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Mass spectrometry and photoelectron spectroscopy of o-, m-, and p-terphenyl cluster anions, (o-TP),” (n =
2—100), (m-TP),~ (n = 2—100), and (p-TP),” (n = 1—100), respectively, are conducted to investigate the
effect of molecular shape on the molecular aggregation form and the resultant ion core character of the clusters.
For (0-TP),” and (m-TP),”, neither magic numbers nor discernible isomers are observed throughout the size
range. Furthermore, their vertical detachment energies (VDEs) increase up to large n and depend linearly on
n~13, implying that they possess a three-dimensional (3D), highly reorganized structure encompassing a
monomeric anion core. For (p-TP),”, in contrast, prominent magic numbers of n = 5, 7, 10, 12, and 14 are
observed, and the VDEs show pronounced irregular shifts below n = 10, while they remain constant above
n = 14 (isomer A). These results can be rationalized with two-dimensional (2D) orderings of p-TP molecules
and different types of 2D shell closure at n = 7 and 14, the monomeric and multimeric anion core, respectively.
Above n = 16, the new feature (isomer B) starts to appear at the higher binding side of isomer A, and it
becomes dominant with n, while isomer A gradually disappears for larger sizes. In contrast to isomer A, the
VDEs of isomer B continuously increase with the cluster size. This characteristic size evolution suggests that
the transition to modified 2D aggregation forms from 2D ones occurs at around n = 20.

1. Introduction

m-Conjugated oligomers have been studied intensively from
both fundamental and practical viewpoints for a long while. Due
to their well-defined molecular structure and their ability to
crystallize, they can serve as model compounds for the respec-
tive polymers and offer advantages over the polymers with
regard to applications in new generations of (opto)electronic
devices.! Since a profound knowledge of the electronic structure
is indispensable for the device application, the electronic
structure of thin solid films,>* single crystals,’ nanoparticles, 11
and small clusters'>'® of s-conjugated oligomers has been
investigated particularly in recent years. However, the influence
of the intermolecular interaction/packing on the electronic
structure has not been fully resolved.

Thus far, the occupied electronic levels, for example, the
highest-occupied molecular orbital (HOMO), have been inves-
tigated to the last detail using various methods, such as
photoemission yield spectroscopy and ultraviolet photoelectron
spectroscopy (UPS). In particular, detailed UPS data are
increasingly available from submonolayer to ~10 nm films.!7-2°
As reported recently, for instance, an angle-resolved UPS study
of the well-ordered and well-oriented crystal film of para-
hexaphenyl (p-HP) has demonstrated that there is a large
intermolecular band dispersion of the occupied electronic levels
in a direction perpendicular to the long molecular axis of the
p-HP molecules, whereas it is absent in the direction parallel
to the molecules.?”
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In contrast, little experimental information is available about
the unoccupied electronic levels, such as the lowest unoccupied
molecular orbital (LUMO), in s7-conjugated oligomer aggregates
because their direct observation has been experimentally more
difficult than that of the occupied levels. Recently, inverse
photoemission spectroscopy (IPES) for thin films of various
m-conjugated oligomers was performed to directly observe their
unoccupied electronic levels, and the energetics of the LUMO,
that is, polarization energy P_ for anions (the electrons) or solid-
state electron affinity (As), have been evaluated.”* However, it
seems that the typical energy resolution of IPES (400—500 meV)
is still not enough to determine the precise values of A and P_
and to obtain the detailed experimental information about
electron—phonon coupling as well as electron delocalization.

Molecular cluster ions of z-conjugated oligomers may serve
as a cluster analogue of the bulk crystal, providing a well-defined
microscopic description of charge localization and transport
phenomena in organic crystals. It is possible to directly explore
the electronic properties of a single excess charge doped with
a finite-size molecular system under conditions that are com-
pletely free of chemical and physical impurities. In recent years,
we have exploited anion photoelectron (PE) spectroscopy to
follow the size-dependent energetics of the LUMO in clusters
of zr-conjugated oligomers including oligoacenes,>'~%% oligophe-
nyl,?® and oligothiophene.?’ Indeed, the energetic changes of
the LUMO going from an isolated molecule to the bulk can be
clearly traced as a function of cluster size (n), offering a new
avenue for estimating A.*?!'-23 Furthermore, anion PE spec-
troscopy can provide direct information on the electron—vibrational
coupling and, in some cases, electron delocalization (or charge
resonance) effects at a specific molecular number and intermo-
lecular geometry.!314.28
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As model compounds, we have herein chosen three-ring
oligophenyl compounds, that is, ortho-terphenyl (o-TP), meta-
terphenyl (m-TP), and para-terphenyl (p-TP), that are positional
isomers having the same internal degrees of freedom. Thus, it
will be helpful to compare the size evolution of electronic
structure among these cluster anions in order to shed light upon
the effect of molecular shape on the molecular aggregation form
and the resultant ion core character of the cluster. In this Article,
we will present results of mass spectrometry and anion PE
spectroscopy of o-, m-, and p-TP cluster anions, (0-TP),” (n =
2—100), (m-TP),~ (n = 2—100), and (p-TP),” (n = 1—100),
respectively. The comparison of the results obtained here
highlights a singular behavior of (p-TP),” going from the
isolated molecule (n = 1) to the clusters (n = 2—100), which
can be attributed to an inherent parallelism of highly anisotropic
p-TP molecules, maximizing the intermolecular 77— interaction
cooperatively.

