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Abstract

In this study, a self-assembly technique is developed to fabricate ultralong microbelts of sodium

4-(4,5-diphenyl-1H-imidazol-2-yl)benzoate (SDB). The as-prepared SDB microbelts are identified

to have a belt-like structure with a rectangular cross section. All the obtained microbelts under

optimal conditions have a relatively uniform size of about 5 um in width, 2 um in thickness, and

approximately 5 mm in length. Particularly, the length of the SDB microbelts can be readily

controlled by adjusting the SDB concentration as well as the aging temperature. In addition, the

optical and electrical properties of the as-prepared microbelts are also investigated. These results

should be significant in triarylimidazole derivatives crystallization and their potential application

in optoelectronic devices.
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Introduction

The self-assembly of small organic molecules into one-dimensional (1D) nano/microstructures is a
powerful tool to create novel materials with peculiar properties.' Currently, there is a growing
interest in the fabrication of organic 1D nano/micromaterials, such as wires,"” belts,’ tubes,*® and
rods,”” in a controlled and predictable fashion. Compared with their inorganic counterparts,
organic 1D nano/micromaterials have some advantages such as good processability,” effective
doping property,” and high photoluminescence efficiency,'® which make them ideal candidates for
optoelectronic nanodevices. In most cases, these self-assembled 1D organic nano/microstructures
in solution usually have a length that is typically in the range of nanometer-to-micrometer scale.
More recently, the construction of ultralong organic 1D nano/microstructures has been reported, in
which the average length ranges from several micrometers up to millimeter scale.''> Such a
pronounced enhancement in aspect ratio has obvious advantages in single device fabrication and
measurement, which is crucial for the realization of the practical applications of these materials.
As a consequence, ultralong organic 1D nano/microstructures have found potential application in
areas such as optical waveguides,” field-effect transistors,'* organic light emitting diodes,"® solar
cells,'® sensors,'” and photoswitching devices.'®

Besides the above mentioned self-assembly approach,'****' template-based method,”* and
vapor deposition”*** have also been used to construct ultralong 1D nano/microstructures. Although
the hard-template synthesis is a popular, reliable, and convenient approach for preparing ultralong
1D nano/microstructures, it is difficulty to prepare 1D structure from a small organic compound

that has the same solubility properties as the used template. In addition, the inorganic template



10

11

12

13

14

15

16

17

18

19

20

21

22

CrystEngComm

removal process is usually energy-consuming. On the other hand, vapor deposition technique
relies heavily on sophisticated instruments. In this regard, the self-assembly of small organic
molecules through the use of soft template,*® poor solvent,”’ or solvent evaporation®® is a facile and
reliable method to prepare ultralong organic 1D nano/microstructures. For example, several small
organic molecules, such as 2-anthracen-9-ylmethylene malononitrile,”
3,4,9,10-perylenctetracarboxylic ~ acid  potassium  salt  (PTCAPS),*®  spiro-substituted
perylenetetracarboxylic diimide (spiro-PDI),”!
2-(3',5'-bis(trifluoromethyl)biphenyl-4-yl)-3-(6-3,5-bis(trifluoromethyl)phenyl)pyridine-
3-yDacrylonitrile (Py-CN-TBE),” 2,4,6-tris(4-cyano-1,2,5-thiadiazol-3-yl)-1,3,5-triazine
(TCTDT), and 2,4,6-tris(4-cyano-1,2,5-selenodiazole-3-yl)-1,3,5-triazine (TCSDT),” have been
successfully utilized to fabricate ultralong 1D structures via solution-based self-assembly method.
As can be seen, only a small percentage of known small organic compounds so far have been
found to form such structures, thereby placing a restriction on the range of potential
chemophysical properties.

