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An air-stable A3-phosphinine-containing polycyclic aromatic com-
pound without steric protection was synthesized and its charge
transport properties were evaluated, which revealed moderate hole
mobility. This research is the first experimental demonstration of
the organic electronic applications of low-coordinate phosphorus
compounds.

Sulfur atoms play an important role in the development of
high-performance organic field-effect transistor (OFET)
materials." The introduction of sulfur atoms, whose valence
orbitals (3s and 3p orbitals) are spatially larger than those of
the carbon atom (2s and 2p orbitals),” into n-conjugated frame-
works is believed to enhance the charge carrier mobility by
increasing the intermolecular orbital overlap.'® On the other
hand, organic semiconductors incorporating phosphorus
atoms, which also have spatially larger valence orbitals, are
popular as electron transporting and host materials for organic
light-emitting diodes (OLEDs).> However, they are very rarely
used as OFET materials because of their low charge carrier
mobilities. The most important factor determining the differ-
ence in the charge carrier mobility of organic semiconductors is
the coordination number of the heavy elements. A divalent
sulfur atom is usually two-coordinate and sterically exposed
when embedded at the edge of n-conjugated systems; hence, its
valence orbitals can participate in intermolecular orbital over-
lap. In contrast, the typical coordination numbers of trivalent
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and pentavalent phosphorus atoms are three or more. One or
more substituents act as a steric hindrance on the phosphorus
atom and inhibit the formation of conduction channels
through its valence orbitals. If this explanation is correct, it
can be theorized that as long as the coordination number of the
phosphorus atom is reduced to two, it would function similarly
to a sulfur atom in enhancing the charge carrier mobility.
2*-Phosphinine, one of the stable low-coordinate phos-
phorus compounds, and its derivatives have been extensively
studied as ligands in the field of organometallic chemistry
because of their higher stability compared to electronically
localized phosphaalkenes and unique electron-accepting
character.® Although many derivatives have been synthesized,
there are only a few reports on the optoelectronic properties of
n-conjugated systems incorporating A*-phosphinines,® as well
as their applications in organic semiconductors. In terms of
n-electrons, A*-phosphinine has an isoelectronic n-system with
thiophene. Hence, it can probably be used as a building block
for high-mobility organic semiconductors (Fig. 1a). In other
words, heteroacenes incorporating the A*-phosphinine unit,
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Fig. 1 (a) Comparison between thiophene and 13-phosphinine. (b) Mole-
cular structures and (c) the Clar structures of 9-phosphaanthracene and
benzolblthiophene-annelated 13-phosphinine.
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namely phosphaacenes, are expected to be used as alternatives
to typical thienoacenes. Although a few theoretical studies have
suggested that the introduction of sp>-phosphorus atoms into
n-conjugated frameworks improves the charge carrier mobility
of pentacene,” the synthesis of the proposed molecules is not
feasible.

Herein, we describe the synthesis and characterization of a
new \*-phosphinine-containing polycyclic aromatic compound,
1 (Fig. 1b). Phosphaacene 1 is stable without any substituents
for steric protection. This is contrary to the fact that the
introduction of phenyl or more bulky substituents near the
phosphorus atom is necessary to stabilize the benzene-
annelated A*-phosphinines, such as 9-phosphaanthracene and
5-phosphaphenanthrene.® Three Clar sextets can be drawn,
including the A*-phosphinine ring within 1; however, only
one sextet is located on the benzene ring compared to the A*-
phosphinine ring within 9-phosphaanthracene (Fig. 1c). There-
fore, the fusion of benzo[b]thiophene units retains a high
degree of local aromaticity in the central A*-phosphinine
moiety, leading to higher stability.” A highly planar and rigid
structure with no extra substituents is ideal for effective inter-
molecular interactions in the solid state; hence, 1 is a promis-
ing molecule for use in OFET materials. We now report the
successful fabrication of the first OFET device using a A%
phosphinine-based compound.

