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Abstract

Two peptide based dendrimers containing L-aspartic acid as the branching unit and succinic acid/terephthalic acid as the core unit were syn-
thesized, characterized, and studied. These dendritic peptides form gels in various organic solvents including n-hexanol, benzene, toluene, chlo-
robenzene, 1,2-dichlorobenzene, o-xylene, tetralin, and nitrobenzene. Gels were characterized by freeze fracture transmission electron
microscopic (FF-TEM), field emission scanning electron microscopic (SEM), transmission electron microscopic (TEM), wide angle X-ray pow-
der diffraction (WAXPD), and variable temperature FTIR (VT-FTIR) studies. The VT-FTIR study indicates that amides and ester groups are
involved in intermolecular hydrogen bonding in the gel state. Two transitions have been observed for both the dendrimer gels upon heating:
the first one corresponds to the gel to sol transition and corresponds to the breaking of hydrogen bonds between esters and amides; the second
one corresponds to the breaking of hydrogen bonds between amides. In the case of dendrimer 1 structural reorganization occurs in the sol state
after the first transition, which is absent in the dendrimer 2 in the sol state. FF-TEM observations showed that both dendritic peptides form
a platelet structure in gel state. SEM images of these dried gels indicate different geometry in different solvents in their self-assembled gel state.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Over the past 15 years, it has been recognized that the for-
mation of gel-phase materials using self-assembling discrete
‘small’ molecules is one of the most exciting frontiers of su-
pramolecular chemistry.1 In order to generate a gel-phase ma-
terial it is necessary to select or construct a molecular building
block which self-assembles through various non-covalent in-
teractions including hydrogen bonds,2 pep stacking,3 metal
coordination,4 and van der Waals interactions.5 To generate
a tunable gel-phase material, it is therefore necessary to under-
stand and modulate the specific non-covalent interactions
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between individual building blocks in such a way that the
modulation in the molecular building blocks can be tran-
scribed up to the nanoscale/microscale structure and ulti-
mately to the macroscopic properties. The discovery and
development of low molecular weight organogels are specially
important due to numerous applications of gels as structure
directing agents,6 stabilization of organic photochromatic mate-
rial,7 in situ formation and stabilization of nanoparticle,8 light-
harvesting materials,9 drug delivery systems,10 dental composite
carriers,11 and in preparing dye sensitized solar cells12 and
others.13 Dendrons and dendrimers are particularly interesting
candidates for gelating the organic solvents. These dendritic
gelators possess some advantages as they contain many repeat-
ing functional groups within their branched architectures.14

Dendrons can be considered as individual dendritic branches,
whilst dendrimers are structures in which a number of den-
drons are attached to a single core unit and therefore their
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molecular weight is considerably high. These high molecular
weight dendrimers can be considered as a unique family of
nanoscopic building blocks.15 In the early 1990s, Newkome
and co-workers initiated the field by reporting dendritic
bola-amphiphiles with hydrophilic surfaces and hydrophobic
interiors that form hydrogels.16 In 2000, Aida and co-workers
reported the first one-component dendritic gelators for organic
solvent at low concentration.17 Simanek and co-workers also
reported dendritic gels based on triazines.18 Moreover, the
dendrimers based on a-amino acid units19 are of increasing in-
terest because of their structural resemblance to protein mole-
cules. Such biomimetic dendrimers20 represent a new of class
material, which can act as potentially novel drug delivery
agents having enhanced biocompatibilities. They have also
been used as biological mimics for the exploration and under-
standing the biological function of proteins.21 However, much
less attention has been paid to the self-assembly of natural
amino acid based dendrons and dendrimers, which form gels
under suitable conditions. Smith and his co-workers have stud-
ied gel-forming polylysine dendrimers22 and gel-forming be-
havior of glutamate based dendrimers has been studied by
Ranganathan et al.23 Recently, gelation property of poly
(GlyeAsp) dendrons and glutamic dendrons has been stud-
ied.24 Kim and co-workers have also used peptidic dendrons
that form gel-phased assembled materials, but they form gels
at relatively higher concentration (8% w/v).25 In this paper,
we present various organogels prepared from self-assembled
peptide based dendritic molecules. The gel-forming behaviors
of these materials have been studied using variable tempera-
ture FTIR studies in the gel-phase state, freeze fracture trans-
mission electron microscopic (FF-TEM), field emission
scanning electron microscopic (FE-SEM), high resolution
transmission electron microscopic (HR-TEM), and wide angle
X-ray powder diffraction (WAXPD) studies.

