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ABSTRACT: An D—A-D gelator (DTCQ) was designed and synthesized

using 2,3-dimethyl-S,8-di(thiophen-2-yl)quinoxaline and N-alkyl 3-amino-

carbazole units as acceptor and donor, respectively, which were linked by a
single bond. The compound could gelate several solvents, such as benzyl

alcohol, aniline, acetophenone, and o-dichlorobenzene, as well as self-assemble

into one-dimensional (1D) nanofibers in gel phase. The absorption and
infrared spectra of the gels indicated that 7—x interactions between aromatic
moieties, intermolecular hydrogen bonds between amide units, and van der

Waals forces were the driving forces for the formation of 1D self-assemblies

and gel. DTCQ_gel was red and emits red fluorescence because it has a strong
absorption band at 487 nm and an emissive band at 620 nm. Moreover, DTCQ

and a fullerene carboxylic acid formed two-component gel, in which the two
compounds developed a hydrogen bond complex and self-assembled into 1D
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nanofibers with closely connected p- and n-channels. The nanofibrous xerogel film can rapidly generate a photocurrent under
visible-light radiation through electron transfer from the gelator to fullerene, and then, the excellent exciton separation and charge

transfer to two electrodes.
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B INTRODUCTION

One-dimensional (1D) organic nanoscale self-assemblies have
attracted increasing attention because of their structural
flexibility, tunable optical and electrical properties, solution
processability, and facile and large-scale synthesis."> They are

. - 2-5 . 6,7 .8 9
widely used in sensors,” ” transistors,”’ batteries,” solar cells,

10,11 .
and nanoscale lasers and so on. The gelation of low-
molecular mass gelator in an organic solvent or water is a rapid,
convenient, and low cost method to prepare 1D organic
assemblies, such as nanofibers, nanoribbons, twisted nanobelts,
12-17 .
nanorods, and nanotubes. The morphologies and proper-
ties of these assemblies can be tuned using external chemical or
physical stimuli, such as metal ions, anions, small organic
compounds, proton, light irradiation, oxidation, or reduction
. 18—26 rp - Do .

reaction, sound, and temperature. This tuning is achieved
by introducing unique functional moieties because the driving
forces for the formation of 1D self-assemblies are weak
intermolecular interactions, such as hydrogen bonds, dipole—
dipole interactions, 7— interactions, and van der Waals forces.
Moreover, the close packing between gelators in gel nanofibers
is advantageous for various arrays of applications. These
nanofibers have been a3pplied in vapor sensors,”’ >' transis-
tors,>** and therapy®**® applications. Many two—comgonent
gels were developed to realize functionalization of gels.**™* In
particular, the fibers in two-component gels can be used as
electron donors or acceptors for photocurrent generation

-4 ACS Publications  © 2014 American Chemical Society

because of the existence of exciton diffusion. For instance, a
self-sorting two-component organogel of thiophene and
perylenebisimide gelators as electron donor and electron
acceptors, respectively, was constructed by Shinkai et al.*’
Photocurrent is generated from the cast xerogel film upon
visible-light irradiation because of the existence of p—n
heterojunctions of the donor and acceptor aggregate. Wiirthner
and Wudl applied the gel fibers as electron acceptor of
decacyclene triimide and perylenebisimide gelators in a solar
cell*** Stupp and Zhang synthesized tetrathiafulvalene and
sexithiophene gelators, respectively, and prepared their two-
component gels using fullerene as electron acceptor for
photocurrent generation.42’43

In 2010, a hydrogen bond complex of a donor gelator and a
fullerene carboxylic acid derivative serving as an electron
acceptor was designed in our lab; this complex can transform
into a 1D self-assembly in gel phase.** The donor and acceptor
can be interspaced within the molecular level, and effective
electron and hole transport channels exist in the fibers.
Consequently, the use of these assemblies as active layers
affords a large photocurrent. However, the maximal absorption
peak at 357 nm is unfavorable for solar light harvesting.* Last
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year, we introduced quinoxaline as electron withdrawing group
and prepared a z-conjugated gelator with a D—7—A—7—D
molecular structure, which possesses a red-shifted absorption
band with a maximum of 498 nm in gel.46 The electron-
donating and withdrawing groups were linked by double bonds.
However, double bonds undergo topochemical [2 + 2]
cycloaddition under photoirradiation.*” So, single bonds are
selected as connected type in the present study. To obtain a
gelator with a long-wavelength absorption band, two thiophene
units are inserted between the donor and acceptor (Scheme 1).