Recently, triphenylimidazole derivatives have attracted considerable attention because of their

unique photoluminescent and chemiluminescent properties**>°

as well as their diverse biological
activities.”’”* These compounds possess a larger conjugated-system structure and can assemble
into 1D structured materials through intermolecular interactions. To date, triphenylimidazole based
wires,” rods,” and tubes*' have been successfully fabricated by using various synthetic methods.
These 1D nanostructures derived from triphenylimidazole derivatives have size-dependent optical

properties and good stability, which allow them to find potential applications in novel optical and

optoelectronic devices. Thus, acquirement of new 1D nano/microstructures, especially ultralong
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belt-like structures, is desirable for the fundamental understanding of their properties as well as the
realization of diverse potential applications. Herein, we describe the fabrication of the ultralong
microbelts from sodium 4-(4,5-diphenyl-1H-imidazol-2-yl)benzoate (SDB) by the poor solvent
mediated self-assembly method. Such method should be significant in triarylimidazole derivatives
crystallization since no template or surfactant was necessary to assemble these microstructures.
Moreover, the size of the as-fabricated SDB microbelts can be readily controlled by adjusting the
experimental conditions. In the current study, the optical and electrical properties of the belt-like

microstructures were also investigated.

Experimental section

Materials

The organic compound of SDB used in this study was synthesized in-house and was characterized
by NMR and MS spectroscopy (Figs. S1-S3, see Electronic supplementary information, ESIY).
Ultrapure water with a resistivity > 18.2 MQ was produced using a Milli-Q apparatus (Millipore)
and was filtered using a membrane with a pore size of 200 nm (Whatman International, Ltd.) just
before use. Tetrahydrofuran (THF) was obtained from Guangdong Guanghua Chemical Factory

Co. Ltd., and was distilled before use.

Sample preparation method
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Ultralong SDB microbelts were prepared by the simple and versatile self-assembly method. In a
typical preparation, raw powder of SDB was dissolved in THF to a concentration of 3.0 mM. Then
600 pL of this solution was added dropwise into 5.0 mL ultrapure water with vigorous stirring at
50 °C. After stirring for 1 min, the suspension was left undisturbed at 30 °C to stabilize for a
desired time. The micobelts were collected by filtration followed by washing several times with

ultrapure water and finally dried under vacuum at 50 °C for 24 h.

Characterization

Optical microscopy measurement was performed with a Leica DM4500P microscope. Scanning
electron microscope (SEM) images were recorded using a JEOL (JSM-6360LV) scanning electron
microscope, and the samples were loaded on the mica surface, previously sputter-coated with a
homogeneous gold layer for charge dissipation during the SEM imaging. Powder X-ray diffraction
(XRD) patterns of the samples were measured on a Japan Rigaku D/max-2500 diffractometer with
Cu-Ka radiation (A = 1.5418 A). The samples (SDB raw powder and SDB microbelts) were
grinded into fine powder for XRD measurements. FTIR spectra in KBr pellets were recorded on a
PE Spectrum One FTIR spectrophotometer. Fluorescence spectra were recorded on a PE LS-55
luminescence spectrometer. Fluorescence microscopic pictures were recorded using a MF30
fluorescence microscope the excitation wavelength of 330-400nm. UV-vis absorption spectra were
measured using a PE Lamada 25 spectrometer (for sample preparation, see ESI{). The electrical
characteristics were measured in ambient laboratory conditions by using a Keithley 4200-SCS

semiconductor parameter analyzer.
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Results and discussion

The self-assembly of supramolecular aggregates of SDB into ultralong belt-like structures is a poor

solvent mediated process. In a typical procedure, a solution of SDB in THF (3.0 mM, 600 pL) was

added dropwise into hot ultrapure water (5.0 mL, 50 °C) with vigorous stirring. After stirring for 1 min,

the sample was left undisturbed at 30 °C for about 5 h to stabilize the microstructure growth. Fig. la

and b show the digital photographs of the as-prepared microbelts. It is amazing that the belts can be

seen by the naked eye (Fig. 1b) and their length reaches several millimeters (Fig. 1a). The optical

micrograph of a single microbelt in Fig. 1f further demonstrates that the length reaches to about 5 mm.

Fig. 1d and e show the morphology of microbelts cast on mica substrate. The SEM images clearly

reveal that the product has a belt-like morphology with the thickness of about 2 + 0.5 um and the width

of about 5 £ 0.5 um (Fig. 1d). In addition, the rectangular shape of the cross section can also be seen

from Fig. le inset. In order to further prove the successful fabrication of SDB ultralong microbelts, a

statistical analysis is then conducted by measuring over 50 microbelts in digital photographs. The result

in Fig. 1c shows that the average length of the as-synthesized SDB microbelts is around 3.5 mm.

However, it should be noted that the produced microbelts are easily broken during the sample

preparation process.

