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To prepare nanosize graphene-like molecules of a defined structure (defined-width graphene nanoribbons
or nanofragments) by a simple bottom-up method, thermal polymerization reactions of pentacenes were
investigated. By optimizing heat treatment temperature and initial precursor weight, long-length fused
pentacene molecules were successfully obtained at least up to octamer (n = 8). Here, the degree of
polymerization was much larger than that of previously known polymerized pentacene systems (n = 2, 3).
The structural and physical properties of the obtained fused pentacenes were characterized by Raman
spectroscopy, X-ray diffraction, and photoluminescent spectroscopy. The fused pentacene system,
examined using density functional theory calculations, was found to have unique electronic and magnetic
structures originating from its characteristic size and edge structure. In addition, we performed detailed

mass spectroscopic analysis that examined the fusing mechanism.

Introduction

Since the groundbreaking report by Geim and Novoselov! in
2004, graphene, which is a single layer of graphite, has attracted
much attention.”® With its unique physical and electronic
structure, graphene is expected to be used in next-generation
electronic devices,® sensors,”*° transparent electrodes,™ *? and
energy storage devices.™**®

Although graphene samples prepared by the mechanical
cleaving method proposed by Geim and Novenselov' have a
significant advantage in terms of quality, the quantity of samples
obtained by this method is considerably limited. Therefore, in
recent years, enormous effort has been invested to synthesize
large amounts of graphene. High-quality single- and few-layered
graphene sheets have successfully been grown by the
decomposition of silicon carbide,’° chemical vapor deposition
on single and polycrystal transition metals,®%® and pulsed laser
deposition.?* % However, controlling graphene morphology (size
and edge structure) with these top-down methods is still a
challenge. Because theoretical studies have predicted that the
electronic and magnetic properties of graphenes are greatly
affected by their size and edge structure,?®*° control of their
morphology is essential for graphene applications.

To this end, chemical syntheses based on the bottom-up
strategy should be a promising approach because we can control
graphene morphology by designing appropriate precursors. For
example, Simpson et al. reported the synthesis route for a C,Hy,
molecule with 91 benzene rings using the cyclodehydrogenation
reaction of a Cy,Hisy polyphenylene dendritic precursor.®
Although this approach could be used for large-scale production
of graphene-like molecules of a defined structure, such an organic

synthetic route requires many stepwise reactions.

Another bottom-up approach for graphene synthesis is using
direct dehydrogenation reaction of commonly available
polycyclic aromatic hydrocarbon (PAH) precursors. For example,
Talyzin et al. recently reported the thermal polymerization of
coronene (Cy4H10) molecules.® However, the exact molecular
size and structure of the polymerized products were not well
determined probably because of the large variety of product
molecules. Because coronene has an isotropic zigzag edge
ss Structure, we cannot control growth direction and morphology. A
promising method for controlling graphene morphology with
PAH precursors is a template method that uses single-walled
carbon nanotubes (SWCNTSs) as a reactor.*® Long-length and
width-defined graphene nanoribbons (GNRs) can be synthesized
by this method. However, the extraction of GNRs from SWCNTs
is still a difficult task. To synthesize GNRs without using a
structural template, we should use PAH precursors with an
anisotropic edge structure. Recently, Cai et al. reported a method
of fabricating GNRs from PAH molecules having -Br groups at
the zigzag edge.’” Here, the -Br groups were used as structural
directing milestones for graphene growth. Moreover, some of the
acenes (PAH molecules composed of linearly fused benzene
rings) seem to polymerize in a definite direction without any
special functional groups. For instance, a fusing reaction of
pentacene (1, Cx»Hj4) molecules was reported by Roberson et
al.® By heating pentacenes under inert gas flow, a
dehydrogenation condensation reaction occurs at the zigzag edge
and a mixture of a pentacene dimer (2, peripentacene) and trimer
(3, trisperipentacene) can be obtained. By developing this method,
7 long-length GNRs of pentacene width can be prepared as shown

in Scheme 1.
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Scheme 1 Bottom-up synthesis approach for GNRs using pentacene as a precursor

Recently, we performed spectroscopic characterization of
fused pentacene molecules and found that the obtained materials

s have a unique electronic structure similar to graphene sheets even
in the dimer or trimer.® Therefore, we expect that fused
pentacenes can be used as model materials for graphene
nanofragments (GNFs). However, fused pentacenes larger than
tetramer have not been synthesized yet. In addition, the obtained

10 materials contained a wide variety of byproducts in addition to
the proposed GNR molecules. This can be clearly seen in the
mass spectra in our previous report.®® To achieve efficient
synthesis and produce larger sizes of fused pentacenes, the
experimental conditions must be refined.

