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ABSTRACT: We synthesized 4TIPS-pen, a pentacene derivative

Twist Core Planar Core

bearing TIPS-ethynyl groups at the 5,7,12,14-positions via a modified

route. The compound showed polymorphism, forming green crystals
with a twisted backbone and blue crystals with a planar backbone.
UV—vis spectra and theoretical calculations revealed distinct optical
behaviors linked to structural differences. 4TIPS-pen is photo-
unstable, and we confirmed the product structure using X-ray
analysis. These results highlight structure—property relationships and

offer design guidelines for extended 7-conjugated pentacenes.

Acenes are renowned for their exceptional optical proper-
ties, which result from effective conjugation, and are
utilized in electronic materials such as organic transistors.” As
the conjugated system expands, the carrier mobility and other
functions of acenes improve. At the same time, higher acenes
beyond pentacene show significantly reduced stability and
solubility in organic solvents, making pentacene the most
studied compound both practically and in fundamental
research.” One of the most direct strategies to address these
issues is the introduction of suitable substituents. The
formation of parent pentacene and higher acenes without
substituents is currently limited to experimental techniques
such as on-surface synthesis under inert conditions.’

The triisopropylsilyl (TIPS)-ethynyl-substituted pentacene
at the 6,13-positions (TIPS-pen) is frequently examined as a
benchmark for pentacene derivatives (Figure 1).* TIPS-pen
was first reported by Anthony in 2001, and various analogues
have been designed since then.”” The advantages of the TIPS-
ethynyl groups include 1) improved molecular solubility due to
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Figure 1. Pentacene derivatives bearing multiple 7#-conjugated
substituents.
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the bulky and stable TIPS groups, 2) expanded conjugation
while maintaining planarity due to the acetylene triple bond, 3)
control of packing in crystals, and 4) reversible detachment of
the oxygen molecule at the 6,13-positions, resulting in
stabilization against oxygenation.

Most pentacene derivatives, including TIPS-pen, are
disubstituted compounds introduced at the 6,13-positions.
Compounds with substituents introduced at the other
positions or with more than two substituents are rare.” 4Ph-
pen has phenyl-ethynyl groups introduced at §5,7,12,14-
positions, exhibiting a long-wavelength shift in the maximum
absorption wavelength to 705 nm in o-dichlorobenzene.” But it
has the disadvantage of being insoluble in most organic
solvents. No examples have been reported for nearly half a
century, since the introduction of the same substituent that
directly extends s-conjugation at the 5,7,12,14-positions.”
Recently, Bunz reported the synthesis of 4-fold TIPS-ethynyl
pentacene 4TIPS-pen (Figure 1) to octacene and their
physical properties as well as their stability in solution.’
Meanwhile, in our independent efforts to create pentacene
derivatives that exhibit absorption in the long-wavelength
region by introducing four TIPS-ethynyl groups, we gained
interesting insights into the crystal polymorphism of 4TIPS-
pen.
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Here, we synthesized 4TIPS-pen using a modified route that
was not previously reported. 4TIPS-pen exhibited crystalline
polymorphism, yielding green and blue single crystals from the
same solvent system. Single-crystal X-ray analysis revealed that
the blue crystal has a structure where the pentacene skeleton is
planar, while the green crystal has a twisted pentacene skeleton
structure. The color difference was also examined by
comparing the UV—visible absorption spectra of each single
crystal.

In synthesizing 4TIPS-pen, we referred to the report by
Yamashita et al. in 2009." They used commercially available
5,7,12,14-pentacene-tetraone as the starting material and
synthesized the compound with TIPS-ethynyl groups intro-
duced at the diagonal S,12-positions (2TIPS-dione) (Scheme
1). They reported that only two positions reacted even when

Scheme 1. Synthesis of 4TIPS-pen
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| 1) TIPS———Li
Q Q Yamashita’s work o] 3 equiv.
O ‘ ref. 10 2) SnCly*2H,0
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o o] 0

\ 2TIPS-dione | | /
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Bunz’'s work 1) TIPS—==—Li 2) SnCl*2H,0 29%
ref. 9 100 equiv.

an excess amount of TIPS-acetylene was added; thus, we
considered that by isolating this 2TIPS-dione and performing
the same reaction once again, it would be possible to introduce
TIPS-ethynyl groups into the two remaining ketone positions.

The synthesis of 4TIPS-pen was performed according to
Scheme 1. Although Bunz’s group directly obtained 4TIPS-
pen from pentacene-tetraone in 29% yield, they need a large
excess amount of lithiated TIPS-acetylene (100 equiv) in
hexane.” In our synthetic route, 3 equiv of TIPS-ethynyl
lithium were reacted with 2TIPS-dione at room temperature
for 24 h and the corresponding diol was reduced with SnCl,
under hydrochloric acid conditions at 60 °C in an oil bath to
obtain 4TIPS-pen as a dark-green solid with a yield of 21%.
When the reduction was carried out at room temperature, the
yield was reduced to 10%.

The UV—vis absorption spectrum of 4TIPS-pen showed a
long-wavelength shift relative to those of pristine pentacene
and TIPS-pen due to the introduction of the ethynyl groups.
The maximum absorption wavelength in the absorption
spectrum was observed to be slightly affected by the polarity
of the solvents: in hexane (675 nm), dichloromethane (684
nm), chloroform (684 nm), chlorobenzene (687 nm), and
tetrahydrofuran (690 nm) (Figure S7). No fluorescent
emission was observed, probably because the thermal rotation
of the bulky TIPS groups accelerated the nonradiative decay.

