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Abstract: Organogels that are self-as-
sembled from simple peptide molecules
are an interesting class of nano- and
mesoscale soft matter with simplicity
and functionality. Investigating the pre-
cise roles of the organic solvents and
their effects on stabilization of the
formed organogel is an important topic
for the development of low-molecular-
weight gelators. We report the structur-
al transition of an organogel self-as-
sembled from a single dipeptide build-

microcrystal merely by introducing eth-
anol as a co-solvent; this provides
deeper insights into the phase transi-
tion between mesostable gels and ther-
modynamically stable microcrystals.
Multiple characterization techniques
were used to reveal the transitions. The
results indicate that there are different
molecular-packing modes formed in
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the gels and in the microcrystals. Fur-
ther studies show that the co-solvent,
ethanol, which has a higher polarity
than toluene, might be involved in the
formation of hydrogen bonds during
molecular self-assembly of the dipep-
tide in mixed solvents, thus leading to
the transition of organogels into micro-
crystals. The structural transformation
modulated by the co-solvent might
have a potential implication in control-
lable molecular self-assembly.

ing block, diphenylalanine (L-Phe-L-
Phe, FF), in toluene into a flower-like

Introduction

Successful synthesis of organized supramolecular assemblies
is an exciting bottom-up method for fabricating nanostruc-
tured materials with novel functional properties.'* The con-
trolled self-assembly of higher-ordered architectures such as
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those in biological systems, preferably from relatively simple
building blocks, is an interesting topic of supramolecular
and biomimetic chemistry."®! Peptides, as versatile building
blocks that can self-assemble to form well-defined struc-
tures, have attracted considerable attention owing to their
biocompatibility, capability of molecular recognition, and
functional flexibility.'** Among them, the simplest build-
ing blocks are aromatic dipeptides, for instance, diphenylala-
nine (L-Phe-L-Phe, FF), which can self-assemble into dis-
crete and extraordinarily stiff nanotubes in aqueous solu-
tions and then serve as a casting mold for producing metal
nanowires.?>?! Further, FF can be used for the creation of
more complex structures, such as vertically aligned nanofor-
ests™ or nanowires®?! well-organized self-assembled
films,” and can also be used to order dipeptide chains on
Cu surfaces.’! For instance, the interesting “nanoforest” is a
class of ordered nanotube arrays readily fabricated on a sili-
conized glass by an approach of evaporation-induced self-as-
sembly. The well-ordered organization of nanotubes is most
likely controlled by a nucleation-growth mechanism in the
vapor-liquid-solid system that exists during the rapid evapo-
ration of solvent.””!

More recently, our group reported that FF can self-assem-
ble into long nanofibrils in organic solvents such as chloro-
form, toluene, and xylene, and entangle further to form or-
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ganogels, which can be used to encapsulate lipophilic quan-
tum dots for the preparation of 3D organic-inorganic archi-
tectures with new optical properties.”” Subsequently, a simi-
lar gel system was used to fabricate the 3D colloids by the
combination with lipophilic quantum dots for application as
label of living cells/® A 9-fluorenylmethoxycarbonyl
(Fmoc)-protected diphenylalanine (Fmoc-FF) has been pre-
sented as a hydrogelator for the fabrication of a hydrogel
for 2D or 3D cell culture.”**! It is thus well-known that FF
has been an excellent self-assembled building block, and is
considered to be one of the smallest peptide gelators. Or-
ganogels represent new soft matter materials with promising
physical and morphological properties and potential applica-
tions in fields such as templated materials, separation media,
cosmetics, enzyme-immobilization matrices, and drug deliv-
ery.”** To form an organogel system, two questions should
be considered regarding the molecular structures of the gel-
ators. One is how to prevent the transformation of a meta-
stable gel into a crystalline state, which also represents the
fundamental difference between a stable thermodynamic
phase and a purely kinetic transition state.***! If the
formed gel is unstable, it can spontaneously evolve into crys-
talline shapes upon ageing.®*! The other problem is to
choose suitable solvents for the organogelators, because the
formation of an organogel is both the result of the gelator—
gelator and solvent—gelator interactions, and a given gelator
only has the ability to induce macroscopic gelation in certain
solvents,P*44647) Therefore, understanding the precise role
of solvent properties on organogel formation is important in
designing gels with controlled microscopic structures and
physicochemical properties. Considering this point, and by
using ethanol as a co-solvent, we can easily control the self-
assembly of peptide structures: from organogel to flower-
like microcrystals. This not only provides information
toward understanding the effect of solvent properties on or-
ganogel formation but also represents a facile way to tailor
gelator molecules into hierarchical nanostructures.

