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series of oligo(p-phenylenevinylene)
phenylenevinylene systems have been studied less frequently than the well-known 1,4-distyrylboenzene

derivatives. The m-extended

framework, despite easy syntheses and great prospects for optoelectronic devices. Here, light
amplification behaviours, with amplified spontaneous emission thresholds as low as 7.2 pJ cm™2, were

characterized for oligo(p-phenylenevinylene) crystals. Substitution with cyano groups significantly
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Introduction

Organic lasers have had a long history since the first demon-
stration of the dye laser in 1966." Research and development
has been extended to solid-state lasers, with the potential of
innovative optoelectronic applications.”™* Although organic
semiconductor laser devices that enable light amplification
under electrical pumping have been studied for several dec-
ades, they have not been realized until very recently.>®

The gain media for organic solid-state lasers can be classi-
fied into two main classes: amorphous films of small molecules
and polymers, and organic crystals.”** Amorphous films are
compatible with organic light-emitting diode (OLED) struc-
tures; therefore, they are important for the development of
organic semiconductor laser diodes (OSLDs).®> Single crystals
have several advantages, such as higher mobilities, light out-
coupling, and better stabilities based on long-range molecular
order. They can also be used in light-emitting field-effect
transistors (LEFETs).® For both classes, the molecular struc-
tures of the laser materials involve common basic n-electronic
systems, such as simple oligo-aromatics and oligomeric
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changes the crystal packing and emission properties, while also improves the lasing behaviour.

phenylenevinylenes.">>* Therefore, fundamental knowledge

of the relationship between basic structure and properties is
necessary to develop a wide variety of laser materials.

Stilbene is an important moiety that is used in numerous
solid-state laser materials. Stilbene derivatives with carbazole
rings form amorphous films with excellent laser prop-
erties,”?® which were key to the success of quasi-
continuous-wave lasers and electrically pumped lasers.>?3°
In addition, poly(p-phenylenevinylene) (PPV) is a notable back-
bone for deriving excellent laser materials.>'* Meanwhile,
high-quality single crystals can easily be made from 1,
4-distyrylbenzene (DSB/2PV/P3V2, 1a in Fig. 1).***® Thus, there
have been many derivatives based on 1a that have several
substituents, such as cyano and alkoxy groups, which control
crystal-packing structures.'™'* In particular, there are many
reports on compounds having cyano groups on the vinyl groups
(1b and 1¢).>’7>® Both compounds exhibit polymorphism with
blue and green emission. The blue phase of 1b and 1c has a
herringbone packing structure similar to 1a, which results in
similar emission maxima in the blue region. These are also
known to have lasing capabilities. On the other hand, the green
phases have strong n-stacking structures that exhibit excimer-
like emission. Therefore, they have high mobilities in
single-crystal LEFETs but exhibit no light amplification. The
relationship between laser properties and crystal-packing struc-
tures has been well-documented in review papers.'*"*

Compared with P3V2 derivatives, there is a very limited
number of m-extended molecules except for PPV-based
polymers.'®?**475% Because the net-gain cross-section for lasers
is a function of the stimulated emission cross-section (o¢,) and
the population inversion density (AN), a large transition dipole
moment in a molecule can reduce the threshold energy for
light amplification. A longer n-conjugation length increases the
oscillator strength of an electronic transition, which is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Chemical structures of phenylenevinylene small molecules.

proportional to the square of the transition dipole moment.
Therefore, extended m-structures are an effective strategy to
improve laser properties. Nevertheless, the n-conjugation
length of 1a is relatively short compared with those of excellent
amorphous-type laser materials.*’

In this work, we investigated several oligo(p-phenylene-
vinylene) derivatives (Fig. 1). The laser properties are expected
to be improved for the P5V2 and P4V3 series relative to those of
the P3V2 derivatives since 3a had a better amplified sponta-
neous emission (ASE) threshold than 1a.>® However, it is more
difficult to predict packing structures that greatly affect laser
properties. Although linear oligo-aromatics generally have a
herringbone packing because of the low C/H ratio,”” cyano-
substituted compounds should have more complex inter-
molecular interactions that can form various arrangements,
including n-stacking structures. Here, their crystal structures
and photophysical properties are presented.

Results and discussion

The compounds 1d, 2a, 2d and 3a were synthesized with the
Wittig-Horner reaction, and 1b, 1¢, 2b, 2¢, 3b and 3c were
synthesized by the Knoevenagel reaction. Both reactions pro-
duced good yields (Methods S1 in the ESIt).”>® The compounds
were purified by vacuum sublimation and their crystals were
grown via sublimation under a nitrogen flow. The sublimation
temperatures were 300-350 °C for the P5V2 series and
270-300 °C for the P4V3 series.