Scheme 1. Molecular Structures of DQTC and
C12C60COOH
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As a result, the maximum absorption peak of the gel reaches
487 nm. Moreover, a photoinduced electron transfer exists

between DQTC and C12C60COOH in the two-component
gel, and the xerogel film can provide a large photocurrent under
visible-light irradiation.

B EXPERIMENTAL SECTION

Instruments: Infrared spectra were measured using a Nicolet-360 FT-
IR spectrometer by incorporating the samples in KBr disks. The UV—
vis spectra were determined on a Mapada UV-1800pc spectropho-
tometer. C, H, and N elemental analyses were performed on a
PerkinElmer 240C elemental analyzer. Mass spectra were obtained
with AXIMA CFR MALDI-TOF (Compact) mass spectrometers.
Photoluminescence measurements were taken on a Shimadzu RF-5301
Luminescence Spectrometer. Fluorescence decay experiment was
measured on an Edinburgh FLS920 steady state fluorimeter equipped
with an nF900 ns flash lamp. 'H and "*C NMR spectra were recorded
on Mercury plus 400 MHz. Transmission electron microscopy (TEM)
images were observed with a Hitachi H-8100 apparatus by wiping the
samples onto a 200-mesh carbon coated copper grid followed by
naturally evaporating the solvent. The fluorescence quantum yields of
DQTC in THF were measured by comparing to standards
(Rhodamine 6G in water, @ = 0.75). Cyclic voltammetry was
employed using a three-electrode cell and an electrochemistry
workstation (CHI604). The working electrode was a glass carbon
disc, the auxiliary electrode was a Pt wire, and Ag/AgCl was used as
reference electrode. Tetrabutylammonium tetrafluoroborate (TBABF,,
0.1 M) was used as the supporting electrolyte in dry DMF. The
ferrocenium/ferrocene (Fc/Fc*) redox couple was used as an internal
potential reference. Geometrical optimizations for DQTC were
performed by density functional theory (DFT) calculations at
B3LYP/6-31G (d, p) level with the Gaussian 09W program package.*®

Scheme 2. Synthesis Route of DQTC. (a) Pd(PPh;),, THF; (b) NBS, THF; (c) Concentrated HNO;, CH,CICH,CI; (d)
Pd(PPh,),, KOAc, dry DMF; (e) Pd(PPh,),, TBAOH, THEF; (f) Pd/C, NH,NH,, THF /ethanol; (g) dry THF; (h) EDC, DMAP,

dry THF
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Gelation Test of Organic Fluids. The solution containing certain
weighed gelator 1 in organic solvent was heated in a sealed test tube
with 1 cm diameter in an oil bath until the solid was dissolved. After
the solution was allowed to stand at room temperature for 6 h, the
state of the mixture was evaluated by the “stable to inversion of a test
tube” method.

Preparation of the ITO Active Electrode. Gelator DQTC (1.6
mg) and 1.0 mg of C12C60COOH were added to 1.6 mL o-
dichlorobenzene and heated to complete dissolution.

This hot solution (10 yL) was quickly cast on an ITO glass
electrode (electrode area 0.25 cm?) and aged for 2 h at room
temperature. The final active electrode was obtained after the solvent
was removed through low pressure for 2 h and at 100 °C for 6 h.
Photocurrent measurements were carried out in a nitrogen-saturated
0.1 M Na,SO, solution containing SO mM ascorbic acid (AsA) as a
sacrificial electron donor using a modified ITO working electrode
(0.25 cmz) and a Pt wire counter electrode at 0 mV bias against a Ag/
AgCl (3.0 M KCl) reference electrode. A collimated light beam (50
mW cm™?) from a 150 W Xe lamp was used for the excitation of ITO
active films.

Synthesis and Characteristics. (S)-2-amino-N-dodecyl-3-phe-
nylpropanamide, $,8-dibromo-2,3-dimethylquinoxaline (1), and 3-
bromo-9-octgl-9H-carbazole were synthesized according to the lecture
procedures.*” ™! The synthesis route of DQTC is shown in Scheme 2.

