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Gelation Behaviour of a Bent-core Dihydrazide Derivative : Effect of
Incubation Temperature in Chloroform and Toluene

Chunxue Zhang®, Tianren Zhang®, Nan Ji°, Yan, Zhang®, Binglian Bai°, Haitao Wang®, and Min Li

In this work, a new kind of gelator, 1,3-bis[(3,4-dioctyloxy phenyl) hydrazide] phenylene (BP8-C), containing two di-
hydrazide units as the rigid bent-core, had been synthesized and investigated. It is demonstrated that BP8-C is an efficient
gelator which can gel various organic solvents such as ethanol, benzene, toluene and chloroform, etc. Both opaque gel (O-
gel) and transparent gel (T-gel) which is more stable, were obtained for BP8-C in chloroform at different incubation
temperatures. Kinetic data based on fluorescence sprectra revealed that the T-gels showed a larger Avrami parameter (n =
1.44 at 20 ‘C) than that of the O-gels ( n = 1.21 for gelation at temperatures below 0 'C). While BP8-C formed opaque gel
in toluene and it took longer time for gelation at lower incubation temperature even precipitated out below 0 ‘C. The
kinetic Avrami analysis on sols of BP8-C with different concentrations show a two-phrase mechanism, i.e. the n values are
between 0.88 to 1.74 followed 1.69 to 3.01 throughout the temperature range of 5 ‘C and 35 ‘C for 5.34 mg/mL BP8-C in
toluene, indicating that the fibers formed first and then bundling to produce compact networks. We proposed that the
supersaturation govern the formation of gel in chloroform and diffusion process dominant the gelation in toluene. XRD
and FT-IR measurement confirmed that the xerogels prepared at different temperatures in different solvents exhibited
Col, structure and there are three molecules in one columnar slice. Our results indicated that gelation process,
morphology of the gels and thus final properties of the gels depend strongly on the preparation conditions such as

temperature, solvent, concentration etc.

Introduction

Recently, the crystallization-like gelation process enable us a
challenging but meaningful nanoengineering method to construct
favorable functional material for low molecular mass
organogelators (LMOGs), and LMOGs has been a burgeoning field
of soft matter science due to its growing number of potential
applications in new materials and nanoscale devicesl's, especially
in bioscience®® and bionics’*®. Most of the investigations of
LMOGs focus on the synthesis of gelators and characterization of
the gel behaviour, relatively little is paid on the mechanism of gel
formation and the role of solvents on gelation. While there is a
general consensus that the self-assembled fibrillar networks form
via crystalline nature, i.e., nucleation - growth - rearrangement of
the network. Many publications dealed with the influence of
factors on the growth of the fiber, such as concentrationu,
12-15' pH16-17 18-20

® and even the steps taken to prepare. As far as the annealing

. . 21-
incubation temperature , ultrasound and solvents
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processes are governed by mass transfer or thermodynamics. For
the nucleation stage of crystallization process, classical nucleation
theory is widely accepted, in which fluctuations was considered to
give rise to the appearance of a small nucleus®. Recently, a two-
step mechanism was proposed for protein crystallization by
Vekilov and co-workerszs, e.g. the liquid-drop formed first caused
by microphase separation then the molecules progressively
restructure into compact nucleus. Several groups reported the
mechanism of nucleation in LMOGs system. In Meijer’s work, they
found the oligo(p-phenylenevinylene) derivatives formed into
dimeric species first before gelation in dodecane®®. In another
Rogers’ work, they carefully calculated the nucleation rate in
distinct solvents under nonisothermal condition by counting the
nucleus in bright-field images for 12-hydroxystearic acid gelatorm.
Much progress have been made on gelation process, and rheology
method is widely used. Liu and coworkers firstly report the
crystallographic mismatch theory and used the Dickinson model to
analysis kinetic rheological data coupled with in-situ measurement
to characterize the different fractal dimensions under different
experiment condition”” %, Huang and coworkers investigated the
isothermally gelation process of CNC and CeNC under distinct
incubation temperature and establish the relationship between
kinetic fractal dimension analysis and morphology of the
aggregates by in-situ POM observation'? ™3,