The absorption and photoluminescence (PL) spectra for
these compounds in chloroform solutions and in the crystalline
form are shown in Fig. 2. In general, because of extended
n-conjugation, the P5V2 and P4V3 series spectra were at longer
wavelengths than those of the P3V2 series. Although the
absorption maxima of 1b, 2b, and 3b in solution appear at
shorter wavelengths relative to those of 1a, 2a and 3a, respec-
tively, the onset of absorption is in the ordera < b < ¢ < d.
Hence, the optical energy gap (Eg"") decreases in order from a to
d, which agrees well with the calculations (Methods S2 and
Tables S1-S3 in the ESIT). The Stokes shifts for 1b, 1c, 2b, and
2c¢ are larger than those for 1d and 2d, as indicated by the
calculations (Table S3, ESIt), and the 0-0 peaks for b and ¢ have
a gentle slope relative to those for a and d. These results might
be related to the high degree of rotational motion of the vinyl

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

groups that were substituted with cyano groups in b and ¢. Such
compounds are known to exhibit aggregation-induced emis-
sion enhancement (AIEE) and crystallization-induced emission
enhancement (CIEE).>® Thus, the PL quantum yields (®py) in
solution are very low for b and ¢, although 2c¢ was slightly
emissive (Table 1). The radiative rate constant (k,) values for 1a,
2a, and 3a in solution are very high at 7.3 x 10%, 1.1 x 10°, and
7.7 x 10% s, respectively, which were consistent with the
conjugation lengths and the calculated oscillator strengths.

The photophysical properties in the crystal are distinctively
different from those in solution because the molecular geome-
tries are fixed in the solid state and the intermolecular inter-
actions greatly affect their electronic structures. Single-crystal
X-ray structure analysis is thus the best way to understand the
relationship between solid-state optoelectronic properties and
structures. Crystal structures have been reported for 1a (CCDC
1181381,>* and 921998%"), the 1b blue phase (CCDC 1247728,
799014,%® 892284,°° and 1473570,° note that these struc-
tures are substantially the same), the 1b green phase (CCDC
892287,%° and 1473571*°), the 1c blue phase (CCDC 815708),®
the 1c green phase polymorph 1 (CCDC 860278),*® and the 1¢
green phase polymorph 2 (CCDC 1542079).>* The crystal struc-
ture of 2a was reported,> but no CCDC number is available.
Hence, we solved the crystal structures for 1d, 2b, 2¢, 2d, 3a, 3b,
and 3c (Fig. 3 and Tables S4-510, ESI{). Judging from their
emission spectra, the crystals for these compounds are unlikely
to exhibit polymorphism. The emission properties of the crys-
tals are also summarized in Table 1. Significant differences in
the crystal structures of these compounds occur in the packing
motifs, that is, herringbone or n-stacking. Note that crystals of
these compounds are often referred to as H- and J-aggregates
for the specific arrangement of two molecules in the stacking
direction. However, the molecules have three-dimensional
interactions, complicating the dipole couplings. The excitation
spectra for these crystals (Fig. S1, ESIf) indicate that the
classification is difficult because 1a, which is often described
as a H-aggregate with herringbone packing,'” might exhibit a
red-shifted absorption in the crystal compared with that in
solution. Therefore, we avoid mentioning H- and J-aggregates
for the new compounds. Further discussion should be reported
in the future, with the combination of theoretical calculations
and full experimental data, including optical spectra and
crystal structures.

The compounds without cyano groups (1a, 2a, and 3a) had
typical herringbone packing with nearly flat stilbene structures
and similar k, values (>2 x 10% s™'). Compounds 1b and 1c,
both with polymorphisms, have blue-emissive herringbone
packing and green-emissive m-stacking structures. The emis-
sion wavelengths of the blue phases are similar to those of 1a,
although 1b and 1c have twisted conformations. The large
bathochromic shifts of the emission with broad spectral shapes
observed for the n-stacking molecules are attributed to excimer-
like features. The cyano-vinylene groups are overlapped with
phenyl groups in the n-stacking, which enables intermolecular
charge transfer (CT). For 1d, the 1,4-dicyanobenzene apparently
inhibited herringbone packing. Thus, the crystal packing is

Mater. Adv,, 2021, 2, 3906-3914 | 3907
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Fig. 2 Ultraviolet-visible absorption (dashed lines) and emission (solid lines) spectra for (a) 1la—1d in chloroform, (b) crystalline 1a-1d, (c) 2a-2d in
chloroform, (d) crystalline 2a-2d, (e) 3a—3c in chloroform, and (f) crystalline 3a—3c.

relatively similar to the green phases of 1b and 1c, with strong
n-stacking. The emission properties are also similar.