[Fig. 1]

The crystalline phase of the SDB microbelts was identified by powder X-ray diffraction. The

XRD patterns of SDB raw powder and SDB microbelts are shown in Fig. 2. As can be seen, the

sharp peaks in the XRD patterns confirm that the SDB raw powder as well as the SDB microbelts
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is crystalline. Detailed analysis was performed by using the program Powder-X, and the results
showed that the crystalline phases of microbelts and SDB raw powder are monoclinic. Some
differences, however, are observed in their lattice parameters. The lattice parameters of the SDB
microbelts are a = 17.069 A, b = 4.349 A, c = 14.141 A, o = 90°, p = 112.884°, y = 90°, and
volume = 967.052 A’, while the cell parameters of the SDB raw powder are a = 8.617 A, b =
12.326 A, ¢ = 6.402 A, o = 90°, f = 111.348°, y = 90°, and volume = 637.358 A* (Tables S1-S2,
ESIT). The differences in their cell parameters might originate from the different crystallization
processes.

[Fig. 2]

Fig. 3 depicts the FITR spectrum of the as-prepared SDB microbelts, which is almost identical
to that of the SDB raw powder, indicating that the SDB has not undergone other chemical
reactions during the self-assembly process. This result again confirms that the microbelts consist
of pure SDB materials.

[Fig. 3]

The synthesis parameters, such as the SDB concentration and aging temperature, play an
important role in the microbelt length control. A series of experiments were thus performed. Firstly,
the influence of SDB concentration on the produced microbelts was investigated. Fig. 4 shows the
optical microscope images of the synthesized products with different SDB concentrations. In our
experiments, the concentration of SDB solution in THF was varied from 2.0 mM to 4.0 mM, while

the temperature and aging time were kept constant, i.e., 30 °C and 5 h, respectively. As shown in
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Fig. 4, when the concentration of SDB was varied, both the length and width of the microbelts

changed gradually. For example, when the concentration of SDB is 2.0 mM, the average length

and width of the SDB microbelts are around 2.3 mm and 2.9 pm, respectively. As the

concentration of SDB further increases, the length and width increase accordingly. At the SDB

concentration of 3.0 mM, the average length and width increase to 3.5 mm and 3.9 um,

respectively, and at 4.0 mM they are 4.4 mm and 6.1 pum, respectively. It is worth noting that the

microbelts still have rectangular shape feature. Since high SDB concentration will increase the

supply of source molecules during seed formation and enhance the subsequent rate of

crystallization and growth, which is therefore related to the microbelts length and degree of

dispersion. This assembly method provides an opportunity to control the length of molecule-based

materials.

[Fig. 4]

The length of the self-assembled SDB microbelts can also be tuned by changing the

self-assembly temperature. In an attempt to investigate the temperature on the morphology of the

SDB crystals, aging temperature was systematically varied from 30 to 0 °C while the SDB

concentration (3.0 mM) and aging time (5 h) were kept constant, and their effect was evaluated by

optical microscopy analysis. As shown in Fig. 5, it is possible to achieve belt-like structures (Fig.

S5c-e) as the aging temperature decreases to 10 °C. However, the average length of the SDB

microbelts decreases with decreasing the aging temperature. For example, the average length of

the SDB microbelts is around 3.5 mm at the aging temperature of 30 °C. Conversely, the average

length of the SDB microbelts decreases to 2.9 mm at the aging temperature of 20 °C, and it is 1.7



10

11

12

13

14

15

16

17

18

19

20

21

22

CrystEngComm

mm at the aging temperature of 10 °C. Interestingly, the belt-like structures have completely
disappeared when the aging temperature decreases to 0 °C. Instead, the product exhibits a
complicated shape consisting of irregular dendrite-like structures with size of several hundred
micrometers (Fig. 5a-b). All these results indicate that the aging temperature plays a key role in the
formation of the SDB belt-like structures.

