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The present work reports the synthesis, optical properties and mesomorphism of two viologen derivatives
DPP-2Py-9 and DPP-2Py-5 of 4,4'-((2,5-diphenylpyrrolo(3,2-blpyrrole-1,4-diyl)bis(4,1-phenylene))bis-
(1-pyridin-1-ium) 4-toluenesulfonate. Both DPP-2Py-5 and DPP-2Py-9 showed aggregation-induced
emission (AIE) characteristics indicating that the phenyl pyrrolo[3,2-b]pyrrole core acts as an AIE unit in
their salt compounds. DPP-2Py-5 did not show liquid crystalline properties due to the shorter alkoxy
chains. DPP-2Py-9 was a liquid crystalline compound with smectic A mesophase, showing marble-like
textures observed at 185 °C during the cooling process. DPP-2Py-9 exhibited different emission
behaviors in different aggregation states controlled by the change of temperature. The PL intensity of
DPP-2Py-9 gradually decreased and the wavelength showed a hypochromic shift as the temperature
increased. The most obvious variation of the wavelength occurred in the liquid crystalline range. The
liquid crystalline temperature range between 185 and 210 °C determined by the differential curve of PL
wavelength vs. temperature was similar to that measured by the DSC technique. Therefore, PL emission
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Introduction

Aggregation-induced emission (AIE) materials usually exhibit
highly emissive properties in the solid state (or aggregate state),
which can be extensively applied in optoelectronics, chemical
sensing, biological probes and stimuli response systems.' The
conventional liquid crystals (LCs) formed by highly organized
molecular arrangements are usually quenched in the aggregate
states. So they do not emit light directly and need an extra light
source (a backlight) to display.> The emergence of AIE provides
insight into the efficient luminescent liquid crystalline (LC)
materials.?

Due to the combined AIE and LC characteristics (AIE-LC),
luminescent LC materials have aroused interest in academic
research and the commercial market because of their unique
photoluminescence emissive properties determined by the
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spectroscopy could be used as a technical method to characterize the liquid crystalline behaviors.

molecular aggregation process in the solid state, which shows
promising applications in organic light-emitting diodes,* lumines-
cent liquid-crystal displays,” storing information,® sensors,” imaging
systems,® polarized organic lasers,” organic semiconductors'® and so
on. To date, some AIE-LC materials have been reported."" The AIE
units, mainly consisting of tetraphenylethene, hexaphenylsilole, and
cyanostilbene groups, play an important role in AIE-LC compounds.

Ionic liquid crystals (ILCs) containing organic cations and
organic/inorganic anions usually exhibit the characteristics of
liquid crystals and ionic liquids. 4,4’-Bipyridinium salts (also
called viologens) and their derivatives have attracted many
researchers to study their redox-active, electrochromic, photo-
chromic, and thermochromic properties.'* The optical properties of
viologen derivatives can be changed by incorporating m-conjugated
bridging groups between the two pyridinium units."® From the
research results of viologen derivatives, the simple structural groups
between the two pyridinium units of the n-conjugated bridge can be
for example benzene, anthracene and thiophene rings. However
research incorporating AIE units as a m-conjugated bridge in
viologens has not been reported, and also ionic liquid crystalline
(ILC) materials with AIE are still not studied.

As is known to all, the emission behavior of luminophores is
controlled by molecular stacking styles. The molecular stacking
styles of LC molecules change clearly from an anisotropic solid
state to a LC state and to an isotropic liquid state with the
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variation of temperature. ILC molecules possess a more complicated
stacking arrangement because of the more complex interactions
that exist such as ion-ion, m-m, electrostatic and hydrophobic
interactions. So it is meaningful to study the emission behaviors
of ATE-ILC molecules in different aggregation states and explore the
effect of stacking arrangements on the emission properties.

Therefore, we synthesized two viologen derivatives based on
aryl-substituted pyrrolo[3,2-b]pyrrole as AIE units (DPP-2Py-5
and DPP-2Py-9). Their mesomorphic and AIE properties were
studied as a function of temperature and the length of alkyl
chains. Moreover, we analyzed the temperature-dependent
fluorescence emission of DPP-2Py-9 samples on heating. The
experimental results indicated that PL emission spectroscopy
can be used as a method to characterize the liquid crystalline
behaviors, which means that the LC properties could be char-
acterized on the view of fluorescence.