There are many factors that can influence the gelation behaviour
of certain gelator thus modulate the morphology the aggregates
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further regulate the properties. Using additives is a powerful way
to change the morphology of gels. It is concluded that the
induction of polymeric additives lead to a significantly reduce of
critical gel concentration, increase of nucleation rate and increase
in gel strength29 for pyridine-based gelators in Yash’s work. Effect
of solvent on the morphology of the gel is also discussed and
analysed using the Hansen solubility parameters of solvent,
however, how the solvents interact with gelator molecular
remains unclear. Our group demonstrated the ultrasound-induced
gelation for twin-tapered dihdrazide derivatives, and proposed
that the main effects of ultrasound are on the non-aggregated
molecules®®. The main difficulty for the investigation on the
nucleation mechanism and bundling process of fibers is the
technology limit and the models used to analysis kinetic data are
too idealized for the complex gel system.

In order to gain a deep understand on the crystallization nature of
gelation process. Our present work investigate the effect of
incubation temperature on the gels from a gelator BP8-C, a bent-
core dihydrazide derivative in both CHCl; and toluene. The gels of
BP8-C from CHCl; showed either transparent gels or opaque gels
depending on incubation temperature, and the nucleation time
decreased as the incubation temperature decreased with
exponent relationship. Kinetic results showed that the n values of
gelation BP8-C in CHCl; are varied betweenl.21 and 1.44 at
incubation temperatures of 0 ‘Cto 20 C. Its Dy factor based on
are between 1.36 and 1.45 at different
incubation temperatures. For its gelation of toluene, nucleation
time shows logarithmic relationship with incubation temperature,

Dickinson model

which is quite unusual. And BP8-C can’t gel toluene below 0 C
though the concentration is much higher than its critical gelation
concentration. The kinetic process in toluene shows a two-phrase
mechanism based on the n values. We proposed that the
nucleation process driven by supersaturation in CHCl; and
governed by mass transfer in toluene. In all, our studies suggest
that temperature-dependent gelation rates of BP8-C in different
solvents were quite different and the properties of a gel are
largely affected by the history of sols.

Experimental
Synthesis of BP8-C

The syntheses route and characterizations are included in the
Supporting Information.

The compound BP8-C was synthesized according to the route
shown in Scheme S1 which was similar to that of BPH-n** and FH-
™, Isophthaloyl dichloride was regularly injected into the THF
solution of 3,4-dioctyloxy-benzhydrazide (moliorige/MOhygrazine =
1/2) with vigorous stirring at room temperature for 8 h. The crude
product was isolated and further purified by recrystallization from
ethanol for further 'H NMR, FT-IR measurements, and elemental
analysis; yield = 76%. The melt point is 204 ‘C confirmed by DSC,

and the My is 915.25 g/mol.
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Scheme 1. Molecular structure of BP8-C.

General testing methods

All staring liquids were obtained from commercial supplies.
Xerogels were prepared by freezing and pumping the organogel of
BP8-C for 24 h. Field emission scanning electronic microscopy (FE-
SEM) observations were recorded with a SSX-550 apparatus. X-Ray
diffraction (XRD) was carried out on a Bruker Avance D8 X-ray
diffractometer. Solubility studies based on 1H NMR data were
collected from a Bruker Avance 500Hz using tetramethylsilane
(TMS) as an (6=0.00) phenyl-
trimethylsilicane as an internal standard. Fourier transition IR

internal  standard and
spectrum (FT-IR) measurement was carried on a Perkin-Elmer
spectrometer (Spectrum One B). The xerogels were pressed into a
tablet with KBr for FT-IR measurements. Photoluminescence was
measured on a Perkin-Elmer LS 55 spectrometer. Differential
scanning calorimetry (DSC) curve was obtained on a Netzsch DSC
204 instrument. Optical textures (POM) were observed under a

Leica DMLP microscope equipped with a Leitz 350 heating stage.

Results and discussion

Preliminary Gelation Studies

To assess the gelation behavior of the gelators in a simple way,
reproducible tube inversion experiments were performed33, and
BP8-C showed strong gelation ability in many organic solvents as
show in Table 1. All tests were carried out at room temperature
(about 20 C), and the concentration of the solution is 12 mg/mL.
BP8-C is demonstrated to gel different alcohols, except methanol,
and the mc¢ge is as low as 2.65 mg/mL (in 1-propanol). BP8-C
shows good gel ability in benzene, chlorobenzene, toluene and
CHCl; in which its mcgc is 2.4 mg/mL at room temperature. In
contrast, it is soluble in DMSO, DMF, pyridine and cyclohexane.
While BP8-C can dissolve in THF and methanol upon heating and
precipitate while cooling down, it is insoluble in acetonitrile.