2. Experimental Section

Details of the experiment have been described previously 223!
Briefly, the sample vapors of p-TP [melting point (mp): 213
°C], m-TP (mp 87 °C), or o-TP (mp 56 °C) were entrained in
helium carrier gas at a stagnation pressure of 10—70 atm and
underwent a supersonic expansion using a pulsed Even—Lavie
valve.3? Cluster anions were produced by attachment of slow
secondary electrons generated by a high-energy electron impact
ionization method (~300 eV, ~10 mA) in the condensation zone
in an expanding jet. The anions in the beam were coaxially
extracted by applying a pulsed electric field (—1.5 ~ —4.2 kV)
and were detected with a linear time-of-flight spectrometer
having a mass resolution of M/AM =~ 150. The target anions
were selected and decelerated before photodetachment, which
was initiated by 532 nm (2.331 eV) photons from a Nd*":YAG
laser. Each spectrum represents accumulation of 2000—20000
laser shots. In order to prevent Doppler broadening caused by
the velocity of the ion beam, the smaller parent anions (mass
number < ~4000) were impulsively decelerated down to several
hundred eV prior to photodetachment. The resultant energy
resolution was about 50 meV full width at half-maximum
(fwhm) at 1 eV of electron kinetic energy. The PE spectrometer
was calibrated with the 'Sg — 2S,» and 'Sy — 2Ds), transitions
of the gold atomic anion.

3. Results and Discussion

3.1. Mass Spectra for (o-TP),”, n-TP),,~, and (p-TP),".
Figure 1 displays mass spectra for (o-TP),~, (m-TP),~, and (p-
TP),” measured at stagnation pressure of ~30 atm. For (o-TP),,~
and (m-TP),,~, the monomer anion (n = 1) was not detected
because of its negative or nearly zero gas-phase electron affinity
(Ag),3® and the smallest cluster anion detected was the dimer
anion (n = 2). A smooth mass distribution with no intensity
anomaly was always observed in both mass spectra under several
sets of experiments. On the other hand, the mass spectrum of
(p-TP),, starting at n = 1, displays pronounced intensity
anomalies at n = 5 and 7 as well as predominant formation of
the even-numbered clusters of n = 10, 12, and 14 (and also
slightly at n = 16, 18, and 19). It is noteworthy that the same
magic numbers are also observed for cluster anions of p-
quaterphenyl (p-QP), in which four phenyl rings are linked
together in the para-position, though they are not observed for
biphenyl (BP) cluster anions.* This fact implies that either an
anisotropy of molecular shape or the number of aromatic rings
serves as an important factor in the emergence of these magic
numbers. Intensity anomalies in the mass distribution are often
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Figure 1. Mass spectra of (a) (o-TP),~, (b) (m-TP),~, and (c) (p-TP),~
recorded at a stagnation pressure of ~30 atm. In (b), “*” denotes a
monohydrated m-TP anion. For only (p-TP),”, a reproducible magic
number has arisen, labeled by red numbers (5, 7, 10, 12, 14, 16, 18,
and 19).

attributable to geometrical shell closing of cluster ions!'4?33> or
the appearance of a new electronic state,?>3%37 a proposition
which will be discussed later. Above n = 20, this even—odd
alternation disappears, and only a smooth intensity falloff is
observed, like the case of (o-TP),~ or (m-TP),".

3.2. PE Spectra for (o-TP),”, (m-TP),~, and (p-TP),".
Figure 2 shows the PE spectra for (o-TP),” (n = 2—100), (m-
TP),~ (n = 2—100), and (p-TP),~ (n = 1—100) measured at a
photodetachment wavelength of 532 nm. The PE spectra for
monomer anions (n = 1) of o-TP and m-TP could not be
measured because of their nearly zero (or negative) electron
affinities.?? For (0-TP),” and (m-TP),”, a structureless, single
asymmetric band is monotonically shifted toward a binding
energy as the cluster size increases, where no irregular peak
shift is observed up to n = 100. Nevertheless, the internal
degrees of freedom are identical between o-TP and m-TP, and
yet, the PE spectra of (o-TP),~ is somewhat broader than those
of (m-TP),~. This difference suggests that the amount of
intermolecular rearrangement incurred in the geometrical change
from the anion to the neutral is much larger in (o-TP),~ than
that in (m-TP),” and that there may be a large number of
isoenergetic isomers in (o-TP), . In fact, a remarkable broaden-
ing of the PE spectra was observed for (o-TP),” (n = 20—60)
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Figure 2. PE spectra for (a) (o-TP),” (n = 2—100), (b) (m-TP),” (n
= 2—100), and (c) (p-TP),” (n = 1—100) measured at 532 nm (2.331
eV).