5,8-bis(5-bromothiophen-2-yl)-2,3-dimethylquinoxaline (3).
5,8-dibromo-2,3-dimethylquinoxaline (2.0 g, 6.33 mmol), 2-
(tributylstannyl)thiophene (5.19 g, 13.9 mmol), and Pd(PPh,),Cl,
(200 mg) was added into SO mL dry THF, and the mixture was
refluxed for 2.5 h under N, atmosphere. After removing solvent, the
residue was purified by silica column chromatography (CH,Cl,/
petroleum ether, V/V = 1:1). Light yellow solid (1.7 g, 83.3%) was
obtained (*H NMR (400 MHz, CDCl,) & 8.04 (s, 2H), 7.85 (d,] = 3.4
Hz, 2H), 7.49 (d, ] = 4.9 Hz, 2H), 7.23—7.09 (m, 2H), 2.82 (s, 6H)).
The weighted yellow solid (1.3 g, 4 mmol) was dissolved into THF
(80 mL), and NBS (1.4 g, 8 mmol) was added into above solution
slowly. After stirring for 12 h, the mixture was poured into water (400
mL) and the solid was gained by filtration and purified by silica
column chromatography (CH,CL,). 1.4 g orange solid was gained.
Yield = 72.3%. Elemental analysis (%): calculated for C,H;,Br,N,S,:
C, 45.02; H, 2.52; N, 5.83; found, C, 44.98; H, 2.49; N, 5.86. FT-IR
(KBr, cm™): 3167, 3078, 2956, 2923, 1613, and 1539. '"H NMR (400
MHz, CDCL) & 807 (s, 2 H, =CH), 727 (d, ] = 62 Hz, 2 H, =
CH), 7.03 (d,J = 6.2 Hz, 2 H, =CH), 2.76 (s, 6 H, CH,). '3C NMR
(101 MHz, CDCl,) § 152.61, 139.83, 136.71, 130.13, 128.98, 125.26,
124.67, 116.90, 22.49.

3-Bromo-6-nitro-9-octyl-9H-carbazole (5). 4 (10.0 g 27.9
mmol) was dissolved in 50 mL CH,CICH,CL After the solution
was stirred for 10 min at an ice—water bath, 3.0 g of concentrated
HNO; was added dropwise over 1 h. The mixture was stirred at room
temperature for 10 h and the yellow solid was obtained by filtration.
The solid was purified using column chromatography (petroleum
ether/CH,Cl,, V/V = 1:1) to give yellow product (7.1 g 61% in
yield). Elemental analysis (%): calculated for C,yH,;BrN,O,: C, 59.56;
H, 5.75; N, 6.95; found C, 59.54; H, 5.71; N, 6.93. FT-IR (KBr, cm™"):
3088, 2920, 2853, 1620, 1596, 1583, 1513, 1476, and 1319. '"H NMR
(400 MHz, CDCl,) & 9.00 (d, J = 16 Hz, 1H, =CH), 8.40 (dd, J =
8.0, 6.3 Hz, 1H, =CH), 8.27 (d, ] = 4.5 Hz, 1H, =CH), 7.70 (d,] =
6.5 Hz, 1H, =CH), 7.40 (dd, J = 9.0, 4.3 Hz, 1H, =CH), 7.36 (d,] =
4.0 Hz, 1H, =CH), 4.37 (t, ] = 8.5 Hz, 2H, N—-CH,), 1.88 (m, 2H,
—CH,), 1.42—1.17 (m, 10H, —CH,), 0.86 (t, ] = 6.4 Hz, 3H, —CH,).
3C NMR (101 MHz, CDCL) & 143.64, 140.86, 14027, 130.12,
124.48, 123.75, 122.16, 121.44, 117.53, 113.61, 111.14, 108.61, 43.79,
31.71, 29.26, 29.10, 28.87, 27.20, 22.57, 14.04.

3-Nitro-9-octyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)-9H-carbazole (6). 5 (5.1 g, 12.16 mmol), bis(pinacolato)diboron
(3.7 g 14.57 mmol), KOAc (3.6 g, 36.7 mmol), and Pd(PPh,), (50
mg) were wadded in 80 mL dry DMF. The mixture was stirred under a
N, atmosphere at 90 °C for 24 h. The mixture was poured into S00
mL water and extracted with CH,Cl,. The combined organic phases
were washed with brine and dried with anhydrous Na,SO,. After