2. Results and discussion

2.1. Synthesis

The dendrimers based on L-aspartic acid were synthesized
in optically pure form according to Scheme 1 using a conver-
gent coupling methodology. Solution-phase approach was
a
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Scheme 1. Convergent synthesis of dendrimers 1 and 2. Reagents and conditions: (a) HOBt, DCC; (b) TFA, NaHCO3; (c) succinic acid, HOBt, DCC; (d) tereph-

thalic acid, HOBt (N-hydroxybenzotriazole), DCC (N,N-dicyclohexylcarbodiimide).
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used to get the desired compounds.26 DCC (1,3-dicyclohexyl-
carbodiimide) was used as coupling agent and HOBt (1-hy-
droxybenzotriazole) was used to suppress the racemization
of the chiral centers. The final products were purified by col-
umn chromatography using silica (100e200-mesh size) gel as
stationary phase and chloroformemethanol (95:5) mixture as
eluent and the products were characterized using 1H NMR,
13C NMR, and HRMS techniques.

2.2. Thermal behavior of the gel-phase materials

The dendrimeric molecules 1 and 2 are readily soluble in
different organic solvents with increasing the temperature
and when the solutions were allowed to cool at room temper-
ature, gels are obtained within half an hour. The gelling pro-
pensity of these reported dendrimers (1 and 2) in a wide
range of organic solvents including n-hexanol, toluene, ortho-
dichlorobenzene (o-DCB), chlorobenzene, nitrobenzene, tetra-
lin, and o-xylene was studied by dissolving a small amount
(<2% w/v) of compounds in the desired solvent under heating.
Upon cooling to below room temperature (30 �C), the com-
plete volume of the respective solvent is immobilized and
formed a gel. The gelation was confirmed by the inverted
test-tube method. Dendrimer 1 forms gels in those solvents
at fairly low concentrations (<1% w/v) (Table 1). The ‘tube in-
version’ method was used to measure solegel transition tem-
perature (Tgel) of all the gel-phase materials (1 and 2) in
different organic solvents at different concentrations. The
measured temperatures are plotted against the gelator concen-
tration to afford the phase diagrams presented in Figure 1 in
a specific representation ln(fag) versus T (fag being the unit
mole fraction of gelator and T is the corresponding gel melting
temperature). This specific representation is convenient when
thermodynamic parameters of the aggregates will be deter-
mined, since they are proportional to the slope d ln(fag)/dT
[see Eq. 1].
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Table 1

Gelation properties of dendrimers 1 and 2 in organic solventsa

Solvent 1 2

Methanol S S

Ethanol S S

n-Hexanol G(0.83) G(0.55)

o-DCB G(0.45) G(0.83)

Chlorobenzene G(0.56) G(0.83)

Nitrobenzene G(0.50) G(1.67)

Toluene G(0.83) G(1.67)

o-Xylene G(0.71) G(0.55)

Tetralin G(0.63) G(0.56)

Benzene G(0.55) I

a G: stable gel formed at room temperature, in parentheses: minimum gela-

tion concentration (% w/v), S: soluble, I: insoluble.
T is the absolute temperature, DG0
ag is the standard free

energy, DH0
ag is the standard free enthalpy, and DS0

ag is the en-
tropy of formation of the aggregates through a phase separa-
tion process. Tables 2 and 3 show the enthalpy and entropy
values of 1 and 2 in different solvents. Interestingly, these cal-
culated values show that there is clear enthalpyeentropy com-
pensation. When the enthalpy is large and favorable, the
entropy is large and unfavorable and when enthalpy is small,
so is the entropy. This is often seen in binding processes. A
comparison of the phase diagrams of a particular gelator
shows that standard free energies differ in different organic
solvents, which suggests that mechanism of aggregation is dif-
ferent in different solvents.27 The enthalpy values found by
this method are of the order of the magnitude of reversible
bonds such as hydrogen bonds between amides (ca.
15 kJ mol�1).