b

under low He stagnation pressure conditions (<10 atm.),
implying the presence of many isoenergetic isomers.

For p-TP, the A, value can be determined to be 0.39 £ 0.01
eV from the electron binding energy of the first dominant peak
in the PE spectrum of n = 1.33 The partially resolved vibrational
feature is also observed with an energy spacing of approximately
0.16 eV (ca. 1290 cm™1), which has been assigned to the inter-
ring C—C stretching mode (vc—c) of neutral p-TP.33 This
vibrational structure is also clearly identified across the spectra
from n = 2 to ~30, signifying that the intermolecular modes
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Figure 3. PE spectra of (p-TP)3p~ measured at different He stagnation
pressures. As the stagnation pressure was increased, the intensity of
band A decreased.

are hardly excited in the photodetachment process even at large
cluster sizes. This spectral feature shows that the overall
structural motif of (p-TP),” must be closely similar to that of
the corresponding neutral clusters.

The vertical detachment energy (VDE) of (p-TP),~ exhibits
a peculiar size dependence. From n = 1 to 3, the VDE of the
lowest origin-containing peak (vc—c = 0) of the band is sharply
shifted toward a higher binding energy with increasing cluster
size. From n = 3 to 11, however, the VDE does not show a
monotonic size dependence; it is shifted to lower binding energy
atn =4, 7, and 9 (also slightly at n = 11), as can be seen in
Figure 2c. Above n = 12, the VDE slightly increases up to n =
14 and then remains constant at 1.17 eV at n = 14. We hereafter
designate this band as “A”.

Furthermore, a new feature labeled as “B”, which almost
overlaps with the second vibrational peak (vc—c = 1) of band
A, appears around n = 16, and band B becomes more dominant
with cluster size, while band A gradually disappears. In addition,
it is importantly noted that the VDE of band B gradually
increases with the cluster size, in contrast to no VDE shift of
band A in n = 14—50.

These two bands can be attributed to the coexistence of two
isomers. In order to reveal the coexistence, the change in the
PE spectra was measured by varying the source pressure. Figure
3 shows the PE spectra of n = 30 obtained at different stagnation
pressures; the relative intensity between bands A and B are
changed, and the intensity of band A tends to decrease as the
stagnation pressure increases. A similar dependence of the
relative intensity between bands A and B was observed
commonly at n > 20. These results suggest that the most stable
anionic form is switched from “isomer A” (band A) to “isomer
B” (band B) beyond n ~ 16.

In order to show the presence of these isomers clearly, the
PE spectra of (p-TP), for n = 14—30 were deconvoluted into
two components of isomers A and B, with the results shown in
Figure 4. For n = 14, a set of four Gaussian functions with an
equal energy spacing of the vc—c mode (ca. 0.16 eV) reproduces
the PE spectrum (i.e., the profile of isomer A). However, the
PE spectra of n = 16—30 cannot be reproduced using only the
single set of Gaussian functions, exhibiting the mixture of the
other component. Here, the higher-energy component (band B)
is obtained by the subtraction of the contribution of band A
from the whole envelope at each n. As a result, the anomalous
profiles can be reproduced by the overlapping of two sets of
Gaussian functions. Although we cannot rule out the possibility
that the spectra for n < 15 also contain a high-energy band
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Figure 4. Analysis of PE spectra for (p-TP),” with n = 14, 16, 18,
20, 25, and 30 using one (or two) set(s) of three/four Gaussian functions,
which present an origin transition as well as vibrational progression of
the vc—c mode. The experimental PE spectra are shown by filled circles.
Deconvolution of the experimental data is shown by blue (band A)
and red (band B) lines.

