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Glycine and L-glutamic acid-based dendritic gelators
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Abstract—Novel dendrons based on glycine and L-glutamic acid from the first generation (G1) to the third generation (G3) were synthesized
and studied for their gelation properties by using transmission electron microscopy (TEM), atomic force microscopy (AFM), fluorescence, IR,
circular dichroism (CD), and 1H NMR spectroscopy. It was found that the gelation capability of these dendrons increased from the first gen-
eration (G1) to the third generation (G3), and that G3 exhibited the highest efficiency in forming gels. Both the focal and peripheral groups of
dendrons had great effects on the formation of organogels. Hydrogen bonding and p–p stacking interactions were proved to be the main
driving forces to form the fibrous networks at low concentrations (0.5 wt %). Small-angle X-ray scattering (SAXS) and wide-angle X-ray
diffraction (WAXD) measurements indicate that the xerogels of the second generation (G2) from ethyl acetate and ethanol, and G3 xerogel
from CH2Cl2 all display lamellar structures with the interlamellar spacing of ca. 36.0 Å for G2 and 40.5 Å for G3, respectively.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

There has been increasing interest in the bottom-up strategy
for self-assembly of dendritic molecules in recent years.1 As
one type of the most intriguing supramolecular building
blocks, gelators2 have attracted considerable attention of
chemists and biochemists owing to their potential applica-
tions in cosmetics, catalysis, drug delivery, food, tissue engi-
neering, textile, paper, and photographic industry.3 Dendritic
molecules, which locate somewhere between small organic
molecules and polymers, are of particular importance in
gel technology because they combine the advantages of
well-defined structures and the capability of forming multi-
ple non-covalent interactions.4

As early as 1986, Newkome and co-workers initiated the re-
search field of dendritic gelators. They reported a series of
arborol-shaped hydrogelators and presented the structural
effects on gelation by changing the linkers of two arborols.5

Aida and co-workers reported the first example of dendritic
organogel in 2000 by using Fr�echet-type dendrons with
a peptide-core.6 Great emphasis has been placed on the
design of dendritic gelators that are capable of gelling
in various solvents from then on. For example, Smith
and co-workers reported a series of one-component and
two-component dendritic gelators.7 They described in detail
the effects of various factors on two-component gel-phase
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self-assembly, such as spacer chain,7a generation of den-
drons and dendrimers,7b solvents,7c stereochemistry,7d ratio
of two components,7e and peripheral groups.7f Majoral
et al. synthesized thermoreversible hydrogels based on
water-soluble phosphorus-containing dendrimers.8 Kim et al.
used amide dendrons and dendrimers with surface alkyl-9a

and alkynyl-containing9b tails to form gel-phase materials
in organic solvents. Grinstaff et al. reported the synthesis
of dendritic-linear hybrid polymers containing methacrylate
units on the periphery.10 They found that the double bonds
could be crosslinked via in-situ photopolymerization to
form hydrogels. In addition, Stupp and co-workers devel-
oped a series of rod-coil hybrid dendritic organogelators,11

some of which could self-assemble into nanoribbons with
potential applications in electronic devices.11a,b

In recent years, dendritic gelators based on natural amino
acids have been developed into a very active field for the
advantages of biocompatibility, biodegradability, and less
toxicity possessed by dendritic peptide structures.12 For ex-
ample, Smith et al. synthesized a series of dendritic gelators
on the basis of L-lysine.7 Moreover, L-lysine-based dendritic
hydrogelators were also described by Stupp and co-
workers.13 They announced that the hydrogels with unique
properties could be used in cell and tissue engineering.13a

However, most of the peptide dendritic gelators are con-
structed from one kind of amino acid. Interestingly, if two
or more types of amino acids are used in the construction
of dendritic gelators, the structural diversity (similar to the
sequence variety of natural proteins and peptides) of gelators
could be resulted. As an example, Chow and Zhang14 syn-
thesized a series of dendritic gelators on the basis of three
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different amino acids—alanine, phenylalanine, and valine.
They found that the gelation properties were influenced by
the layer sequence of the amino acids.14a We previously re-
ported a G3 dendron based on two natural amino acids—gly-
cine (Gly) and L-aspartic acid (Asp), which could act as an
effective dendritic organogelator,15 however, it only gelled
in mixed solvents. In order to seek more efficient dendritic
gelators and further elucidate the structural effects on gela-
tion properties, L-aspartic acid was replaced by L-glutamic
acid (Glu) in the structure of newly synthesized dendrons.
As expected, the Gly–Glu dendrons showed stronger gela-
tion ability than the Gly–Asp ones although their structures
were quite similar. Herein, we report the gelation properties
of Gly–Glu dendrons from the first to third generation (G1 to
G3) and the deprotected dendrons with focal –NH2 or
peripheral –COOH groups, that is, G1-NH2, G2-NH2, G1-
COOH, and G2-COOH in various solvents, respectively.
The structures and driving forces of the gel-phase assemblies
are also described in this article.