It is interesting that BP8-C formed two different gels i.e.
transparent gel (T-gel) and opaque gel (O-gel) in chloroform
depending on the incubation temperature of the sols. The
transparent gel prepared at temperatures higher than 10 C
showed higher stability than that of the O-gels (see photo S1),
which were prepared at lower incubation temperature (lower than
5 °C). Furthermore, the appearance of either transparent or
opaque gel of BP8-C in chloroform depends only on incubation
temperature, while independent on its concentrations within the
scope of our attempted (as high as 50 mg/mL). In addition, the
lower the incubation temperature, the faster the gelation process.
In contrast, BP8-C formed only opaque gels in toluene and it took
longer time to gel with the decrease of incubation temperature.

This journal is © The Royal Society of Chemistry 20xx
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Table 1 Critical Gelator Concentration (CGCs, mg/mL) in Different
solvents As Determined in 1 cm (l.d.) Tubes for BP8-C.

Liquid BP8-C Liquid BP8-C
DMSO S acetonitrile |

DMF S pyridine S

THF P methanol P

DCE G (4.2) ethanol G (2.8)
CHCl; G (2.4) 1-propanol G (2.65)
benzene G (3.5) 1-butanol G (2.68)
toluene G (3.3) 1-pentanol G (2.87)
dimethylbenzene G’ 1-hexanol G (2.48)
chlorobenzene G' (2.14) 1-octanol G (2.72)
cyclohexane S 1-decanol G (2.93)

S = solution, P = precipitate, | = insoluble, G = partial gel, G =
transparent gel. The concentration of the solutions is 12 mg/mL.

And no gelation was observed at lower incubation temperatures
(below 0 °C) and at last precipitate in a few days although the
concentration we have tried is 50 mg/mL. Fig.1 shows the gel-sol
transition temperature (Tg, based on tube inversion
measurements, reflecting the breakdown of the samples panning
network) of T-gel, O-gel and gels formed in toluene. Typically, as
the molar concentration was increased, Tg increased until a
plateau region is reached. The Tg of T-gel is almost 10 ‘C higher
than that of O-gel at the same concentration in chloroform. And
the gels formed in toluene show better thermal stability than
those in CHCl; which may be due to the solubility difference based

'H NMR studies.

'H NMR studies on solubility

For a determinate gel system, it is considered that the gelator will
incorporated into two phases, i.e. the solid-like fibrillar network
and the liquid-like solution phaseSA.The gelators in solution phase
can be detected by 'H NMR. The concentration of gelator in liquid
phase measured via integration against an internal standard,
phenyl-trimethylsilicane, which is considered immobile in the
liquid phase all the time. As reported, gelators that has been
incorporated into the solid-like gel network exhibits broadened
peaks, thus can be considered to not contribute significantly to the
observed spectrumas. We use the 'H NMR method to measure the
relative concentrations of gelator in the two phases. It is
worthwhile to note that measurements were carried out at
concentrations above CGCs and temperatures below T;. For an

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 The gel-sol transition temperature of BP8-C in CHCl; and
toluene and the calculated T, values based on solubility values.
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Fig.2 (a) Gelator solubility of BP8-C.Symbols represent
experimental data, solid line represents predicted solubility based
on the van’t Hoff equation; (b) Plot of In(Sol) (Sol = solubility, i.e.,
the concentration of gelator species in solution) against the
reciprocal of the dissolution temperature (toluene: slope = -3.93,
intercept = 6.30, R = 0.991; CHCl;: slope = -8.59, intercept = 22.79,
R? = 0.996).

ideal solution system, the solubility at a given temperature can be
expressed by van’t Hoff equation:

In (Sol))=(-6Hiss/RTeq)+(8Saiss/R) (1)

O6Hy;ss and 85,4, means the molar enthalpy and the molar entropy
for the dissolution process (i.e., gel-sol transformation), T, is the
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equilibrium temperature, and R is the gas constant. We used the
collected data to calculate &Hy and 8S,, and extended the
theoretical solubility at different temperatures. Fig.2a plots the
effective solubility of BP8-C as observed by '"H NMR spectroscopy
at different temperatures (points) against the theoretical fit as
predicted by the van’t Hoff equation using the derived
thermodynamic parameters, 8Hg,, and &S4.s (solid lines). The
calculated 6Hg;; and &S, for BP8-C in toluene are 32.68 kIJ mol™*
and 52.36 J mol™ k! (see Fig.2b). For BP8-C in CHCl;, 8Hg4,, and
8S,is are 71.38 kJ mol™ and 188.96 J mol™ K. As would be
expected, increasing temperature would increase the observed
solubility of the gelator in certain solvents. The gelation process
and the properties of a gel would be affected by the incubation
temperature.