15 Here, we report the correlation between the preparation
conditions and detailed molecular compositions of fused
pentacenes. By optimizing the fusing condition, we have
successfully obtained large fused pentacenes up to at least
octamer. Note that this degree of polymerization is much higher

20 than that previously reported.®® 3 Furthermore, the relationship
between the length of fused pentacenes and their electronic
structures is discussed. The fusing mechanisms are also addressed
in this paper.

Experimental and computational methods

25 We performed the fusing treatment of pentacenes as follows. First,
30 mg of commercially available pentacene powder
(Kuroganekasei Co. Ltd., endothermic peak measured by a
differential scanning calorimeter: 416 °C) was sealed in an
evacuated quartz tube (<2 Pa, inner volume ~20 cm®). The tube

20 was heated to the target temperature at a rate of 5 °C min* and
maintained at the temperature for 10 h. The target temperature
was varied at 275, 300, 310, 325, 340, 350, 375, 400, and 425 °C.
Here, vaporization of initial pentacene seemed to occur at around
the target temperature and the fusing reaction should produce

35 hydrogen gas. For the experiment at 325 °C, we varied initial
pentacene weight (15, 30, and 100 mg) to check the effect of
hydrogen gas pressure on the fusing reaction. To remove
unreacted pentacene and byproducts, the samples recovered after
the reactions were washed with toluene in an ultrasonic bath and

w filtered repeatedly until the solvent’s color became clear and
colorless. For convenience, the obtained insoluble products

(fused pentacene, FP) were designated as FP-W-T, where W and T

represent initial pentacene weight (mg) and reaction target

temperature (°C), respectively. In addition, to address the reaction
45 mechanism, experiments using 6.13-dyhydropentacene (DHP)
mixed with initial pentacene were also performed. In these
experiments, target temperature was fixed at 325 °C. The
obtained materials were designated as PW;-DHPW,, where W,
and W, represent initial pentacene weight (mg) and initial DHP
weight (mg), respectively. The detailed experimental methods are
mentioned in ESI'.

To examine the electronic structure of polymerized pentacenes,
first-principles  calculations  were performed.  Structural
optimizations and energy calculations of fused pentacene
ss molecules were performed by density functional theory (DFT)
calculations using Gaussian 03 software®. Here, we used the
B3LYP exchange-correlation hybrid functional** with Dunning’s
double-zeta correlation consistent basis sets* (cc-pVDZ). The
electronic structures of a graphene nanoribbon having infinite
length and the pentacene monomer units were calculated with the
ABINIT code®® % Here, the Perdew-Wang 92 exchange-
correlation functional® within local density approximation with
the projected augmented wave method*® *” was employed for the
calculation. The unit cell structure (slab model) of the graphene
nanoribbon that was used for the calculation is shown in Fig. S1.
We employed a tetragonal unit cell and the direction of the
nanoribbon’s axis was set to b. Each nanoribbon was separated
by a ~1.5 nm vacuum layer in the a- and c-axes directions to
suppress interaction between the layers. A 2 x 16 x 4 Monkhorst-
70 Pack k-point mesh sampling was used for Brillouin zone

integration. Moreover, the plane wave cutoff was set to 30 Ha

(816 eV).
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Results and discussion

Figure 1 shows the laser desorption/ionization time-of-flight
75 (LDI-TOF) mass spectra of the obtained materials as a function
of heat treatment temperature. Except in the case of 310 °C, well-
separated strong peak bands (marked with down-pointing
triangles in Fig. 1) were clearly observed at around m/z = 550,
810, 1090, 1360, 1630, 1900, and 2160. These positions are in
80 agreement with the molecular weights of polymerized pentacenes.
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Some readers may think that these bands originated from
noncovalently bonded pentacene clusters generated in the
ionization process of mass spectroscopic measurements. However,
this idea should be dismissed because the specific peak positions
of the observed spectra (Fig. 2) are quite different from those of
the cluster ions. The observed peak positions cannot be explained
without the existence of covalently bonded pentacenes.