Experimental section
Materials

4-Pyridineboronic acid (Sukailu, 98%), 1-iodononane (Alfa Aesar,
98%), 1l-iodopentane (Alfa Aesar, 98%) and silver p-toluene
sulphonate (Energy Chemical, 97%) were purchased and used
without further purification. Other chemicals were purchased
from Beijing Chemical Reagent Company and J&K Scientific
without further purification.

Measurement and characterization

The nuclear magnetic resonance (NMR) spectra were measured
on a Bruker AMX-400 (400 MHz) spectrometer using CDCl; as
the solvent with tetramethylsilane (TMS) as an internal standard
for DPP-2Py, DMSO-d¢ for DPP-2Py-5 and MeOD for DPP-2Py-9.
Matrix-assisted laser desorption/ionization time-of-flight (MALDI-
TOF) of DPP-2Py was performed by using o-cyano-4-hydroxy-
cinnamic acid (CCA) as the matrix in the reflector mode for
data acquisition. Electrospray ionization mass spectrometry of
DPP-2Py-5 and DPP-2Py-9 was performed by using a SHIMADZU
LCMS-2010 ESI-MS spectrometer. The UV-Vis spectra were
recorded on a TU-1901 spectrophotometer (Beijing Purkinje
General Instrument Co., Ltd). Photoluminescence (PL) spectra
were collected on a Hitachi F-7000 fluorescence spectrophoto-
meter. Temperature-dependent fluorescence emission spectra
were collected on a NanoLOG-TCSPC spectrophotometer. Polarized
optical microscopy (POM) photographs were examined by NIKON
LV100N microscopy with a heating platform. Thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) were
carried out on a PerkinElmer STA6000 Simultaneous Thermal
Analyzer and TA Q2000 differential scanning calorimeter with a
heating rate of 5 °C min~" in a nitrogen atmosphere, respectively.
XRD patterns were collected using a high-flux small-angle X-ray
scattering instrument (SAXSess, Anton Paar TCS300) equipped with
a Kratky block-collimation system. The crystallographic structures
were analyzed with a Rigaku CCD Saturn 724+ X-ray single
crystal diffractometer. The CCDC number 1906680 contains the
supplementary crystallographic data of DPP-2Py, which can be
obtained from the Cambridge Crystallographic Data Centre.¥
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Synthesis

Synthetic routes towards DPP-2Py-5 and DPP-2Py-9 are presented
in Scheme 1. DPP-2Br was synthesized according to previously
reported methods."* DPP-2Py was synthesized by Suzuki coupling
reaction from DPP-2Br and pyridine-4-boronic acid. DPP-2Py-5-1
and DPP-2Py-9-1 were salified from DPP-2Py and iodinated
alkanes. The target products DPP-2Py-5 and DPP-2Py-9 were
synthesized by anion exchange reactions and further purification.
Detailed synthesis processes and characterization are presented
in the ESLY

Results and discussion

Optical properties

To evaluate the optical properties of DPP-2Py-5 and DPP-2Py-9,
UV-vis absorption measurements were performed first. Fig. 1
shows the absorption spectra of DPP-2Py-5 and DPP-2Py-9 in THF
solutions (10> M) and solid states. In THF solutions (Fig. 1A),
the same absorption bands were observed at 349 and 371 nm,
respectively, attributed to the n-n* transition of whole molecular
conjugated skeletons and intramolecular charge transfer (ICT)

CoHzps CoHaps
DPP-2Br DPP-2Py DPP-2Py-5-1 n=5 DPP-2Py-5 n=5
DPP-2Py-9-1 n=9 DPP-2Py-9 n=9

Scheme 1 Synthetic strategies for DPP-2Py-5 and DPP-2Py-9.
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Fig.1 The absorption spectra of DPP-2Py-5 and DPP-2Py-9 in THF

solutions (107> M) (A) and solid states (B).
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from the aryl pyrrolo[3,2-b]pyrrole ring to the pyridine ring
with positive charge, which indicated that the peripheral alkyl
chains with different length didn’t affect the absorption
profile in single molecular states. In solid states (Fig. 1B),
the absorption spectra of DPP-2Py-5 and DPP-2Py-9 were red-
shifted and broader compared to that in solution with peaks
at 390 and 401 nm, showing the stronger intermolecular
interactions."

