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of Chemistry peri-Acenes have shown great potential for use as functional materials because of their open-shell singlet
biradical character. However, only a limited number of peri-acene derivatives larger than peri-tetracene
have been synthesized to date, presumably owing to the low stability of the target compounds in
addition to the complicated synthesis scheme. Here, a very simple synthesis route for the tetrabenzo
la.fjolperylene (TBP) structure enables the development of highly stable peri-tetracene analogues.
Despite a high degree of singlet biradical character, the compounds with four substituents at the zigzag
edge show a remarkable stability in solution under ambient conditions, which is better than that of acene
derivatives with a closed-shell electronic configuration. The crystal structures of the TBP derivatives were
obtained for the first time; these are valuable to understand the relationship between the structure and
biradical character of peri-acenes. The application of peri-acenes in electronic devices should also be
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DOI-10.1039/d0sc04699 investigated. Therefore, the semiconducting properties of the TBP derivative were investigated by

rsc.li/chemical-science fabricating the field-effect transistors.

zigzag-edged PAHs are considered to be nanographenes.”
Examples of peri-acenes are shown in Fig. 1, where the
compounds have a conjugated system with two rows of
acenes. Although perylene® and bisanthene,® as the smaller
m-systems, have been known for a long time, teranthene,*
tetrabenzo|a,f,j,o]perylene (TBP)'" and peri-tetracene'>** were
synthesized only very recently, and peri-pentacenes have only

Introduction

Acenes and functionalized acenes, which are a class of poly-
cyclic aromatic hydrocarbons (PAHs) with laterally fused
benzene rings, have received considerable attention because of
their attractive properties that include high mobility and effi-
cient multi-excitonic processes like singlet fission and triplet-
triplet upconversion.'”® Thus, they have been applied to various
organic electronic devices such as organic field-effect transis-
tors (OFETs)* and organic light-emitting diodes (OLEDs).?
Larger acenes having more than six benzene rings are known to
have an open-shell (OS) singlet biradical character and are also
promising for use in optoelectronic devices. However, their
intrinsically low stability has hindered a detailed study of these
materials.® (1910)

Additionally, interest in peri-fused systems, so-called peri-
acenes and acenoacenes, has been increasing because such
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Fig. 1 (a) Chemical structures of peri-acenes. (b) Resonance struc-

transistor data. CCDC 2025243 and 2025244. For ESI and crystallographic data
in CIF or other electronic format see DOI: 10.1039/d0sc04699j
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tures of TBP and peri-tetracene. (c) Structures of the reported TBP and
peri-tetracene derivatives.
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been obtained in ultrahigh vacuum conditions." These larger
T-systems can exhibit a significant singlet biradical feature
and unique properties. The OS singlet biradical contribu-
tions in their resonance structures result from the additional
Clar's aromatic sextets in the biradical form. Fig. 1b shows
the resonance structures of TBP, where the closed-shell (CS)
form has two aromatic sextets while the OS form has five
aromatic sextets, which indicates a large biradical character
for TBP. Note that the radicals in the allylic positions can be
delocalized and stabilized, which results in a large spin
density at the four carbon atoms found at the zigzag edges.
The resonance structures of peri-tetracene are essentially
similar to that of TBP, therefore referred to as peri-tetracene
analogue for TBP in this paper, although the biradical char-
acter of peri-tetracene is higher than that of TBP because of
the larger conjugation in the planar structure of peri-tetra-
cene. To date, there have been few examples of the precisely
synthesized and isolated derivatives of TBP and peri-tetra-
cene (Fig. 1c)."*> Because singlet biradical materials are
generally unstable, these three molecules also decompose
quickly in solution. Therefore, the stability needs to be
improved for their further applications in electronic devices.
However, their complicated synthesis schemes hinder the
preparation of derivatives with various substituents. Conse-
quently, the properties of peri-tetracene analogues are not
fully understood.

In this study, we developed a simple synthetic route for
various TBP derivatives, which can potentially be used for the
synthesis of peri-tetracenes. The synthesis scheme allows us to
obtain TBP derivatives with two or four substituents at the 9,20-
or 9,10,19,20-positions, respectively, which results in a signifi-
cant improvement of the stability. In addition, OFET devices
comprising the TBP derivatives have been investigated and
show a good bipolar charge transport property despite the non-
planar structure of the TBP core.
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Scheme 1 Chemical structures of new TBP derivatives (TBP2-5) and
synthesis routes.
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Results and discussion
Synthesis