We further develop this approach based on solubility, in order to
relate the theoretical solubility data derived from the van’t Hoff
analysis (used in Fig.2a) to the T, data obtained from simple gel
tube inversion methodology (Fig.1). In general terms, Fig.1
demonstrates a good correlation between the theoretical thermal
profiles based on solubility (solid lines) and the experimentally
measured T, data (symbols). It is noteworthy that this approach,
based on gelator solubility, T, extracted from the van’t Hoff
equation, relating to complete solubilization of the networked
gelator. However, T, corresponds to the temperature at which the
gel network is partly dissolved and the remaining sample-spanning
gel network becomes unable to self-support. The T, values are all
lower than T, for T-gel and O-gel and gels formed in toluene. The
deviate of T, from T, in toluene are larger than that in CHCl;,
which might be associated to the low solubility thus lead to its
underestimation. The solubility studies show evidence that the
supersaturation will play a positive role during the gelation
process of BP8-C in CHCI; and toluene.

Nucleation time and gelation rate

As mentioned above that transparent gel could be resulted if BP8-
C/CHCI; sols incubated at temperatures higher than 10 C,
otherwise the opaque gel. In addition, the lower the incubation
temperature, the shorter the gelation time for the BP8-C/CHCl;
sols. In contrast, BP8-C form opaque gels in toluene at
temperatures higher than 0 ‘C. Herein, photoluminescence
method was used to evaluate the influence of the incubation
temperature on nucleation and gelation of BP8-C in different
solvents.

The photoluminescence spectra of the BP8-C in CHCl; at different
concentrations and in its gel were shown in Fig.3a, BP8-C in hot
CHCl3 solution ( 8.6x10™ mol/L ) exhibited two strong fluorescence
at 413 nm and 438 nm (A= 370 nm), which are attributed to the
intramolecular 1 -1t transitions, while a broad emission centered
at 408 nm (A.,=339 nm) was observed in the cold solution (CHCl;,
8.6x10™ mol/L) suggesting that cooling resulted in aggregates of
molecules. The BP8-C gel from CHCl; (at8.6><10'3 mol/L) showed a
further blue-shifted emission at 371nm (A,=339 nm) compared to
that of cold solution in CHCl; at 8.6x10™ mol/L. It can be
envisioned that this aggregation-induced blue-shifting of the

4| J. Name., 2012, 00, 1-3
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Fig.3 Fluorescence spectra of BP8-C at different concentrations
(mol/L) under room temperature. (a) in CHCl3; (b) in toluene
(Aex=339 nm).

emission is due to the conformation transition as well as the
intensity increased upon gelation (see Fig. S1) indicating the
formation of J-aggregates. BP8-C showed similar aggregation
behaviour in toluene. It showed emissions at A = 408 nm and A=
430 nm (Fig.3b) in hot toluene while shifted to A = 360 nm (A=
320 nm) in the corresponding cold one, indicating conformation
transition and J-aggregates form upon gelation.

Fig.4a shows the typical intensity changes (A= 339 nm, A.,= 370
nm) of 5.00 mg/mL BP8-C in CHCl; during the gelation. It can be
seen that the fluorescence emission intensity changed little with
time at the early stage of gelation and it increased drastically until
a plateau was reached, indicating that the fibrillation of BP8-C in
CHCl; was autocatalytic and following a nucleation-crystalline
mechanism. The time at which the intensity began to increase
rapidly is defined as on-set point when gelation occurred (tg), and
the time at which the maximum intensity reached is considered as
the accomplishment of gelation. Here we adopt polymer
crystallization theory to estimate the gelation rate as K = 1/t;),,
nucleation time (t;) is defined as the period from t, to t, and
gelation time (t,), the period from t, to ty.. For BP8-C/CHCl;, t;
and t, increased from 172's,333 sat 0 'C to 366 s, 682 s at 20 C,
and the gelation rate K = 1/t;, decreased from 6.17 x 10°st at0
°C to 3.00 x 10° s 20 ‘C. Thus lower incubation temperature
could accelerate the gelation of BP8-C in CHCl; as shown in Fig. 3a.
Both gelation time and galation rate of BP8-C in toluene showed