TABLE 1: Vertical Detachment Energies (VDEs) of
(p-TP),” (n = 1—-100) Cluster Anions in eV

VDE VDE
n isomer A isomer B n isomer A isomer B
1 0.39(1)* 20 1.17(3) 1.33(2)
2 0.69(1) 21 1.17(3) 1.35(2)
3 0.85(1) 22 1.17(3) 1.36(2)
4 0.84(1) 23 1.17(3) 1.36(2)
5 1.00(1) 24 1.17(3) 1.35(2)
6 1.05(1) 25 1.17(3) 1.36(2)
7 1.04(1) 26 1.17(3) 1.38(2)
8 1.09(1) 27 1.17(3) 1.4002)
9 1.05(1) 28 1.17(3) 1.41(2)
10 1.11(1) 29 1.17(3) 1.4002)
11 1.11(1) 30 1.17(3) 1.42(3)
12 1.13(2) 35 1.17(4) 1.44(4)
13 1.15(2) 40 1.17(4) 1.45(4)
14 1.17(2) 50 1.17(4) 1.49(4)
15 1.17(2) 60 1.50(4)
16 1.17(2) 1.32(2) 70 1.52(4)
17 1.17(2) 1.33(2) 80 1.53(4)
18 1.17(2) 1.33(2) 90 1.54(4)
19 1.17(3) 1.34(2) 100 1.54(4)

“From ref 33. Numbers in parentheses indicate uncertainties in
VDE values; 0.39(1) represents 0.39 + 0.01.

(isomer B), it is obviously a minor component. Note that the
overall spectral feature does not change markedly below n ~
20 under various ion source conditions. The VDEs of n =
1—100 (isomers A and B) obtained are summarized in Table 1.

3.3. Presumed Aggregation Forms and Ion Core Char-
acters of (p-TP),” (n = 2—20). As shown in Figure 5, the
VDE values of n = 1—20 (VDEs of isomer B in n > 16 not
shown) obtained by the deconvolution of the PE spectra are
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Figure 5. Plots of VDEs of (p-TP),™ as a function of cluster size, n,
for n = 1—20. Red and green dashed lines linking each data point of
n=1-3,57,and 9 and n = 4, 6, 8, 10, 12, and =14, respectively,
are guides for the eye. The VDE of isomer A becomes constant above
n = 14. Proposed geometrically closed 2D structures for n = 4, 5, 7,
and 14, where the long molecular axes are assumed to be parallel to
one another, are also shown. Red and blue ellipsoids represent the ion
core and the first 2D shell, respectively. The 10-mer unit surrounded
by a pink dotted line may correspond to a partial shell closing in the
2D structure.

plotted against cluster size n. Below n = 10, there is the striking
difference in the VDE energetics between the even-numbered
clusters of n = 4, 6, 8, and 10 and the odd-numbered clusters
of n = 3,5, 7, and 9. In Figure 5, two different dashed lines
join each of the VDE data for clarity. In general, the VDE [and
also adiabatic detachment energy (ADE)] values of the cluster
anions having an identical ion core increase monotonically with
increasing cluster size,®*? owing to an additional charge
stabilization by the addition of a neutral molecule. Therefore,
it is likely that the p-TP cluster anions (n < 10), that is, isomer
A, possess distinct anion cores at the even- and odd-numbered
sizes.

It is worthy of note that although the VDE of n = 7 is smaller
than those of n = 6 and 8, the n = 7 cluster is more abundantly
produced than the even-numbered neighbors (see Figure 1c).
This result would be ascribed to a consequence of a unique
geometry, for example, a geometrically closed-shell structure.
Since p-TP has a highly anisotropic molecular shape (its long
molecular axis is ca. 14 A), a two-dimensional (2D) aggregation
tends to occur preferentially through the anisotropic intermo-
lecular 77— interaction.!®#!42 Very recently, for the (tet-
racene),  clusters with n = 2—50, we have reported that
tetracene molecules, whose molecular length (ca. 12 A) is
comparable to that of p-TP, aggregate themselves into the 2D
herringbone-type arrangement.?? Thus, it can be presumed that
p-TP molecules also show a 2D herringbone-type ordering in
the cluster, where all of the long molecular axes are parallel.
As schematically illustrated in Figure 5, we propose a 2D shell
closure at n = 7, where a central monomeric ion is two-
dimensionally enclosed by the other six molecules. After the
first shell closure, stabilization of the central ion would become
much less efficient due to the charge screening by the first
coordination shell as well as the longer ion—molecular distances.
Indeed, the rate of increase in the VDE from n = 7 to 9 is very
small (only 0.01 eV) compared to that of n =5 to 7 (0.04 eV).
As a result, it is probable that the 2D structure with the
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monomeric ion core becomes no longer for the preferred stable
form in n = 10.