The synthesis of phosphaacene 1 is illustrated in Scheme 1.
The bromination of bis(benzo[b]thiophen-2-yl)methane 2 with
N-bromosuccinimide (NBS) resulted in the formation of bis(3-
bromobenzo[b]thiophen-2-yl)methane 3 with 87% yield. The
halogen-lithium exchange reaction of 3 with four equivalents
of sec-butyllithium, followed by treatment with dichloro-
(dimethylamino)phosphine and heating at 60 °C, successfully
produced the desired compound 1 with a yield of 53%.% The
reference compound, thienoacene 4, was prepared with a 33%
yield by the direct Bradsher reaction of 2 with dichloromethyl
methyl ether and titanium(iv) chloride.'® As expected, the newly
synthesized phosphaacene 1 is stable enough to allow handling
under atmospheric conditions and can be fully characterized by
'H, **C, and *'P NMR spectroscopies and high-resolution mass
spectrometry. In the 'H NMR spectrum, one characteristic
doublet signal, assignable to the proton at the 4-position of
the A’-phosphinine moiety, is observed at 8.50 ppm with a
coupling constant (‘/py) of 4.0 Hz."' This downfield-shifted
signal suggests a large extent of aromaticity in the A’-
phosphinine moiety. Moreover, a *'P NMR chemical shift
appears in the low-field region at 167 ppm, comparable to
those of aryl-substituted A*-phosphinine derivatives, which is
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Scheme 1 Synthesis of phosphaacene 1 and thienoacene 4.
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characteristic of aromatic phosphorus heterocycles.*'* In addi-
tion, thermogravimetric analysis (TGA) was performed on 1 and
4 under the flow of N, gas to evaluate their thermal stability
(Fig. S1, ESIT). While the TGA profile of 4 exhibited a typical
weight loss curve with a 5% weight loss at a temperature (Tgs) of
253 °C, the weight of 1 increased to 10% from approximately
190 °C and then decreased slowly from 300 °C. Although no
products were properly identified, this unusual weight increase
upon heating can be attributed to the reactivity of trivalent
organophosphorus compounds toward oxygen. Nevertheless, it
was confirmed that 1 is thermally stable at temperatures as
high as 190 °C under oxygen-free conditions, which is sufficient
for device fabrication. Indeed, 1 could be purified by
temperature-gradient vacuum sublimation at 150 °C/10> Pa.
The molecular structures of 1 and 4 were confirmed by X-ray
crystallographic analysis (Fig. 2a and b). Both the five-ring-
fused heteroacenes exhibit highly planar structures with small
dihedral angles of 2.6° and 7.4° between the two terminal
benzene rings for 1 and 4, respectively. The C-C bond lengths
of the A*-phosphinine ring in 1 are in the range of 1.381(4)-
1.419(4) A, and the C-C bond alternation is sufficiently small
compared to that of the central benzene ring in 4 (Fig. 2c
and d). The C-P bond lengths of 1.737(2) and 1.732(3) A in 1
are slightly longer than the typical C—=P double bond lengths of
1.60-1.70 A" and comparable to those of reported A°-
phosphinine derivatives.”***” These results strongly suggest
the high extent of aromaticity of the A*-phosphinine moiety
in 1. Notably, 1 shows a 1D-columnar structure with a n-n
distance of 3.53 A in the crystal packing (Fig. 2e). In contrast, 4
forms a typical herringbone structure with a n-n distance of
3.52 A (Fig. 2f). To estimate the semiconductor characteristics,
the charge transfer integrals (¢f) of the highest occupied
molecular orbitals (HOMOs) between adjacent molecules were

Fig. 2 X-Ray crystal structures of (a) 1 and (b) 4 with thermal ellipsoids at a
probability level of 50%. Bond lengths [A] of central rings for (c) 1 and (d) 4.
Packing structures of (e) 1 and (f) 4 viewed along the molecular long axis.
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Table 1 Calculated charge transfer integrals of HOMOs for 1 and 4

