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Abstract: In investigations into the ef-
fects of environmental factors on orga-
nogels, two urea-functionalized quin-
acridone derivatives 1a and 1b have
been designed and synthesized. These
two compounds can respond to ultra-
sound and thermal stimuli in the organ-
ic test solvents, and exhibit pronounced
aggregation properties. The field-effect
(FE)-SEM images of xerogels show the
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Introduction

The stimuli-responsive supramolecular assembly of smart
materials has attracted increasing interest in recent years be-
cause of their chemical, physical, and morphological proper-
ties,"? and potential applications in optical and electric de-
vices, template materials, sensors, drug-delivery agents, and
separation systems.®! Environmental stimuli, such as temper-
ature, light, enzymes, pH, and shear stress, have been ex-
plored to precisely control supramolecular assembly proper-
ties.! Recently, it was reported that ultrasound could act as
a trigger for the instant gelation of organic solvents,” and
such ultrasound-induced organogels had functional changes
in water/oil separation,® surface morphology, and wettabili-
ty.”l The mechanism of ultrasound-responsive gelation has
been clearly elucidated in nucleation-growth theory consist-
ing of initiation and propagation steps. However, the com-

[a] C. Dou, C. Wang, Dr. H. Zhang, Dr. H. Gao, Prof. Dr. Y. Wang
State Key Laboratory of Supramolecular Structure and Materials
College of Chemistry Jilin University
Changchun 130012 (P. R. China)

Fax: (+86)431-85193421
E-mail: hongyuzhang@jlu.edu.cn
yuewang@jlu.edu.cn

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200903575, and contains fluores-
cence microscopy images, possible interactions between gelator and
solvent molecules, and additional UV/Vis absorption and emission
spectra.

View this journal online at
wileyonlinelibrary.com

10744 ———

characteristic gelation morphologies of
3D fibrous network structures. The
concentration- and temperature-depen-
dent '"H NMR spectra suggest that the

stimuli-responsive
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intermolecular m—m and hydrogen-
bonding interactions of gelators are the
main driving forces for the supramolec-
ular assembly process. X-ray diffraction
(XRD), UV/Vis absorption, and photo-
luminescent spectroscopy studies have
been carried out and provide more in-
formation to define the molecular
packing model in gelation states.

luminescence

supramolecular

plicated effects of ultrasound and temperature on the forma-
tion of functional organogel in some solvents are ambigu-
ous,® in other words, understanding the roles of these envi-
ronmental factors in gel formation is particularly crucial in
designing stimuli-responsive organogels with desired struc-
tures and pronounced photophysical and electronic proper-
ties.

It is known that intermolecular forces, including hydro-
gen-bonding, m-stacking, metal-ligand, and van der Waals
interactions, have been intensively studied as the main driv-
ing forces for the supramolecular self-assembly process.!"™!
The m—m interaction, which has generated both theoretical
and experimental interest in recent years, is an important in-
teraction for the construction of supramolecular architec-
tures. Hydrogen bonding has also been studied as the
“master-key interaction” in supramolecular chemistry be-
cause of its relatively strong and highly directional nature.”)
Considering that m—m interactions and hydrogen bonding are
necessary for most reported ultrasound-induced organogel
systems,"”) we introduced two urea groups!'!! into a conven-
tional quinacridone (QA) pigment. The QA derivatives dis-
play outstanding supramolecular assembly properties!'” and
excellent performance on organic optoelectronic devices,
such as photovoltaic cells™™® and organic light-emitting
diodes (OLEDs).'"! Based on the typical intermolecular hy-
drogen bonding of urea groups and m—m interactions of QA
cores, urea-functionalized QA derivatives 1la and 1b
(Scheme 1) exhibited characteristic ultrasound-responsive
and traditional thermoreversible gelation properties in dif-
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Scheme 1. Synthesis of compounds 1: i) DMF, Nal, potassium phthali-
mide; ii) NH,NH,-H,O, THF, EtOH; iii) CHCl;/CH;OH, 1-isocyanato-
hexane.

ferent organic solvents.'” The main purpose of the research
reported here is to elucidate the effects of ultrasound and
thermal environments on the gelation process, and to under-
stand the mechanism of the stimuli-responsive gelation.