The detailed mass spectra of each band are shown in Fig. 2. In
the case of the pentacene dimer region shown in Fig. 2A(a), the
most intense peak position (m/z = 546.13) shows good agreement
with the monoisotopic mass of peripentacene (2, CyHyg, m =
546.14). Although peak intensities were not always highest in
each band region, straightly grown pentacene polymers (4,
CoonHans10, N =1, 2, 3-++) were detected at least until octamer (n =
8) in this study. This degree of polymerization was much higher
than that in previous reports (n = 2, 3).%® * LDI-TOF mass
spectra of the obtained materials as a function of initial pentacene
weight are shown in Fig. S27. As shown in Figs. 1 and S27, the
most suitable reaction temperature and initial pentacene weight
for obtaining large fused products were found to be 325 °C and
30 mg, respectively, for a 20 cm® vacuum tube. Under these
conditions, about 9 mg of the fused product was recovered after
the purification process. The relation between the size of
polymerized molecules and above mentioned experimental
parameters (i.e. reaction temperature, and initial pentacene
weight) will be discussed later in this paper.

To characterize the structural properties of the obtained
materials, Raman spectroscopy and X-ray diffraction (XRD)
measurements were performed. As mentioned in our previous
paper, in addition to the well-known G-band (in-plane carbon
atom vibration mode of the graphene layer) located at around
1600 cm™?, a fused pentacene system should show unique Raman
peak features due to hydrogen atom vibrations at the molecular
edge.* The Raman spectrum of the FP-30-325 sample is shown
in Fig. S3(a). In the spectrum, small peaks were observed at
1239, 1346, and 1460 cm™ in addition to a large peak at ~1600
cm *. The positions of these small peaks agree well with those of
theoretically predicted pentacene-based GNFs [see Figs. S3(b)—
(d)]. A typical XRD pattern of fused pentacene (FP-30-325) is
shown in Fig. S47. We found that the XRD patterns of the fused

pentacene samples were completely different from that of initial
pentacene.® As shown in Fig. S47, only some broad peak features
(halo pattern) were observed in the FP-30-325 sample. This result
means that the fused pentacenes existed in an amorphous state.

45 The largest halo peak was observed at 260 = 25.6°. This peak

probably represents the n— stacking feature of graphene layers,
and we evaluated the average layer distance as 0.348 nm.
Interestingly, the estimated layer distance is considerably larger
than that of the well-known graphite crystal. Having a larger

so interlayer distance is favourable for suppressing interactions

between adjacent layers.

(e) FP-30-3756
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(a) FP-30-310
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Fig. 1 LDI-TOF mass spectra of the samples (a) FP-30-310, (b) FP-30-
325, (c) FP-30-340, (d) FP-30-350, and (e) FP-30-375.
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Fig. 2 Detailed LDI-TOF mass spectra of the FP-30-325 sample. In addition to the observed spectra (a), simulated patterns (b) that considered isotope
distribution are also shown in the graph. In the spectrum simulation, the molecular compositions in the (A) dimer, (B) trimer, and (C) tetramer regions
were set to C44H15:C44H13:C44H20:C44H22:C44H24:C44H25:CA4H25 = 151003012925,
CesH16:CosH13:CosH20:CesH2o: CegH24:CosHas: CosHog: CosHzo:CosHzo: CosHaa: CosHas: CosHas: CosHao: CosHar = 11:14:35:37:100:70:44:21:12:13:4:8:7:7, and
CagH20:CagHz2:CegHa4: CogHas: CogHas: CasHao: CagHan: CagHaa: CogHas: CosHas: CagHao: CegHaz:CogHaa:CagHas:CagHas: CogHso: CogHsz: CagHsa:CagHss =

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 3



22:18:46:58:86:100:96:68:50:22:21:9:18:2: 8:8:5:5:3, respectively. Here, to allow comparison with experimental spectra, the calculated patterns were
broadened by a Gaussian function with 0.07 mass unit of a full width at half maximum.