Compounds 2b and 2c¢ have herringbone packing, but did
not form r-stacking structures. This can be explained by the
non-planar biphenyl rings, which prevent interactions between
the cyano-vinylene groups and the phenyl rings, while still
facilitating herringbone packing between the biphenyl rings.
The emission wavelengths of 2b and 2c¢ are not significantly
red-shifted from those of 2a. The values of ®p;, and k. are
high and are expected to exhibit ASE. Similar to 1d, the 1,
4-dicyanobenzene structure in 2d hinders the herringbone
packing, while biphenyl rings also limit n-stacking. As a result,
2d has a hybrid structure of herringbone and n-stacking. The
excimer features are not strong because the 1,4-dicyanobenzene
rings are mainly overlapped between themselves, which results
in a small bathochromic shift compared with 2a-2¢c. However,
the emission decay lifetime is relatively long and k. was less
than 1 x 10%s™".

Interestingly, compounds 3b and 3c had very different
features. The 3b emission was blue-shifted from that of 3a,

3908 | Mater. Adv,, 2021, 2, 3906-3914

but the 3c emission was largely red-shifted. The 3c crystal
included two types of n-stacking: single column stacking and
two molecular layers with slipped n-stacking between the
columns. The broad orange emission implies extensive excimer
formation, probably in the molecules forming the column
stacking. The @y, of the 3b crystal is relatively high and that
of 3c is moderate, although the fluorescence in solution was
very weak for both compounds. Thus, these compounds are
considered to be CIEE materials, such as 1b and 1c. The AIEE
characteristics were also examined in mixed tetrahydrofuran
(THF)/water solvents (Fig. 4). The suspension in solutions with
higher water content includes various aggregated states, which
may be different from the bulk crystals. Compound 3b had
AIEE characteristics, although the @5, even in 90% water was
lower than that in the crystals. The 3c spectra were clearly
shifted with increasing water content up to 70%. However, the
®py, were almost constant. Therefore, the highly ordered mole-
cular arrangements are expected to be efficiently emissive. The
values of k; for the 3b crystal was slightly higher than that of the
blue-emissive 1b crystal. This is attributed to the larger

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Photophysical and amplified spontaneous emission (ASE) properties in chloroform and in crystals

Compound Condition Japs [NM] Jpy, [nm] Dp [—] 7 [ns] k/10% [s71] EXE W] em™?] Jasg [nm)]

1a Chloroform 355, 377 392, 414 0.83 1.1 7.3 — —
Crystalb — 452, 472 0.85 2.9 2.9 18+ 6 466

1b Chloroform 348 426, 449 <0.01 — — — —
Crystal (blue) — 476 0.65 1.6, 6.1 3.2 18 465
Crystal (green) — 526 0.36 6.1, 14 0.36 No ASE No ASE

1c Chloroform 368 426, 448 <0.01 — — — —
Crystal (blue) — 477 0.55 1.6, 8.3 3.2 — —
Crystal (green) — 524 0.72 14, 24 0.43 No ASE No ASE

1d Chloroform 363, 395 428, 442 0.55 1.7 3.3 — —
Crystal — 511 0.64 18 0.36 No ASE No ASE

2a Chloroform 377 417, 441 0.93 0.82 11.3 — —
Crystal — 485, 508 0.58 1.5, 3.0 2.4 18+ 2 515

2b Chloroform 371 463 0.01 — — — —
Crystal — 514 0.67 1.4, 2.6 3.6 7.4 +2 513

2¢ Chloroform 385 457, 484 0.16 0.45 3.5 — —
Crystal — 510, 528 0.71 2.1, 3.7 2.4 12 and 8.5 504 and 531

2d Chloroform 399 453, 469 0.73 1.0 7.0 — —
Crystal — 531 0.55 9.2 0.60 No ASE No ASE

3a Chloroform 383, 409 427, 452 0.79 1.0 7.7 — —
Crystal — 495, 517 0.65 2.4 2.7 11+ 4 522

3b Chloroform 376 445, 465 0.03 — — — —
Crystal — 493 0.63 0.7, 1.8 3.7 72+2 495

3c Chloroform 393 450, 478 0.02 — — — —
Crystal — 592 0.30 7.7,21 0.17 No ASE No ASE

“ Absolute PL quantum yield evaluated using an integrating sphere.
measurement limit.