Results and Discussion

Synthesis and characterization of compounds 1a and 1b:
The synthetic approach of urea-functionalized QA deriva-
tives 1 is shown in Scheme 1. Compounds 1a and 1b were
obtained from the reaction of 1-isocyanatohexane and 4 at
room temperature. Compounds 4 were prepared in two
steps by protection reactions of 2 with potassium phthal-
imide to give 3 and then deprotection of 3 with hydrazine.
The obtained compounds were characterized by using
'"H NMR spectroscopy, mass spectrometry, and elemental
analysis. "H NMR spectra revealed that their molecular geo-
metries are all centrosymmetric in solution.

Gelation properties: The gelation abilities of compounds 1a
and 1b have been evaluated in a wide range of polar and
apolar solvents (Table 1). Urea 1a was able to form thermo-
reversible gelation in some solvents, such as dichloro-
methane, chloroform, 1,2-dichloroethane, tetrahydrofuran,
and 1,4-dioxane. Due to the low solubility of 1b in a variety
of solvents, precipitates were formed in all solvents except
THF upon slow cooling to room temperature, whereas in
THF 1b underwent stable thermoreversible gelation. Amaz-
ingly, it was found that sonication of the cool solution could
immediately induce molecular aggregation and thus effi-
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Table 1. Gelation abilities of compounds 1 in organic solvents before and
after sonication treatment at RT.

Solvent 1al? 1b%
Before After Before After
sonication  sonication  sonication  sonication

DMF p g (0.11) p 2 (0.10)

DMSO p g (0.10) p 2 (0.12)

CH,Cl g (0.10) g (0.10) P P

CHCl, 2 (0.81) g (0.38) p p

1,2-dichloroethane g (0.20) 2 (0.17) p p

THF g (0.25) g (0.20) 2(0.22) £ (0.18)

1,4-dioxane 2 (0.21) 2 (0.17) p p

EtOH p p p p

EtOAc p P p p

acetone p P p P

cyclohexane p p p p

toluene p p p p

MeCN p p p p

[a] s=solution, p=precipitate, g=gelation. For gelators showing success-
ful gelation, the minimum gelation concentrations (wt %) are shown in
parentheses.

ciently accelerate the gelation rate. It is particularly interest-
ing to note that gelators 1 could be dissolved in dimethylfor-
mamide (DMF) and dimethylsulfoxide (DMSO) at elevated
temperatures. Upon slowly cooling the hot solution to room
temperature for over 15 min, a large amount of ordinary
precipitation was generated. In sharp contrast, if the hot
samples were quickly cooled (e.g., left in water bath at 25°C
for 10 s) and then sonicated, unexpected opaque stable gels
immediately formed.

To elucidate the effects of environmental factors on the
gelation process and properties, the gelation behavior of 1a
in CH,Cl, and DMF was fully investigated. A 1.8x10>m so-
lution of compound 1a in CH,Cl, at 308 K gave an opaque
gel after being left for over 15 min at room temperature or
within 5 min after sonication for 30 s (0.45 Wcm ™2, 40 KHz),
whereas a solution of 1a in DMF at the same concentration
produced a number of yellow precipitates when slowly
cooled from 345 K to room temperature. However, 1a gave
a yellow opaque gel after quick cooling and then sonication.
The formed gel was stable and could be left for over one
month and converted into the sol state upon heating to
345 K. Upon irradiation with UV light, the 1a gels in
CH,Cl, and DMF exhibited bright orange fluorescence
(Figure 1). The critical gelator concentrations (CGCs) of 1a
in CH,Cl, and DMF are 0.10 and 0.11 wt %, respectively.
Compounds with such low CGCs in thermoreversible and
stimuli-responsive gelators can be defined as “supergela-
tors”."®! These observations suggest that the environment
has unambiguously influenced the gelation ability of 1a,
that is, decreasing the temperature can result in different
molecular aggregation states, ultrasound can induce the
supramolecular assembly and accelerate the gelation rate,
and different solvents provide different environments for
the molecular assembly. Therefore, key information on mo-
lecular assembly is needed to elaborate on the relationship
between environmental factors and gelation ability.
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Figure 1. Stimuli-responsive behavior of 1a gelator. a)-d) 1a in CH,Cl,
(1.8x107*M, 0.11 wt%); €)—j) 1a in DMF (1.8x103m, 0.15 wt % ). Sam-
ples b), d), f), h), and j) were excited by UV light (4,,,,=365 nm).