[Fig. 5]

On the basis of the above mentioned results, the SDB should have a highly oriented nature of
assembly. However, this in turn makes it difficult to obtain ideal crystal suitable for single-crystal
XRD identification. By using the density functional theory (DFT), the possible packing structure
of SDB molecules was proposed. The theoretical calculations were performed using the PBE
functional and DND basis set implemented in DMOL3 soft package.”** In Fig. S4a (see ESIt),
the obtained lowest energy packing structure of SDB dimer indicates strong interactions between
the NH group and COO Na' unit. The NH can interact with the O atom in COO Na' unit to form a
hydrogen bond and the rest N atom in the 1,3-diazole ring interacts with the Na" via electrostatic
interactions. The calculated binding energy between two molecules is 0.56 eV. The definition of
binding energy (E}) 18 Ep = [Ejimer — 2 % Espp]/2, where the Eg;,., is the energy of molecular dimer
and Egpp is the energy of single SDB molecule. On basis of the packing structure of dimer
aggregate, we further investigated the extended packing structure of SDB molecules. From Fig.
S4b (see ESIT), the intense n-w stacking structures formed by the phenyl rings and 1,3-diazole ring
are clearly found. The inter-phenyl ring distance is about 3.6 A. The binding energy of hexamer

structure is 0.72 eV per molecule, indicating the strong interactions between SDB molecules. So,

10
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we speculate that the driving force in the self-assembled belt structure is attributed to multi factors
including the hydrogen bond between NH and COO Na', the electrostatic interactions between N
atom (in 1,3-diazole ring) and COO Na" group, as well as the n-m stacking effects of conjugated
rings.

The optical properties of the as-prepared SDB microbelts dispersed in water were also
investigated. Considering that the microbelts are easily broken, the as-prepared SDB microbelts
suspended in water were directly diluted with water to obtain a suitable microbelt concentration
for optical measurements. Fig. 6 displays the UV-vis absorption spectra of the SDB microbelts
with different lengths dispersed in water. For comparison, the spectra of SDB raw powder
dispersed in water as well as dissolved in THF are also displayed. The dilute solution of SDB in
THEF is colorless and shows an absorption band with a peak at 341 nm, which originates from the
electronic transition from HOMO to LUMO+2.** However, the absorption spectrum of SDB raw
powder dispersed in water shows a main characteristic band at 316 nm, giving a hypsochromic
shift of 25 nm compared to that of SDB solution. This indicates that the main interaction changes
from intramolecular to intermolecular electronic transition.* Similarly, the UV-vis spectra of SDB
microbelts dispersed in water also show absorption bands with peaks at around 310 nm. Through a
careful observation of Fig. 6, however, the as-fabricated SDB microbelts show interesting size
dependent optical properties. When the length of the microbelts increases from 2.5 to 4.4 mm, the
absorption band appears at around 307 nm and is gradually red shifted to approximately 313 nm.
This is expected for an aggregate state arising from the n—r orbital overlap of closely stacked SDB
molecules.*® As the microbelts size increases, the degree of the m—m orbital overlap will be

enhanced and thus will result in its absorption shifting to a lower energy. In order to eliminate the

11
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possibility of concentration effect, concentration dependent UV-vis spectra of SDB microbelts
dispersed in water as well as the solution of SDB in THF were then performed. As expected, the
absorbance increases with increasing SDB or SDB microbelts concentrations. However, no change
in the wavelength of maximum absorbance is observed when their concentrations increase (Fig. S5,
ESIt). For the purpose of further investigating the optical properties of SDB aggregate, solid state
UV-vis spectra of SDB monomer as well as SDB microbelts were thus measured. The sample was
prepared by spin coating SDB solution in THF or SDB microbelts suspension in water onto clear
quartz slide at 2000 rpm. Solid state UV-vis spectral study shows that SDB monomer and SDB
microbelts have broader absorption bands with peaks at 330 and 345 nm, respectively (Fig. S6,
ESIt).

[Fig. 6]

The fluorescence spectra of the SDB microbelts dispersed in water with different lengths are
shown in Fig. 7. Similarly, the fluorescence spectra of SDB raw powder dispersed in water as well
as dissolved in THF are also displayed for comparison. The fluorescence spectrum of SDB in
solution shows an emission band with maximum at 420 nm. However, the fluorescence spectrum
of SDB raw powder dispersed in water shows a characteristic band at 435 nm, giving a

bathochromic shift of 15 nm compared to that of SDB solution. This may be attributed to the n-n

interactions’” as well as the inner filter effects* due to the high local concentration of SDB powder.