The precursor DPP-2Py of DPP-2Py-5 and DPP-2Py-9 showed
a distinct AIE effect in DMSO/H,0 systems with maximal 26-fold
emission enhancement (Fig. S1, ESIt). There were plentiful inter-
molecular CH-t and H-bonds without n—r interactions (Fig. S2,
ESIt) from the analysis of the single crystal structure of DPP-2Py
which could restrict intramolecular rotation to activate radiative
transition and strong emission in aggregation states."®

The increase in the polarity of DPP-2Py-5 and DPP-2Py-9 with
pyridination caused a change in their solubility in common
organic solvents and imparted amphiphilic character."” There-
fore, the AIE effects of DPP-2Py-5 and DPP-2Py-9 couldn’t be
studied by common good/poor solvent methods like THF/H,O
and DMSO/H,0. Hence, we utilized the original experimental
methods by increasing viscosity and reducing temperature to
study their AIE behaviors."®

Fig. S3 (ESIT) shows the emission spectra of DPP-2Py-5 and
DPP-2Py-9 in methanol/glycerol mixtures. Both DPP-2Py-5 and
DPP-2Py-9 in methanol (10> M) showed no emission. With the
increase in the volume fraction of glycerol (f;) in the mixtures,
the emission intensities of DPP-2Py-5 and DPP-2Py-9 gradually
increased and reached the maximum with a 17.7- and 12.3-fold

(A)
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—e—DPP-2Py-9
12
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(Blu —=—DPP-2Py-5

—e—DPP-2Py-9
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Fig. 2 The changes of the PL intensity [///o] of DPP-2Py-5 and DPP-2Py-9
with different glycerol fractions in the methanol/glycerol mixtures (A); the
changes of the PL intensity [//lo] of DPP-2Py-5 and DPP-2Py-9 with
different temperatures in the methanol solutions (B).
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increase in the mixture with f; = 90% (Fig. 2A), and the emission
wavelengths of DPP-2Py-5 and DPP-2Py-9 stabilized at 510 nm.
This result indicated restricted molecular rotation blocking the
radiation pathway and boosting emission in higher viscosity
mixtures, that is to say, the RIR mechanism." The maximal
emission enhancement of DPP-2Py-5 was higher than that of
DPP-2Py-9, which should be explained in terms of the move-
ment of the long alkyl chain of DPP-2Py-9 being relatively easier
than that of DPP-2Py-5 in f; = 90%. The emission enhancement
of both DPP-2Py-5 and DPP-2Py-9 with higher viscosity mixtures
might be attributed to the restriction of the single intra-
molecular rotation (single molecular motion). It is verified by
the UV-vis absorption of DPP-2Py-5 and DPP-2Py-9 in f; = 0, 70
and 90% mixtures (Fig. S4, ESIT). The wavelength of absorption
bands of DPP-2Py-5 and DPP-2Py-9 remained stable without
tailing phenomena in the onset of absorption bands indicating
that no aggregation occurred.

Since decreasing temperature can also reinforce the RIR
process, the emission of DPP-2Py-5 and DPP-2Py-9 in methanol
solution (10> M) under different temperatures was investigated
(Fig. S5, ESIT). When the methanol solution was respectively at
room temperature and 0 °C, the emission was invisible. When
the temperature was decreased to —25 °C, they showed weak
cyan emission. On continuing to decrease the temperature to
—98 °C with frozen methanol solution, their emissions increased
rapidly with a maximum of 83-fold for DPP-2Py-5 and 41-fold for
DPP-2Py-9 (Fig. 2B). Increasing viscosity and reducing temperature
both retarded the intramolecular motions and enhanced the
emission of DPP-2Py-5 and DPP-2Py-9 due to the AIE mechanism,
demonstrating that DPP-2Py-5 and DPP-2Py-9 had AIE properties.

Mesomorphic properties

Pyridinium derivatives possessing long alkoxy chains were
often studied as ILCs." Ionic interactions play an important
role in forming mesogenic phase.