Compounds t,“ (meV) 6% (meV) #*(meV) ¢° (meV) ¢5° (meV)
1 70.1 5.1 7.5 1.6 2.9
4 29.4 2.2 5.1 — —

“ Calculated at the PBE/TZ2P level of theory.

calculated using the Amsterdam Density Functional (ADF)
program for 1 and 4 and are summarized in Table 1."* The
largest transfer integrals in each packing structure calculated
for the n-stacking dimer (¢,) are 70.1 and 29.4 meV for 1 and 4,
respectively. Other calculated ¢ values are comparatively small
for both 1 (1.6-7.5 meV) and 4 (2.2-5.1 meV), illustrating quasi-
1D conduction channels. Despite the slightly longer n-n dis-
tance, the ¢, value of 1 is larger than that of 4, possibly because
of the introduction of heavier phosphorus atoms.

To gain insights into the electronic perturbation of the
phosphorus substitution, the UV-Vis absorption and fluores-
cence spectra in a chloroform solution were measured for 1 and
4 (Fig. S4, ESIt). The UV-Vis absorption spectral shapes of 1 and
4 are similar, with the strongest absorption peaks around
300 nm and weak absorption bands at the longest wavelength.
The two absorption peaks of 1 at 402 and 316 nm are red-
shifted compared to those of 4 at 352 and 297 nm. The
fluorescence wavelength of 1 is also red-shifted from 358 to
433 nm. These bathochromic shifts with phosphorus substitu-
tion are attributed to the small energy splitting of the n-m*
orbitals containing heavier elements."® Cyclic voltammetry (CV)
and differential pulse voltammetry (DPV) measurements for 1
and 4 in an acetonitrile solution were also conducted (Fig. S5,
ESIT). While both 1 and 4 exhibit irreversible oxidation peaks at
0.76 and 1.15 V (vs. Fc/Fc'), respectively, only 1 exhibits an
irreversible reduction peak at —1.97 V within the potential
window of the solvent. This indicates that oxidation and
reduction are more likely to occur in 1 than in 4, for the same
reason as that for the change in absorption and fluorescence
wavelengths.

To elucidate the electronic properties of 1 and 4, we carried
out DFT calculations at the B3LYP/6-311G(d,p) level of theory.
The molecular orbital distributions and energy levels are shown
in Fig. S7 (ESIt). Although 1 and 4 exhibit very similar orbital
distributions for the HOMO and the lowest unoccupied mole-
cular orbital (LUMO), the orbital densities at the phosphorus
atom in 1 are spatially expanded compared to those of the
corresponding carbon atom in 4, increasing the intermolecular
orbital overlap. Moreover, the smaller HOMO-LUMO gap of 1
compared to that of 4 is consistent with the results of the CV
measurements. TD-DFT calculations at the same level of theory
also support the experimental results from the UV-Vis absorp-
tion spectra of 1 and 4 (Fig. S8 and Table S1, ESIt). The lowest
singlet excited (S;) state of 1 is attributed to the HOMO —
LUMO transition, and its oscillator strength is estimated to be
small (0.0121), whereas the most intense absorption band at
316 nm is mainly assigned to the HOMO — LUMO+1 transition
with a large oscillator strength of 0.9131. The calculated S, state
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Fig. 3 Photoconductivity transients recorded in crystalline powders of 1
and 4 upon excitation at 355 nm at 9.1 x 10*® photons cm~2 under air.

of 4 is higher in energy than that of 1, which is consistent with
the experimental results. The nucleus-independent chemical
shift (NICS) values were calculated at the same level of theory
(Fig. S9, ESIt). The NICS(1) value of the A*-phosphinine moiety
(A ring) in 1 was highly negative (—9.7 ppm) and almost
comparable to that in 4 (—10.9 ppm), indicating distinct
aromaticity. The difference between the NICS(1) values of the
B and C rings in 1 and 4 was also small.