2.3. VT-IR studies

The IR spectra of the gels of the dendrimers 1 and 2 in 1,2-
dichlorobenzene gels (1% w/v) were recorded at different tem-
peratures. The IR spectrum of the gel (dendrimer 1) at low
temperature (Fig. 2) in the NH stretching area shows only
one major band at 3283 cm�1 that is characteristic of a hydro-
gen-bonded amide. The carbonyl stretching area shows a major
peak at 1641 cm�1, corresponding to a shift of the amide I
band of hydrogen-bonded amide. The spectrum at low temper-
atures also shows two shifts for the bands of the ester car-
bonyls 1731.3 cm�1 and 1737.2 cm�1. This demonstrates
that there are two sets of ester groups. The lower frequency
shift can be attributed to hydrogen-bonded ester groups and
the higher to free ester groups. The corresponding NH band
should be found at higher frequencies (in usual solvents up
to 3390 cm�1). It is not visible on the figure, but might lie un-
der the tail of the major peak around 3350 cm�1.

When the temperature is increased (Fig. 2), the NH stretch-
ing band has a maximum that shifts slightly and gradually up
to 3286.8 cm�1, and from 92 �C to 101 �C a steeper increases
to 3293.7 cm�1. The carbonyl band also shows a steep in-
crease although more modest in magnitude (from
1641.5 cm�1 to 1643.6 cm�1). The most important spectral
change in the carbonyl stretching area in this temperature
range concerns the relative intensities of the two bands of
the esters. The ratio of the intensities of the two different ester
bands shows a steeper increase from 92 �C to 101 �C (Fig. 3,
bottom). These changes allow the clear identification of a tran-
sition at a temperature of 95 �C, which is also observed from
the phase diagram (gel to sol transition). The intensities of the
amide A and amide I bands do not show a significant decrease
after the transition (Fig. 3). On the contrary the intensity in-
creases from 95 �C to 104 �C (Figs. 2 and 3, top). The increase
of the amide I band at 1643 cm�1 is highlighted in the differ-
ence spectra (Fig. 4). The same behavior is observed for the
maximum of the amide I band at 1643 cm�1 on Figure 2
and is highlighted by the differential representation (Fig. 4).
These spectral modifications show that after the transition
the amide groups remain linked by hydrogen bonds.
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Table 2

Gel/sol phase diagrams [ln(fag)a vs T] of dendrimer 1

Solvent d ln(fag)b/dT DH0
m

c/kJ mol�1 ln(fag)a DS0
m

d/JK�1 mol�1 DG0
m

e/kJ mol�1

o-Dichlorobenzene 0.047198 �53.1 �6.82 �87.7 21.0

Chlorobenzene 0.035828 �38.2 �6.93 �49.0 20.6

o-Xylene 0.033984 �42.5 �6.75 �53.5 21.8

Nitrobenzene 0.069129 �61.1 �6.92 �129.8 18.8

Tetralin 0.069411 �82.5 �6.63 �161.9 20.8

a fag is the unit mole fraction; T is in K.
b d ln(fag)/dT is the slope of the phase diagram (K�1).
c DH0

m is the standard enthalpy for the melting transition of the gels.
d DS0

m is the standard entropy for the melting transition of the gels.
e DG0

m is the standard free energy for the melting transition of the gels.
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Figure 1. (a) Concentrationetemperature phase diagrams ln(fag) versus T of dendritic gelator 1 in different solvents and (b) concentrationetemperature phase

diagrams ln(fag) versus T of dendritic gelator 2 in different solvents.
However, the displacements of the shifts of the NH stretch-
ing and the amide I bands show that the hydrogen bonds
strongly reorganize. The outlook of all the measured spectra
shows a second transition that occurs around 120 �C. The ratio
of the intensities of the bands at 1742 cm�1 and 1728 cm�1

also shows a steep increase. When the temperature reaches
122 �C, the NH band transforms into two bands at
3354 cm�1 and 3418 cm�1. The higher frequency band can
be attributed to free NH. The meaning of the lower band is
less obvious. Similar bands can be observed in nylons during
the Brill transition. They are related to amides linked through
hydrogen bonds that are weakened because of the disorder in-
duced by the chains by temperature.28 In the carbonyl region
the peak with the maximal intensity is found at 1680 cm�1,
but a large contribution at 1660 cm�1 is also observed, which
shows that the amides are organized in two different ways.