Results and Discussion

Observation of morphology transition: To gain a direct in-
sight into the self-assembled microstructures, scanning elec-
tron microscopy (SEM) was used to observe the resulting
dried samples that were prepared at different ethanol/tolu-
ene ratios. As we previously reported,”” a transparent gel
was rapidly obtained when a FF/1,1,1,3,3,3-hexafluoro-2-
propanol (HFP) solution (20 pL, 0.4 mol) was diluted with
toluene to a final concentration of 16 mmol (Figure Sla in
the Supporting Information). Such gels are stable even after
several months. As shown in Figure 1a, the organogel con-
sists of small fibers tens of micrometers long, and these
fibers further assemble into thick fiber bundles and then
constitute a highly developed, entangled network. Mixing a
small amount of ethanol (10%) into toluene also gives rise
to an organogel but with a little opacity. Figure 1b indicates
that the amount and density of fiber bundles decreases no-
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Figure 1. SEM images of samples formed at different ethanol contents:
a) 0%; b) 10%; c,d) 25%; €) 40%; £) 70 %; g,h) 100 %.

ticeably, rendering a network composed of a large number
of individual small fibers with width of 70-110 nm. In the
system with an ethanol content of 25%, a semitransparent
unstable gel was observed after 10 min. After about 5 h, the
gel became inhomogeneous, and white microcrystals ap-
peared. As time passed, the gel shrank further, liquid was
exuded, and more microcrystals precipitated. The process
for gel-crystal transition upon ageing is outlined in Fig-
ure S1b-d in the Supporting Information. The SEM images
reveal that the final precipitates have a flower-like morphol-
ogy, and they are several hundreds of micrometers in size
and composed of ribbons with a width of about 4-5 um (Fig-
ure 1c,d). The inset in Figure 1d shows that the surface of
the ribbons is smooth. When the ethanol content was in-
creased to 40 %, the system failed to form gels. Instead, visi-
ble aggregates appeared in solution after 30 min (Fig-
ures Sle and S2 and movie in the Supporting Information).
The morphology of assemblies formed in the 40% ethanol/
toluene mixture almost does not change in comparison to
the final microcrystals that were obtained in 25% ethanol/
toluene mixture (Figure le). Upon further increasing the
ethanol content to 70 %, only 10 min are needed to get the
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flower-like microcrystals (Figure 1f). Figures1lg and 1h
show the low- and high-magnification images of the sample
prepared by using 100% ethanol as a solvent. It presents
many star-like structures with ribbons of 2—4 um in width.
Compared with the above flower-like structures, the density
of ribbons in each microcrystal is lower, and the thickness of
the ribbons is decreased. The high-magnification image in-
serted in Figure 1h demonstrates that the surface of the rib-
bons are rough and loose, so that the electron beam itself
provoked the collapse of the ribbons. From the results pre-
sented in Figure 1, it is clear that the ratio of ethanol in the
mixed solvents has a profound effect on the microscopic
structure of the resulting assemblies. When the ethanol con-
tent in toluene is changed gradually from 0 to 100%, the
corresponding variation (from soft gels to microcrystals) of
supramolecular structures self-assembled from FF dipeptide
takes place. Also, a spontaneous transition from unstable
gels to microcrystals can be achieved by ageing the gels in
the 25% ethanol/toluene mixture at room temperature. It
should be noted that flower-like microcrystals are directly
formed in the bulk phase, mostly by a nucleation-growth
process in solution and are not susceptible to a drying pro-
cess (Figures S2 and S8-S10 in the Supporting Information).
That is rather different from the “nanoforest” structures fab-
ricated by Gazit et al., which are grown on the surface of a
solid substrate by a fast solvent-evaporation-initiated self-as-
sembly process at high peptide monomer concentration.”