The synthesis procedures for the new TBP derivatives (TBP2—
TBP5) are shown in Scheme 1 and Method S1 (see the ESIT). The
key intermediate in our strategy was compound 4 (tetrabenzo
[afj,0]perylene-9,20-dione) based on the fact that many acene
derivatives can be synthesized from acene quinones.* This also
enabled the introduction of various substituents/protecting
groups in the last step, in contrast to the synthesis methods
for the previously reported TBP1 and peri-tetracenes, which
require the introduction of substituents in the early steps. We
found that 4 was formed as a trace byproduct under the reaction
conditions (at 100 °C for 5 h) for the synthesis of 2 and 3,'* and 4
could be obtained as the main product by optimizing the
reaction temperature and time (at 120 °C for 48 h). Compound 4
was also obtained from an isolated mixture of 2 and 3 (insep-
arable E and Z isomers), which suggested a sequential two-step
reaction from 1. According to Clar's rule,"” 4 is considered to
have a large contribution of the resonance structure with five
aromatic sextets, which results in a clear a,B-unsaturated
carbonyl structure (see Crystal structure section below). For the
reaction between 4 and organolithium reagents, both 1,2-
addition (a direct nucleophilic attack at the carbonyl group) and
1,4-addition (Michael addition) were observed depending on
the nucleophiles involved. Similar to the synthesis of TIPS-
pentacene  from = pentacenequinone,’®  TIPS-acetylene-
substituted TBP (TBP2) was synthesized by the nucleophilic
1,2-addition of lithium acetylide, followed by reduction using
SnCl, in low yield (<1%), where the products of the 1,4-addition
were obtained in trace amounts. Although lithium and Grignard
reagents tend to promote a 1,2-addition, aryl lithium and aryl
Grignard reagents with 4 lead to Michael addition rather than
1,2-addition to give compounds 5a and 5b as the main products
with a small amount of by-products from a 1,2-addition, prob-
ably owing to the steric congestion from the rigid core struc-
ture.” Therefore, four-substituted TBP (TBP3-TBP5) could be
synthesized through a second nucleophilic addition."® There-
fore, we successfully obtained new TBP derivatives in a few short
steps. Although we focused on TBP derivatives in this work, 4
will undergo intramolecular coupling by a Scholl reaction to
give a fully planar fused compound (see the ESIT), which can be
used as a precursor of peri-tetracene.

Optical and electrochemical properties and stability test

Because all of the new compounds (TBP2-TBP5) are based on
the TBP core, their properties, which include the biradical
character, should be similar to those of TBP1, which has
already been determined to have an OS singlet biradical nature
by UV-vis absorption spectroscopy, theoretical calculations,
electron spin resonance (ESR) spectroscopy and variable-
temperature (VI) NMR spectroscopy.' To realize stable
singlet biradical compounds, it is important to protect the
position with a high spin density (9,10,19,20-positions of the
TBP core). TBP2 has a thermodynamic stabilization that
extends the conjugation and delocalizes radicals by the

Chem. Sci., 2021, 12, 552-558 | 553
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introduction of substituents, such as acetylene, although only
two positions are protected. On the other hand, TBP1, TBP3
and TBP4 are kinetically stabilized by bulky protecting groups.
A mesityl group is bulkier than a phenyl group, which indicates
a better protection for the singlet biradical of TBP4. TBP5 is
expected to be stabilized by both a thermodynamic and kinetic
approach.

Fig. 2 shows UV-vis absorption spectra in dichloromethane
(DCM). The solutions of TBP2-TBP5 were green because of the
absorption band in the range of the red to near-infrared (NIR)
region. The results clearly showed a red shift of the lowest
energy band in the NIR region for the compounds with acetyl
groups. The absorption maxima (A,ax) Were 765, 733, 729 and
783 nm for TBP2-TBP5, respectively, which indicated a narrow
HOMO-LUMO gap and high biradical character for these
compounds that were similar to those for TBP1 with an
absorption maximum at 727 nm. In fact, the theoretical
calculations of the biradical character (y,) using Yamaguchi's
scheme at the UHF/6-31G(d,p) level were 0.60, 0.62, 0.60, 0.59
and 0.62 for TBP1-TBP5, respectively (full data of the calcu-
lations can be found in the ESI, Methods S2, Tables S1-S4, and
Fig. S1-S47).>° However, these singlet biradical features
generally led to a fast decomposition of the compounds by
photooxidation in air. In fact, the absorption spectra of most
of the acenes quickly changed, which indicated a low stability.
The changes of the absorption intensity at Ay, under white
room light in ambient air are summarized in Fig. 2b and each
spectrum is shown in Fig. 2c-f. These results demonstrated
the significant difference in stability of these compounds. The
decompositions of TBP2 and TBP3 took place on a similar time
scale, which was faster than that of rubrene,* because of the