As seen in Figure Ic, the n = 5 cluster is the most intense
magic number in the mass spectrum. It might possess a less
geometrically closed 2D structure (e.g., a half-filled 2D shell)
with the loss of two molecules from the 2D shell-closed unit of
n = 7. However, it is noted that the n = 5 cluster is observed
as a common magic number in (p-TP),”, while the intensity
anomaly at n = 7 is not observed for the mass spectrum of
(tetracene),”.?> Moreover, the prominent formation at n = 5
has also been observed for the related aromatic cluster anions,
such as (anthracene),” (ref 13) and (p-QP),~ (ref 34). Hence,
it appears that there is some unique geometric and/or electronic
stability in the pentamer anions of these 7r-conjugated oligomers.
One plausible geometry for the pentamer anion is the 2D
structure where the hydrogen atoms of two neutral molecules
attach on each side of the s rings of the molecular anion with
tilted T-shaped geometries, such as shown in Figure 5. This
structure can be recognized as a virtual 2D shell-closed structure
for the monomeric anion core because the excess charge on the
7 rings of the ion is almost completely surrounded by the neutral
molecules through z-hydrogen bonding interactions. Indeed, the
rate of increase in the VDE from n = 5 to 7 (0.04 eV) is much
smaller than that from n = 3 to 5 (0.15 eV), indicating that the
effective shielding of the excess charge is almost completed at
n = 5. By the addition of two molecules, the model structure
proposed for n = 5 can probably evolve into the 2D shell-closed
structure of n = 7 with relatively small orientational rearrange-
ments of surrounding neutrals. For these structures, however,
it is deemed that some support from theoretical models is
imperative in future work.

As mentioned above, however, the predominant formation
of n = 7 is not observed for (anthracene),” and (tetracene),
because the anion state with a three-dimensional (3D) mono-
meric ion core structure (referred to as “isomer I”” in refs 21,
23, and 24) is produced preferentially at n = 7. Note that the
molecular lengths of anthracene and tetracene (ca. 9 and 12 A,
respectively) are shorter than that of p-TP (ca. 14 A). In addition,
the magic number at n = 7 is not observed for those of BP
(molecular length: ca. 9 1&), whereas it is observed for the cluster
anions of p-QP (ca. 18 A).3* Therefore, it is evident that the
structural anisotropy of the cluster constituents dominates the
formation of a 2D isomeric form at n = 7 (and also neighboring
sizes). Namely, longer (or anisotropic) molecular frameworks
of the constituents prefer 2D molecular assemblies in small
cluster sizes (n < 10). Considering all of the results described,
the threshold for appearance of a 2D structure at n = 7 appears
to lie within the molecular length of 12—14 A.

On the other hand, the VDEs of the even-numbered clusters
in n = 6—14, which are larger than those of the odd-numbered
clusters (n = 7 and 9), show a smooth size dependence. The
size evolution implies that they have an identical ion core within
the even-numbered clusters. It is emphasized that the irregular
VDE shift begins to appear at n = 4, whose VDE cannot be
linked to that of n = 3, as seen in Figure 5. This break suggests
that the ion core switching occurs from n = 3 to 4 and that the
ion core of the tetramer anion is not so much monomeric as
multimeric in nature. For the (p-TP)s~ cluster, our preliminary
calculations using density functional theory (DFT) at the
B3LYP/6-31G level of theory yield a cyclic C, geometry
(similar to a proposed structure for n = 4 shown in Figure 5)
as a minimum-energy structure, where the excess electron is
delocalized over all four constituents of the cluster. At present,
however, it is not clear that the DFT calculations can properly
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assess charge resonance interactions in homogeneous sz-conju-
gated molecular cluster ions,'¢ and thus, the ion core character
in (p-TP)4~ requires further theoretical verifications. In any case,
it is highly probable that the even-numbered clusters in n =
4—14 have an identical multimeric (presumably tetrameric) ion
core that yields a larger VDE than the (hypothetical) monomeric
core anion cluster. Since the VDE corresponds to the energy
difference between the anion and neutral at the equilibrium
geometry of the anion, the magnitude of VDE includes the
contribution of reorganization energy (RE) as well as ADE (i.e.,
VDE = ADE + RE). In n = 2—14, no significant difference
was observed in the PE envelopes between the even- and odd-
numbered clusters, so that the contribution of RE to the
magnitude of VDE should be comparable between them. Thus,
the larger VDEs of the even-numbered clusters (n = 6, 8, and
10) than those of n = 7 and 9 may simply come from the
increased ADE through charge resonance interaction within a
multimeric ion core moiety. On the contrary, however, it is
currently difficult to explain why the monomeric ion core is
exclusively produced at n = 9; it can surpass the “hypothetical”
multimeric ion core isomer in the relative stability. For n = 9,
no geometrical stabilization effect is expected because it is not
a magic number in the mass spectrum. Conceivably, the (p-
TP)y~ cluster has intrinsically no stable 2D structure with a
multimeric anion core, and the stable 2D geometry of n = 9
may necessarily impose the monomeric anion character upon
itself. Interestingly, note that, in the (anthracene);™ and
(tetracene)oclusters, the monomeric-anion core state is provided
by a 3D aggregation form (referred to as “isomer I in refs 23
and 24), like the case of their n = 7 clusters. In a qualitative
sense, this difference thus signifies that more p-TP molecules
preferably aggregate into a 2D form than anthracene and
tetracene molecules.