The IR spectra of the dendrimer 2 also show that, in the gel
state, most of the amides are bonded through hydrogen bonds
(Fig. 5, top) and that part of the ester groups is hydrogen-
bonded (Fig. 5, bottom), while the other part is free. The
Table 3

Gel/sol phase diagrams [ln(fag)a vs T] of dendrimer 2

Solvent d ln(fag)b/dT DH0
m

c/kJ mol�1 ln(fag)a DS0
m

d/JK�1 mol�1 DG0
m

e/kJ mol�1

o-Dichlorobenzene 0.043950 �48.2 �6.87 �75.5 20.7

Chlorobenzene 0.052047 �57.0 �6.97 �99.1 21.0

o-Xylene 0.034490 �43.6 �6.80 �55.3 22.1

Nitrobenzene 0.062531 �60.5 �6.74 �121.2 19.1

Tetralin 0.070373 �93.6 �6.68 �178.5 22.2

a fag is the unit mole fraction; T is in K.
b d ln(fag)/dT is the slope of the phase diagram (K�1).
c DH0

m is the standard enthalpy for the melting transition of the gels.
d DS0

m is the standard entropy for the melting transition of the gels.
e DG0

m is the standard free energy for the melting transition of the gels.
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evolution of the spectra when the temperature increases indi-
cates two transitions. The first one occurs at about 90 �C,
which is similar to the value of 89 �C observed from the phase
diagram (Fig. 1). The second one occurs at 130 �C. The first

Figure 2. IR spectra of 1% gel of dendrimer 1 in DCB at temperatures from

32 �C ( ) to 140 �C ( ). Top: NH stretching area. Bottom: CO

stretching area.

Figure 3. Gel of 1 in DCB (1% w/v): variation of spectral features with T. Top:

: shift of the max. NH band, : absorbance of the maximum. Bottom: :

shift of the max. Amide I band, : ratio of the absorbance of the bounded ester

bond (1742 cm�1) to free ester bonds (1729 cm�1).
transition is coincident with the transformation of hydrogen-
bonded esters to free ones. This can be seen in Figure 6 (bot-
tom). However, here the shift of the amide I shows almost no
change (from 1639.2 cm�1 to 1639.6 cm�1) from 60 �C to
110 �C (Fig. 6, bottom) and its intensity decreases. During
the gel to sol transition, unlike for the dendrimer 1, the amides
that are no longer hydrogen-bonded to the ester groups do not
reorganize and their intensity tends to decrease slightly. The
second transition is comparable with what happens with den-
drimer 1. However, the ratio of the intensity at 3354 cm�1 to

Figure 4. Differential IR spectra of 1% gel of dendrimer 1 in DCB at temper-

atures from 32 �C ( ) to 140 �C ( ).

Figure 5. IR spectra of 1% gel of dendrimer 2 in DCB at temperatures from

40 �C ( ) to 140 �C ( ). Top: NH stretching area. Bottom: CO

stretching area.
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the intensity at 3418 cm�1 is higher for dendrimer 2, thus
showing that the dendrimer 2 forms more free amides.

To conclude this VT-IR study, for both dendrimers the in-
termolecular interactions that are responsible for the gel state
are hydrogen bonds between esters and amides and between
amides and amides. The gel to sol transition corresponds to
the breaking of a few hydrogen bonds between amides and
esters. This leads to a reorganization of the hydrogen bonds
between the amides. The resulting bonds are likely intramolec-
ular, since they happen in the sol state. For dendrimer 2, the
breaking of the amide-to-ester hydrogen bonds does not lead
to any reorganization. The core of the dendrimer can perhaps

Figure 6. Gel of 1 in DCB (1% w/v): variation of spectral features with T. Top:

: shift of the max. NH band, : absorbance of the maximum. Bottom: :

shift of the max. Amide I band, : ratio of the absorbance of the bounded ester

bond (1738 cm�1) to free ester bonds (1728 cm�1).
explain the difference in behavior between both dendrimers.
For dendrimer 2 the rigidity of the central aromatic ring
impedes the ability to fold and make new intramolecular
hydrogen bonds between the amides. The energy of a hydrogen
bond29 between an ester and an amide is about 12 kJ mol�1.
This is weaker than the hydrogen bonds formed between
amides and explains why these bonds break first.

2.4. Wide angle X-ray diffraction study

Figure 7 demonstrates the X-ray diffraction pattern ob-
tained from dendrimers 1 and 2 in three different states
(bulk solid powder, gel in ortho-dichlorobenzene, and xerogel
in the same solvent) and the major peaks are listed in Table 4.
It was found that the structure in the bulk solid and the dried
gel is somewhat similar. The powder of dendrimer 2 shows
a better ordering than the dendrimer 1. As no distances have
been detected between 3.4 Å and 3.8 Å from this diffracto-
gram, we can conclude that there is no clear pep interaction
between the aromatic units in the self-assembled form of den-
drimer 2.