Aggregation morphology studies: Field-emission scanning
electronic microscopy (FE-SEM) was employed to study the
morphologies of different aggregation states (Figure 2). FE-
SEM images of 1a xerogel prepared from the CH,Cl, gel ex-
hibited partial intertwined 3D network structures consisting

Figure 2. FE-SEM images of a) the xerogel of 1a in CH,Cl, obtained by
slow cooling; b,c) the xerogel of 1a in DMF after rapid cooling and soni-
cation (0.45 Wcem™2, 40 KHz); and d) the xerogel of 1b in DMF after
sonication. Scale bars: a,b) 100 nm, c,d) 1pum.
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of 1D nanofibers with an average width of 50 nm. The xero-
gel obtained from 1a in DMF showed well-defined and reg-
ular 1D nanofibers with a width of around 60 nm, which
were entangled to form an ordered 3D fibrous network. The
SEM image of 1b xerogel from DMF sample also showed
partially entangled 3D fibrous network. It has been reported
that the gelation of low-molecular-weight molecules is a
result of the gelator—gelator and solvent-gelator interac-
tions, and the gelator molecules tend to assemble into
bigger aggregates with higher solvent—gelator interactions.™"!
The reason for the bigger fibers of 1a in DMF may be due
to some weak solvent—gelator interactions in this system.

DSC measurements: Differential scanning calorimetry
(DSC) has been performed to get better insights into the
nature of the organogel (Figure 3). The precipitates of 1a
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Figure 3. DSC profiles of a) the precipitates of 1a from DMF; b) the xe-
rogel of 1a in CH,Cl, obtained from slow cooling; and c) the xerogel of
1a in DMF after sonication (0.45 Wcm™2, 40 KHz) for 5 s.

from DMF exhibited an endothermic peak at 178°C (melt-
ing point), which was replaced by a sharper peak at 189°C
that corresponds to the xerogel prepared in DMF upon soni-
cation or in CH,Cl, by the slow-cooling treatment. These re-
sults suggest that the as-synthesized solid and the precipitate
in DMF are poorly organized, but the xerogel, comprised of
higher-order structures, is stabilized by some strong interac-
tions.

'"H NMR spectroscopy studies: To investigate the gelator—
gelator interactions in the gelation process, concentration-
and temperature-dependent '"H NMR spectra of gelator 1a
in CDCl; and [D;]DMF were recorded. Figure 4 shows the
concentration-dependent "H NMR spectra of compound 1a
in CDCl; at room temperature. The signals at 6=5.67 and
5.37 ppm detected for the 0.52 mm solution correspond to
the NH protons of the urea group. Increasing the concentra-
tions of 1a resulted in an upfield shift of the aromatic pro-
tons and a downfield shift of urea signals. Furthermore, the
temperature-dependent 'H NMR spectra of 1a in CDCl; at
a concentration of 1.7x107*m were recorded from 297 to
325K (the gel-sol process, the starting gel state was ob-
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Figure 4. Concentration-dependent "H NMR spectroscopic measurements
of 1a in CDCl; at RT.
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Figure 5. Temperature-dependent '"H NMR spectroscopic measurements
of 1a (1.7x107%m) in CDCl,.