View Article Online
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higher singlet biradical character of the peri-acenes. Thus, the
absorption intensity almost disappeared after several hours,
as shown in Fig. 2c and d. The colour of the solution changed
to yellow, then red-purple, likely owing to the addition of
oxygen and the formation of carbonyl groups (Fig. S5 in the
ESIt). Because TBP2 had only two substituents and TBP3 had
less sterically crowded phenyl rings, the protection of the
radicals was expected to be limited. Although the experimental
conditions were not exactly the same as those in previous
reports by keeping the samples under ambient light, the
photostability of TBP1, which showed a ca. 50% absorption
intensity after 20 min, is likely to be similar to that of TBP2 and
TBP3. On the other hand, TBP4 with four bulky mesityl groups
showed a much better stability than rubrene with only a slight
degradation in ambient conditions. In addition, the spectra of
TBP5 exhibited no significant changes of the intensity even
after a week. These results indicated that the tri-
alkylsilylacetylene groups have a better protection property
than the mesityl groups. Therefore, a highly stable molecule
with an OS singlet ground state could be obtained. This
improvement enables an easy handling of the solution for
fabricating organic electronic devices that require high purity.

The emission spectra of TBP4 and TBP5 are shown in Fig. S6
in the ESL.{ The compounds showed NIR emission with emis-
sion maxima of 888 nm and 934 nm and a small full width at
half maximum (FWHM) of 127 nm (0.19 eV) and 80 nm (0.11 eV)
for TBP4 and TBP5, respectively. However, the quantum yields
were very low (<0.5%) for both compounds.

The results of the cyclic voltammetry (CV) for TBP4 and TBP5
showed two reversible oxidation and reduction peaks (Fig. S7
and Table S5 in the ESIt). The first oxidation and reduction
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Fig. 2 UV-vis absorption spectra for (a) TBP2-TBP5 in DCM. (b) Absorbance normalized to the initial absorbance for TBP2-TBP5 at their Amax

(765, 733, 729, 783 and 527 nm, respectively) and rubrene as a function

of time under ambient white light in air saturation. UV-vis absorption

spectra as a function of time for (c) TBP2, (d) TBP3, (e) TBP4 and (f) TBP5.
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peaks vs. ferrocene/ferrocenium were at —0.07 Vand —1.64 V for
TBP4 and 0 V and —1.37 V for TBP5, respectively. The energy
gaps of 1.57 eV and 1.37 eV agreed well with optical gaps of
these compounds.

Single crystal structure

The single crystals of compounds 5b, TBP4 and TBP5 were ob-
tained by the slow recrystallization from DCM layered with
MeOH (Fig. 3, Methods S3, Tables S6 and S7, Fig. S8 and S9 in
the ESIt). The crystals of 5b and TBP5 included DCM solvent
molecules. Unfortunately, the quality of data for TBP4 were not
sufficiently high (R > 20%) because of the very weak reflections.
Therefore, the data are provided in the ESIT without the detailed
discussions of the bond lengths. However, we were able to
confirm the structure and packing motif.

All the compounds showed an intersecting conformation of
two tetracene subunits (Fig. S1}), where the central ring E was
twisted (Fig. 3f). The bond lengths of compound 5b indicated
the contribution of a,B-unsaturated carbonyl structures, where
a,B-unsaturated C=C bond (bond p) is short compared with
a tetracene quinone derivative,*” as observed in a peri-pentacene
derivative that undergoes Michael addition.” In addition, the
slightly increased bond lengths for bonds 7, m and o suggested
a decrease of the aromaticity in ring B. These features enabled
a Michael addition reaction to compound 4. Although the
crystal structure of peri-tetracene2 shown in Fig. 1 has been
investigated,'” there has been no report for the crystal structure
of the TBP derivatives. Therefore, the crystal data of TBP5 would
be important to confirm the biradical characters of TBP deriv-
atives. Although the torsion angle for the two tetracene units
were relatively large for TBP5 (ca. 40°), the bond lengths for
bonds v and w were still short (1.448 A) and only slightly longer

View Article Online
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than that of peri-tetracene2 (1.442 A), which indicated a bir-
adical contribution owing to electronic coupling between two
tetracene units. The degree of bond alternation was similar to
that of peri-tetracene2. These results strongly support the high
biradical character of TBP derivatives. Note that the calculated
bond lengths well agreed with the experimental result (Fig. S87).

The packing structure, which may give some insight to the
charge transport property, is shown in Fig. 3¢ for TBP5. The
packing structure of TBP4 is shown in Fig. S9, where the
interactions between TBP cores seemed to be very small. For
TBP5, a herringbone packing with a tilt angle of 42° was
observed in the horizontal direction. The distance of the CH-®
interaction was 2.785 A, which is comparable to that for pen-
tacene in the peri-direction. Although the intermolecular
interactions are limited because of the relatively large substi-
tution groups, the results proved that efficient charge transport
in TBP5 is possible.