2. Results and discussion

2.1. Synthesis and characterization

The synthesis of Gly–Glu dendrons from G1 to G3
(Scheme 1) has been previously reported.16 G1 was
synthesized by the coupling reaction of Boc-glycine
H2N COOH
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Scheme 1. Structures and convergent synthesis of Gly–Glu dendrons. Reagents and conditions: (a) p-toluenesulfonic acid, benzene, benzyl alcohol, reflux; (b)
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(Boc¼tert-butoxycarbonyl) and benzyl-protected L-glu-
tamic acid in the presence of dicyclohexylcarbodiimide
(DCC), while the benzyl-protected L-glutamic acid was pre-
pared from the esterification of L-glutamic acid (1, Scheme
1) with benzyl alcohol. G2 and G3 were synthesized by
repeating the following convergent reactions: removing the
Boc group of the lower generation dendrons with trifluoro-
acetic acid (TFA), and then coupling the resulted N-depro-
tected intermediate (e.g., 2, Scheme 1) with G1-COOH
(Scheme 1) derived from G1 by Pd-catalyzed hydrogena-
tion. The yields of G1, G2, and G3 were 80, 60, and 50%,
respectively. The chemical structures and purities of the den-
drons have been verified by elemental analysis, 1H NMR,
13C NMR, FTIR, MALDI-TOF MS. In order to better under-
stand the structural effects on the gelation properties, the
first- and second-generation deprotected dendrons with focal
–NH2 or peripheral –COOH groups, such as G2-NH2 and
G2-COOH (Scheme 1) were also prepared.

2.2. Gelation properties

Table 1 summarizes the gelation properties of G1–G3 Gly–
Glu dendrons. As shown in Table 1, G1 did not gel in any
tested solvents, whereas G2 and G3 were efficient organo-
gelators. Specifically, G3 displayed stronger gelation ability
than G2. It could gel in various organic solvents at very low
concentrations. For example, the minimum gel concen-
tration (MGC) of G3 in methanol was 4 mg/mL (one G3
molecule could entrap about 1.3�104 methanol molecules).
It is interesting to note that the gelation ability increases
from G1 to G3, which indicates a positive dendritic effect
that the dendrons of higher generations are more efficient
to form gels. Smith and co-workers have first reported the
positive dendritic effect on the gelation of L-lysine-based
dendrimers.7g They ascribed it to the more extensive hydro-
gen-bonding interaction among the amide groups in den-
drimers with higher generations. In our case, G3 with
more dendritic branches could provide more hydrogen bond-
ing and p–p stacking sites, enhanced hydrophobic inter-
action and van der Waals force, all of which would
strengthen the gel-phase self-assembly.17 This result is also
consistent with that reported by Jang et al. They found that
the G2 and G3 Fr�echet-type dendrons with a dipeptide group
at the focal point6,18 were efficient in gelation because the
bulky dendritic wedges favored the stabilization of hydrogen

Table 1. Gelation properties of Gly–Glu dendrons in various solvents at
20 �Ca,b

Solvents G1 G2 G3

MeOH — OG (800) OG (4)
EtOH — TG (18) OG (16)
iPrOH — TG (25) OG (5)
iBuOH — TG (35) OG (17)
Acetone — — OG (4)
THF — — TG (15)
AcOEt — OG (50) OG (13)
Ethylether — OG (5) —
CHCl3 — — CG (22)
CH2Cl2 — — CG (11)

a —: Nongelation at concentration below 100 mg/mL. The value in paren-
theses is the minimum gel concentration (MGC, mg/mL) for gelation at
20 �C.

b OG: opaque gel; TG: translucent gel; CG: clear transparent gel.
bonds,6 whereas the first-generation dendron did not form
gels but only gave a crystalline solid.