tained in CDCl; by slowly cooling to 297 K; Figure 5). The
gel at 297 K shows broad 'H NMR signals with two weak
signals appearing at 6=35.75 and 5.46 ppm due to the urea
group. Upon increasing the temperature to 325 K, the gel
gradually transformed into a solution with an upfield shift of
urea signals to d=5.55 and 5.28 ppm being observed. As
commonly observed in aromatic systems, the protons of one
molecule in the aggregate are localized in the secondary
magnetic field of the neighboring aromatics, which results in
a shielding effect depending on the size of the aggregates.
Because the size of the aggregates in solution decreases at
lower concentrations, a deshielding effect is observed in the
concentration-dependent 'HNMR spectra.'”’ Thus, the
"H NMR chemical shift of the aromatic protons as the con-
centration changes implies that m—m stacking between the
QA moieties exists in the solution. The chemical shift of the
urea signals implies that intermolecular hydrogen bonds are
formed between neighboring urea groups and become stron-
ger as the temperature decreases or the concentration of the
system increases.™ It is clear that the m—m driving force as-
sists 1D self-assembly of the gelator molecules in combina-
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tion with the directional intermolecular hydrogen-bonding
interactions of urea groups.

The temperature-dependent 'H NMR spectra of 1a in
[D,]DMF at 1.6x10>m were recorded from 295 to 345K
(the gel-sol process, the starting gel state was obtained in
[D,]DMF upon sonication; Figure 6); an obvious upfield
shift of the urea signals from 6=5.91 and 5.85 ppm to 6=
5.74 and 5.68 ppm, respectively, was observed. This result
implies that hydrogen bonding due to urea groups plays a
key role for the ultrasound-induced gel formation of 1a in
DMF.
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Figure 6. Temperature-dependent '"H NMR spectroscopic measurements
of 1a (1.6x107°m) in [D,]DMF, and the "H NMR spectrum of this solu-
tion at RT after rapid cooling.

FTIR spectroscopy studies: The hydrogen-bonding pattern
of the urea group was studied by FTIR spectroscopy, as
shown in Figure 7. For secondary amide or urea groups, the
characteristic  N—H and carbonyl stretching vibrations
appear in the range of #=23400-3600 and 1700-1500 cm™,
respectively. Two broad stretching bands around 7=3417

[ ©)

transmittance

" 1 " 1 " 1 n 1 " 1 n 1 "
3500 3000 2500 2000 1500 1000 500
wavenumber / cm™

Figure 7. FTIR spectra of a) and b) xerogels of 1a in DMF and CH,Cl,,
respectively; and c) 1a in solution in CH,Cl,.
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and 1600 cm™! were observed in the solution of 1a in
CH,CI, (1x10*m), and correspond to the free N-H and C=
O stretching vibrations. In the gel state, the N—H stretching
vibrations shifted to #=3348cm™' in DMF and =
3346 cm™! in CH,Cl,, respectively, together with sharper
peaks at #=1626 and 1576 cm ™' due to the C=0 stretching
vibrations. These IR spectral changes in hydrogen-bonding
sites demonstrate the presence of hydrogen-bonding interac-
tions of urea groups in the gel states."!

UV/Vis absorption spectral measurements: Time- and tem-
perature-dependent UV/Vis absorption spectral measure-
ments were employed to monitor the supramolecular assem-
bly process and investigate the effects of environment fac-
tors. As shown in Figure 8a, the spectrum of a hot solution
(T=308 K) of 1a in CH,Cl, showed a characteristic absorp-
tion band between A=350 and 550 nm (4,,=529, 497,
466 nm) coupling with the vibronic features corresponding
to the v=0 to v'=0, 1, and 2 transitions. A comparison be-
tween this absorption profile and the concentration-depen-
dent UV/Vis absorption spectra (Figure S2 in the Supporting
Information) indicate that there are already aggregation
cores in the hot solution. When the hot solution was slowly
cooled to room temperature, the absorption peak at A=
497 nm gradually decreased and then increased with the
ratio of the absorption intensities at =497 and 529 nm
(A°!/A"~%) decreasing and then increasing. The characteris-
tic absorption peaks appeared at A =520, 487, and 458 nm in
DMF (Figure 8b). The gel gradually formed after quick
cooling followed by sonication, along with an increase in the
absorption peak at 1=487 nm. The ratio of the absorption
intensities at 1=487 and 520 nm (A°~'/A’~") gradually in-
creased. As shown in the temperature-dependent UV/Vis
absorption spectra (Figure 8c), increasing the temperature
(297—309 K) also resulted in spectral changes (A°~/A°~°
decreasing), which correspond to the transition from an ag-
gregated to a monomeric state. The experimental and theo-
retical works™® have demonstrated that the head-to-tail
alignment of m-conjugated chromophores exhibits a pro-
nounced redshifted absorption band, whereas the typical
face-to-face aggregation of aromatic i systems can result in
an increase of the A’7'/A°~° value and a blueshift of the ab-
sorption band. The time- and temperature-dependent spec-
tral changes indicate that a typical face-to-face stacking of
QA chromophores through n—x interactions might be pres-
ent in 1a gelation. The small differences between two time-
dependent spectra imply that, to some extent, the environ-
ments modulate the arrangement of molecules by tuning
molecular interactions. The time-dependent UV/Vis absorp-
tion spectra of 1b in DMF (Figure S3 in the Supporting In-
formation) showed similar spectral changes to that of 1a in
DMEF, which suggests that the two gelators have a similar
packing model in the gelation states.