In the solid state of dendrimer 1, it is visible that the minimum
distance for dendrimer is only 11.4 Å, which is much shorter
than the length of the molecule in a extended conformation
where the maximal length is 24 Å. This is coherent with a mol-
ecule that can be backfolded. The structure in the wet gel state is
different from those in the dried gel and solid state structures.
These figures confirm that the molecular arrangements of the
fibers in gel state are distinctly different from that of the fibers
obtained from the bulk solid or dried gel.17b,30

2.5. Morphology and characterization

To obtain visual images of the assembled dendrimers 1 and
2 from various organic solvents, the morphologies of the
xerogels obtained from both dendritic compounds were
Figure 7. X-ray powder diffraction pattern of (A) dendrimer 1 and (B) dendrimer 2 in their (a) bulk solid, (b) wet gel, and (c) dried gel conditions.
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Table 4

Major peaks in the XRD pattern for dendrimers 1 and 2 in various conditions

Dendrimer d-Spacing [Å]

1 Bulk solid: 11.39, 9.96, 6.71, 5.14, 4.78, 4.14, 4.02, 3.02, 2.18

Wet gel: 6.79, 2.97

Dried gel: 11.43, 6.75, 5.12, 4.06, 3.09

2 Bulk solid: 29.43, 11.54, 6.70, 5.11, 4.87, 4.38, 4.05, 2.82,

2.35, 1.99

Wet gel: 6.48, 3.07, 2.18

Dried gel: 11.47, 6.40, 3.01, 2.82, 2.26, 1.99
investigated by field emission scanning electron microscopic
(FE-SEM) studies. The FE-SEM images of xerogel obtained
from dendrimers 1 and 2 in different solvents (Fig. 8) show
their nanoscale assembly. Dendrimers 1 and 2 form fibrous
nanoscale architecture. The micrographs of the dried gels
are strongly dependent on the gelling solvents. Xerogels of 1
and 2 from nitrobenzene show tape-like morphology of about
350e470 nm and 270e320 nm in width, respectively. On the
other hand, the xerogel obtained from ortho-xylene shows
Figure 8. Field emission scanning electron microscopic (FE-SEM) images of xerogels derived from (a) dendrimer 1 in o-xylene (1% w/v), (b) dendrimer 1 in

o-dichlorobenzene (1% w/v), (c) dendrimer 1 in nitrobenzene (1% w/v), (d) dendrimer 2 in o-xylene (1% w/v), (e) dendrimer 2 in o-dichlorobenzene (1% w/v),

and (f) dendrimer 2 in nitrobenzene (1% w/v).

Figure 9. Transmission electron microscopic (TEM) images of xerogels derived from (a) dendrimer 1 in o-xylene, (b) dendrimer 1 in nitrobenzene, (c) dendrimer 1

in o-dichlorobenzene, (d) dendrimer 2 in o-xylene, (e) dendrimer 2 in nitrobenzene, and (f) dendrimer 2 in o-dichlorobenzene.
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Figure 10. Internal structure of the gels revealed and visualized by FF-TEM. Gels derived from (a) dendrimer 1 in ortho-dichlorobenzene (1% w/v) and (b)

dendrimer 2 in ortho-dichlorobenzene (1% w/v).
a nanofibrillar network with a twisted geometry. It should be
noted that each fiber consists of a bundle of much thinner
fibrils with a range of diameters of 45e75 nm and 50e80 nm
in the case of dendrimers 1 and 2, respectively. Moreover these
fibrils are found to be several hundreds of nanometers long, in-
dicating the effective unidirectional ‘stacking’ of gelator units
in the assembled state. The helical twist that has been ob-
served is very interesting, since it is very common to biologi-
cal organisms.31 This method further throws lights on the
different morphologies that can be obtained from gel-phase
materials in different solvents. When we go to the different
solvent systems, the morphology also changes due to different
mode of aggregation in different solvents.