Similarly, the fluorescence spectra of SDB microbelts dispersed in water also show emission bands
with peaks at around 436 nm. Again, the size dependent properties are observed for the SDB

microbelts. For example, the emission band appears at around 436 nm and is gradually redshifted

12
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to approximately 443 nm as the length of the microbelts increases from 2.5 to 4.4 mm (Fig. 7). In
addition, concentration dependent fluorescence spectra as well as fluorescence images of the SDB
solution in THF were then performed (Figs. S7-S8, ESI). As expected, the emission intensity
increases with increasing SDB powder or SDB microbelts concentrations. Again, no change in the
peak emission wavelength is observed when their concentrations increase (Fig. S7, ESIt). In this
study, solid state fluorescence spectra of SDB monomer as well as SDB microbelts were also
measured. Clearly, the sample in solid state leads to a suppression of the fluorescence intensity.
The SDB monomer and SDB microbelts show emission bands with peaks at 425 and 424 nm,
respectively (Fig. S9, ESIt).

[Fig. 7]

The extended n-m interactions in the SDB microbelts promoted us to investigate their electrical
properties. The electrical conductivity measurements of the as-fabricated SDB microbelts were
carried out using a semiconductor parameter analyzer. The devices were fabricated by pasting a
pair of conductive double-sided sticky carbon tape onto Si/SiO, substrate with a gap ranging from
0.8 to 1.0 mm, followed by attaching the SDB microbelts to link the two tape electrodes. Typical
current—voltage (/-V) curves of the SDB microbelts in the dark and under light illumination are
shown in Fig. 8 (inset shows a schematic diagram of a top-contact device). The power of the light
illumination is about 100 mW/cm’. As can be seen, the current in the dark conditions increases
linearly with an increase in the voltage and is symmetrical in both the forward and reverse bias
directions, indicating that the contacts are ohmic. In addition, it shows a maximum current value of

0.68 pA at 10 V. However, evident negative photoconductivity has been observed for the SDB

13
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microbelts when the light illumination is focused on the sample. At all voltage values, the current
value is lower than that in the dark conditions, which is much different from the positive
photoconductivity for most of the semiconductors.””' The negative photoconductivity nature of
the SDB microbelts make them ideal candidates for the fabrication of novel optoelectronic
devices.

[Fig. 8]

Conclusions

In summary, we have successfully fabricated ultralong SDB microbelts via a simple self-assembly
method. The length of the SDB microbelts can be readily controlled by adjusting the concentration
of the initial solution as well as the aging temperature. Furthermore, the SDB microbelts show
interesting optical and electrical properties, which may allow them to find potential applications in
optoelectronic devices. This work provides an alternative approach to the design and fabrication of
ultralong belt-like structures with rectangular cross section from small organic molecules with

tunable sizes.
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Captions

Fig. 1 (a) Photograph of SDB microbelts on glass substrate, inset showing molecular structure of
SDB. (b) Photograph of the as-prepared SDB microbelts before separation. (c) Distributions of the
length and width of SDB microbelts. (d, €) SEM images of SDB microbelts, inset of (¢) showing
the rectangular cross section. (f) Optical micrograph of a single microbelt.

Fig.2 XRD patterns of (a) SDB raw powder and (b) SDB microbelts.

Fig.3 FTIR spectra of (a) SDB raw powder and (b) SDB microtubes.

Fig. 4 Optical images, photographs, and distributions of the length and width of the SDB
microbelts obtained under different SDB concentrations in THF, (a, b, ¢) 2.0 mM, (d, e, ) 3.0 mM,
and (g, h, 1) 4.0 mM.

Fig. 5 Optical images of the SDB microbelts obtained under different aging temperature, (a, b)
0 °C, (c) 10 °C, (d) 20 °C, (e) 30 °C, and distributions of the length of SDB microbelts, (f) 10 °C,
(g) 20 °C.

Fig. 6 UV-vis absorption spectra of the SDB raw powder dispersed in water and dissolved in
THEF as well as the SDB microbelts dispersed in water with different lengths.

Fig. 7 Fluorescence spectra of the SDB raw powder dispersed in water and dissolved in THF as
well as the SDB microbelts dispersed in water with different lengths.

Fig. 8 I-V measurement curves of the SDB microbelts acquired in the dark and under light

illumination, inset showing the schematic diagram of a top-contacted device.
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4  Ultralong SDB microbelts with interesting optical and electrical properties were successfully

5  fabricated by the poor solvent mediated self-assembly method.