VT NMR and ESR

The "H NMR spectra of TBP4 in DCM-d, showed broad peaks at
room temperature (Fig. 4a), which is often observed for OS
singlet biradicals because triplet biradicals are thermally
accessible. Therefore, the peaks became sharper by decreasing
the temperature and were assigned to the structure of TBP4 with
the help of 2D-COSY NMR spectroscopy. The broad peaks at
room temperature were found to be from H3 (7.08 ppm, double
doublet at 193 K) and H1 (7.26 ppm, doublet at 193 K). This
result agrees well with the relatively high spin density distri-
bution at these positions calculated by density functional theory
(DFT) at the UB3LYP/6-311G(d,p) level. The singlet biradical
feature was further characterized by an ESR measurement in the
solid state, which gave a typical ESR signal with a g-value of

Fig.3 X-ray crystal structures of (a) 5b and (b) TBP5. (c) Packing structure of TBP5. Bond lengths in the crystals of (d) 5b and (e) TBPS5. (f) Positions

of bonds and rings.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 VT 'H-NMR spectra of (a) TBP4 and (b) TBP5 in DCM-d. in the
aromatic region.

2.003 for TBP4 (Fig. S10 in the ESIT). On the other hand, TBP5
showed a weaker ESR signal and negligible broadening of the
NMR peaks at room temperature, which indicated a larger
singlet-triplet energy gap (AEsr) (Fig. 4b). The theoretical
calculations showed a smaller AEg r, calculated by geometry
optimization for the singlet and triplet states, for TBP5 than
TBP4, which was not consistent with the NMR results. However,
the time-dependent (TD)-DFT calculations showed a larger
vertical excitation energy of TBP5 than TBP4 for the triplet in the
singlet ground state geometry, suggesting that the different
activation energies for the triplet caused the different degrees of
broadening. Because some recent papers have reported a high
biradical character with a large AEs 1,”>** this should be inves-
tigated in more detail in future works.

Charge transport properties

The OFET devices using TBP5 were investigated because of its
higher stability and better interactions. The devices with
bottom-gate/top-contact (BG/TC) configurations were fabricated
for the drop-coated films from an o-dichlorobenzene (ODCB)
solution on a cross-linked poly-4-vinylphenol (PVP) dielectric
layer (see Methods S4 and Fig. S11 in the ESIf). Some recent
reports used several types of singlet biradical compounds for
the active layer of OFETs, which revealed their bipolar transport
owing to small energy gaps.>**® The TBP-based devices also
demonstrated a capability of bipolar transport for peri-acene
derivatives. Fig. 5 shows the transfer and output characteristics
with hole and electron mobilities of 1.6 x 10> and 6.1 x 10>

556 | Chem. Sci., 2021, 12, 552-558
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Fig. 5 OFET devices of TBP5. (a) Transfer and (b) output character-
istics of a BG/TC device with a drop-casted film from 0.3 wt% ODCB
solution.

em® V' s respectively. The devices obtained from the

different drop-casting conditions, which have different degree
of crystalline domains, showed a higher hole mobility of 1.2 x
102 em® V' s, although the electron transport was not clear
because of a largely unbalanced hole and electron currents
(Fig. S12 in the ESI}). The crystallinity of the thin-films was
evaluated by X-ray diffraction (XRD), polarized optical micros-
copy (POM) and atomic force microscopy (AFM) (see Fig. S13
and 14 in the ESI}). The out-of-plane XRD showed a small peak
at 20 = 9.28° (d = 9.5 A). This was shorter than the molecular
length (ca. 11 A for the tetracene length and 19 A in the
substitution direction). Therefore, the molecules may have had
declined orientations on the substrate. The microscopy images
also confirmed polycrystalline domains in the channel.

Overall, peri-acene derivatives show a high potential for use
as organic semiconducting materials.

Conclusions

In this work, we have developed a new synthesis route for TBP
derivatives of a peri-tetracene analogue, which is much simpler
and shorter than the previously reported methods. The newly
developed TBP derivatives with four substituents showed
a higher stability than rubrene in solution under ambient
conditions despite a higher singlet biradical character. Thus,
the simple protection approach is found to be an effective
method to improve the stability of peri-acenes. The crystal
structures of TBP derivatives were obtained for the first time
and clearly revealed a large biradical contribution in the TBP
structure. The charge transport properties of the TBP derivative
were also investigated for the first time and the results clearly
demonstrated a bipolar nature for the peri-tetracenes.
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