This journal is © The Royal Society of Chemistry 20xx
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Fig.4 (a) Dynamic fluorescence intensity for a 5.00 mg/mL BP8-
C/CHCl; sample undergoing gelation process; (b) Dynamic
fluorescence intensity for a 5.34 mg/mL BP8-C/toluene sample
(partial gels at 40 C).

opposite  temperature-dependent logarithmic behaviour
compared to that in chloroform (see Fig. 4b). The t;, t, values of
BP8-C/toluene (5.34mg/mL) sols decreased from 1197 s to 7370 s
at 0 ‘C and 563 s to 1246 s at 35 ‘C. The t,, t, values for partial
gels of sols incubate at 40 C are close to that incubated at 35 ‘C.
Meanwhile, the gelation rate increased from 1.00 x 10°stats5 C
to 4.10 x 10° s 35 C. Similar temperature-dependent gelation
behaviour was observed for 10.12 mg/mL BP8-C/toluene sols (see
Fig.52). And detailed values of ty, t,, ti, K are given in Table.S1,
Table.S2, Table.S3 for 5.00 mg/mL BP8-C/CHCl;, 5.34 mg/mL BP8-
C/toluene and 10.12 mg/mL BP8-C/toluene respectively.
Meanwhile, t;, t, ti;, verse incubation temperatures for 5.00
mg/mL BP8-C in CHCl; and 5.12 mg/mL in toluene are given in
Fig.S3 Carefully examine the t values, it can be concluded that the
nucleation rate is dependent on the concentration, i.e. the K
values are 1.87 x 107 s for 5.34 mg/mL and 2.40 x 102 5™ for
10.12 mg/mL at 20 °C, suggesting that the supersaturation is in
favor of nucleation.

For the nucleation of BP8-C gelator, nucleus formed during t;
times and once nucleus formed the fibers grow rapidly. At the
same time, the growth of fibers and bundling process are sensitive
to the incubation temperature. It is generally accepted that
gelation process is similar to crystallization in solution. However,

This journal is © The Royal Society of Chemistry 20xx

Fig.5 SEM pictures of xerogels from CHCl; and toluene, (a) T-gels
incubated under 20 ‘C; (b) O-gels incubated under -24 C; (c)
xerogels of 10.12 mg/mL incubated under 30 ‘C; (d) xerogels of
5.34 mg/mL incubated under 30 C; (e) xerogels of 10.12 mg/mL
incubated under 10 C; (f) xerogels of 5.34 mg/mL incubated
under 10 C; (g)precipitate of 10.12 mg/mL incubated under -24
°C; (h) precipitate of 5.34 mg/mL incubated under -24 C.

there is no clear mechanistic understanding of nucleation even for
either polymer or inorganic salt, only some empirical results. We
courageously guess that density fluctuation (supersaturation)
governs the nucleation of BP8-C in CHCl; because its solubility
decreased sharply as temperature decreased, while in toluene, the
nucleation might be affected by both supersaturation and mass
transfer (diffusion) parameter which is the driven force for
nucleation because its solubility in toluene changed not too much
compared to that in CHCl;.

From the above analysis, it can be concluded that the the gelation
process of BP8-C, e.g., galation time and gelation rate could be
affected by not only solvent and concentration but also incubation
temperature and it showed different temperature-dependent
behaviour in different solvents.

J. Name., 2013, 00, 1-3 | 5
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SEM morphologies

FE-SEM images of BP8-C/CHCl; xerogels are shown in Fig.5. It
shows that networks of T-gel in chlorofrom (Fig.5(a)) are more
trammel-like, which is a more stable structure. While xerogels of
the O-gel (Fig.5(b)) consist of fibers with the width about 1um,
which are entangled to form networks to sustain solvent therein.
The formation of fibers indicates they are driven by strong
directional intermolecular interactions. BP8-C showed different
morphologies in depending on the
temperature and the concentration. The BP8-C xerogels prepared
at 30 ‘C, from 10.12 mg/mL toluene (Fig.5(c)) showed tangled
fibers which are short with 180 nm in width while for the sols of
5.34 mg/mL, uniformly belt-like fibers about 200 nm in width were