The thermal properties of DPP-2Py-9 were firstly characterized
by TGA (Fig. S6, ESIt) and DSC. Fig. 3 shows the DSC curves of
DPP-2Py-9 at 5 °C min ' scanning rate under nitrogen flow.
During the first heating process, an endothermic platform which
should be assigned to the glass transition temperature and a
broad endothermic peak can be seen at 97 and 190 °C, and a
broad exothermic peak was observed at 145 °C during the first

145°C

|Firstcooling —" ~—— |

First heating 97 °C

exo —

Second heating

_—

180°C 212°C

T r T T
60 90 120 150 180 210 240
Temperature (°C)

Fig. 3 The DSC curves of DPP-2Py-9 in the first heating, first cooling and
second heating processes at 5 °C min~* scanning rate under nitrogen flow.
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cooling process, while two broad endothermic peaks at 180 and
212 °C were detected in the second heating cycle. Combined with
POM analysis, the endothermic peak at 180 °C of DPP-2Py-9 in
the second heating process corresponded to the phase transition
from crystalline phase to LC phase, and that at 212 °C to the
transition from LC phase to isotropic liquid. The broad endothermic
and exothermic peak might be attributed to ionic interactions
between the positive charge and negative charge of DPP-2Py-9, which
was common in the already reported literature about ILCs.* Pyr-
idinium salt DPP-2Py-9 possessing longer alkyl chains exhibited
sematic phases with marble-like textures on examination by POM
(vide infra). However, the LC textures of DPP-2Py-5 couldn’t be found
by POM observations. The DSC curves of DPP-2Py-5 in the second
heating process showed only one endothermic peak at 284 °C
(Fig. S7, ESIt) which indicated that DPP-2Py-5 has no LC character
due to the shorter flexible alkyl chains. These results indicated the
importance of suitable length of alkyl chains for forming LC phase
and the distinct influence of the small structural change on their
thermoresponsive bahaviors.>! Therefore, the main discussion
focused on DPP-2Py-9 in the later section.

Fig. 4 shows the POM images of the textures depending on
the self-assembly process of DPP-2Py-9 during the first cooling
process and the second heating process.”* The typical conic
textures were observed in both the cooling process below 185 °C
and the heating process from 180 to 212 °C, which showed that
the LC phase of DPP-2Py-9 was enantiotropic.

The structure identification of the LC phase of DPP-2Py-9
was performed by temperature-dependent XRD and WAXD.
Fig. S8 (ESIt) presents the XRD patterns of DPP-2Py-9 from 3°
to 35° scanned at 185 °C in the second heating process, and
several reflection peaks at 26 = 4.3°, 6.6° 8.8°, 11.1° were
detected with d spacings of 20.5, 13.5, 10.1 and 7.9 A which
proved clearly that the DPP-2Py-9 molecules organized into a
lamellar phase.>® A broad diffraction signal centred at 20 = 6.9°
was mainly ascribed to the covering foil used in the experimental
set-up.”* To clearly distinguish the position of the reflection
peaks of DPP-2Py-9 in the small-angle region, the WAXD patterns

(A)

Fig. 4 The POM images of the textures of DPP-2Py-9 during the first
cooling process (A) and the second heating process (B).
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Fig. 6 Schematic diagram of the SmA phase of DPP-2Py-9.

from 2° to 35° scanned at 180 °C (Fig. 5A) and 190 °C (Fig. 5B)
were studied in the second heating process. A sharp reflection
peak at 20 = 2.27° was seen at 180 °C and 190 °C, corresponding
to an interlayer spacing (d) of 38.9 A, and two reflection peaks at
20 = 4.4° and 6.6° were consistent with that of XRD patterns. A
broad halo with a weak reflection peak in the wide-angle region
between 15° and 25° of 20 indicated the peripherally molten alkyl
chains.

These WAXD and XRD reflections were a distinct designation
of the layer ordering characteristic of the smectic mesophase with
a d-spacing of 38.9 A.*® The molecular length (L) of DPP-2Py-9
calculated by Gauss software with a DFT-optimized structure was
41.1 A. The d/L of DPP-2Py-9 remained constant (0.95) at 180 °C
and 190 °C, indicating that the nature of the smectic mesophase of
DPP-2Py-9 was smectic A (SmA) phase.”® The schematic diagram of
the SmA phase of DPP-2Py-9 molecules is shown in Fig. 6.