Emission spectral measurements: The emission spectra accu-
rately detected the gelation process and strongly confirmed
the face-to-face stacking mode of 1a in the gel state. Con-
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Figure 8. Normalized time-dependent UV/Vis absorption spectra of a) 1a
(2.0x107*m) in CH,CI, going from hot solution (T=308 K) to gel state,
b) 1a (1.8x107°m) in DMF after sonication (0.45 Wcm™2, 40 KHz) for
30s. c¢) Normalized temperature-dependent UV/Vis absorption spectra
for a solution of 1a (5.0x10~*m) in CH,Cl,.

centration-dependent emission spectra (Figure S4 in the
Supporting Information) support the view that molecular
aggregation had already occurred in the hot solution (7=
308 K). Time-dependent emission spectra of 1a in CH,Cl,
and DMF exhibited obvious changes in the shape and inten-
sity of the peaks (Figure 9). Upon cooling the hot solution
of 1a in CH,CI, to room temperature, the intensities at A=
583 nm gradually increased and then decreased via the tran-
sition region at around 16 min. Upon sonication of 1a in
DMEF, the intensities at A=573 nm drastically decreased
until the system reached equilibrium. Emission spectral

Chem. Eur. J. 2010, 16, 10744 -10751
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Figure 9. Time-dependent emission spectra of a)la (2.0x107m) in
CH,CI, from hot solution (T=308 K) to gel state; b) 1a (1.8x10>m) in
DMF after sonication (0.45 Wem 2, 40 KHz) for 30's.

changes in 1b that were similar to those in 1a in DMF were
clearly shown in Figure S5 in the Supporting Information.
The CH,Cl, system experiences a variation in the la con-
centration from high to low during the gelation process,
which is consistent with the variation in fluorescent intensity
observed in the emission spectra. This system has a maximal
emission at a certain concentration because fluorescence
quenching often occurs at high concentrations. In contrast,
the induced initial aggregation
cores propagated upon sonica-
tion to form the gel without
passing through the emission
transition point at a certain
concentration. This spectro-
scopic behavior observed for 1
can be attributed to the strong
n—n interchromophore interac-
tions and suggest a face-to-face
stacking model in the gel
state.*"]

XRD studies and proposed mo-
lecular packing model: Powder
X-ray diffraction patterns of xe-
rogels of 1a obtained in CH,Cl,
and DMF were recorded and

are shown in Figure 10. The xe- 1a xerogel.
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Figure 10. Powder XRD patterns of xerogels of 1a in a) CH,Cl, and
b) DMF.