In addition, the deprotected dendrons, i.e., G1-NH2, G1-
COOH, G2-NH2, and G2-COOH did not form gels. This
result is attributed to the absence of the Boc group or benz-
ene rings, indicating the important roles of hydrophobic and
p–p stacking interactions in gelation. It will be further dis-
cussed in the section of ‘gelation mechanism’.

Moreover, G2 could also gel in mixed solvents, such as the
mixture of cyclohexane and ethyl acetate (4/1, v/v) and the
mixture of diethyl ether and methanol (9/1, v/v). In compar-
ison with Gly–Asp dendrons, of which only the third gener-
ation could gel in mixed solvents (not gel in single
solvent),15 Gly–Glu dendrons appear to be more efficient ge-
lators. From the structural point of view, G2 and G3 Gly–
Glu dendrons possess more hydrophobic domains than
Gly–Asp dendrons because there is one more methylene
group in the structure of L-glutamic acid. These additional
hydrophobic domains might provide stronger hydrophobic
interaction and an optimum balance of multiple non-cova-
lent interactions, which led to efficient gelation. Suzuki
and co-workers have reported a coincident conclusion that
an appropriate hydrophilic–hydrophobic balance was impor-
tant for effective gelation of L-lysine-based low-molecular
mass organogelator (LMOG).19

It should be noted that Liu et al. recently reported the ultra-
sound induced gelation of a glutamic dendron.20 The small
dendritic molecule could form organogels under ultrasound
in mixed solvents. Notably, we have also observed the effect
of ultrasound on gelation: G2 and G3 Gly–Glu dendrons
could gel in both single and mixed solvents either by heating
or under ultrasound.

2.3. Morphology and structure analysis

Transmission electron microscopy (TEM) images of G2 xe-
rogel from ethyl acetate (Fig. 1(a)) and G3 xerogel from eth-
anol (Fig. 1(b)) show that the dendrons self-assemble into
fibrous network with the diameters no more than 100 nm. In-
terestingly, G3 xerogels from other solvents, such as acetone
and CH2Cl2, exhibit different morphologies. As shown in
Figure 1(c), a tangled fibrous network with the fiber width
ranging from 100 nm to 500 nm is observed when G3 gels
in acetone. The AFM image of G3 xerogel from CH2Cl2
(Fig. 1(d)) reveals that fibrous bundles with a width of ca.
1 mm are formed due to the intertwining of thinner fibers.

In order to explore the possibility of chiral structure of the gel,
circular dichroism (CD) spectra of G3 gel in ethanol (Fig. 2)
were recorded. Ordinarily, when the chromophoric moieties
self-organize into chiral or helical aggregates, the Cotton ef-
fect would appear.7b The solution of G3 did not show any CD
signal but the G3 gel gave a strong peak around 220 nm that
ascribed to the amide groups7b of the dendritic peptide
(Fig. 2(a)). Variable-temperature CD spectra of G2 gel in
ethanol exhibit that the signal intensity decreases with
increasing temperature (Fig. 2(b)), indicating the CD signals
should be attributed to the chiral organization in the gel-
phase assemblies rather than the chirality of the molecules,
though chiral morphology is not observed by TEM and AFM.
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Figure 1. TEM images of gels prepared from G2 in ethyl acetate (a), and G3 in ethanol (b) and acetone (c) and AFM image of gel prepared from G3 in CH2Cl2 (d).
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Figure 2. CD spectra (a) of G3 in ethanol; dendritic gel (4 mg/mL; black line) and nongelled solution (0.1 mg/mL; red line); variable-temperature CD spectra
(b) of dendritic gel from G2 in ethanol (50 mg/mL; from 25 to 65 �C).
Two-dimensional (2D) wide-angle X-ray diffraction
(WAXD) and small-angle X-ray scattering (SAXS) were
carried out on gels and xerogels in order to reveal the pack-
ing patterns of the assemblies. No diffraction was detected
for gels presumably because of strong scattering from the
solvents. The WAXD pattern of G2 xerogel from ethyl ace-
tate (Fig. 3(a)) shows the diffraction peaks corresponding to
d spacings of 35.5, 18.7, 11.7, 9.2, and 7.2 Å, respectively.
The d values are in the ratio of 1:1/2:1/3:1/4:1/5, suggesting
an ordered lamellar structure with an interlamellar spacing
of 35.5 Å. G2 xerogel from ethanol displays the same
lamellar structure with an interlamellar spacing of 36.4 Å.
In addition, the SAXS pattern (Fig. 3(b)) indicates that G3
dendron in CH2Cl2 also self-assemble into a lamellar struc-
ture with an interlamellar spacing of 40.5 Å.
2.4. Gelation mechanism