Time-resolved microwave conductivity (TRMC) measure-
ments were conducted to explore the intrinsic charge carrier
mobilities of 1 and 4."® Photocarriers were generated by excita-
tion at 355 nm. The TRMC profiles for the crystalline powders
of 1 and 4, prepared by vacuum sublimation, are shown in
Fig. 3. The maximum TRMC signals (¢Zjima,y) are recorded as
1.7 x 107° and 1.0 x 10"*m? V"' s~ for 1 and 4, respectively,
indicating a lower charge carrier mobility of 1. This is contrary
to the expected values from the calculated transfer integrals. To
understand the reason for the low charge carrier mobility of 1,
the calculation of the reorganization energy (4.) for hole trans-
port (Fig. S10 and Table S2, ESIt), which is another factor
determining the charge carrier mobility according to the Mar-
cus theory, was also conducted.'”” However, no significant
differences in A, were found between 1 (84 meV) and 4
(88 meV).

Finally, bottom-gate bottom-contact OFET devices were fab-
ricated from a chloroform solution using the drop casting
method. Polarized optical microscopy (POM) images for 1
showed the aggregation of ribbon-like crystals, whereas those
for 4 showed a polycrystalline thin film (Fig. S11 and S12, ESI¥).
The out-of-plane X-ray diffraction (XRD) profile of 1 showed two
peaks at 26 = 6.58 and 7.40°, which are close to the (100) and
(002) diffractions, respectively, derived from the single-crystal
structure (Fig. S13, ESIt). This result suggests a mixed mole-
cular orientation in thin films, with the short and long axes of
the molecule perpendicular to the substrate (Fig. S14, ESIt). On
the other hand, the XRD profile of 4 exhibited a peak at
260 = 6.66°, which corresponds to the (200) diffraction, indicat-
ing a dominant orientation with the molecular long axis direc-
tion perpendicular to the substrate (Fig. S15 and S16, ESI{). The
obtained OFETs based on 1 and 4 exhibited a typical p-type
behavior. The transfer and output characteristics are shown in

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Transfer characteristics of the OFETs based on (a) 1 and (b) 4.

Fig. 4 and Fig. S17 (ESIT). The estimated hole mobility (u;,) of 1
is 3.2 x 107° cm® V' s~ ! with a threshold voltage (V) of =51V
and an on/off current ratio (Ioy/Ig) of 10°. On the other hand,
the un, Vin, and Ion/Iog of 4 are 4.7 X 107 em? vV 's7 %, =32V,
and 10°, respectively. Although the inferior performance of 1
compared to that of 4 can be mainly attributed to the poor film
morphology observed in the POM images (Fig. S11, ESIt), it is
consistent with the results of the TRMC measurements.

In summary, we synthesized benzo[b]thiophene-annelated
2*-phosphinine 1 to investigate the potential of A*>-phosphinine
as a building block for OFET materials. 1 was found to be stable
without steric shielding around the C=P double bond owing to
the high extent of local aromaticity of the A*-phosphinine
moiety, leading to a well-ordered columnar structure in the
crystal packing. The large valence orbital of the phosphorus
atom was expected to enhance the charge carrier mobility from
quantum chemical calculations; however, the actual hole trans-
port properties were inferior to those of the analogue in which a
phosphorus atom was replaced by a carbon atom in both the
TRMC measurements and OFET characteristics. To the best of
our knowledge, this is the first demonstration of the applica-
tion of low-coordinate phosphorus compounds as organic
electronic materials. Although the reason for the intrinsically
low carrier mobility is not yet clear and its performance is
far inferior to that of reported thienoacenes, the higher electron
acceptability of A*>-phosphinine compared to that of thiophene
could help address one of the most important current
issues: the development of high-mobility n-type organic
semiconductors.
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