Intriguingly, the VDEs of (p-TP),” remain constant above n
= 14 (isomer A). The incremental rate in VDE often becomes
abruptly smaller after the completion of the first solvation
shell>*3940 because of the longer ion—molecular distances and
the screening effect of the central excess charge. Furthermore,
since the magnitude of VDE is governed not only by the
energetics but also by structural factors (i.e., RE), the constant
VDEs signify that the amount of structural relaxation incurred
in the geometric change from the anion to the neutral no longer
depends on the cluster size above n = 14. Hence, it is concluded
that the constant VDEs above n = 14 indicate the establishment
of a stable (or rigid) shell-closed 2D unit at the n = 14 cluster.

As illustrated in Figure 5, a presumed structure for the n =
14 cluster can constitute the first 2D shell closure for the tetramer
core, where 10 molecules completely and densely fill the first
2D shell for the central four molecules. In this structure, it is
expected that the charge screening effect is rather efficient,
leading to the invariable nature of VDE for n = 14.%3
Additionally, the predominant formation of n = 10, 12, and 14
can be rationalized by the 2D aggregation form of the type
shown in Figure 5. In the 14-mer shown in Figure 5, for
example, the 2D shell around a 10-mer unit (surrounded by a
pink dotted line) can be filled by molecules 11—14, and the
shell/subshell closings occur at 10, 12, and 14, which indeed
appear as local maxima in the mass spectrum. For n = 15, the
slight intensity anomaly at n = 16, 18, and 19 implies that
additional molecules may further enclose two-dimensionally the
14-mer unit in a stepwise fashion, like the case of (tetracene), .23
However, no intensity anomaly is discernible beyond n = 20,
which is due to the gradual population reduction of the 2D
clusters (i.e., isomer A) above n &~ 16 (see Figure 2c or 4).
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Figure 6. VDE plots for (o-TP),”, (m-TP),”, and (p-TP),” (isomers
A and B) against n='3 for n = 1—100. For n = 1, the values of the
gas-phase electron affinity A, are taken from ref 33. Schematic
illustrations of 2D (isomer A) and modified 2D (isomer B) structures
are also shown.

3.4. VDE Energetics for (0-TP),, (m-TP),, and (p-TP),".
In Figure 6, the VDEs of (o-TP),~ (n = 2—100), (m-TP),~ (n
= 2—100), and (p-TP),,~ (isomers A and B in n = 1—100) are
plotted as a function of n~'3. It is clear that the VDEs of (o-
TP),” and (m-TP),” increase almost linearly with n~ 3 and reach
~1.6and 1.5 eV atn~ 13 ~ 0.215 (n = 100), respectively. Least-
squares fits of the VDE data of n = 30—100 yield the
extrapolated VDE [VDE()] values of 1.93 eV for (o-TP),”
and 1.72 eV for (m-TP),,”. Although no negative polarization
energy P_ of solid oligophenyls has been reported as far as we
know, the typical value of P_ for oligoacene crystals resides
around 1 eV. %4 Since A, is given by A, + P_ (ref 4) and the
values of A, for o-TP and m-TP are ~0 eV,* A, for (o-TP),~
and (m-TP),” can be estimated to be about 1 eV, which is
0.7—0.9 eV smaller than the VDE() values obtained here. This
discrepancy indicates that RE makes a considerable contribution
to the VDE(®) = A; + RE = A, + P_ + RE. Here, RE is the
total between the structural rearrangement energy in the neutral
state and that in the anion state. Namely, the RE values of (o-
TP),~ and (m-TP),,” at n = oo can be roughly estimated to be
~0.9 and 0.7 eV, respectively. Note that the comparable RE
values have been obtained for oligoacene cluster anion systems>%
and may be attributed to relatively large quadrupole moments
of ;m-conjugated oligomers. The results therefore indicate that
large cluster anions of o-TP and m-TP are produced through
electron attachment to preformed neutral clusters followed by
significant intermolecular rearrangement of neutral molecules
that encompass the monomer anion three-dimensionally. In other
words, they possess a highly reorganized 3D structure with the
monomer anion occupying the internalized position in the
cluster. In this case, the VDE() value can be much larger than
the extrapolated ADE [ADE()] value that corresponds to As.
As seen in Figure la and b, in addition, the PE spectra for (o-
TP),” and (m-TP),” display broad structureless envelopes, as
is typically the case.