Variable-temperature 1H NMR spectra (Fig. 4) were em-
ployed to reveal the driving effect of hydrogen bonding in
gelation. G3 was dissolved in CDCl3 and 1H NMR measure-
ments were performed at 24, 35, 45 , and 55 �C, respectively,
with one sample at the concentration of 13 mg/mL. The
CDCl3 solution of G3 was a ‘sol-type’ solution rather than
a rigid gel because the gel-phase samples could not give
1H NMR signals due to the immobilization of the dendritic
molecules in the assembled networks. The 1H NMR peaks
in the range of 5–9 ppm correspond to the protons of amide
groups in the peptide blocks, except that the strongest peak
around 7.30 ppm is attributed to the protons of benzene rings
and the peak at ca. 7.26 ppm is attributed to the protons of
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Figure 3. WAXD pattern (a) of G2 xerogel from ethyl acetate and SAXS pattern (b) of G3 xerogel prepared from CH2Cl2.
incompletely deuterium-replaced solvent CHCl3. As shown
in Figure 4, up-field shifts of amide group protons were
observed as the temperature was increased. For example,
the peaks at 8.49 ppm and 5.72 ppm at 24 �C shifted to
8.11 ppm and 5.66 ppm at 55 �C, which indicated the weak-
ening of hydrogen bonds of amide groups and implied that
the hydrogen-bonding interaction played a key role in medi-
ating the gel-phase assembly.7g

The driving effect of hydrogen bonding in gelation could
also be proved by using FTIR spectroscopy. Figure 5 shows
the FTIR spectra of G3 solid and G3 xerogel formed from
CHCl3. G3 solid exhibits characteristic bands of stretching

Figure 4. Variable-temperature 1H NMR spectra of dendritic gel formed by
G3 in CDCl3 (13 mg/mL) measured at 24 �C (a), 35 �C (b), 45 �C (c) and
55 �C (d).
vibration of N–H at 3303 cm�1 and C]O at 1655 cm�1

(amide I) and blending vibration of N–H at 1536 cm�1

(amide II), while the gel sample shows that the vibration
bands shift to 3290 cm�1 (N–H stretching), 1632 cm�1

(amide I) and 1545 cm�1 (amide II), respectively, indicating
the presence of hydrogen bonding interaction in the gel-
phase assembly. Such a result is consistent with that reported
by Suzuki et al.,21 where they found similar IR vibration
band shifts in the LMOG based on L-valine and L-isoleucine.

Fluorescence spectroscopy with pyrene as a probe was em-
ployed to explore the contribution of hydrophobic interac-
tion to gelation. It is well known that the intensity ratio
I1/I3 of pyrene emissions is an indicator for the polarity of
the microenvironment in the solution (I1 and I3 represent
the intensities of the first and the third peaks of the quintuple
peaks in the emission of pyrene, respectively).22 In our study,
the ratio I1/I3 decreased with the increase of G2 concentra-
tion in ethanol, indicating that the nonpolar domains formed
owing to the hydrophobic interaction22 among hydrophobic
units and the p–p stacking interaction15 among peripheral
benzene rings of the dendrons. In addition, the WAXD
diffraction peak appearing at 24.6� 2q-angle (Fig. 3(a))
could also prove the existence of p–p stacking in the gel-
phase material according to Harris and co-workers.23

3. Conclusions

In summary, dendrons of different generations (G1–G3)
with glycine and L-glutamic acid as building blocks have
been successfully synthesized and their gelation properties
were investigated. G2 and G3 dendrons are capable of form-
ing gels in various organic solvents including single and
mixed solvents, and G3 dendron is a more efficient dendritic
gelator than G2. Variable-temperature 1H NMR, fluo-
rescence and FTIR spectra reveal that hydrogen bonding,
p–p stacking and hydrophobic interaction are the main driv-
ing forces for the fibrous assemblies. WAXD and SAXS
measurements indicate that G2 xerogels (from ethyl acetate
and ethanol) and G3 xerogel (from CH2Cl2) all display
lamellar structures with the interlamellar spacing of ca.
36.0 Å for G2 and 40.5 Å for G3, respectively. The inves-
tigation of structural effects on the gelation behavior of
natural amino acids-based dendritic gelators may provide
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Figure 5. FTIR spectra of G3 solid (solid line) and G3 xerogel formed from CHCl3 (dashed line).
immense opportunities for the bottom-up fabrication of
supramolecular biomaterials.