Regarding the size of the conjugated carbon system, the width
of a pentacene monomer unit is about 1.2 nm. On the other hand,
s the length of a fused pentacene is expressed as 0.43n [nm].
Therefore, the obtained materials are considered to be nanosize
graphene fragments. Here, note that such small-width GNRs or
GNFs cannot be prepared by well-known top-down techniques
such as electron beam lithography.*® Such small-size molecules
10 should show unique electronic and magnetic structures due to the
so-called quantum confinement or edge effect. 232
To understand the electronic and magnetic structures of the
fused pentacene system, we performed theoretical calculations.
The electronic densities of states (DOSs) and spin densities of the
15 straightly grown fused pentacenes (4, n = 1, 2, 3, 4, and 5) are
summarized in Fig. 3. As is well known, the electronic structure
of bulk graphene is described as a zero-gap semiconductor (semi-
metal); the unique electronic structure of graphene is represented
by so-called Dirac cones, and its valence and conduction bands
20 are crossed at the Fermi level (Eg).* Therefore, the DOSs of bulk
graphene sheets linearly increase with distance from Er. As can
be seen in Fig. 3, the DOSs of the fused pentacene system (n > 2)
were symmetrically dispersed from Er just like the above-
mentioned graphene’s DOS feature (see dashed red lines in Fig.

(b)n=2

25 3(e)). However, the fused pentacenes have an additional DOS
feature that can be observed in bulk graphene; some discrete
energy levels (marked with red arrows in Fig. 3(e)) just like the
van Hove singularities in SWCNTS are also observed in the fused
pentacene system. Interestingly, the positions of the discrete
energy levels were almost independent of the polymerized length
(n) of pentacenes (see Fig. 3). These discrete energy levels were
maintained even in the pentacene-based GNR having infinite
length (see Fig. S5). From the DFT calculation of the fused
oligomers, we found that the fused pentacene molecules have
35 some band gap. For example, the HOMO-LUMO gap of the
pentakisperipentacene (4, n = 5) was estimated to be 1.45 eV.
Having such a band gap feature is a great advantage for
semiconductor applications. Because the band gap of an ideal
graphene sheet is zero, logic devices composed of ideal large-area
graphene cannot be switched off; therefore, bulk graphene sheets
are unsuitable for such applications.® ®* Furthermore, because
the obtained fused molecules were of nanoscale, the molecules
may be used for extremely small-size electronic circuit systems.
Thus, fused pentacenes should be promising candidates for next-
45 generation nanoelectronic materials.
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Fig. 3 Electronic density of states plots (DOS, upper) and graphical representation of net spin densities (lower) of (a) pentacene, (b) peripentacene, (c)
trisperipentacene, (d) tetrakisperipentacene, and (e) pentakisperipentacene calculated by the spin-unrestricted B3LYP/cc-pVDZ method. The DOS plots
were obtained as the sum of Gaussian functions centered at molecular orbital energies with a full width at half maximum of 0.5 eV. In these figures, the

50 positions of Fermi energies (Er) are set as 0 eV and valence levels are filled with blue. In the spin density plots, red and blue regions represent excess o-
spin density and excess B-spin density, respectively.

The fused pentacenes (n > 2) also seem to have unique
magnetic properties. Although the net electronic structures of the

fused pentacenes have been described as a singlet, their a- and -
ss Spin  densities were asymmetrically located at two opposing
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zigzag edges (see Fig. 3). Similar asymmetrical spin features
have been theoretically predicted for GNRs and SWCNTSs having
a zigzag edge structure®=3% 3252 byt such a unique feature was
not observed in the initial pentacene precursor (n = 1).
Interestingly, the unique spin feature also seems to exist in other
GNFs having acene monomer units larger than anthracene (see
Fig. S67). Such a localized spin feature should be favourable for
magnetic applications. The obtained fused pentacenes may be
used as a model material for studying the electromagnetic
properties of spin-localized GNFs.