To obtain topographical information, the assemblies were
further investigated by atomic force microscopy (AFM).
The AFM images (Figure 2a and 2b) reveal that the entan-
gled fibers are the main microstructures composing organo-
gels in toluene. As such, the gel system in 10 % ethanol/tolu-
ene mixture shows predominantly fibrous structures (Fig-
ure S3a in the Supporting Information). As shown in Fig-
ure 2¢ and 2d, however, the ribbons become the main mi-
crostructures in the crystals when the ethanol content is
increased to 40% in mixed solvents. The enlarged AFM
image (Figure 2d) indicates that the ribbon in the flower-
like microcrystals consists of thin lamellar layers. The AFM
images of other microcrystals obtained in 25, 70, and 100 %
ethanol mixed solvents show the same microstructures (Fig-
ure S3b—i in the Supporting Information). From the AFM
results, it can be deduced that the microcrystals are formed
through the hierarchical self-assembly from the FF molecule
merely by changing the co-solvent content.

Proposed intermolecular interactions in different structures:
Fourier transform infrared spectra (FTIR) were obtained to
understand the intermolecular interactions in the dipeptide
gel and in the microcrystal state. FTIR spectra of organogels
in toluene (Figure 3a) and in 10% ethanol/toluene mixture
(Figure 3b) both show a strong amide I absorption band in
the vicinity of 1683 cm™, which is indicative of hydrogen-
bonded p-sheet secondary structures, and possibly an anti-
parallel configuration.***! When the content of ethanol was
increased to 25 %, the antiparallel B-sheet signals in the gel
phase disappeared. Instead, a new peak appeared at
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Figure 2. a) Height AFM image of the fibers based on organogel in tolu-
ene; b) magnified image of the region marked in image a); c) height
AFM image and d) an enlarged 3D-view AFM image of the ribbons of
microcrystals obtained in 40 % ethanol/toluene mixed solvents.
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Figure 3. FTIR spectra of different samples: a) dried FF gel in toluene;
b) dried FF gel in 10% ethanol/toluene mixed solvents; c-f) microcrystals
obtained with ethanol content at 25, 40, 70, and 100 %, respectively.

1605 cm™!. This result indicates that the presence of ethanol,
to some extent, interferes with the hydrogen bonding from
peptide main-chains in the FF gel, thus implying the occur-
rence of certain structural transitions, which is consistent
with the SEM and AFM analysis. Upon further increasing
to 70% of ethanol content, the peak shifted to about
1615cm™!, indicating that the flower-like microcrystals
might have a predominant parallel f-sheet configura-
tion.”**% In the complete ethanol system, the secondary
structure of crystals remains unchanged. Therefore, the ap-
parent difference between FTIR spectra of the FF gels and
microcrystals suggests that the molecular organization pat-
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tern of the dipeptide can be modulated by introducing a sol-
vent with more polarity into the system.

To further understand the diversity of the dipeptide mo-
lecular arrangements among the assemblies, fluorescence
spectroscopy was used to measure their emission spectra
(Figure 4). The emission spectrum of FF at 8 mmol in N,N-

Fluorescence / a. u.

300 350 400 450 500
Wavelength / nm

Figure 4. Fluorescence emission (Aegaion =259 nm) of a) a solution of FF
in DMEF, b) dried gel in toluene, and the microcrystals obtained with eth-
anol content at ¢) 25%, d) 70 %, and e) 100 %, respectively.

dimethylformamide (DMF) shows a signal centered at
306 nm, whereas the emission peak of the dried gel in tolu-
ene is near 339 nm. This red shift suggests an effective n—x
stacking between the aromatic residues of FF dipeptide mol-
ecules, indicating the possible formation of a J-aggregate in
the gel.®>! In contrast to the gels, the microcrystals ob-
tained with ethanol content of 25, 70, and 100% have the
same emission peak at about 285 nm. Compared with the
emission spectra of the FF solution and xerogel in toluene,
the blue shift possibly indicates a characteristic of an ex-
tended H-aggregate between the phenyl rings in the micro-
crystals.’'>! In addition, to get a more clear idea about the
organization mode of FF aromatic residues, we monitored
their absorption spectra in the gel and in absolute ethanol
(Figure S4 in the Supporting Information). In comparison
with the maximum absorption of free FF molecules
(259 nm), a considerable blue shift in ethanol (222 nm) and
a red-shifted shoulder around 285 nm in gel further support
the conclusions drawn from the emission spectra.”™