solvent was removed, the residue was purified by column
chromatography (petroleum ether/CH,CL, V/V = 1:1) to give a
yellow solid (3.78 g) in a yield of 69%. Elemental analysis (%):
calculated for C,,H;BN,O,: C, 69.34; H, 7.83; N, 6.22; found C,
69.32; H, 7.85; N, 6.19. FT-IR (KBr, cm™"): 3090, 3063, 2991, 2974,
2954, 2931, 2870, 2854, 1632, 1599, 1516, 1482, 1468, 1328, 1259,
and 1142. "H NMR (400 MHz, CDCl,) 5 9.10 (d, J = 8.5 Hz, 1H, =
CH), 8.69 (dd, J = 8.4, 2.3 Hz, 1H, =CH), 8.41 (d, ] = 6.5 Hz, 1H, =
CH), 8.02 (d, ] = 9.0 Hz, 1H, =CH), 7.45 (m, 2H, =CH), 4.37 (t, ]
= 7.4 Hz, 2H, N-CH,), 1.90 (m, 2H, —CH,), 1.43—1.28 (m, 10H,
—CH,), 1.25 (m, 12H, —CHj,), 0.90 (t, ] = 6.3 Hz, 3H, —CH,). °C
NMR (101 MHz, CDCL,) & 143.73, 143.65, 140.97, 133.61, 128.32,
127.35, 122.85, 122.53, 121.63, 117.37, 109.04, 108.34, 83.90, 43.65,
31.73, 29.28, 29.10, 28.89, 27.20, 24.95, 22.57, 14.04.
6,6'-(5,5’-(2,3-Dimethylquinoxaline-5,8-diyl)bis(thiophene-
5,2-diyl))bis(3-nitro-9-octyl-9H-carbazole) (7). 3 (0.66 g 1.38
mmol), 6 (1.5 g, 3.33 mmol), Pd(PPh;), (30 mg), and TB,NOH (6.0
g, 25% in water) was added into S0 mL THF. The mixture was heat to
reflux under a N, atmosphere for 48 h. The mixture was cooled to
room temperature and red solid was obtained by suction filtration and
washed by ethanol. Red product was obtained after drying. Yield =
87%. Elemental analysis (%): calculated for CssHgNO,S,: C, 72.02;
H, 6.04; N, 8.69; found C, 71.92; H, 5.99; N, 8.64. IR (KBr, cm™):
2926, 1597, 1506, 1472, and 1394. MS, m/z: cal. 967.25, found 968.40
[M + H]". Because of its low solubility, NMR spectra did not gain.
6,6'-(5,5’-(2,3-Dimethylquinoxaline-5,8-diyl)bis(thiophene-
5,2-diyl))bis(9-octyl-9H-carbazol-3-amine) (8). 7 (0.55 g, 0.57
mmol) and hydrazine hydrate (0.57 g, 80%) were dissolved in 10 mL
THF/ethanol (V/V = 1/1). After adding Pd/C (10 mg), the mixture
was heated to reflux for 10 h. Pd/C was filtered and the red solid was
obtained by removing solvent. The solid was dispersed in 10 mL
CH,Cl, and treated for S min in an ultrasound bath. The red product
was given by filtration and drying. Yield = 62%. Elemental analysis
(%): calculated for CssHg,NgS,: C, 76.78; H, 6.89; N, 9.26; found C,
76.72; H, 6.83; N, 9.23. FT-IR (KBr, cm™"): 3371, 3208, 3069, 2950,
2925, 2853, 1632, 1608, 1537, 1485, and 950. 'H NMR (400 MHz,
DMSO) § 8.33 (d, ] = 1.3 Hz, 2H), 8.25 (s, 2H), 8.01 (d, ] = 3.9 Hz,
2H), 7.76 (dd, J = 8.5, 1.4 Hz, 2H), 7.55 (d, ] = 3.9 Hz, 2H), 7.52 (d,]
= 8.7 Hz, 2H), 7.40 (d, ] = 1.9 Hz, 2H), 7.32 (d, ] = 8.7 Hz, 2H), 6.87
(dd, J = 8.6, 2.0 Hz, 2H), 4.82 (b, 4H), 429 (t, ] = 6.6 Hz, 4H), 2.88
(s, 6H), 1.74 (m, 4H), 1.31—1.10 (m, 20H), 0.82 (t, J = 6.8 Hz, 6H).
BC NMR (101 MHz, d¢-DMSO) & 152.94, 148.20, 141.95, 140.11,
136.55, 136.04, 134.02, 129.88, 128.01, 125.35, 124.27, 123.33, 122.90,
122.45, 121.86, 116.91, 115.86, 110.02, 109.65, 104.49, 31.34, 28.92,
28.78, 26.66, 25.07, 22.67, 22.19, 14.08.
4,4'-((6,6"-(5,5'-(2,3-Dimethylquinoxaline-5,8-diyl)bis-
(thiophene-5,2-diyl))bis(9-0 ctyl-9H-carbazole-6,3-diyl))bis-
(azanediyl))bis(4-oxobutanoic acid) (9). 8 (0.6 g 0.66 mmol)
and succinic anhydride (0.14 g, 1.4 mmol) was dissolved in 10 mL dry
THF and stirred for 10 h. After removing solvent, the residue was
dispersed in methanol and treated for 5 min by ultrasonic. The red
product was gained by filtration. Yield = 65%. Elemental analysis (%):
calculated for CgH,(NgOgS,: C, 71.58; H, 6.37; N, 7.59; found C,
71.52; H, 6.39; N, 7.53. IR (KBr, cm™): 3130, 2920, 1714, 1592, and
1398. MS, m/z: cal. 1106.5, found 1107.5 [M + H]". Because of its low
solubility, NMR spectra did not gain.
N',N""-(6,6'-(5,5’-(2,3-dimethylquinoxaline-5,8-diyl)bis-
(thiophene-5,2-diyl))bis(9-octyl-9H-carbazole-6,3-diyl))bis(N4-
(1-(dodecylamino)-1-oxo-3-phenylpropan-2-yl)succinamide)
(DQTCQ). To the mixture of 9 (0.20 g, 0.18 mmol), (S)-2-amino-N-
dodecyl-3-phenylpropanamide (0.176 g, 0.53 mmol), and DMAP (10
mg) was added dry THF (20 mL). After the mixture was stirred in an
ice—water bath for 10 min, EDC-HCI (0.10 g) was added. The mixture
was warmed slowing to room temperature and stirred 10 h. Ethanol
(50 mL) was added, and then, the red solid was obtained by suction
filtration and washed by ethanol few times. Yield: 95%. Elemental
analysis (%): calculated for CosH;3sN;0O6S,: C, 74.70; H, 8.01; N,
8.07; found C, 74.66; H, 7.98; N, 8.11. 'H NMR (400 MHz, d,-
DMSO) 610.06 (s, 2H), 8.58 (s, 2H), 8.40 (s, 2H), 8.30 (m, 4H), 8.06
(d,J =3.2 Hz, 2H), 7.87 (m, 4 H), 7.66 (d, ] = 8.6 Hz, 2 H), 7.61 (d,]
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= 3.2 Hz, 2H), 7.60—7.47 (m, 4H), 7.35—7.1 (m, 10H), 4.40 (m, 6 H),
3.12-3.07 (m, 6 H), 2.90 (s, 6H), 2.78 (dd, J = 8.5, 6.4 Hz, 2 H),
2.71-2.56 (m, 8H), 1.83 (m, 4H), 1.41-0.90 (m, 60H, CH,), 0.90—
0.71 (m, 12H, CH,). MS, m/z: cal. 1736.0, found 1736.4 [M]".