Because of the existence of various molecules and isotope ions,
the observed mass spectra were highly complicated. To evaluate
the detailed molecular distributions of the mass spectra, we
performed spectrum analysis that considered isotope distribution.
Strictly speaking, we cannot discuss the exact quantitative
distributions in the entire range of the spectra owing to
differences in the ionization efficiency of molecules. However,
the discussion of individual band regions should be meaningful.
This is because the ionization efficiencies of molecules in the
same region should be similar owing to their similar elemental
composition, structure, and molecular weight. The simulation
patterns were calculated as the sum of isotope patterns of various
hydrocarbon molecules (C,Hp, a, b = 1, 2, 3---). The peak
intensities of the isotope patterns were sequentially fitted to those
of the observed patterns in the order of increasing molecular
weight. Here, we did not consider the existence of multivalent
ions because every observed mass peak was separated at constant
intervals of 1 mass unit. The simulated patterns of each region are
shown in Fig. 2(b). It can be seen that the simulated patterns
reproduced the observed spectra well only by assuming C,y,H14n.
xn X =0,1, 2, 3--) type molecules. This result indicates that
pentacene (1, C,Hy) molecules were polymerized with a
stepwise elimination reaction of H, molecules.

As mentioned before, straightly grown products (4) are
expressed as C,yHan+10. Other observed peaks having a larger
number of hydrogen atoms (CaznHan+12: Ca20Hanv14r Ca20Hanvis )
can be explained by the relative positioning of the two pentacene
units (i.e., shift) and/or unconnected sites as in structures 5, 6, and
7 shown in Fig. 4. In addition, molecules having smaller number
of hydrogen atoms than that of the straightly grown products (4),
such as CynHan+s, and CponHanss, Were also detected in this study.
These hydrogen-poor molecules were not mentioned in the
previous reports, but the structure of these molecules might be
explained by the five-member ring structure included at shifted
sites such as 8. By introducing the five-member ring, steric
repulsions between hydrogen atoms placed at the shifted sites
(marked with circles in Fig. S77) should be weakened.

Until now, we have focused on purified samples (i.e., fused
components that are insoluble in toluene). Let us broaden our
scope to soluble byproducts that were removed in the purification
process. A typical LDI-TOF mass spectrum of a soluble
component recovered in the purification process is shown in Fig.
5. As shown in the figure, the molecules in the soluble
component have greater molecular weight than those in the
insoluble component. Through a detailed spectrum analysis, we
found that this difference in molecular weight is explained by the
different number of hydrogen atoms in the structures; although
the number of carbon atoms in each component was the same, the

molecules in the soluble component contained more hydrogen
e atoms than the insoluble component. As clearly shown in Fig. 5,
such hydrogen-rich molecules were well removed in the
purification process. We found that except for toluene, the
hydrogen-rich molecules showed higher solubility in commonly
used organic solvents (such as cyclohexane and tetrahydrofuran)
s compared with the hydrogen-poor products. This is probably
owing to the electric dipole moments of the hydrogen-rich
molecules originating from the intricate three-dimensional
structure in contrast to the planer structure of well-
dehydrogenated graphene-like fragments. Toluene liquids
70 containing  hydrogen-rich  molecules (soluble components
removed in the purification process) were yellow or red; on the
other hand, the recovered hydrogen-poor insoluble components
(purified FPs) were black. These results indicate that conjugated
carbon systems of the hydrogen-rich molecules were not well
75 developed in contrast to the hydrogen-poor molecules. Note that
as far as we tested, the hydrogen-poor molecules (purified FPs)
did not dissolve in any solvent except 1-methyl-2-pyrrolidinone
(NMP). Interestingly, the purified FP samples that dissolved in
NMP showed intense blue photoluminescence under 365 nm
s ultraviolet light exposure (see Fig. S8"). The observed
luminescence phenomenon may reflect the unique electronic
structure of fused pentacene molecules. As is well known, bulk
graphene does not show such photoluminescence because of its
simple semi-metallic energy structure. On the other hand, fused
85 pentacenes are expected to have some band gap and discrete
energy levels probably caused by the quantum-size or edge effect
as discussed above. This discrete energy structure of the fused
pentacene system might work as a luminescent centre.