rogel obtained in CH,CIl, exhibited two sets of diffraction
peaks: 20=3.96 and 8.08° corresponding to d=2.23 and
1.09 nm in the ratio of 1:0.5; and 26=9.82, 18.0, and 29.0°
corresponding to d=0.90, 0.49, and 0.31 nm in the ratio of
1:0.5:0.33. The ratios of these d values suggest the existence
of a lamellar organization in the gel state (Figure 11b). The
DMF sample gave similar diffraction peaks with layer
spacing of 2.17 and 0.91 nm. Taking these XRD spectral
data into account, the arrangement of la in the gel state
was discussed.’!! As demonstrated, the gelators could pack
into 1D molecular fiber units in a typical face-to-face
manner through the driving forces of m—m and hydrogen-
bonding interactions along the vertical axis of the optimized
monomer and dimer structures generated from the B3LYP/
6-31G* optimized geometry (implementation of semiempiri-
cal AM1 calculation by using the Gaussian 03 software;*!
Figure 11a). The calculated molecular length and width are
3.30 (long axis) and 1.21 nm (short axis), respectively. The d
value of 2.23 nm obtained from the XRD spectra is smaller
than the molecular length (3.30 nm), which suggests that the

] [ =]
223 rrm } l
?
| i ; »;//// i

///p / © //F

Figure 11. Optimized structures of 1a at a) the B3LYP/6-31G* optimized geometry for monomer and b) the
semiempirical AM1 calculation for dimers implemented in Gaussian 03.

[22]

¢) Proposed packing model for the
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alkyl chains are partially interdigitated with each other
within the fiber units. Additionally, the layer spacing of
0.90 nm, which is a little smaller than the molecular width
(1.21 nm), is ascribed to a slight slip of the QA cores. The
weak growth trend along the long and short axes resulted in
hierarchical assembly of fiber units into bundles and fibrous
networks. This packing model was just slightly tuned in the
case of the DMF environment. The findings of the spectro-
scopic analyses combined with the XRD studies consistently
support the view that 1a gelators have a tendency to devel-
op into 1D aggregates, and environment factors slightly
modulate the stacking model in the gelation process.

Conclusion

In summary, we have prepared two novel, luminescent, stim-
uli-responsive gelators, 1a and 1b, which contain one QA
chromophore and two urea groups. It is interesting to find
that these gelators not only undergo conventional thermore-
versible gelation, but also respond to ultrasound irradiation
to form the stimuli-responsive organogels. Environmental
factors, such as ultrasound and temperature, have great
impact on the aggregation properties. The morphology,
DSC, IR, and NMR spectroscopy studies suggest that the
strong gelator—gelator interactions, including m—m interac-
tions between the QA cores and hydrogen-bonding interac-
tions between urea groups, are responsible for the formation
of gels. Ultrasound irradiation can quickly induce semistable
initial aggregates that spontaneously propagate to form
well-ordered nanostructures. The UV/Vis and emission spec-
tra, and XRD studies support the proposed possible stacking
structure with the face-to-face arrangement of chromo-
phores and directional hydrogen-bonded chains. Further re-
search on such stimuli-responsive organogel systems may
help design more excellent responsive materials.

Experimental Section

Instrumentation: 'H NMR spectra were recorded by using a Bruker
AVANCE 500 MHz spectrometer with tetramethylsilane as the internal
standard. Mass spectra were measured by using a GC-MS mass spectrom-
eter. Element analyses were performed by using a Flash EA 1112 spec-
trometer. Ultrasound irradiation was performed by using a Kun Shan
KQ-300 DE ultrasound cleaner (max. power, 200 W, 40 KHz; Kunshan
Ultrasound Instrument Co, Kunshan China). FE-SEM images were ob-
tained by using a JSM 6700F field emission scanning electronic micro-
scope. The fluorescence microscopy images were obtained by using an
Olympus BX51 fluorescence microscope. DSC experiments were record-
ed by using a NETZSCH DSC 204 instrument. UV/Vis absorption spec-
tra were obtained by using a PE UV/Vis Lambda 20 spectrometer with
2 mm quartz cells. Photoluminescence spectra were collected by using a
Shimadzu RF-5301PC spectrophotometer. Powder XRD data were re-
corded by using a Siemens D5005 diffractometer with Cug, radiation (A=
1.5418 A).