On the other hand, the VDEs of isomer A in (p-TP),”
converge to the constant value of 1.17 eV at n = 14, resulting
from the establishment of a 2D shell-closed unit by 14 p-TP
molecules, as described above. Compatibly, the relatively sharp
PE profile of isomer A, exhibiting a vibrational progression of
the vc—c mode (see Figure 2c¢), indicates that isomer A can be
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confidently assigned to the anion formed from preformed neutral
clusters without (or with much less) intermolecular geometrical
relaxation (i.e., RE ~ 0). Thus, the constant VDE value of 1.17
eV may be regarded as an approximate ADE value of n > 14.
It is noted that the establishment of such a “rigid” 2D shell-
closed unit at the 14-mer has been also found for the cluster
anions of anthracene?* and tetracene?® (where this type of 2D
cluster anions were designated as “isomer II-17).

The total (vertical) charge stabilization energy (AEy,) for
isomer A (i.e., a finite 2D p-TP monolayer) can be estimated
to be —0.78 eV by summing the A, value of a p-TP molecule
(0.39 eV) and the constant —VDE value (—1.17 eV). Due to
the invariant nature of VDE for n > 14, the value of —0.78 eV
may be recognized as an asymptotic AE for an isolated infinite
2D monolayer of p-TP. In other words, it may correspond to a
2D polarization energy of the bulk. Importantly, if we assume
that the polarization energy P_ of a p-TP crystal is 1 eV, only
14 p-TP molecules in a 2D herringbone-type layer can provide
~80% of that of the crystal. It is worth noting that the AE
value obtained for the 2D p-TP monolayer is slightly larger than
that for the 2D monolayer of tetracene, that is, —0.74 eV, which
has been determined from the results of PE spectroscopy for
(tetracene),” (n = 1—100).23

As is well-known, an approximate relation of the polarization
energy (P) indicates that P is proportional to ap*3, where a is
the average molecular polarizability and p is the molecular
packing density.* The value of a for p-TP (35.56 x 10730 m%)
is a little larger than that for tetracene (32.27 x 10730 m3).*
Therefore, if we assume that p is the same between the p-TP
and tetracene 2D monolayers, the value of P for the p-TP
monolayer should be 1.10 times larger than that for the tetracene
monolayer. However, the ratio of AE;, between the p-TP and
tetracene 2D monolayers is 1.05 (=—0.78 eV/—0.74 eV), which
is slightly smaller than the ratio of o between the p-TP and
tetracene molecules (i.e., 1.10). In contrast to tetracene, it should
be noted that a p-TP molecule has the degrees of freedom of
intramolecular rotation by the angle around a single C—C bond
linking each phenyl ring, and the conformation can be thus
influenced through the molecular aggregation. In the gas phase,
a p-TP molecule is twisted due to the steric repulsion between
ortho-hydrogen atoms, whereas in the crystals, p-TP molecules
seemingly prefer planar conformations due to the packing
effect.” Thus, the difference mentioned above suggests a slightly
smaller packing density of the p-TP monolayer cluster than that
of the tetracene monolayer cluster, the origin of which may be
due to nonplanar conformations of neutral p-TP molecules in
(p'TP)ni-

3.5. Switching of the Aggregation Form of (p-TP),” (n >
16). Above n = 16 in (p-TP),”, isomer B starts to appear at
~0.2 eV to the higher electron binding side of isomer A and
gradually becomes dominant under any source conditions (see
Figures 2c and 4), showing that isomer B becomes more
energetically stable than isomer A at larger cluster sizes. It is
emphasized that such an isomer has not been observed for (o-
TP),~/(m-TP),~ and for biphenyl cluster anions.?? In contrast
to the constant VDE of isomer A, the VDEs of isomer B
continuously increase with the cluster size, and their size
dependence is very similar to those of (o-TP),™ and (m-TP),~
as seen in Figure 6. At first glance, this similarity seemingly
points out that isomer B corresponds to a highly reorganized
3D cluster anion with a monomeric ion core, like (0-TP),” and
(m-TP),”. However, the analysis of the PE spectra for n =
16—30 (see Figure 4) reveals that band B has a discernible
vibrational structure of the vc—c mode, which is also observed
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in band A. This feature indicates that the intermolecular modes
are not highly excited in the photodetachment process; the
intermolecular geometry between neutral molecules surrounding
the ion core is not significantly rearranged with the photode-
tachment event. Thus, isomer B with n = 16—30 cannot be
simply ascribed to highly reorganized 3D cluster anions such
as those produced in (o-TP),” and (m-TP),".

For the small size region of (p-TP),” (n = 15), the present
results show that the 2D cluster anions are formed exclusively,
implying their higher stability than the reorganized 3D aggrega-
tion forms. Therefore, although we can only conjecture the
structures involved in isomer B, it is tempting to presume that
additional neutral molecules are attached onto a plane of the
2D monolayer unit, as schematically illustrated in Figure 6. In
this structure, the additional molecules after the first 2D shell
closure at n = 14 can attach to positions more proximal to the
ion core and stabilize it more efficiently than the 2D structural
motif (i.e., isomer A with n > 15). As a result, it is probable
that the VDEs (or ADEs) of isomer B can further increase with
the cluster growth.