B RESULTS AND DISCUSSION

Molecular Design and Synthesis. Considering that sp’
hybridized N atoms are good hydrogen bond acceptors,>
quinoxaline was introduced. 3-Aminocarbazole can serve as a
donor moiety. If quinoxaline and carbazole are directly
connected using double bond from a heck reaction, a red
solid with a maximum absorption around 487 nm can be
obtained.*® The compound will possess a blueshifted
absorption band if the two moieties are linked by a single
bond. Thiophene is a suitable group to regulate the molecular
energy levels and absorption spectra of the materials.’>>*
Therefore, two thiophene units were selected to link the
carbazole and quinoxaline moieties to provide a chromophore
with the ability to absorb long-wavelength light. Chiral amine
acid moieties with long alkyl chains were linked with
fluorophores to ensure that whole molecules can self-assemble
into 1D nanostructures.”> Scheme 2 shows the detailed
synthesis route. Compound 3 was synthesized from §,8-
dibromo-2,3-dimethylquinoxaline through a Stille reaction with
2-(tributylstannyl)thiophene followed by bromination. 4 was
nitrated with concentrated HNOj; to obtain §. The reaction of
5 and bis(pinacolato)diboron yielded 6, which was coupled
with 3 to produce 7 via a Suzuki reaction. Compound 8 was
easily obtained with a high yield from 7 using NH,NH, as a
reducing agent. The rapid amidation of compound 8 with
succinic anhydride generated a carboxylic acid derivative (9).
The condensation reaction of (S)-2-amino-N-dodecyl-3-
phenylpropanamide and compound 9 in the presence of
EDC-HCI was utilized to obtain DQTC.