4. Experimental

4.1. Materials and synthesis

Unless stated otherwise, all reagents and common solvents
were obtained from commercial sources and used as re-
ceived. HPLC grade ethanol used for circular dichroism
and fluorescence spectroscopy measurements was purchased
from Tianjin Shield Company (China). All the dendritic
molecules were synthesized according to the method
reported previously.16

4.2. Gelation experiments

A certain amount of dendritic gelator was mixed with a mea-
sured volume of pure solvent in a septum-capped vial with
a diameter of 1 cm and then heated in an oil bath for
5 min. The mixture was sonicated under ultrasound at ambi-
ent temperature for 30 min and then was allowed to stand for
24 h. A stable gel was formed if a ‘solid-like’ phase (i.e., no
flow) was observed when inverting the vial. Some samples
could form gels directly under ultrasound and did not need
to be heated. MGC was determined by weighing up a mini-
mum amount of dendritic gelator needed for the formation of
a stable gel.

4.3. Measurements

4.3.1. Transmission electron microscopy. TEM measure-
ments were performed on a JEM-100 CXII microscope,
being operated at an acceleration voltage of 100 kV. Gel
samples used for TEM were loose gels and dropped on
carbon-coated formvar 200 mesh copper grids. Excess gels
were removed leaving some small patches of gels on the
grids after 1 min. The solvents evaporated spontaneously
at room temperature before measurements.

4.3.2. Atomic force microscopy. Tapping-mode AFM
measurements were performed using a SPA-400 Multimode
AFM and SPI3800N Probe Station. Loose gel samples were
dropped on freshly cleaved mica surface and solvents evapo-
rated spontaneously at room temperature before imaging.
4.3.3. Circular dichroism measurements. CD spectra of
gels and solutions were recorded on a Jasco J-810 spectro-
polarimeter equipped with a Julabo F25 thermostatic appara-
tus. The samples were dropped into or prepared in a quartz
cuvette with a path length of 0.1 mm.

4.3.4. Variable-temperature 1H NMR measurements.
Variable-temperature 1H NMR measurements were per-
formed on a Varian Mercury 300 MHz spectrometer using
CDCl3 as solvent and tetramethylsilane (TMS) as an internal
standard. The sample of G3 in CDCl3 with a concentration
of 13 mg/mL was heated and left for 24 h before measuring.
The temperature of sample was increased from 24 to 55 �C
and kept at 24, 35, 45, and 55 �C for 10 min, respectively,
during the measurement.

4.3.5. FTIR spectroscopy. FTIR spectra were obtained on
a Nicolet Magna-IR 750 spectrometer and the samples
were planished on the surface of a diamond-sheet before
scanning for 64 times. The solvent of the gel sample evapo-
rated spontaneously at room temperature before measure-
ments.

4.3.6. Fluorescence spectroscopy. The fluorescence spec-
troscopy measurements were carried out on a Hitachi
F-4500 fluorescence spectrophotometer at room temperature.
The different amount of G3 samples were dissolved in a
pyrene ethanol solution (5�10�6 M) and left for 24 h before
measurements. The excitation wavelength was 335 nm and no
excimer peak was observed in the emission spectra.

4.3.7. Wide-angle X-ray diffraction. 2D WAXD measure-
ments were performed on a Bruker D8 Discover diffracto-
meter with GADDS as a 2D detector. Diffraction patterns
were recorded in a transmission mode at room temperature
employing Cu Ka radiation (l¼0.154 nm) and the air scat-
tering was subtracted from the sample patterns. The gel sam-
ples were xerogels with the solvents being taken out in vacuo
at room temperature.

4.3.8. Small-angle X-ray scattering. SAXS measurements
were performed on equipment with a SAXSess camera
(Anton-Paar, Graz, Austria), which is connected with an
X-ray generator (Philips) operating at 40 kV and 50 mA
employing Cu Ka radiation (l¼0.154 nm). The 1D scatter-
ing function (log I (q)) was obtained by integrating the 2D
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scattering pattern, which was recorded on an imaging-plate
detector (Perkin–Elmer) using SAXSQuant software
(Anton-Paar, Graz, Austria). The xerogel sample for SAXS
was prepared in a similar way to the samples for WAXD.
It was sealed in a solid sample holder and the blank scatter-
ing was subtracted from the sample scattering to obtain the
xerogel exact diffraction pattern.
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