a single constituent molecule, and thus VDE data
obtained from photoelectron spectra are plotted against
n−1/3 instead of R−1. Figure displays the plot of ex-
perimental VDEs as a function of n−1/3 for (2T)−n with
n = 1−100. The VDEs of n ≥ 6 are well fitted linearly
against n−1/3 and solid line in Figure 5 represents the least
square fit of the VDE data: −VDE = −2.68 + 3.05n−1/3

(correlation coefficient; 0.997).
The extrapolated value of VDE, i.e. VDE(∞), could

be related to the energy of conduction band minimum
(i.e. the lowest unoccupied molecular orbital (LUMO)).
Since the VDE corresponds to — the energy required to
remove the excess electron vertically from the anion in
the ground state to infinity, the VDE — involves total
reorganization energy (λtot). The λtot energy is the sum
of two relaxation energies of (1) nuclear reorganizations
from the equilibrium geometry of the neutral state to that
of the anion state (λ1) and (2) those from the equilibrium
geometry of the anion state to that of the neutral state
(λ2); λtot = λ1 + λ2. Hence, VDE is given by

VDE ≈ EAa + P− + λtot, (1)

where P− represent the effective polarization energy. The
nuclear reorganization processes (1) and (2) mentioned
above involve the same geometric changes along inter-
molecular coordinates, so that we assumed to be λ1 ≈ λ2.
Based on this assumption, the excess electron trapping
level from the vacuum level (ETr) is given by

−ETr ≈ EAa + P− + λtot/2 = VDE(∞) − λtot/2. (2)

On the other hand, the energy of the LUMO from the
vacuum level in molecular solid [18] is given by

−ELUMO ≈ EAa + P− = VDE(∞) − λtot. (3)
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Fig. 6. A schematic energy level diagram of 2T, together with
the excess electron trapping level (ETr) obtained in this study.
Evac, P− and λtot represent the vacuum level, the effective
polarization energy, and the total reorganization energy, re-
spectively. See text for further discussion.

The ELUMO value of 2T thin film has been reported to be
∼−1.1 eV, directly determined by inverse photoemission
spectroscopy [6]. Using this literature value, we can ap-
proximately obtain the λtot/2 and ETr values from equa-
tions (2) and (3), and the schematic energy level diagram
is shown in Figure 6, where the energetics include the high-
est occupied molecular orbital (HOMO) and the LUMO
of 2T system relative to the vacuum level (Evac), together
with the excess electron trapping level (ETr) residing in
the band gap. It is found that there is large energy dif-
ference between ELUMO and ETr values, which is about
0.8 eV. The bottom-up production of cluster anions is
likely to produce cluster anions having a fully relaxed equi-
librium geometry, since cluster anions grow with an anion
core being sequentially stabilized through interaction be-
tween the anion and surrounding neutrals. Therefore, the
large difference is attributed to the fact that the charge
core in ionic cluster tends to be much stabilized than that
in the corresponding solid: lattice distortion induced by
the charge is relatively small due to its packing effect (or
rigidity). In other words, the VDE(∞) value corresponds
to the presumed lower limit of ETr in the solid.

In this study, the experimental slope of the VDE vs.
n−1/3 plot of (2T)−n (n = 6−100) was determined to be
3.05. The value is much larger than those obtained for the
negatively charged “non-dipolar” aromatic clusters, e.g.
1.38 for (benzene)−n [11] and 1.40 for (toluene)−n [12], while
it is comparable to those of the “dipolar” clusters, e.g.
3.23 for (CH3CN)−n [13] and 2.83 for (NH3)−n [14]. Accord-
ing to the cluster size equations proposed by Jortner [19],
larger static dielectric constant, i.e. higher polarity of the
constituent molecule, results in larger slope of the VDE
vs. n−1/3 plot. Therefore, the present result suggests that
the neutral 2T molecules around an anion core take non-

planar twisted conformations having a permanent dipole
moment, because the planar anti-conformation of 2T has
a null dipole moment (i.e. non-dipolar). Although a 2T
molecule is in a planar anti-conformation in the solid state
due to intermolecular stacking interaction, the conforma-
tion of 2T molecules could be changed in the finite-sized
clusters having intermolecular structural flexibility. More-
over, intramolecular flexibility could be contributed be-
cause it is known that torsional barrier of 2T molecule is
relatively small (∼0.1 eV) [9,10]. The dipolar-cluster-like
behavior of the 2T cluster anions is indeed consistent with
the above-mentioned result that the extrapolation of the
VDEs yields the exceedingly deep trapping level of the
excess electron in comparison with that in the thin film.
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