TEM images of xerogels of dendrimers 1 and 2 in different
solvents also show nanofibrillar networks (Fig. 9) in their gel
state. Interestingly, when using freeze fracture TEM, the gel
state at room temperature can be observed as a three dimen-
sional network of platelets. The gel-phase network formed in
1,2-dichlorobenzene solvent is illustrated in Figure 10a and
b. The structures formed by 1 are found to be approximately
100 nm large and 20 nm thick and the length up to 1 mm
long. Large areas of amorphous solvent are seen between
the structures (Fig. 10a). The objects formed by 2 are around
80 nm large and vary in thickness from 10 nm to 60 nm. Their
length is at least up to 0.5 mm (Fig. 10b). On the basis of these
results, we can see that the morphology of the gel-phase ma-
terials strongly not only depends on the nature of the gelling
solvents32 but also on the sample preparation.33

3. Conclusions

A one-component dendritic gelator unit self-organizes to
form supramolecular assemblies in aprotic organic solvents
(i.e., benzene, chlorobenzene, ortho-dichlorobenzene, ortho-
xylene, etc.). Gel material at low w/v percentage can be ob-
tained by these dendrimeric moieties based on peptides.
From FE-SEM and FF-TEM experiments, the nano-features
of the gel-phase material have been observed. FE-SEM also
illustrates the helical nature of the gel-forming fibers. FTIR
showed that in the gel state, hydrogen bonding exists between
amides and also between amide and ester. For the both den-
drimers, the gel to sol transition was shown by FTIR to
correspond to the breaking of the hydrogen bonds between
esters and amides. For dendrimer 1, during the transition,
the hydrogen bonds between ester and amides transform into
H-bonds between amides, and all the amides reorganize. For
dendrimer 2 the same bonds remain. For both dendrimers after
the transition, many hydrogen bonds between amide groups
are preserved in the sol, which suggests that these bonds are
intramolecular. A second transition at higher temperature is
observed. This is associated to the breaking of part of the hy-
drogen bonds between amides. Further research will attempt to
control the self-assembly behavior of a peptidic dendrimer
based gelator unit by modifying the functional groups which
are responsible for gelation and to address the question of
how the molecular structure regulates the gel stability and
gel formation behavior.

4. Experimental section

4.1. General methods and materials

Succinic acid, terephthalic acid, HOBt (1-hydroxybenzo-
triazole), DCC (dicyclohexyl carbodiimide), amino acids,
and Boc-aspartic acid were purchased from Sigma chemicals.

4.2. Synthesis

The dendritic L-aspartic acid derivatives with ethyl protect-
ing groups on the surface were synthesized (Scheme 1) by
conventional solution-phase method by using racemization-
free fragment condensation strategy. The Boc group was
used for N-terminal protection and the C-terminus was pro-
tected as ethyl ester.26 Couplings were mediated by dicyclo-
hexylcarbodiimidee1-hydroxybenzotriazole (DCC/HOBt).
All intermediates were characterized by 1H NMR (300 MHz)
and thin layer chromatography (TLC) on silica gel and used
without further purification. The final products (dendrons)
were purified by column chromatography using silica (100e
200-mesh size) gel as stationary phase and chloroforme
methanol (95:5) mixture as eluent. The purified dendrons
have been fully characterized by 300 MHz 1H and 13C NMR
spectroscopy.
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4.3. Synthesis of dendrons

4.3.1. Compound C
A sample of Boc-Asp-OH (2.33 g, 10 mmol) dissolved in

dimethylformamide (DMF) (30 mL) was cooled in an ice-
water bath and H-Asp-OEt (B) was isolated from 1.84 g
(13.2 mmol) of the corresponding ethyl ester hydrochloride
by neutralization and subsequent extraction with ethyl acetate
and the ethyl acetate extract was concentrated to 8 mL. It was
then added to the reaction mixture, followed immediately by
DCC (4.12 g, 20.0 mmol) and HOBt (2.70 g, 20.0 mmol).
The reaction mixture was stirred for 3 days. The residue was
taken up in ethyl acetate (40 mL) and the DCU was filtered
off. The organic layer was washed with 2 M HCl (3�40 mL),
brine (2�50 mL), 1 M sodium carbonate (3�40 mL), brine
(2�40 mL), dried over anhydrous sodium sulfate, and evapo-
rated in vacuum to yield C as a white solid. Purification was
done by silica gel column (100e200 mesh) using chloro-
formemethanol (95:5) as eluent.