Temperature-dependent fluorescence properties

As discussed above, DPP-2Py-9 with longer alkyl chains showed LC
characteristics, while DPP-2Py-5 didn’t show mesogenic properties.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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It is well known that the molecular stacking arrangements in the
crystal state, LC state and isotropic liquid sate are different. The
aggregation states make a significant impact on photolumines-
cence behaviours. So the temperature-dependent photolumines-
cence was studied to evaluate the effects caused by molecular
stacking arrangements.

The variation in the wavelength and intensity of fluorescence
emission of DPP-2Py-5 as a function of temperature is shown in
Fig. S9 (ESIY). The PL intensity of DPP-2Py-5 decreased gradually
with increasing temperature from 40 to 280 °C which was
ascribed to the thermally activated nonradiative decay process
(Fig. S9B, ESIt); on the other hand, the emission wavelength
remained unchanged. Compared to the temperature-dependent
fluorescence emission of DPP-2Py-5, DPP-2Py-9 had a relatively
complex process.

As shown in Fig. 7A, DPP-2Py-9 showed a main emission
peak at 630 nm and a shoulder peak at 500 nm at 40 °C, which
was associated with the amorphous state of DPP-2Py-9 as proved
by the XRD curve shown in Fig. S10 (ESIt). The PL intensity
of DPP-2Py-9 gradually decreased with increasing temperature,
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Fig. 7 The temperature-dependent PL changes of DPP-2Py-9 by the

heating process (A), the PL intensity of DPP-2Py-9 with the variation of

temperature (B) and the change of wavelength and differential curve of PL

wavelength with the variation of temperature (C).
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which was ascribed to the thermally activated excited state energy
dissipation, and remained stable in liquid state (Fig. 7B). The I/,
values in Fig. 7B originated from the intensity ratio of the maximal
emission peaks around 600 nm in Fig. 7A. The wavelength of DPP-
2Py-9 hypochromically shifted as the temperature was increased
from 40 to 180 °C (Fig. 7C). In the LC state (180-210 °C), a series of
broad PL emission bands from 610 to 520 nm with lower PL
intensity were detected, and the maximal PL wavelength was swiftly
hypochromically shifted. Above 210 °C, the PL spectral profiles were
unchanged in the isotropic liquid state.

The differential curve of PL wavelength in the heating
process varied drastically in the temperature range of 185 and
210 °C (Fig. 7C), which was very close to the LC temperature
range 180-212 °C measured by DSC. The PL wavelength of DPP-
2Py-9 in mesomorphic phase showed the biggest changes in the
heating process, which were caused by the evident change of
aggregation states. Consequently, it opens a new technical
method for utilizing PL spectroscopy to characterize the liquid
crystalline behaviours.

Conclusions

Two AIE compounds DPP-2Py-5 and DPP-2Py-9 with a core
consisting of a pyrrolo[3,2-b]pyrrole ring linked by flexible alkyl
chains were synthesized. Their AIE behaviors were confirmed by
increasing viscosity and reducing temperature which restricted
the intramolecular rotations and enhanced the emission of
DPP-2Py-5 and DPP-2Py-9 by the AIE mechanism. Based on the
combination of DSC, POM and XRD analysis, the experimental
results proved that DPP-2Py-9 has marble-like LC textures with
SmA phase and DPP-2Py-5 didn’t show LC properties. The LC
temperature range of DPP-2Py-9 was 180-212 °C as measured by
DSC. The above results revealed that the suitable length of alkyl
chains plays a significant role in making compounds exhibit LC
properties. According to the temperature-dependent fluorescence
emission spectrum, the PL intensity and wavelength of DPP-2Py-9
were gradually decreased and hypochromically shifted as the
temperature increased. In the LC state, the maximal PL wave-
length was swiftly hypochromically shifted from 630 to 520 nm.
The LC temperature range between 185 and 210 °C determined
by the differential curve of PL wavelength vs. temperature was
close to that determined by the DSC technique. Therefore, the PL
emission spectroscopy could be used as a new technical method
to characterize the LC behaviours in future research.
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