X-ray diffraction was used to evaluate the molecular as-
sembly in different samples (Figure 5). Only one sharp peak
at 26 of 5.22 or 5.52°, corresponding to d spacing of 16.9 or
15.9 A, was observed for the xerogel formed in toluene (Fig-
ure 5a) and 10% ethanol/toluene mixture (Figure 5b), re-
spectively. The results indicate that the thickness of the (-
sheet monolayer in the gel phase is about 1.69 or 1.59 nm.
As mentioned previously,”” the solvent toluene might be in-
volved in the aromatic stacking of FF molecules. Through
the addition of a co-solvent with higher polarity (ethanol) in
the system, the hydrophobic FF molecules might become
more compact and exclude some toluene molecules, so that
the d spacing of the xerogel in 10% ethanol/toluene mixed
solvents is smaller than that in toluene. The XRD pattern
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Figure 5. X-ray diffraction of different samples prepared under different
ethanol contents: a)-f) represent the samples obtained in ethanol content
of 0, 10, 25, 40, 70, and 100 %, respectively.

(Figure 5f) of the microcrystals formed in 100% ethanol is
very similar to the hexagonal structure determined in a
study of FF single crystals and vertically aligned diphenylal-
anine-based nanotubes (the peak at 28° corresponds to the
silicate substrate).?”-3%51 The diffraction patterns of the
microcrystals formed in 25, 40, and 70% ethanol/toluene
mixed solvents (Figure 5c, 5d, and Se, respectively) are
slightly different from the microcrystals obtained from
100 % ethanol. Such differences might be contributed to sol-
vent molecules that embedded differently in the crystal lat-
tice depending on the ethanol content, but this proposition
needs further substantiation. >

In the following experiments, we investigated the thermal
properties of the microcrystals obtained in different ethanol/
toluene mixed solvents. Thermogravimetric analysis (TGA)
curves (Figure S5a in the Supporting Information) show
that the thermal decomposition of the microcrystals is com-
pleted at about 340°C. According to previous reports, the
weight loss at 175°C is attributed to release of phenylala-
nine from diphenylalanine in the assembled nanostruc-
tures.*?*> Interestingly, we found that the microcrystals
obtained in ethanol content of 25, 40, and 70 % have an evi-
dent weight-loss step at around 100°C. By comparison, the
TGA curve of the microcrystals obtained in 100 % ethanol
has similar features as that obtained for the FF raw materi-
als, both of which do not have distinctive weight-loss step
(Figure 6 and Figure S5b in Supporting Information). Be-
cause all of samples were dried until constant weight under
vacuum before the TGA measurement, it is rational to sup-
pose that the weight loss at around 100°C corresponds to
the release of solvent molecules that are embedded in the
crystal lattice of the self-assembly structures of the diphenyl-
alanine. As shown in Figure 6, the weight loss of about 3.5,
3.0, and 2.5% was observed for the microcrystals obtained
in 25, 40, and 70% ethanol/toluene mixed solvents, respec-
tively. With the increase of the ethanol content in the mixed
solvents, the weight loss of the obtained microcrystals at
100°C is decreased. That is, the higher the toluene ratio in
the mixed solvents, the more weight loss is observed at this
temperature. This difference is likely due to the interference
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Figure 6. TGA curves between 30-250°C of the microcrystals obtained in
different ethanol/toluene mixed solvents (ethanol content is 100, 70, 40,
25 %, respectively).

of toluene molecules for the self-assembly of diphenylala-
nine through aromatic stacking. As a consequence, the inter-
action between solvents and peptide molecules might affect
the organization mode of self-assembling dipeptide, which is
further confirmed by the slight difference of XRD pattern
of the microcrystals (Figure Sc—e). Recent reports showed
that an appropriate solvent molecule might be included in

2

O

J-aggregate &9

|
H;’Nﬁ[ﬁc —N—}—C00"

L-Phe-L-Phe

the crystal lattice of the simple peptide, and its removal tem-
perature is below the solvent’s boiling point.*** In an
100% ethanol system, the microcrystals have a hexagonal
structure. Like the single crystals obtained in the aqueous
solution, ethanol molecules might also reside inside the hy-
drophilic channel formed by hydrophobic FF molecules by
hydrogen bonding.”® Under drying, the ethanol molecules
are driven out from the channel so that the weight change
upon heating to 100°C is negligible.

All of the above results indicate that the different molecu-
lar organization patterns of the dipeptide can be formed in
gels and microcrystals by varying the ratio of ethanol in the
mixed solvents. In Scheme 1 the J-aggregate nature of the
gel is evident, which is due to the dominant mt—x interactions
between the aromatic residues of dipeptide molecules in an-
tiparallel B-sheets; the emission of the phenyl groups is red-
shifted in contrast to free dipeptide molecules. On the other
hand, in the microcrystal, the m—m stacking of the aromatic
residues of dipeptide in the parallel -sheets takes an H-ag-
gregate form and hence leads to the blue-shifted FL emis-
sion.

