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Self-Association of Bis-Dendritic Organogelators: The Effect of Dendritic
Architecture on Multivalent Cooperative Interactions
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Abstract: A series of bis-dendritic gela-
tors consisting of a benzamide dendron
and an alkyl dendron were synthesized
to investigate the dendritic effect on
self-assembly. The gelators with a first-
generation benzamide (benzamide-G1)
dendron or a first-generation alkyl
(alkyl-G1) dendron formed stable gels
in most aromatic solvents, and their
self-assembled fibrillar networks were
imaged by electron microscopy. The
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diffraction, and Fourier transform IR
studies revealed that introduction of a
dendritic branch strongly affected the
molecular packing as well as the
strength of intermolecular interactions.
Furthermore, concentration-dependent
diffusion coefficient measurements and
the evaluation of association constants
by 'H NMR spectroscopy indicated
that bis-dendritic gelators with a benz-
amide-G1 dendron possessed high as-

sociation constants and formed large
aggregates, whereas molecules with a
single benzamide formed dimers in
chloroform. The formation of self-as-
sembled fibrillar networks was driven
by the multivalent and cooperative hy-
drogen bonding observed in the benz-
amide-G1 dendrons. m—m stacking of
aromatic groups and van der Waals in-
teractions between alkyl chains also
played roles in the self-assembly pro-

unbranched molecule (G0-GO) or the
molecule possessing a second-genera-
tion benzamide (benzamide-G2) den-
dron did not form gels. Differential

. . assembly
scanning calorimetry, powder X-ray

Introduction

Dendritic architectures provide multiple reactive sites on
the interior and periphery of macromolecules together with
precise control over the number and chemical composition
of these sites.'! The development of synthetic strategies for
dendritic molecules has focused on supramolecular chemis-
try in which a well-defined molecular structure is necessary
for the design of intermolecular interactions.”! Various den-
dritic hybrid structures have been described, including den-
dritic wedges,*™ dendritic amphiphiles,® diblock dendrim-
ers”! and dendron-containing block copolymers.*'” Globu-
lar dendritic structures have been found useful for the for-
mation of supramolecular assemblies.
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cess, thus indicating that a spatial bal-
ance between two dendrons is impor-
tant.

dendri-

Dendritic architectures have also been used for construct-
ing organogelators, which, at low concentrations, immobilize
organic liquids by forming self-assembled fibrillar net-
works."! In most cases, hydrogen-bonding moieties intro-
duced at the focal point or along the branches!">! of the
dendron complement nonpolar interactions in the bulky
nonpolar dendron to stabilize the network.'! On the other
hand, Stupp and co-workers pioneered self-assembly of den-
dritic gelators containing hydroxyl groups at the periphery
and demonstrated various functionalities can be embedded
in the architecture.!'”

Introducing hydrogen-bonding moieties at the periphery
of a dendron allows cooperative multivalent bonding be-
tween many proximal moieties. In nature, multivalent inter-
actions between ligands and receptors are frequently ob-
served in supramolecular assemblies!'"® because cooperative
binding enhances ligand binding affinity, known as the ‘den-
dritic effect’.! Quantitative descriptions of the self-associa-
tion process are crucial for understanding the dendritic
effect at the molecular level. Because the gelation process
is, in principle, an aggregation process involving a large
number of molecules, it requires models that are more so-
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phisticated than the conventional dimerization model used
to describe binding between host and guest molecules. The
indefinite self-association models described by Martin*
have been applied to the gelation process in a few reports,*!!
although these models were originally developed to describe
ni—7t stacking interactions between adjacent DNA base pairs.

To investigate the molecular basis for the dendritic effect
in self-assembly, we synthesized a series of bis-dendritic
molecules consisting of benzamide and alkyl dendrons. The
benzamide moiety, a hydrogen-bonding motif used in crystal
engineering, was selected to investigate the effect of branch-
es on the molecular structure.” The hydrogen-bonding pat-
terns of benzamide are described by a combination of two
supramolecular synthons, R}(8) (a face-to-face hydrogen
bond utilizing syn-hydrogen atoms) and C(4) (a side-to-side
hydrogen bond utilizing anti-hydrogen atoms), which yield a
two-dimensional hydrogen-bonded network.”? A previous
attempt to construct an organogelator with the benzamide
moiety resulted in a gelator with modest gelation properties
due to the tendency of benzamide to form highly crystalline
aggregates.” Modifying benzamide at the ortho position
with a trifluoromethyl group improved the solubility while
maintaining the hydrogen-bonding ability.! By introducing
the modified benzamide moiety at the dendritic periphery,
we were able to make noncovalently bound polymeric nano-
particles by means of supramolecular chain collapse assisted
by hydrogen bonding.*!