Photophysical Properties in Solution. DQTC can be
dissolved in THF to obtain a red solution. The maximum
absorption peak at long-wavelength region is located at 483 nm
(Figure la) and has a high absorption coefficient (5.2 X 10*
M~ em™"), which is adequately significant for the compound
to absorb sunlight.56 Moreover, the red THF solution emits
strong red fluorescence under 365 nm irradiation. The emission
band shows a maximum at 605 nm. The fluorescence quantum
is moderate and reaches 0.32, which indicates that DQTC is a
better red fluorescent dye. The fluorescence decay of DQTC in
THF is single exponential decay process, and the lifetime (7) is
4.4 ns. Radiative (K,) and nonradiative (K, ) rate constants are
0.072 and 0.14 ns™" (Supporting Information Figure S1), which
explain the moderate fluorescence quantum. When dissolved in
DMEF and DMSO, the absorption shows slight spectral redshifts
(<2 nm), whereas the DMF and DMSO solutions exhibit
evident red-shifted fluorescence bands relative to those of THF
(Figure 1b). These results suggest that DQTC has an excited
state with larger dipole moment than that in the ground state.>”
Considering the D—A—D molecular structure of the
chromophore; the red-shifted fluorescence in large polar
solvents can be attributed to the intramolecular charge
transition after visible-light excitation. The results of the
quantum chemical calculation can support this explanation.
Figure 1c shows that the HOMO state density was completely
distributed over the linearly conjugated moiety, and the
pyrazine ring has a significantly low density. In contrast, the
electron density of LUMO was mainly localized in the
quinoxaline and two thiophene moieties. Thus, when DQTC

4.0
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Figure 1. (a) Absorption and (b) fluorescence of DQTC in different
solvents and (c) orbital distribution of LUMO and HOMO for
DQTC. To simplify the calculation, only the chromophore was
selected and the long alkyl chain was replaced with methyl group.

is excited by visible light, accompanied by an intramolecular
charge transfer, an excited state with larger polarity can be
observed. At this time, the electron in LUMO is mainly located
at the acceptor, which is beneficial for the electron transfer from
DQTC to fullerene after visible-light excitation because
fullerene is near the quinoxaline moiety in the complex (see
below).

A basic premise for realizing a photoinduced electron from
the excited DQTC to fullerene is that the electron donor
should have a sufficiently high LUMO relative to one of the
fullerene. Thus, electrochemical properties were determined
through cyclic voltammetry. The HOMO energy level (—4.80
eV) of DQTC was estimated from the first oxidation potential
using the ferrocenium/ferrocene (Fc/Fc*) redox couple as an
internal potential reference. The LUMO energy level of DQTC
can be evaluated using the following equation: E;yyo = Exomo
+ E,_o, where E,_, is the 0—0 excitation energy and is 2.15 eV
as obtained from the edge of the absorption spectrum in THF.
The Eyymo value (—2.77 eV) is determined, which is
sufficiently high relative to the LUMO energy level (—3.66
eV) of C12C60COOH. Based on these optical and electro-
chemical observations, DQTC is, therefore, an excellent
electron donor and light-harvesting antenna.

Self-Assembly of DQTC in Gel Phase. First, the gelation
ability of DQTC was investigated through the standard heating-
and-cooling method (Table 1). DQTC (1.0 mg) was dissolved
in 1.0 mL of DMF, DMSO, or THF with heating. After cooling
to room temperature, the DMF and DMSO solutions remained
clear, whereas red deposition was observed in THF. The
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Table 1. Gelation Ability of DQTC in Organic Solvents”

solvents DQTC solvents DQTC

DMEF S toluene I
DMSO S o-dichlorobenzene G (2.0)°
THF P acetophenone G (33)°
CH,CL, I aniline G (22)°
hexane I benzyl alcohol G (3.3)
cyclohexane I ethanol I
benzene I ethyl acetate I

“Gelator = 1.0 mg/mL; G, gel; I, insoluble; P, precipitate. bCritical
gelation concentration (mg/mL).

compound has significantly low solubility in hexane, cyclo-
hexane, benzene, toluene, ethanol, and ethyl acetate, even with
heating. Fortunately, the hot red solutions in polar aromatic
solvents, such as o-dichlorobenzene (ODCB), acetophenone,
and aniline, can be converted into red gels when cooled to
room temperature. DQTC also gelates with benzyl alcohol to
form a red gel. The results suggest that DQTC can form gels in
polar aromatic solvents. Moreover, DQTC has a small critical
gelation concentration in these solvents. For instance, 2 mg of
DQTC can prevent the flowing of 1 mL of ODCB and aniline.
Thus, one DQTC molecule can gelate more than 15400 ODCB
and 19000 aniline molecules.