(a) (b)

(e) ()

d, (b) 2b, (c) 2c, (d) 2d, (e) 3a

Fig. 3 Crystal structures of (a) 1

oscillator strength. The value of k. for the 3c crystal was
expected to be low because of its relatively long fluorescence
lifetime based on excimer formation.

Fig. 5, 6 and Fig. S2 (ESI{) show ASE characteristics for
these crystals. The blue-emissive crystals of 1b and 1c are
reported to exhibit ASE with the extremely high thresholds of
1.8 x 10* pJ em™? and 360 pJ cm™?, respectively.'* The
thresholds are often increased in the low-quality crystals.
In general, sublimation under a nitrogen flow forms better-
quality crystals compared to solution-based techniques. The
oligo(p-phenylenevinylene) derivatives tend to form large
single crystals. In many cases, thin platelet crystals with

© 2021 The Author(s). Published by the Royal Society of Chemistry
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thicknesses ranging from several hundred nanometres to
several micrometres are favourable for ASE measurements
and LEFET fabrications. Fortunately, large enough crystals of
blue-emissive 1b could be obtained, although the larger
green-emissive crystals were the main products. An ASE
threshold as low as 18 pJ cm > can be observed for the
blue-phase crystal (Fig. S2, ESIt and Table 1). Meanwhile,
the 1c blue-emissive crystals were very small, which hindered
the determination of a reliable ASE threshold with
our apparatus. Note that the green-emissive crystals with
n-stacking structures did not exhibit ASE for 1b and 1c up
to 200 pJ cm 2.
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The ASE for 2a and 2b were observed at ca. 515 nm, which is
nearly the same as the peaks of stimulated emission cross-section
spectra (Fig. 5). The ASE thresholds of 2a and 2b were 18 pJ cm >
and 7.4 yJ cm™ 2, respectively. Similarly, the thresholds for 3a and 3b
were 11 puJ em™ 2 and 7.2 pJ cm™ 2, respectively. The introduction of
electron-withdrawing cyano groups into the compounds with donor
units resulted in red-shifted emission, a decrease in &, and an
increase in the ASE thresholds because of increased intramolecular
CT character.”” However, we have demonstrated improved ASE
thresholds for cyano-substituted compounds without strong
donor-acceptor interactions. These results indicated that cyano-
substitution paves the way for improving the laser properties of
p-phenylenevinylene derivatives, including polymers based on PPV.

The ASE of 2¢ has two peaks that are apparently different
from the others (Fig. 6), but more similar to that of methyl-
substituted P3V2, 1,4-bis(4-methylstyryl)benzene.®® The results
seem to correlate with crystal thicknesses. The thicker crystals

3910 | Mater. Adv, 2021, 2, 3906-3914
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(>1000 nm) had ASE mainly at the lower-energy sub-band at
531 nm (referred to the 0-2 transition, according to ref. 60). In
contrast, the thinner crystals (~250 nm) had the ASE at the
higher-energy sub-band at 504 nm (referred to the 0-1 transi-
tion, according to ref. 60). In addition, the two ASE peaks
evolved simultaneously in the moderately thick -crystals
(300-1000 nm), where the peak at 531 nm first increased
(number 1 in Fig. 6e), then the peak at 504 nm increased
(number 2 in Fig. 6e), while the 531 nm peak then decreased
(number 3 in Fig. 6e). Note that the out-of-plane X-ray diffrac-
tions for these crystals excluded polymorphism (Fig. S3, ESIT).
The dual-wavelength ASE has been explained by re-absorption
by molecules in the ground state or in excited states.®™®® The
experimental results for 2¢, including the thickness dependence and
the different energy behaviours of the two ASE peaks, suggest the
same mechanism as that reported previously for the two-transition
ASE origin. Because the optical amplifications at 504 nm and
531 nm are competitive processes, the 531 nm intensity decreased
with increasing 504 nm intensity in Fig. 6e when the net gain at
504 nm became larger than that at 531 nm with intense excitation.
The best thresholds were 12 ] cm ™2 and 8.5 pJ cm ™2 for the 504 nm
and 531 nm transitions, respectively.

As expected, the other compounds (1d, 2d, and 3c) with
n-stacking structures did not exhibit ASE. These results also
verified that solid-state interactions are very important when
developing highly efficient laser materials.