The association of the dendritic benzamide moieties is ex-
pected to be multivalent and cooperative because they con-
tain multiple hydrogen-bonding sites, each of which forms a
two-dimensional hydrogen bond. The alkyl dendron should
also be important in forming aggregates because it provides
van der Waals interaction between alkyl chains and protects
benzamide hydrogen bonds from the solvent. The spatial
balance between two dendrons may play another role in
self-assembly, by balancing hydrogen bonding and van der
Waals interaction and allowing physical gelation at low con-
centrations.

In this study, the self-association of bis-dendritic gelators
was investigated by varying the generation of the dendron
on either side of the bis-dendritic molecules. By employing
various characterization techniques for xerogel and solution
states, we show that the existence of a dendritic branch pro-
duced a physical gel consisting of nanoscopic fibers, but the
gelation properties and intermolecular interactions were
found to be strongly dependent on the generation. The self-
association of the bis-dendritic gelators was fit to the indefi-
nite self-association models, and the results clearly demon-
strated that the dendritic effect plays a key role in the self-
association of bis-dendritic gelators by providing multivalent
and cooperative interactions.

Results and Discussion

Synthesis: A small library of bis-dendritic molecules, consist-
ing of benzamide dendrons and alkyl dendrons, was pre-
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pared by following the synthetic routes depicted in
Scheme 1.

Previously, we described the unusual crystal growth of 4-
dodecyloxy-2-trifluoromethylbenzamide  (G0-GO0), which
forms parallelogrammatic pipes by means of a polymorphic
transition.™ Based on the molecular architecture of G0-GO,
the first-generation benzamide dendron (benzamide-G1)
was synthesized by nucleophilic aromatic substitution
(SyAr) between the 4-nitro-2-trifluoromethylbenzonitrile (1)
and 3,5-dihydroxybenzyl alcohol.”! The main product re-
sulted from displacement of the nitro group (which was acti-
vated by the electron-withdrawing nitrile and trifluorometh-
yl groups) by phenoxides in the 3,5-dihydroxybenzyl alcohol.
Small quantities of side products consisting of 1- or 3-substi-
tuted compounds were also produced. Hydrolysis of the ni-
trile groups to benzamide groups and esterification of the
benzyl alcohol with 1-dodecanoic acid yielded the desired
compound, G1-GO.

To synthesize the second-generation benzamide dendron
(benzamide-G2), conversion of benzyl alcohol into benzyl
bromide was performed using the convergent approach de-
scribed for the synthesis of Fréchet-type benzyl ether den-
drons.””! Reaction of 4 with carbon tetrabromide and triphe-
nylphosphine in THF produced the desired compound (7).
Benzamide-G2 was obtained by further Sy2 reaction of 7
with 3,5-dihydroxybenzyl alcohol and hydrolysis of the ni-
trile groups into benzamide groups. Esterification between
the benzyl alcohol and 1-dodecanoic acid yielded the de-
sired G2-GO.

3,5-Bis(dodecyloxy)benzoic acid,” a double-alkyl-tailed
compound joined by a carboxylic acid moiety at the focal
point, was chosen for the construction of G1-G1. In the case
of GO0-G1, synthesis began with dimethyl 5-hydroxyisophtha-
late. After introduction of the benzamide group, hydrolysis
of the ester groups liberated the acid moieties, and subse-
quent esterification with 1-dodecanol yielded the desired
compound. Interestingly, during the hydrolysis of the nitrile
group, 3-(4-carbamoyl-3-trifluoromethylphenoxy)-5-methoxy-
carbonylbenzoic acid containing one free carboxylic acid
group was produced as a side product. The compound was
also converted into 5-(4-carbamoyl-3-trifluoromethylphe-
noxy)isophthalic acid (18).

Thermal properties: The thermal transitions of the products
were investigated by differential scanning calorimetry
(DSC) and polarized optical microscopy (POM) equipped
with a heating stage. Figure la—e shows DSC thermograms
of the bis-dendritic gelator molecules during the first heat-
ing cycle. Thermograms were recorded at a heating rate of
10°Cmin~" under a N, atmosphere. Thermograms of the
first and second heating/cooling cycles are provided in the
Supporting Information. Table 1 shows a summary of the
transition temperatures and corresponding transition enthal-
pies.