10

90 Fig. 4 Possible structure of byproducts included in the obtained materials.
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Although the hydrogen-rich molecules observed in the soluble
components are undesirable byproducts for the synthesis of
nanosize graphene-like molecules, we can acquire useful
information about the reaction mechanism from these molecules.

s Here, we would like to address the fusing mechanism of
pentacene molecules. In a previous report, Northrop et al.
discussed the formation mechanism of peripentacene (2) from a
theoretical view point.53 However, to the best of our knowledge,
no experimental verification was performed after Northrop’s

10 report. Therefore, we attempt to discuss it here on the basis of
mass spectroscopic analysis.

In the LDI-TOF mass spectra of the soluble components (Fig.
5), some molecules having hydrogen atoms larger than 14n at the
n’th-mer region (such as CoynHian, CoonHuanso, and CoonHisnes)

1s were observed. These hydrogen-rich molecules cannot be
explained by the fused products generated only by the
dehydrogenation reactions. This is because such dehydrogenated
products should be expressed as CoyynHignox, Where x is the
number of sublimated hydrogen molecules. This means that some

20 types of hydrogen-atom-addition or hydrogen-atom-transfer
reactions also occurred in the reaction tubes. According to the
previous report, these hydrogen-rich molecules seem to be

attributed to the reaction intermediates produced within the fusion
process. In the reaction pathway proposed by Northrop et al., the
25 6-hydropentacenyl radical (C,H:s, 6PR) was treated as a
requisite intermediate.® They claimed that once 6PR was
generated, CyH3p (11) and the radical CyH,yg (12) were easily
produced by the dimerization reaction of 6PRs (Scheme 2a) and
the addition reaction of 6PR and 1 (Scheme 2b), respectively.
% Then, 11 and 12 are gradually converted to a peripentacene (2)
through a dehydrogenation process. Based on this mechanism, the
peak observed at m/z = 558.24 in Fig. 5 seems to be attributed to
11 (m = 558.23). Except for C,4H30 (11), the existence of Cy4H>4,
CasHos, CaqHog, CagHzp, and CyyHa, was also confirmed in the
35 soluble component (Fig. S97). The observed CyqHy4, CasHas, and
C.4H,g molecule can be explained by dehydrogenated product 11.
The other molecules were not fully discussed in the previous
report, but we think that the molecules can also be explained by
the additional hydrogen-atom addition/transfer reaction of 11 and
40 12. Because the radical species generated in the dimerization
process (such as 12, 6PR, and 13) are expected to have high
reactivity, various types of side reactions (e.g., hydrogen-atom
abstraction, hydrogen-atom transfer) are conceivable.
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Fig. 5 LDI-TOF mass spectra of the FP-30-325 sample. The soluble components that were removed in the purification process (a) and the purified

component that was insoluble in toluene (b) are compared. Magnified views of the dimer (n = 2), trimer (n = 3), and tetramer (n = 4) regions are separately
shown in A, B, and C, respectively.

An important issue is the origin of 6PR. Although the de-tailed
reaction pathway was somewhat different from that in Northrop’s

s0 report, the formation of 6PR was also predicted in the Roberson’s
report.®® In both reports, the assumption was that 6PR was
generated from the radical-type hydrogen-atom transfer from
DHP to pentacene (1) at the initial reaction step (Scheme 2c).%® %
Here, DHP was treated as a trace amount of impurity that is often

ss contained in commercially available pentacenes. However, we
found that the precursor used in this study did not contain any
DHP impurity (see Fig. S10%). In addition, DHP (m = 280.13)
was not observed in treatment below 325 °C as shown in Fig.
S117. This indicates that the initial polymerization reaction
e should occur without a DHP molecule. Because the initial
pentacene sample used in this study did not contain any organic
and metallic impurity (see Figs. S10" and $127), we believe that a
disproportional reaction of two pentacene molecules (Scheme 2d)
should have occurred without a catalyst at the first step. Even
es through Scheme 2d, 6PR can be produced from the reaction route
of DHP and pentacene (Scheme 2c). In addition, by considering

Scheme 2d, additional simple dimerization routes, such as
Scheme 2f, can also be considered in addition to previously
discussed Schemes 2a and 2c. The reaction root shown in Scheme

70 2d is probably high-energy unfavourable process compared to the
Scheme 2c. However, once 6PR is generated through Scheme 2d,
DHP can be produced from 6PR through a backward reaction of
Scheme 2c and a hydrogen-atom abstraction reaction of Scheme
2e. Thus, the difference between Schemes 2c and 2d becomes

7s unclear after initial radical formation. To check the role of the
DHP molecule more actively, experiments using DHP mixed
with the initial pentacene precursor were performed. The obtained
LDI-TOF mass spectra are summarized in Fig. S13%. As shown in
the figure, the addition of DHP molecules did not promote fusing

g0 reactions. This result also supports our initial DHP-free reaction
mechanism.