Synthesis: Compounds 1 were synthesized in three steps. 1-Isocyanato-
hexane was purchased from Alfa Aesar (Tianjin, China). THF, DMEF,
phthalimide, and hydrazine were obtained from Beijing Chemical Com-
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pany (Beijing, China). All other reagents and solvents (standard grade)
were used as received unless otherwise stated.

General procedure for the synthesis of 1a

Synthesis of 3a: A solution of potassium phthalimide salt (2.96 g,
16.0 mmol), Nal (0.5 g, 3.33 mmol), and 2a (2.55 g, 4.0 mmol) in DMF
(100 mL) was heated at 60°C under N, for 24 h. Addition of H,O
(500 mL) resulted in the precipitation of a red powder, which was filtered
off, washed with H,O, and dried under vacuum. The residual solid was
purified by using column chromatography (silica gel, CHCLy/Et,O, 10:1
v/v) to afford 3a as an orange solid (yield: 2.70 g, 88%). 'H NMR
(CDCl,): 6=8.79 (s, 2H; QA), 8.57 (d, /J=6.4 Hz, 2H; QA), 7.83-7.81
(m, 4H; Ph), 7.80-7.78 (m, 2H; QA), 7.72-7.69 (m, 4H; Ph), 7.54 (d, J=
8.4 Hz, 2H; QA), 7.30 (t, J=7.7 Hz, 2H; QA), 4.54 (1, J=7.4 Hz, 4H,
CH,), 3.74 (t, J=7.1 Hz, 4H; CH,), 2.03-2.00 (m, 4H; CH,), 1.80-1.52
(m, 20H; CH2).

Synthesis of 4a: A mixture of 3a (0.90 g, 1.17 mmol) and hydrazine
(5.0 mL) in THF/EtOH, (1:1 v/v; 90 mL) was heated at reflux for 5 h.
The solution was evaporated under reduced pressure to remove the or-
ganic solvents, then water was added, and the resulting precipitate was
filtered off and washed with H,O to give 4a as a red powder that was pu-
rified by reprecipitation from CHCl; and hexane (yield: 0.54 g, 90%).
'HNMR (CDCL): 6=8.80 (s, 2H; QA), 8.60 (d, J=8.0 Hz, 2H; QA),
7.79 (t, J=8.7Hz, 2H; QA), 7.54 (d, /=89 Hz, 2H; QA), 7.30 (t, J=
79 Hz, 2H; QA), 4.54 (t, J=83 Hz, 4H; CH,), 2.75 (t, J=6.4 Hz, 4H;
CH,), 2.06-2.03 (m, 4H; CH,), 1.70-1.5 ppm (m, 12H, CH,).

Synthesis of 1a: 1-Isocyanatohexane (0.24 g, 1.89 mmol) was added to a
solution of 4a (0.4 g, 0.78 mmol) in CHCl;/MeOH, (1:1 v/v; 30 mL) and
the mixture was stirred at RT for 10 h. The solvent was evaporated under
reduced pressure, and the solid residue was purified by using chromatog-
raphy (silica gel, CHCl;/MeOH, 30:1 v/v) to give pure 1a (yield: 0.54 g,
91%). 'HNMR (CDCly): 6=8.53 (s, 2H; QA), 8.30 (d, J=9.7 Hz, 2H;
QA), 7.62 (t, J=8.7Hz, 2H; QA), 7.38 (d, J=8.8 Hz, 2H; QA), 7.09 (t,
J=17.5Hz, 2H; QA), 5.87-5.86 (m, 2H; NH), 5.62-5.61 (m, 2H; NH),
4.40 (t, J=8.0 Hz, 4H; CH,), 3.40-3.39 (m, 4H; CH,), 3.24-3.23 (m, 4H;
CH,), 2.00-1.98 (m, 4H; CH,), 1.70-1.22 (m, 28 H; CH,), 0.80 ppm (t, /=
7.0 Hz, 6H; CH;); MS: m/z: 765.2 [M]"; elemental analysis calcd (%) for
CyHeuNO, (764.5): C 7222, H 8.43, N 10.99, O 8.37; found: C 72.35, H
8.29, N 10.78.

Compound 1b

Compound 1b was prepared by the same procedures as used for 1a and
the characterization data are given below.