According to the previous analysis, GO-G0 possesses two
polymorphic forms, all-trans L and gauche-rich S.*% The
DSC thermogram of a solid of G0-G0 from toluene solution
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Scheme 1. Synthetic routes to the bis-dendritic molecules. a) 1-Dodecanol, NaH, THF, reflux, 15 h. b) KOH, H,O, EtOH, 60°C, 10 h. c) 3,5-Dihydroxy-
benzyl alcohol, K,CO;, DMSO, RT, 10 h. d) K,CO;, H,0, (aq), DMSO, RT, 2 h. e) 1-Dodecanoic acid, EDC, DMAP, THF, RT, 4 h. f) CBr,, Ph;P, THF,
RT, 30 min. g) 3,5-Dihydroxybenzyl alcohol, K,CO;, acetone, reflux, 48 h. h) H,SO, (cat.), MeOH, reflux, 20 h. i) 1-Bromododecane, K,COs;, acetone,
reflux, 48 h. j) KOH, EtOH, reflux, 2 h. k) 5, EDC, DMAP, THF, RT, 4 h. 1) Dimethyl 5-hydroxyisophthalate, K,CO;, DMSO, RT, 3 h. m) LiOH, THF/
MeOH/H,O 6:3:1, RT, 4h. n) 1-Dodecanol, EDC, DMAP, DMF, RT, 18 h. (EDC=1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride,
DMAP =4-dimethylaminopyridine.)

(Figure 1d) shows that the com-
pound possesses an S poly-
morphic form, an intercalated
bilayer lamellar structure that
consists of stronger face-to-face
hydrogen bonds between benz-
amide groups and a more
gauche-rich  configuration of
alkyl chains than the L poly-
morphic form. It seems that the
melting transition at 103°C cor-
responds to the cleavage of hy-
drogen bonds between benz-
amide groups and the premelt-
ing transition at 90°C corre-
sponds to the transition be-
tween alkyl-chain configura-
tions. No morphological change
was observed between 90 and
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Figure 1. DSC thermograms of the bis-dendritic gelator molecules a) G1-G1, b) G2-G0, c) G1-G0, d) G0-GO,

[e]
and €) GO-G1 during the first heating cycle. Thermograms were recorded at a heating rate of 10°Cmin"' in a 103°C.
N, atmosphere. POM images of compounds f) G1-G1, g) G1-G0, and h) G0-G1 showing liquid-crystalline tex- Compared to the thermal be-
tures. Scale bars represent 20 um. havior of GO0-GO, G1-G0
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Table 1. Thermal properties of the bis-dendritic gelators Gn-Gm.[*!

Entry 1st heating
G1-  124.26 (28.78)

1st cooling 2nd heating

90.60 (—26.59)

2nd cooling

n.d.lb! .d.[b!
Gl 13839 (52.96) 136.85 (35.90)
G2- n.d. n.d. n.d. n.d.
el
Gl- 12142 (21.69) n.d." n.d. n.d.
el

GO- 9026 (35.71) 79.81 (1.79)
G0 10250 (91.34) 020 8D 05 67 (92.81)

Go- 71.41 (29.28)
g1 OL6S (6470) 4920 (~48.50) oo

[a] Temperatures are expressed in °C. Transition enthalpies [Jg'] are
shown in parentheses. Positive and negative values represent endother-
mic and exothermic transitions, respectively. [b] n.d.: not determined.

78.17 (—84.06)

49.20 (—49.83)

showed a very weak and broad transition at 121°C that was
classified as a melting transition (Figure 1c). When observed
by POM, G1-GO0 showed a morphological change to a
liquid-crystalline state depicted in Figure 1g. The texture
persisted as the sample was cooled to room temperature.
However, the sample melted completely above 125°C and
remained amorphous when subjected to further temperature
changes. These results suggest that the initial alkyl-chain
transition was followed by cleavage of hydrogen bonds be-
tween benzamide groups. An increase in the melting transi-
tion temperature with a decrease in the corresponding tran-
sition enthalpy suggested that the benzamide-G1 dendron
increased the amount of intermolecular interactions but de-
creased the crystallinity.