Yield¼4.77 g (8.3 mmol, 83%). 1H NMR (CDCl3,
300 MHz, d ppm): 1.23e1.31 (m, 12H), 1.45 (s, 9H), 2.75e
3.03 (m, 6H), 4.12e4.25 (m, 8H), 4.78e4.83 (m, 3H), 6.01
(d, J¼6.9, 1H), 6.74 (d, J¼8.1, 1H), 7.58 (d, J¼7.8, 1H).
Anal. Calcd for C25H41N3O12 (575.3): C, 52.15; N, 7.30; H,
7.13. Found: C, 52.18; N, 7.29; H, 7.21. MS (HRMS) m/z
576.0724 (MþH)þ, m/z 599.0183 (MþNa)þ.

4.3.2. Compound D
Trifluoroacetic acid (5 mL) was added to C (2.88 g,

5.00 mmol) and the removal of Boc group monitored by TLC.
After 2 h, trifluoroacetic acid was removed under vacuum.
The residue was taken in water (20e30 mL) and washed with di-
ethyl ether (2�30 mL). The pH of the aqueous solution was then
adjusted to 8 with sodiumbicarbonate solution. The aqueous so-
lution was extracted with ethyl acetate (3�30 mL), dried over
anhydrous sodium sulfate, and evaporated in vacuum to yield
the white solid D.

Yield¼1.90 g (4.0 mmol, 80%). 1H NMR (DMSO-d6,
300 MHz, d ppm): 1.13e1.19 (m, 12H), 2.65e2.76 (m, 6H),
4.02e4.10 (m, 8H), 4.22e4.24 (m, 2H), 4.58e4.65 (m, 1H),
7.83 (br, 1H), 8.08 (br, 1H), 8.47e8.49 (d, J¼7.9, 1H).
Anal. Calcd for C20H33N3O10 (475.3): C, 50.49; N, 8.84; H,
6.94. Found: C, 50.32; N, 9.12; H, 6.54. MS (HRMS) m/z
476.2671 (MþH)þ, m/z 498.2023 (MþNa)þ.

4.4. Synthesis of dendrimers

4.4.1. Synthesis of 1
A sample of succinic acid (0.236 g, 2 mmol) dissolved in

dimethylformamide (DMF) (15 mL) was cooled in an ice-
water bath and D (2.90 g, 4.0 mmol) was then added to the
reaction mixture, followed immediately by DCC (0.82 g,
4.0 mmol) and HOBt (0.54 g, 4.0 mmol). The reaction mixture
was stirred for 3 days. The residue was taken up in ethyl ace-
tate (40 mL) and the DCU was filtered off. The organic layer
was washed with 2 M HCl (3�40 mL), brine (2�50 mL), 1 M
sodium carbonate (3�40 mL), brine (2�40 mL), dried over
anhydrous sodium sulfate, and evaporated in vacuum to yield
1 of white solid. Purification was done by silica gel column
(100e200 mesh) using chloroformemethanol (95:5) as eluent.

Yield¼2.07 g (2 mmol, 50.0%). [a]D
20 �22.5 (c 0.5,

MeOH). 1H NMR (CDCl3, 300 MHz, d ppm): 1.22e1.28 (m,
24H), 2.55 (s, 4H), 2.80e2.98 (m, 12H), 4.10e4.24 (m,
16H), 4.78e4.86 (m, 6H), 7.16 (d, J¼8.2, 2H), 7.45 (d,
J¼7.8, 2H), 7.77 (d, J¼8.3, 2H). 13C NMR (75 MHz, rt,
CDCl3, d ppm): 14.05, 14.07, 14.08, 14.11, 31.61, 33.96,
36.25, 37.29, 48.82, 49.04, 50.25, 61.04, 61.10, 61.78,
61.87, 170.53, 170.53, 170.65, 170.71, 170.82, 170.94,
172.30. Anal. Calcd for C44H68N6O22 (1033.02): C, 53.28;
N, 7.77; H, 6.29. Found: C, 53.25; N, 7.78; H, 6.30. MS
(HRMS) m/z 1033.0043 (M)þ, m/z 1055.9596 (MþNa)þ.

4.4.2. Synthesis of 2
A sample of terephthalic acid (0.33 g, 2 mmol) dissolved in

dimethylformamide (DMF) (15 mL) was cooled in an ice-
water bath and D (1.90 g, 4.0 mmol) was then added to the
reaction mixture, followed immediately by DCC (0.82 g,
4.0 mmol) and HOBt (0.54 g, 4.0 mmol). The reaction mixture
was stirred for 3 days. The residue was taken up in ethyl ace-
tate (40 mL) and the DCU was filtered off. The organic layer
was washed with 2 M HCl (3�40 mL), brine (2�50 mL), 1 M
sodium carbonate (3�40 mL), brine (2�40 mL), dried over
anhydrous sodium sulfate and evaporated in vacuum to yield
2 of white solid. Purification was done by silica gel column
(100e200 mesh) using chloroformemethanol (95:5) as eluent.