Data for 3b: '"H NMR (CDCl,): §=38.76 (s, 2H; QA), 8.57 (d, /=9.4 Hz,
2H; QA), 7.84-7.82 (m, 4H; Ph), 7.77 (t, J=7.1 Hz, 2H; QA), 7.70-7.67
(m, 4H; Ph), 7.52 (d, /=8.6 Hz, 2H; QA), 7.28 (t, /=7.4 Hz, 2H; QA),
451 (t, J=7.5Hz, 4H; CH,), 3.70 (t, J=7.3 Hz, 4H; CH,), 2.00-1.98 (m,
4H; CH,), 1.70-1.42 ppm (m, 20H; CH,).

Data for 4b: '"H NMR (CDCl;): 6=8.82 (s, 2H; QA), 8.62 (d, J=8.0 Hz,
2H; QA), 7.81 (t, 2H, J=7.0Hz, 2H; QA), 7.56 (d, /=8.8 Hz, 2H;
QA), 7.32 (t, J=7.6 Hz, 2H; QA), 4.56 (t, J=7.9 Hz, 4H; CH,), 2.73 (t,
J=6.6 Hz, 4H; CH,), 2.05-2.03 (m, 4H; CH,), 1.66-1.42 ppm (m, 20H;
CH,).

Data for 1b: '"HNMR (CDCl;): 6=8.70 (s, 2H; QA), 8.51 (d, J=7.8 Hz,
2H; QA), 7.74 (t, J=8.9, 2H; QA), 7.50 (d, J=9.0 Hz, 2H; QA), 7.28 (t,
J=72Hz, 2H; QA), 447 (t, J=78Hz, 4H; CH,), 3.25 (t, /=59 Hz,
4H; CH,), 3.17 (t, J=7.1 Hz, 4H; CH,), 1.99-1.97 (m, 4H; CH,), 1.63—
1.23 (m, 36H; CH,), 0.82 ppm (t, J=6.0 Hz, 6H; CH,); MS: m/z: 820.8
[M]*; elemental analysis caled (%) for Cs,H,,N,O, (820.56): C 73.13, H
8.84, N 10.23, O 7.79; found: C 73.28, H 8.79, N 10.02.

Gelation test: Gelators and solvents were placed in a septum-capped test
tube and heated until the solid was completely dissolved. The resulting
solution was allowed to cool to RT or sonicated by using an ultrasonic
cleaner (0.45 Wem ™2, 40 KHz) after quickly cooling. The gel state was
confirmed if the two criteria were met: 1) by visual observation of the
sample and 2) when the sample did not perceptibly flow.

Thermoreversible and stimuli-responsive gelation of organic fluids: A hot
solution (7=308 K) of 1a in CH,Cl, was placed in a glass test tube, and
gradually formed a stable gel on cooling to RT. On rapid cooling and ul-
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trasound irradiation (0.45 Wcm™2, 40 KHz), the solution of 1a in DMF
instantly changed into an opaque gel at RT, as monitored by visual obser-
vation. The sol-gel transition could be repeated many times upon sonica-
tion and heating.

Preparation of xerogel samples for FE-SEM, fluorescent microscopy, and
XRD measurements: Samples of 1la were obtained by freezing and
pumping the prepared gels by slow cooling or sonication of the solutions.
Fluorescence microscopy samples were prepared by evaporating the sol-
vents of gels dispersed in water.

DSC and FTIR measurements: DSC experiments were performed under
N, at a scanning rate of 10 Kmin~' for sealed aluminum pans containing
the as-synthesized amorphous solid or xerogels. FTIR spectra were col-
lected on the solution or xerogel.

'H NMR spectroscopy measurements: Temperature-dependent 'H NMR
spectra were recorded by using a Bruker AVANCE 500 MHz spectrome-
ter upon changing the temperature of the sample of 1a.

Kinetic measurements of the gelation: After heating to boiling point, the
hot solution or the solution obtained by rapid cooling and sonication was
immediately monitored by using UV/Vis and emission spectra at RT.
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