Dynamic morphological transition in the 25 % ethanol/tolu-
ene system: From the phenomenon and results of the ex-
periments above, the sample obtained in 25 % ethanol/tolu-
ene mixed solvents, which has a gel-crystal transition spon-
taneously during storage, surprised us very much. As far as
we know, there are few examples in which the kinetically
trapped state of a gel transfers into a more thermodynami-
cally stable crystal upon ageing. Tang et al.*’! claimed the

H /

Q

@ H-aggregate

Gel-crystal transition with the
increase of ethanol content

2

Fibers formed in gel

Microcrystals

Scheme 1. Schematic illustration of the structural transition induced by varying the ethanol content in the mixed solvents, and the proposed molecular

packing in the gel and in the microcrystal.
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first example of this transition with a two-component hydro-
gel. Later, Smith and co-workers*! reported microcrystalli-
zation in a two-component organogel. In this paper, the pep-
tide system is a single component organogel. In addition,
the obtained microcrystals have uniform flower-like hier-
archical nanostructures. The direct observation by SEM
helps us to understand the transition process; for instance,
S5h after the gel formation, some microcrystals were ob-
served in the gel. Figure 7a clearly indicates the existence of

Figure 7. SEM images of the gel-crystal transition process in the 25%
ethanol/toluene system as a function of time: a) 5h; b) 6 h; c) 8 h.

some flower-like microcrystals besides the gel. The XRD
pattern at this stage also demonstrates the partial crystalliza-
tion of the gel (Figure S6 in Supporting Information). After
6 h, more and more microcrystals grew in the system, and
some solvent appeared above the gel. This change is in-
duced by the presence of microscale fibers or thin ribbons
within the sample (Figure 7b). Furthermore, the gel disap-
peared completely and microcrystals precipitated (Fig-
ure 7¢). Previous reports'®! explained that the gel-crystal
transformation was related to Ostwald rule of stages. Com-
pared with the crystal, the gel is a metastable state. As
strong hydrogen bonds form between ethanol and the dipep-
tide, isotropic gelator molecular aggregation occurs, result-
ing in smaller crystals as seen in the gel. The fibers disas-
semble and dissociate gradually until all the molecules in
the gel phase aggregate into larger crystals.

Solvent effects: Owing to the wide-ranging applications of
low-molecular-weight organogelators, much effort has been
devoted to rational design of gelator molecules.* The pre-
cise role of the organic solvent in gelating and determining
the macroscopic properties of the gel should also be consid-
ered because the formation of organogels is both the result
of gelator—gelator and solvent—gelator interactions.F**
Among the related properties of the solvent, the polarity
plays an important role.*” In general, the organogel can be
obtained by using a solvent that has a limited interaction
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with the gelator molecule.® According to the above results,
the formation of gel in toluene is driven by the n—m stacking
between aromatic residues and hydrogen bonding of peptide
main-chains.”? Compared with toluene, ethanol has a higher
polarity and is considered to be a hydrogen-bond donor.
The addition of ethanol to toluene increases the polarity of
the solvents as well as the solvent-gelator interaction.
Therefore, an organogel can only be formed by using a pre-
cise proportion of ethanol. As the ratio of ethanol in the
mixed solvents is increased, the solvent—gelator interaction,
and especially the hydrogen bonding, becomes strong
enough to result in the metastable gelator molecular aggre-
gation and the transformation to microcrystals.