As mentioned above, the electronic structure of fused
pentacene molecules is almost independent of the polymerization
degree (see Fig. 3). Because reactive zigzag edge structures

ss remain even through fusing reactions, additional fusion can occur.
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Therefore, the formation mechanism of large fused pentacenes
(trimer, tetramer, pentamer---) might also be explained by the
further addition reaction of radical-activated pentacene (6PR, 13)
molecules.

Finally, we would like to discuss the suitable reaction
conditions for obtaining large fused pentacenes based on the
above-mentioned reaction mechanism. We investigated the effect
of reaction temperature and initial precursor weight in this study.
As a result, the lowest reaction temperature (T)q,,) required for the
fusing reaction was found to be 310 °C < T,,,< 325 °C. Above
325 °C, the relative abundances of highly polymerized products
gradually decreased with increasing reaction temperature (see Fig.
1). In addition, we found that the molecular distributions of fused
products broadened with increasing reaction temperature (see Fig.
S117). These results probably came from the low selectivity of
the fusing reaction. The regioselectivity of the pentacene
dimerization process was discussed in the previous theoretical
study.®® Although formation of straightly grown pentacene (such
as 2) is energetically the most preferable process compared with
shifted ones (such as 9), the energy difference does not seem to
be very large in some cases. Because the fusing reaction of
pentacenes can be explained by radical reactions via unstable
intermediates such as 6PR and 13, various types of side reactions
can be considered and the final byproducts became ignorable
especially at high temperature conditions. The observed large
distribution of fused molecules at high temperature might have
occurred because the emergence of side-reaction pathways and
byproducts is unfavourable for obtaining large fused pentacenes.
This is because the relative formation probability of valid fused
products should be decreased in a statistical sense. Moreover,
initial precursor weight also affected the efficiency of the fusing
reaction. As far as we tested, the most suitable initial pentacene
weight was found to be about 30 mg for a 20 cm?® quartz tube (see
Fig. S2). We think that this result can be explained by the inner
gas pressure of the reaction tube. As the important intermediates
for the fusing reaction (such as 6PR and 13) are generated by
gas-phase bimolecular reactions, as shown in Scheme 2d, a
certain amount of vapour pressure in initial pentacene is required
for bimolecular collision. In this sense, a larger amount of initial
pentacene is more suitable for promoting the fusing reaction. On
the other hand, excess gas pressure accompanied by an excessive
amount of initial pentacene in the reaction tube is also
unfavourable because hydrogen-gas eliminations accompanied by
the fusing reactions should be suppressed. Based on the balance
45 of these conflicting factors, the optimal precursor value seemed to

be 30 mg.
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Conclusions

We investigated the synthesis condition and products of a
polymerized pentacene system. By optimizing the fusing
condition, we have successfully obtained large fused pentacene
molecules up to at least octamer (n = 8). First-principles
calculations revealed that the fused pentacenes have a unique
electronic structure that does not exist in bulk graphene samples.
To evaluate the reaction mechanism, detailed mass
spectroscopical analysis was performed. The fusing mechanism
of pentacene molecules seems to be explained by a complex
radical reaction pathway via the 6PR intermediate as mentioned
in previous studies. However, our perspective of the 6PR
formation scheme was somewhat different from the previous
report; we think that 6PR was formed without the DHP
impurity at the initial step. Although various lengths of fused
pentacenes were confirmed through mass spectra, the
synthesized materials were obtained as a “mixture.” To study
more detailed physical properties of the fused systems, a
separation method should be developed as the next step.
Fortunately, various separation methods have been proposed for
nanocarbon systems (especially for SWCNTSs) and the technique
is still being developed.®®” We expect that separation of
pentacene-polymer will be possible in the near future.
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