toluene incubation

observed in Fig.5(d). When incubation temperature is lower to 10
°C, thin fibers of 100 nm in width are bundling into fasciculus and
the fiber are inclined to twine together as shown in Fig.5(e) of
10.12mg/mL, thin fibers bundled into fasciculus about 1.5 um in
width were observed for the xerogels prepared at 5.34 mg/mL
(Fig.5(f)). Precipitates of BP8-C in toluene (10.12 mg/mL) prepared
at -24 C (Fig.5(g)) showed both short sticks with 2 pm in width
and about 10 um of average length, and sphere-like particles with
diameter about 0.5 pm. While precipitate prepared from the 5.34
mg/mL sols cooled rapidly to —24 °‘C showed the coexistence of
spheres (ca.l um in diameter) and fibers (Fig.5(h)),which are
constructed by the particles. In all, the compact trammel-like
networks for BP8-C/CHCl; T-gels give rise to a more stable one
than fibers tangled networks of O-gels. While BP8-C from toluene
showed different morphologies depending on the incubation
temperature regardless the concentration, fibers constructed
networks for gels and short sticks as well as sphere-like particles
for precipitate.

Molecular arrangement

To illustrate the molecular arrangement of the gels or the
precipitates at different incubation temperatures, wide angle X-
ray diffraction (XRD) measurements were performed. As shown in
Fig.6(a), the XRD paterns of the xerogels prepared from CHCl;
show similar series of reflections. In each series, the various d-
spacings observed form a suite of fractions (d/1:d/v3:d/2), a
feature that strongly suggests a hexagonal columnar structure®®.
The incubation temperature influences the d-spacing to a small
but significant extent. The d-spacing values are 30.05 (100), 17.32
(110), 15.02 (200) for T-gel (a = 34.70 A), and 29.25 (100), 16.86
(110), 14.63 (200) for O-gel (a = 33.77 A), respectively. And the
diffuse reflection at 26 = 21° was ascribed to the aggregation of
alkyl chains, and peaks at 26 = 6.48°, 6.25° means the order of the
chains. The XRD patterns (Fig.S4) of the xerogels or precipitant
extracted from BP8-C/toluene gels incubated at different
temperatures all show a hexagonal columnar structure with a =
35.90 A, although they were prepared at different temperatures
or different concentrations. The molecular packing of BP8-C either
in xerogels from CHCI; or those from toluene showed almost the

6| J. Name., 2012, 00, 1-3
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Fig.6 (a) XRD results of xerogels from BP8-C/CHCl; with the
concentration of 5.00 mg/mL. (b) Packing model for BP8-C. (c)
Partial FT-IR spectra of BP8-C: (a) xerogels of T-gel in CHCl;, 20 C,
5.00 mg/mL; (b) xerogels of O-gel in CHCl;, -24 °C, 5.00 mg/mL; (c)
xerogels from toluene, 20 ‘C, 10.12 mg/mL; (d) precipitant from
toluene, -24 ‘C, 10.12 mg/mL; (e) xerogels from toluene, 20 C,
5.34 mg/mL; (f) precipitant from toluene, -24 C, 5.34 mg/mL.

same Col,, pattern, and the slightly difference in lattice parameter
a can be explained as solvent molecules penetrate within the

This journal is © The Royal Society of Chemistry 20xx
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aggregates. The average number of molecules () in a column slice
can be calculated through the equation u = (V3 NA'az-h'p)/ZM for
the hexagonal phase, where N, is Avogadro’s number, a is the
lattice constant, h is the intracolumnar periodicity (h = 0.42 nm), p
is the density (assumed to be 1 g/cms), and M is the molecular
weight of the compound. The calculated average number of
molecules in each slice of column was 3.08 for xerogel from
toluene and 2.88 for T-gel. The calculated lengths of the rigid part
and the terminal flexible chain assuming that the -CH,- groups are
in all-trans conformation are 10.12 A and 9.98 A, respectively
(Figure 6b). Combining the results of XRD and the calculated
molecular size of BP8-C, the schematic molecular arrangement
within one column of the xerogels of BP8-C was given in Figure 6b.
We proposed that molecules self-assembled through
intermolecular hydrogen boning along the axis of the columns and
approximately three gelators formed a trimmer-like structure in
each columnar slice, canceling the dipole repulsions between the
molecules and diminishing the polarities of the molecules.