To further understand the impact of the polarity of the
solvent on the self-assembly of dipeptide, the following ex-
periments were carried out. First, we selected either n-buta-
nol or methanol as a component of the co-solvent instead of
ethanol, keeping their ratio to toluene in the mixture as
25% (v/v). n-Butanol has lower polarity than ethanol,
whereas the polarity of methanol is higher.[®! As we expect-
ed, the 25% n-butanol/toluene system also has a gel-crystal
transition, but the transition takes a much longer time to
occur. In the methanol system this transition vanished; only
microcrystals appeared gradually. The SEM images show
that the morphology of microcrystals is the same as that in
100% ethanol (Figure S7a in Supporting Information).
Next, we chose dichloromethane as a substitute, which has
higher polarity (comparable with n-butanol) than toluene,
but has far less ability to provide hydrogen bonding com-
pared with alcohols.” When only dichloromethane was
used as a solvent for the self-assembly of FF, FF failed to
form gels due to the increase of the polarity of solvent. In-
stead, shuttle-like plates were obtained (Figure S7b in the
Supporting Information). But in the 25:75 dichloromethane/
toluene mixture and even up to a 90:10 ratio, only stable
transparent organogels were formed; this indicates that tolu-
ene plays a crucial role for the gelation in the co-solvent.
Compared with alcohols, dichloromethane can not take part
in the formation of hydrogen bonding between dipeptide
molecules because it is neither an acceptor nor a donor for
hydrogen bonds, so it does not disrupt the gel formed in the
mixed solvents. From above, the polarity of solvent has an
influence on the final stable morphology of FF assemblies.
Furthermore, the solvent-gelator interaction, especially the
hydrogen bonding, is the decisive factor for controlling the
gel-crystal transition.

Conclusions

In summary, we have demonstrated that the structural tran-
sition from organogels to flower-like microcrystals in the di-
peptide self-assembling system can be induced easily by
using ethanol as a co-solvent. For the solvent system with
25% ethanol, the spontaneous dynamic transition from or-
ganogels into microcrystals has also been confirmed experi-
mentally. In the gel phase the dipeptide molecules are likely
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to adopt antiparallel B-sheet secondary structures with the
J-aggregate nature of aromatic residues. In the crystalline
state, the molecular self-assembled mode is supposed to be
the parallel 3-sheets and assume the formation of an H-ag-
gregate. The solvent polarity and hydrogen-bonding parame-
ter play important roles in controlling the organogel forma-
tion and final self-assembly morphology. The presented re-
sults will be advantageous to gain significant new insights
into the gelation and self-assembly process of the gelator
molecules. Further, such an approach might have potential
applications in manipulating the molecular organized pat-
tern and self-assembled morphology by simply changing the
solvent properties.

Experimental Section

Materials: The dipeptide (r-Phe-L-Phe, FF), 1,1,1,3,3,3-hexafluoro-2-
propanol (HFP), and ethanol were purchased from Sigma-Aldrich
(Steinheim, Germany). Toluene was obtained from Beijing Chemical Re-
agent Corp (Beijing, China) and distilled according to the standard pro-
cedures before use. Other solvents were obtained from Beijing chemical
Reagent Corp and were used as received.

Formation of organogels and microcrystals: A freshly prepared FF/HFP
solution (20 pL, 0.4 mol) was diluted to a final concentration of 16 mmol
in toluene or ethanol/toluene mixed solvents. The content of ethanol for
different samples was 0, 10, 25, 40, 70, and 100 % (v/v), respectively.

Microscopy studies: The gel or microcrystal samples were carefully
picked up and allowed to dry under a vacuum followed by sputtering a
thin layer of gold. The images were taken with a S-4300 (HITACHI,
Japan) scanning electron microscope. The atomic force microscopy
(AFM) images were collected in air at ambient conditions by using the
tapping mode with a Nanoscope IIla (Digital Instruments, Veeco Metrol-
ogy Group, Santa Barbara, CA).

Spectroscopy: FTIR spectra were measured by using a TENSOR 27
FTIR spectrometer (Bruker) with the xerogel on a CaF, plate, or dried
microcrystals were pressed into KBr pellets. A Hitachi Model F-4500
spectrofluorometer was used to measure the fluorescence of the samples.
Samples for analysis of gel and microcrystals were prepared on a quartz
chip, and a solution of FF in N,N-dimethylformamide (DMF) was mea-
sured in a 1.0 cm quartz cuvette. All the samples were excited at 259 nm.

X-ray diffraction (XRD): Data were collected on a Rigaku D/max-2500
instrument equipped with a Cu filter under the following conditions: scan
speed, 2° min~!; Cug, radiation, 1=1.5418 A. All the samples were pre-
pared on a silica substrate and dried under vacuum.

Thermal analysis: Thermogravimetric analysis (TGA) of the microcrys-
tals was carried out by using a Pyris Diamond TG-DTA (Perkin—-Elmer
instrument). Samples were heated from RT to 400°C at a constant rate
of 5Kmin~! in a N, atmosphere. Before the thermal analysis, the as-pre-
pared microcrystals were dried under vacuum until their weights were
constant.
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