POM imaging indicated that G2-G0 became isotropic at
92°C. However, G2-G0 did not show any detectable thermal
transitions in the DSC thermograms during the first and
second heating/cooling cycles (Figure 1b). This result implies
that the benzamide groups in the benzamide-G2 dendron of
G2-GO0 do not interact cooperatively and do not increase the
strength of intermolecular interactions even though the den-
dron has four potential interaction sites nearby. The benz-
amide groups in the benzamide-G2 dendron appeared to
have different orientations due to steric repulsion, and the
intermolecular association of the benzamide-G2 dendron
seemed to involve several molecules. Thus, the melting tran-
sition temperature of G2-G0 mainly reflects monomeric dis-
sociation of benzamide groups.

In Figure 1a, G1-G1 was characterized by the highest
melting transition temperature in the series, 139°C, which
suggests the importance of spatial balance in the molecular
structure. The melting transition was accompanied by anoth-
er premelting transition at 125°C, and POM analysis indicat-
ed that a liquid-crystalline state similar to that observed for
G1-GO appeared during the premelting transition tempera-
ture (Figure 1g). The state became isotropic above 140°C.
During the second heating cycle, the compound showed an
exothermic transition corresponding to crystallization at
91°C and an endothermic transition corresponding to melt-
ing at 137°C.

The melting transition temperature of GO0-G1 was ob-
served at 92°C during the first heating cycle (Figure le),
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and crystallization was also observed at 49°C on cooling.
During the second heating cycle, G0-G1 showed two endo-
thermic transitions consisting of premelting (71°C) and
melting (88°C), which were very similar to the transitions in
the thermogram of G1-G1 during the first heating cycle.
Similar liquid crystalline textures were also observed be-
tween the temperatures (Figure 1h). These results suggest
that introduction of a branch on either side of the dendri-
mer broke the symmetry of crystalline G0-G0 and promoted
anisotropic intermolecular interactions. Whereas an increase
in the number of benzamide groups enhanced the intermo-
lecular association to a certain extent, reflected in an in-
crease in melting transition temperature, an appropriate
number of alkyl chains was also important for stabilizing hy-
drogen bonds.

Gelation properties: All bis-dendritic molecules were sub-
jected to gelation tests in a variety of organic solvents. Each
compound was combined with solvent in a screw-capped
sample tube, and heated until the solid fully dissolved. The
solution was then cooled to room temperature, and gelation
was monitored by inverting the sample tube to see whether
the solution flows or not. The observed gelation behavior of
each solution is summarized in Table 2.

Table 2. Gelation of organic solvents by the bis-dendritic gelators Gn-
Gm.

G0-GO G1-G0 G2-G0 G1-G1 G0-G1
n-hexane P 1 1 G G
benzene S P P G S
toluene S G P G S
xylene S G P G S
chlorobenzene S G P G S
1-butanol S S 1 G S
chloroform S S 1 S S
ethyl acetate S S S S S
acetonitrile S S S S S
DMSO S S S S S

[a] Tested at 3 mgmL ™' concentration. G: gel. P: precipitation. S: solu-
tion. I: insoluble.

Compound GO0-GO showed good solubility in a range of
organic solvents with the exception of n-hexane, in which
crystallization occurred. While G0-G0 showed no gelation in
any solvent tested, compounds possessing a single branch on
the benzamide dendron (G1-GO), the alkyl dendron (GO-
G1), or both dendrons (G1-G1) formed a gel in most non-
polar solvents. Compound G1-G0 gelled in the aromatic sol-
vents toluene, ethylbenzene, and chlorobenzene but was in-
soluble in benzene or n-hexane. Compound G1-GO dis-
solved in the polar solvents such as ethyl acetate and
DMSO presumably due to the disruption of hydrogen bond-
ing. However, G2-G0 showed much poorer solubility in aro-
matic solvents, in which precipitation occurred when the
heated solution was cooled to room temperature. No gela-
tion properties were observed for G2-G0. Again, these
trends in gelation properties indicate that nonspecific hydro-
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gen bonding in G2-G0 involved a number of molecules. As
a result, insoluble aggregates were produced because the
relatively small alkyl groups could not provide the necessary
solubility in nonpolar solvents.