As reported recently, in (tetracene),, an additional isomer
with a constant VDE (referred to as “isomer II-2” in ref 23)
emerges above n = 60 and is produced only at high source
pressures. Since the constant VDE value shows a good agree-
ment with the corresponding A value, this type of isomer has
been assigned to the crystal-like anion state where two or more
finite 2D herringbone layers are stacked.?>-2* For (p-TP),~ (up
to n = 100), in contrast, such a crystal-like multilayered isomer
does not appear at all under any source conditions. This result
suggests that the multilayered cluster anion (corresponding to
isomer II-2) is energetically less stable than isomer B, which
probably possesses the modified 2D forms, as mentioned above.

In the recent study on anthracene and its alkyl-substituted
anthracene cluster anions,2* we have found that there is an
evident correlation in the formation of isomers II-1 (i.e., a 2D
monolayer cluster) and II-2 (i.e., a double-layered or more
multilayered cluster). That is, isomer II-1 can be a precursor
form of isomer II-2. As mentioned in section 3.3, the 2D cluster
anions (isomer A) tend to be more favorably produced in (p-
TP),” than in (tetracene),” at small sizes (n < 10), ensuring
the high stability of the 2D herringbone-type monolayer (isomer
A). Furthermore, the crystal structure of p-TP has stacked
herringbone layers, the structural motif of which is commonly
found in oligoacene crystals. Considering these facts, we can
expect that the multilayered cluster anion (corresponding to the
isomer II-2) should be also produced in large (p-TP),~ clusters.
Therefore, no formation of the multilayered isomer in (p-TP),~
suggests that there are some crucial differences between
p-oligophenyl and oligoacene cluster anions.

In the oligoacene cluster anions, the 2D isomer (isomer II-1)
usually coexists with the highly reorganized 3D one (referred
to as “isomer I” in refs 21-25) at small sizes (n < ~14), but
the relative stability of the latter gradually exceeds that of the
former with increasing cluster size from n = ~15 to ~60. In
the much larger size region (n > ~60), however, the crystal-
like multilayered form (isomer II-2) surpasses the reorganized
isomer (isomer I) in the relative stability due to the additional
charge stabilization (typically ~0.2 eV) provided by neutral
molecules in the adjacent layer(s).2>-2* In the case of (p-TP),~,
in contrast, the present study shows that the 2D cluster (isomer
A) is formed exclusively in the small size region (n < 16) and,
in larger sizes, followed by the formation of the modified 2D
structural motif (isomer B) that can provide an additional
stabilization (=0.15 eV; see Table 1) for the excess charge in
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the 2D layer. Therefore, it is probable that the presence of isomer
B can energetically prohibit the formation of the crystal-like
multilayered form in the (p-TP),~ clusters. Additionally, note
that the molecular structure and excess charge density/distribu-
tion around terminal ends along the long molecular axis are
evidently different between p-oligophenyl and oligoacene
molecules, which could also influence the stability of multilay-
ered molecular assemblies.

4. Conclusions

In this work, we have reported the mass spectrometry and
PE spectroscopy of o-, m-, and p-TP cluster anions (n = 2—50).
The present study reveals the effect of molecular shape on
molecular aggregation forms and the resultant ion core char-
acters of the clusters. Striking differences were clearly identified
between the results of (o-TP), /(m-TP),~ and (p-TP),,~. For (o-
TP),~ and (m-TP),”, no magic number and no additional isomer
are observed over the entire size range examined. In addition,
the VDEs continuously increase over the range of n = 2—50,
and almost all of them depend linearly on n~'3 because of the
effects of electronic polarization and intermolecular reorganiza-
tion of neutral molecules encompassing a monomeric anion core
three-dimensionally. For (p-TP),”, in contrast, clear magic
numbers at n = 5, 7, 10, 12, and 14 and the pronounced irregular
shifts of the VDEs are observed below n = 10, while the VDEs
remain constant above n = 14 (isomer A). These results can be
explained well by 2D arrangements of p-TP molecules and
different types of 2D enclosures at n = 7 and 14, which probably
have monomeric and tetrameric anion cores, respectively. Above
n = 16, however, a new feature (isomer B) begins to appear at
0.2 eV on the higher binding side of isomer A, and it becomes
dominant with n, while isomer A gradually disappears in larger
sizes. The characteristic size evolution can be explained by the
formation of crystal-like 2D aggregation forms with a transition
toward modified 2D ones as the cluster grows in size.
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