Finally, charge transport properties for 2a were evaluated
and summarized in Table S11 (ESIf) since the reported
mobilities were relatively low (uy = 1.6 x 107* ecm* V™' s77)
compared with those of 1a (u, = 0.12 ecm® V' s7' and
fe =13 x 102 em®> V' s7") and 3a (u, = 0.12 ecm?> V' ' 571
and . = 0.11 cm® V! s71).3%%* This is certainly attributed to
the different types of active media and device configurations:
thin-film vs. single-crystal and gold source-drain (S-D) elec-
trodes vs. asymmetric gold-calcium S-D electrodes. The
single-crystal transistors normally exhibited better perfor-
mances because of their perfect molecular arrangements that
were free of grain boundaries and had minimal defects.®* The
asymmetric electrodes with different work-functions (gold:
4.5-5.1 eV and calcium: 2.9-3.0 eV) ease the injection of both
hole and electron carriers.®®> Therefore, we fabricated
2a-based single-crystal transistors using gold-calcium electrodes.
Both p- and n-type characteristics were clearly observed with
saturated mobilities of u, = 0.05 + 0.01 ecm®> V' s and
te = 0.25 &+ 0.06 cm®> V' 57! for three devices (Fig. 7).
Although the hole mobility was slightly lower than those in
1a and 3a, it was significantly improved compared to those in
the thin-film devices. In addition, high electron mobility was
observed owing to effective carrier injection from the calcium
electrode. These high mobilities suggest considerable
potential of p-phenylenevinylene derivatives for electrically
pumped lasers. Unfortunately, the devices of the cyano-
derivatives such as 2d and 3b did not show improved perfor-
mances. In addition, the 3¢ crystals are needles, which differ
from the thin-platelets of the other compounds; this makes
device fabrication difficult.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

In this study, we developed several n-extended stilbene deriva-
tives to increase the understanding of structure-property rela-
tionships. The crystal structures were fully investigated and
classified according to herringbone and n-stacking structures.
The k. values were strongly related to the packing motifs, and
high values up to 3.7 x 10® s~! were achieved for compounds
with herringbone packing. Since the biphenyl groups prevent
n-stacking, it would be useful to design the laser materials. On
the other hand, it is more difficult to predict the crystal packing
for the compounds with cyano groups on the vinyl groups.
Compounds with n-stacking structures did not exhibit ASE,
while clear ASE peaks were observed for those with herringbone
packing. The ASE thresholds were mostly lower for the
n-extended compounds and were as low as 7.2 pJ cm™> with
cyano substitutions. These results give a systematic insight into
light amplification in the single crystals.

Experimental section
General

Commercially available materials were used as received from
the suppliers for the synthesis (Table S12, ESIT). Details of
instruments and physical measurements are given in Table S13
(ESTH).

Materials synthesis and characterization

The synthesis procedures and characterization data of materi-
als used in this study are described in the ESIt (Methods S1)
and NMR spectra are given in Data S1.

Quantum calculations

Details of the calculations are described in the ESIt (Methods
S2 and Tables S1-S3).

X-Ray structure analysis

Single crystals suitable for X-ray analysis were grown by slow
sublimation under nitrogen flow. X-Ray diffraction data were
collected on a Rigaku Saturn724 diffractometer with Mo-Ka
radiation (1 = 0.71075 A) at 123 K for 2b, 3b and 3¢, a Rigaku
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R-AXIS RAPID diffractometer with Cu-Koo radiation
(/. = 1.54187 A) at 183 K for 2¢, and a Rigaku AFC HyPix-6000
diffractometer with Mo-Ka radiation at 100 K for 1d, 3a, and 2d.
All non-hydrogen atoms were refined anisotropically. The posi-
tions of all hydrogen atoms were calculated geometrically and
refined as a riding model. CCDC 2034947-2034953.

ASE measurements

The thin flexible crystals were grown by sublimation under
nitrogen flow. The crystal samples were placed on the cleaned
quartz substrate. ASE properties were characterized by optically
pumping with a randomly polarized nitrogen gas laser
(KEN2020, Usho Optical Systems Co., Ltd) at an excitation
wavelength of 337 nm with a 0.8 ns pulse (operating frequency
of 10 Hz). The input laser beam was focused into a stripe with
dimensions of ca. 0.5 cm X 0.1 cm using a cylindrical lens.
Neutral density filters were used to adjust excitation intensity.
ASE measurements were performed under a nitrogen atmo-
sphere to prevent degradation. Output light emission from the
edge of the sample was collected into an optical fiber connected
to a spectrometer (Hamamatsu Photonics PMA-11). ASE thresh-
olds were identified from the plot of output versus input
intensity. The thresholds of absorbed energy density were not
calculated because absorbance of a single crystal sample is
difficult to measure. Reproducibility was confirmed by measur-
ing at least five different samples.
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