FT-IR spectroscopy gives direct information about the hydrogen
bond interactions. FT-IR spectra of the xerogels from CHCl; are
identical (Fig.6 (c)) in spite of the SEM results are obviously
different, suggesting that the incubation of the sols influenced the
gelation process but not the nucleation of nanometer scale. The
N-H stretching bands emerge at 3241 em™ and two strong C=0
stretching bands at 1649 cm'l, 1677 cm™ for CHClI; xerogels, which
suggests the hydrogen bond is formed between -N-H and -c=0*"
8, Meanwhile, for BP8-C/toluene xerogels or precipitant N-H
stretching bands located at 3195 cm™ incubated under 20 C at
concentrations of 10.12 mg/mL and 5.34 mg/mL, which shifted to
3241 cm™ while incubated at -24 ‘C. The -C=0 stretching bands
located at 1677 and 1649 cm™. Low wavenumbers of N-H
stretching bands as well as -C=0 indicated strong hydrogen bond
between -N-H and -C=0 interactions. Detail data of the FT-IR
results are given in SI.

Kinetic Studies Based on Dickinson Model and Avrami Model

Analysis of the fractal nature of our molecular organogels is based
upon a kinetic model which was first proposed for dilute system
developed by Dickinson®® (eq.2) and Avrami model (eq.3 and eq.4)
which were initially used to describe the crystallization of polymer
melts*®* to measure the fractal structure of nanostructure
networks during gelation process. Herein, we analyst our kinetic
data using these two models in order to simulate the gelation
process of BP8-C in different solvents and at different incubation
temperatures. The fractal dimension parameter Dy indicates the
growth mode of the fiber network and the Avrami parameter n
provide information about the shape of the objects formed and
their mechanism of nucleation which related to the interaction of
the fibers. In our fluorescence method, the excluded volume of
the aggregate (X)) is related to the fluorescence intensity.

X -X
= "® —C+(3-D,)/D, Int 2)
X, —X ‘

() (0)
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In[1- X, =k (3)
X, -X

- =220 - pink+nine  (4)
X(oc)'Xm

where t is time, k is a temperature-dependent parameter like a
rate constant, Dy is the fractal dimension, n is the Avrami
parameter indicating the degree of branching and fiber-fiber
interaction®. Xy is the volume fraction of the gel phase at time ¢,
expressed fluorescence intensity at time = 0, t, and o= (X;), Xy,
and X,.)) in the present study, zero-time is defined as fluorescence
intensity starts to increase rapidly.

Fig.7 shows Avrami plots and Dickinson plots based on kinetic
fluorescence data of BP8-C/CHCl; gels (5.00 mg/mL) prepared at
different incubation temperatures. Obviously, the T-gels showed a
larger Avrami parameter (n) than that of the O-gels. Values of n
jumped from 1.21 to 1.44 for gelation at temperatures 0 to 20 C.
This jump of n indicated that fiber-fiber interactions are more
compact in gels formed at higher incubation temperature (20 C).
However, the D; values undulate between 1.45 and 1.36,
suggesting a linear growth mechanism. These observations add
evidence to our deduce that the BP8-C molecules in chloroform
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Fig.7 Kinetic plots for gelation of sols of 5.00 mg/mL BP8-C/CHCl,.
(a) Avrami data (0 °C, n = 1.21, R* = 0.986), (5 °C, n = 1.26, R’ =
0.978), (10 C, n = 1.31, R*=0.992), (20 ‘C, n = 1.44, R* = 0.988).
(b) Dickinson data (0 C, slope = 1.14, D;= 1.4, R?=0.993), (5 °C,
slope = 1.16, Dy = 1.39, R® = 0.993), (10 C, slope = 1.15, Dy = 1.39,
R®=0.994), (20 C, slope = 1.21, D;= 1.36, R® = 0.991).
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Fig.8 Kinetic plots for gelation of sols of 5.34 mg/mL BPS8-
C/toluene. (a) Avrami data; (b) Dickinson plots, (5 C, slope =
1.15, Dy = 1.39, R? = 0.990), (15 C, first stage: slope = 0.62, Dy =
1.85; second stage: slope = 1.69, Dy = 1.12), (25 C, slope = 1.31,
Ds=1.30, R*=0.998), (35 'C, slope = 1.26, D;= 1.32, R* = 0.985).

prefer to growth 1D mechanism and fiber-fiber interaction
becomes stronger at higher temperature (20 ‘C), which give rises
to the higher thermal stability. It can be concluded based on the
above analysis on the gelation dynamics of BP8-C in chloroform
that the changes of incubation temperature does not influence
the nucleation mechanism which is in accordance with that of the
XRD results.