Yield¼2.16 g (2 mmol, 50.0%). [a]D
20 �10.7 (c 0.5,

MeOH). 1H NMR (CDCl3, 300 MHz, d ppm): 1.21e1.29 (m,
24H), 2.77e3.01 (m, 12H), 4.07e4.24 (m, 16H), 4.81e4.86
(m, 6H), 5.02 (m, 2H), 7.00 (d, J¼8.2, 2H), 7.84 (d, J¼5.9,
2H), 7.88 (s, 4H), 8.23 (d, J¼7.3, 2H). 13C NMR (75 MHz,
rt, CDCl3, d ppm): 14.00, 14.05, 14.07, 14.12, 33.90, 36.20,
37.21, 48.86, 48.98, 50.46, 61.02, 61.12, 61.84, 61.92,
127.50, 127.58, 166.32, 170.40, 170.42, 170.47, 170.56,
170.86, 170.91. Anal. Calcd for C48H68N6O22 (1081.08): C,
53.28; N, 7.77; H, 6.29. Found: C, 53.25; N, 7.78; H, 6.30.
MS (HRMS) m/z 1080.6094 (M)þ, m/z 103.6351 (MþNa)þ.

4.5. 1H NMR studies

All 1H NMR studies were carried out on a Brüker DPX
300 MHz spectrometer at 300 K. Compounds concentrations
were taken in the range of 1e10 mmol in CDCl3 and
(CD3)2SO.

4.6. Mass spectrometry

Mass spectra were recorded on a Hewlett Packard Series
1100MSD mass spectrometer by positive mode electrospray
ionization.

4.7. Polarimeter

PerkinElmer instrument. Model 341 LC Polarimeter.
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4.8. Wide angle X-ray diffraction study

The WAXS patterns were made on the gel of 1% (w/v) of
dendrimers 1 and 2 in ortho-dichlorobenzene. The experiment
was carried out in a Seifert X-ray diffractometer (C 3000) with
a parallel beam optics attachment. The instrument was oper-
ated at a 35 kV voltage and 30 mA current and was calibrated
with a standard silicon sample. The sample was scanned from
2� to 50� 2q at the step scan mode (step size 0.03�, preset time
2 s) and the diffraction pattern was recorded using a scintilla-
tion scan detector.

4.9. Scanning electron microscopic study

Morphologies of all reported dendritic gels were investi-
gated using field emission scanning electron microscopy
(FE-SEM). For SEM study, the gel materials were dried and
gold coated. Then the micrographs were taken in a SEM appa-
ratus (Jeol Scanning Microscope-JSM-6700F).

4.10. Transmission electron microscopic study

The morphologies of the reported gels were investigated us-
ing transmission electron microscope (TEM). Transmission
electron microscopic studies were done by placing a small
amount of gel (at its minimum gelation concentration) of the
corresponding compounds on carbon-coated copper grids
(300 mesh) and dried by slow evaporation. The grid was
then allowed to dry in vacuum at 30 �C for 2 days. Images
were taken by JEM-2010 electron microscope and FEI (Tecnai
spirit) instrument.

4.11. Freeze fracture transmission electron microscopic
studies

Transmission electron microscopy (TEM) was performed
with a Philips CM12 microscope operating at 120 kV. The
gel samples were placed between two copper holders and rap-
idly frozen in liquid nitrogen. The sample was kept frozen and
transferred into a freeze-fracture apparatus (developed by Dr.
J.-C. Homo) where the sample was cleaved. Pt was evaporated
onto the sample under 45� angle, and then carbon under a 90�

angle respective to the surface. The sample was warmed to
room temperature and the replica was rinsed with chloroform
and deposited on 400 mesh grids.

4.12. Variable temperature IR (VT-IR) spectroscopy

FTIR spectra were recorded on a Bruker Vertex 70 spectro-
photometer equipped with a thermostatic cell holder and a tem-
perature-controlling unit (Specac West 6100þ). The gels were
placed in a NaCl cell with an optical path of 0.1 mm.
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