When the gelation ability of DQTC was measured, the hot
sol and gel had different colors and emissive colors (Figure 2c),
which are indicative of the existence of 7—7 interactions in the
gel phase.s’s’59 Therefore, the absorption and fluorescence
spectra were used to monitor the gelation process. Figure 2
shows that the orange hot sol at 120 °C has a maximum
absorption peak at 469 nm, which gradually redshifts and
increases in absorbance. After cooling to room temperature, a
dark red gel is formed, which possesses a red-shifted absorption
peak at 488 nm, indicating a shift of 19 nm. This spectral shift
shows that n—n interactions exist between the aromatic
moieties and stack together in a head-to-tail model (J-
;1ggregate),6o’61 which provides exciton transfer channel. A
fluorescence spectral change was also used to observe the
intermolecular interaction. The hot ODCB sol of DQTC at 120
°C has a strong and wide emission peak at 600 nm, which
gradually redshifts and weakens in emission intensity. The gel
at room temperature emits red fluorescence with a maximum
value at 624 nm, which also indicates 7—7 interactions between
the gelators. The circular dichroism (CD) spectrum also
supports the 7—r interaction because two weak peaks at 342
and 518 nm were observed in the gel phase (Supporting
Information Figure S2). The weak signals in the CD spectrum
indicate low twisted angle between two adjacent DQTC
molecules.>

Hydrogen bonds are the main driving forces for the self-
assembly of a gelator in organic solvents. The Fourier transform
infrared (FT-IR) spectrum of the xerogel film was obtained.
The results of extensive studies imply that the secondary amino
groups (NH) in the amide moiety involved in the amide—
amide hydrogen bonds (C=O--H—N) display stretching
bands within 3370—3250 cm™'. The bands located within
3500—3400 cm™" can be generally ascribed to the amide groups
that are not involved in hydrogen bonds.”® The FT-IR
spectrum of DQTC in the ODCB gel exhibited an absorption
band at 3287 cm™' (Supporting Information Figure S3),
indicating that all N—H groups are involved in hydrogen bonds.
The Amide I bands ascribed to the aromatic and aliphatic
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Figure 2. (a) Absorption and (b) fluorescence spectral changes of
DQTC in ODCB from hot sol to gel (120 to 20 °C, interval is S °C).
(c) Photos of DQTC under natural light (left) and 365 nm light
(right). Concentration is 2.0 mg/mL.

amide moieties appeared at 1652 and 1637 cm ™', respectively.
This result indicates that all amide groups are involved in
intermolecular hydrogen bonds.**”®” The FT-IR analyses also
provide information on alkyl chains. The absorption bands of
the antisymmetric (v,;) and symmetric (v,;) CH, stretching
vibrations of DQTC appeared at 2921 and 2852 cm,
respectively, indicating a close stacking between alkyl chains.®®
These spectral observations evidently support the theory that
hydrogen bonds, van der Waals forces, and 7— interactions are
the driving forces of gel formation.

To gain direct insight into the nature of the self-assembled
microstructures, transmission electron microscopy (TEM) was
used. The TEM image of the dried gel revealed that DQTC
self-assembled into 1-D nanofibers as shown in Figure 3a. The
diameters of the thin fibers range from 40 to 100 nm. Several
thin fibers stack together to form a wide fiber. Therefore, the
gelation procedure can be described. As shown in Figure 4, the
gelators exist as monomers in the hot sol and begin to form
small 1D aggregates inducing by weak intermolecular
interactions when the temperature decreases. These small
aggregates further grow into 1D nanofibers, which twine
around each other to form wide fibrous bundles. Finally, thin
and wide fibers generate an extended 3D fibrillar network that
stabilizes the gel state. Moreover, the molecular stacking in the
1D direction provides an eflicient carrier pathway along the
fibrous direction.
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Figure 3. TEM images of (a) xerogel and (b) two-component xerogel
(molar ratio = 1:1).

gel

hot solution

Figure 4. Schematic of molecular self-assembly of DQTC during
gelation.