Kinetic plots from Avrami and Dickinson model for BP8-C with 5.34
mg/mL BP8-C in toluene are shown in Fig.8. Obviously, Avrami
based kinetic analyses of dynamic fluorescence data revealed a
two-phrase kinetic processlg, featured by n = 0.88 and followed by
n =1.71 for 15 ‘C, this two-phrase kinetics can be understood as :
the 1D fiber growth occurred first at the gelation stage and then
followed by bundling induced by the fiber-fiber interactions. n
values for other incubation temperatures show similar laws. Dy
values changed slightly from 1.39 at 5 ‘C to 1.30 at 25 ‘C, except
that Dy showing two values which are 0.62 and 1.85 at 15 ‘C and
we can’t explain it because of the limits of our knowledge so far.
But we prefer to consider this conclusion derives from deviation of
the growth rate approximation at the early stage. For gelation of
10.12 mg/mL BP8-C in toluene, the Avrami and Dickinson plots are
given in Fig.S5. The Avrami data also revealed a two-phrase kinetic

8| J. Name., 2012, 00, 1-3

process similar to that in 5.34 mg/mL system, on the first stage n
values were in the range of 0.74 at 10 ‘C and 0.82 at 30 C
followed by changes from 1.62 to 1.57 at the second stage
indicating that the fibers formed first and then bundling to
produce compact networks. And D; from Dickinson plots also
showed a two-phrase kinetic mechanism varied between 1.87 and
1.91 followed by 1.36 at the second stage, we intend to propose
that the second stage as the primary formed nucleus further
aggregate into fibers as demonstrated by SEM results (see Fig.57).
Worth to note that Avrami-based kinetic analyses under
incubation of 20 “C are unaccountable for the first stage, yet the
D¢ plots are in accordance with those at other temperatures. We
further compare the n values of same incubation temperature
with differ concentration. The slightly difference between n values
reflect the less compact networks in higher concentration system
as can be proved by SEM pictures shown in Fig.6a and Fig.6b at 30
C.

The information provided here give further demonstrates the
importance of controlling the history of molecular gels. The type
of solvent, concentration and incubation temperature influenced
the gelation process, morphology as well as the properties of the
gels. While gels prepared at different conditions showed the same
molecular arrangement.

Conclusion

A new bent-core dihydrazide derivative BP8-C was designed and
synthesized. BP8-C is an effective gelator which can gel most
organic solvents. Interestingly, BP8-C gelled chloroform to give
transparent gel (T-gel) and opaque gel (O-gel), and the T-gel
prepared at 20 ‘Care more thermally stable than O-gel. In
contrast, opaque gel was obtained for BP8-C in toluene and it took
longer time for gelation at lower incubation temperature, and
precipitated below 0 “C. By *H NMR method, the solubility of BPS-
C in both CHCl;
demonstrated that the solubility played dominant role in gelation

and toluene was measured and it was
of CHC; and diffusion process dominate the gelation in toluene.
Although the morphology of aggregates are quite different, the
molecular arrangement of gelator is all the same as Col, with
three molecules in each columnar slice. Kinetic analysis reveals the
importance of the history for sols to transform into gels. It was
proposed that the nucleation rate depended on supersaturation in
CHCl; while on diffusion process in toluene thus the relationship
between nucleation time and temperature are on the contrary. In
addition, the kinetic mechanism of gelation of BP8-C in different
solvents at different incubation temperatures was analyzed.
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Supporting Information

The synthesis routine for BP8-C and kinetic data for 10.12 mg/mL
BP8-C in toluene are list in SI. BP8-C also shows liquid crystal
behaviours and detail results are given in SI.
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Both transparent gel and opaque gel were
obtained induced by incubation temperature for
sols of BP8-C in chloroform and the transparent
gel formed under higher incubation temperature

are more stable than opaque gel, however,
gelators precipitated below 0 ‘C and form into
gels under higher temperature in toluene.
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