When the single crystals of 4TIPS-pen were prepared using
dichloromethane as the good solvent and methanol as the poor
solvent at room temperature, green and blue crystals were
obtained (Figure 2)."" Under optical microscope observation,
the number of blue crystals was less than that of green crystals
(Figure S8). Analysis by single-crystal X-ray diffraction was
successful for both.'” It was found that the molecular structure
in the green crystal (4TIPS-pen(G)) has a twisted pentacene
skeleton (20.0°) while that in the blue crystal (4TIPS-pen(B))
has a flat pentacene skeleton with TIPS-ethynyl groups bent

]
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Figure 2. Single-crystal X-ray structures of (a) 4TIPS-pen(G) and
(b) 4TIPS-pen(B) (top and side views) and photographs of crystals
observed under an optical microscope. The ellipsoids are scaled at
50% probability. Hydrogen atoms and disordered parts were omitted
for clarity.
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outward. The blue and green crystals had similar molecular
packings within the crystals (Figure S9).

The AG of each molecule in the crystal was calculated using
density functional theory (DFT) methods (B3LYP/3-21G*
level), and it was found that the structure in the blue crystal
had a higher energy (AAG = 1.48 kcal/mol) than that in the
green crystal. This result indicates that to mitigate the
repulsion of bulky TIPS groups, twisting the pentacene plane
can be achieved at a lower energy than distorting the four
TIPS-ethinyl groups, which possess higher flexibility. That is,
the blue crystals represent a kinetic product that precipitates at
a relatively fast rate while the structure in the green crystals is a
thermally stable one. According to these energy calculations,
the phase-transition behavior between crystal polymorphs was
investigated by heating the blue crystal by using a melting-
point apparatus. As shown in Figure S10, the color of a crystal
was observed to change from blue to green at 270—280 °C.
Once the crystal color changed to green upon heating, the
crystals did not regain their blue color even after cooling.

The UV—vis absorption spectra of these single crystals were
recorded (Figure 3). That of 4TIPS-pen(G) exhibits relatively
large absorption at 400—440 nm for the S, — S, transition
compared to the 550—700 nm range for the Sy — S, transition.
On the other hand, that of 4TIPS-pen(B) exhibits
comparatively small absorption at 400—440 nm. The fact
that the oscillator strengths at 536 and 467 nm are zero for
4TIPS-pen(B), based on the time-dependent (TD)-DFT
calculations, suggests that the S, — S, absorption is
symmetry-forbidden. In contrast, the oscillator strength at
the same wavelengths is nonzero for 4TIPS-pen(G), indicating
that Sy — S, absorption becomes partially allowed due to the
twisting of the backbone. The absorption on the blue side
(400—440 nm) could result in the green color of the crystal,
which agrees with the experimental absorption spectrum.
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Figure 3. UV—vis absorption spectra of single crystals of 4TIPS-
pen(G) (green) and 4TIPS-pen(B) (blue) along with that in CHCI,
solution (black).

Higher acenes form endoperoxides by adding an oxygen
molecule to the central benzene ring of the parent skeleton
when exposed to light in the presence of oxygen.”'’ We
evaluated the photostability of 4TIPS-pen by leaving it in a
chloroform solution under ambient conditions. 4TIPS-pen
peaks in the '"H NMR spectra completely disappeared after 2
weeks (Figure S11).” When a chloroform solution of 4TIPS-
pen was left in the dark, no significant changes were observed
on the same time scale. This confirmed that 4TIPS-pen is
stable in solution under atmospheric conditions as long as it is
protected from light.

The structure of the 4TIPS-pen(O,) photodegradation
product was identified by '"H NMR spectroscogy and single-
crystal X-ray structural analysis (Figure 4).'” The crystal

Figure 4. Single-crystal X-ray structure of the photodegradation
product of 4TIPS-pen. The ellipsoids are scaled at 50% probability.
The disordered parts were omitted for clarity.

structure confirms that the addition of an oxygen molecule
causes the pentacene skeleton to bend at the central benzene
ring and break the conjugation. The literature claims that
anthracene endoperoxide readily converts to the corresponding
quinone,14 yet there are also reports indicating that the
anthracene skeleton can be restored by heating.'> We
confirmed that heating 4TIPS-pen(O,) in degassed tetra-
chloroethane-d, at 120 °C in an oil bath resulted in its
complete decomposition within 1 h.

In summary, we synthesized pentacene derivative 4TIPS-
pen with TIPS-ethynyl groups introduced at the 5,7,12,14-
positions via the modified synthetic route and evaluated its
physical properties. 4TIPS-pen exhibited polymorphic behav-
ior, yielding green and blue single crystals from the same
solvent system. Single-crystal X-ray analysis revealed that the
blue crystal had a planar pentacene skeleton with TIPS-ethynyl
groups bent outward while the green crystal had a twisted
pentacene skeleton. It was found that the structure in the blue
crystal had a higher energy than that in the green crystal. This
indicates that the blue crystals represent a kinetic product
while the structure in the green crystals is a thermally stable
one. The color differences were also examined by comparing
the UV—visible absorption spectra of each single crystal and
TD-DFT calculations. The instability of 4TIPS-pen was
monitored by 'H NMR, and we confirmed the structure of
the endoperoxide product. These characteristics are unique to
4TIPS-pen, which lacks substituents at positions 6 and 13.
This study experimentally demonstrates insights into the
physical properties and reactivity of the $,7,12,14-tetrasub-
stituted pentacene derivative and provides useful guidelines for
the molecular design of novel pentacene derivatives with
extended 7-conjugation.
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