Two-Component Gel of DQTC and C12C60COOH. As
discussed above, DQTC has a proper LUMO energy level that
promotes electron transfer from the excited DQTC to the
fullerene derivative after visible-light excitation, accompanied by
the fluorescence quenching of DQTC as an electron donor if
the two compounds are close. Thus, the fluorescence spectra
were obtained after adding C12C60COOH to the DQTC gel.
The addition of C12C60COOH did not destroy the gel phase
of DQTC, and thus, two-component gels appeared. However,
the fluorescence intensities of these two-component gels are
relative to the amount of the electron acceptor (Figure Sa). A
higher amount of CI2C60COOH results in a weaker
fluorescence. This fluorescence quenching can be ascribed to
the electron transfer.”” The fluorescence lifetime measurements
also imply an electron transfer process from DQTC to C60
derivative. The average fluorescence lifetime ({7)) of DQTC
gel is 622 ns. It decreases to S.1 ns in two-component gel
(molar ratio 1:1, Supporting Information Figure S1),
ascribing to the existence of photoinduced electron transfer.
Adding of C12C60COOH could affect the stability of gels. For
example, T, of neat gel at a concentration of 1.6 mg/mL is 60
°C, which increases to 65 °C for two-component gel at the
same concentration of DQTC. Moreover, the two-component
gels maintained their red color, and their absorption bands were
a simple overlapping of the bands of C12C60COOH and
aggregated DQTC (Figure Sb). The two-component gel has
similar CD spectrum to that of neat DQTC, except for the
enhanced signal intensity, which may be caused by the increase
in the twisted angle between two adjacent DQTCs. The
vibration absorption peaks ascribed to the amide groups in IR
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Figure 5. Emission (a for wet gel; ¢ for gel film) and absorption
spectra (b) of two component gels with different molar ratio. A, = 489
nm.

spectra of the two-component gel are identical to those of the
neat DQTC. Moreover, the vibration peak of C12C60COOH
at 1692 cm™" ascribed to the carboxylic dimer was observed
until the molar ratio of C12C60COOH and DQTC was greater
than 1 (Supporting Information Figure S4). This result implies
that C12C60COOH and DQTC formed a hydrogen-bonding
complex with a 1:1 stoichiometry in the gel phase. The TEM
image of the two-component gel (1:1) is similar to that of the
neat gel, and no large C12C60COOH aggregates are found
(Figure 3b). These spectral results suggest that the stacking
model of DQTC did not change, and the 1D carrier
transporting channel of DTQC was maintained after linking
with C12C60COOH through hydrogen bonding. In addition,
the fluorescence of the wet gel was not completely quenched,
even when 1.5-equiv electron acceptor was added. The residual
emission of the two-component wet gel could originate from
the gelator molecules in the solution state because the
fluorescence is completely quenched in the two-component
xerogel (1:1) film.

As previously shown, electron transfer was noted from
DQTC to C12C60COOH, a 1D aggregate of DQTC remains,
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and the order arrangement of C12C60COOH induced by
DQTC aggregates also exist. Therefore, the two-component
xerogel fibrous film may serve as an active layer to generate a
photocurrent. The photocurrent measurements for the indium
tin oxide (ITO) electrodes coated with two-component xerogel
films (as the working electrode) were performed using ascorbic
acid as a sacrificial electron donor, a platinum wire as a counter
electrode, and Ag/AgCl as a reference electrode.” Figure 6
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2.5-1////rr//
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1
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Figure 6. Photocurrent response of ITO electrodes with two-
component xerogel (1:1) films; applied potential is 0 V vs Ag/AgCl.

shows that the current is significantly low (1.7 X 107> puA)
when the electrode is placed in the dark. Stable photocurrents
immediately appear upon visible-light irradiation and increase
for more than 100 times relative to that in the dark. The
photocurrent can instantly decrease to its initial value when the
illumination is removed. The response is reversibly repeated
several times, indicating that the xerogel film is sufficiently
stable. The result proves that such xerogel film is undoubtedly
an excellent candidate for photocurrent generation because an
electron transfer occurs from the gelator to fullerene, as well as
an excellent exciton separation and electron transfer to the two
electrodes.

Bl CONCLUSION

2,3-Dimethyl-S,8-di(thiophen-2-yl)quinoxaline and N-alkyl 3-
aminocarbazole units, which serve as electron acceptor and
donor, respectively, and are linked by a single bond, are used to
prepare a D—A—D gelator. Target compound can gelate several
solvents and self-assemble into 1D nanofibers in gel phase. The
absorption and IR spectra of the gels indicate that the 7—z
interactions between the aromatic moieties, intermolecular
hydrogen bonds between amide units and van der Waals force
are the driving forces for the formation of the 1D self-
assemblies and gel. The gel has a strong absorption band at 487
nm, implying an improved light-harvesting antenna. Moreover,
the gelator and a fullerene carboxylic acid generated a hydrogen
bond complex and self-assembled into 1D nanofibers with
closely connected p- and n-channels in the two-component
gels. The nanofibrous xerogel film can rapidly generate a
photocurrent under visible-light radiation because of electron
transfer from the gelator to fullerene. Further studies are
needed to provide a gelator donor with absorption within the
long-wavelength region.
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