Compound G1-G1 showed not only enhanced solubility
relative to G1-GO0, but also underwent gelation in the widest
range of solvents, including aromatic solvents, n-hexane, and
1-butanol. The origin of the wide gelation window of G1-G1
was attributed to the well-matched spatial balance between
the benzamide dendron and the alkyl dendron, which coop-
eratively provided strong intermolecular interactions con-
sisting of hydrogen bonding, sm—m stacking, and van der
Waals interactions between alkyl chains.

Compound G0-G1 showed the best solubility in the series
because the relatively large alkyl dendron seemed to im-
prove solubility in organic solvents. It only formed a stable
gel in n-hexane, presumably due to the favorable packing of
the alkyl-G1 dendron. It should be noted that the com-
pounds possessing benzamide-G1 dendrons formed gels in
aromatic solvents, and the compounds possessing alkyl-G1
dendrons formed gels in n-hexane.

The microscopic structure of the gel was investigated by
field-emission SEM (FE-SEM). Figure 2 shows representa-
tive FE-SEM images of the xerogel of G1-G0, G1-G1, and
G0-G1 formed in various solvents (additional SEM and
TEM images are presented in the Supporting Information).

Figure 2. FE-SEM images of the xerogel of G1-G0, G1-G1, and G0-G1
formed in various solvents (a—g), and solids of G0-G1, G0-G0, and G2-
G0 obtained by evaporation of a solution drop on a Si wafer. a),b) G1-
GO in toluene. c) G1-GO in xylene. d) G1-G1 in benzene. e) G1-G1 in tol-
uene. f) G1-G1 in 1-butanol. g) GO-G1 in n-hexane. h) GO-G1 in toluene.
i) GO-GO in toluene. j) G2-GO in chlorobenzene.
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These images clearly show that well-defined nanofibers
were formed by self-assembly of the bis-dendritic gelators
that contained at least one branch on one side of the bis-
dendritic gelator, which yielded a physically cross-linked fi-
brillar network in three dimensions. The diameter of the
nanofibers ranged from several dozen to more than a hun-
dred nanometers, which suggests that they are actually bun-
dles of smaller fibers. Interestingly, the self-assembled struc-
tures of G1-G1 shown in Figure 2d-f look like ribbons
rather than fibers: they are straight and rarely twisted. Com-
pared with G1-G0 and GO0-G1, the spatially well-balanced
molecular structure of G1-G1 seemed to provide more fa-
vorable packing of alkyl chains, strengthening and straight-
ening the self-assembled structure while reducing the curva-
ture. An SEM image of solid G0-G1 obtained by evapora-
tion of toluene also revealed a highly entangled fibrillar net-
work. This observation implied that self-association of GO-
G1 also occurs in toluene, similar to G1-G0 and G1-G1, al-
though the concentration at which the microscopic structure
appears has not been determined. Compound GO0-GO, ob-
tained by evaporation of toluene, only produced crystalline
solids as depicted in Figure 2i. It seems that the introduction
of a branch was essential for producing one-dimensional
growth of self-assembled structures instead of three-dimen-
sional growth of crystalline solids. The G2-G0 precipitate
formed in toluene showed a two-dimensional sheetlike mor-
phology on the micrometer scale, as shown in Figure 2j.

Analysis of self-assembled structures: The dependence of
the self-association properties on dendron generation for
the bis-dendritic gelator molecules was further investigated
for G1-G1, G1-G0, G0-GO, and GO0-G1 in toluene, but not
for G2-GO because it failed to form self-assembled struc-
tures in comparable conditions. Figure 3 shows powder

d=3.09nm

A
N e

d=2.05nm i,
A
\vw‘/ \ ot b)
\\NW g,
d=146nm

i

|
D N 9

d=297 nm
J/b\wm\hff\u\/\/\/\&i
T T T T T 1

10 20 30
20(°)

Figure 3. Powder XRD patterns of the compounds obtained from tolu-
ene. Patterns were normalized to the intensities of the first peaks. a) Xe-
rogel of G1-G1. b) Xerogel of G1-GO. c) Solid of GO-GO obtained by
evaporation. d) Solid of G0-G1 obtained by evaporation.
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XRD patterns of the xerogels of G1-G1 and G1-G0 in tolu-
ene, and the solids of G0-G0 and G0-G1 obtained by evapo-
ration of toluene.

The powder XRD patterns of G1-G1, G1-G0, and G0-G1
show characteristics of self-assembled materials consisting of
lamellar structures with different layer spacings, evident in
the sharp peaks that appear at small angles and the broad
peaks at wide angles. Compared with these XRD patterns,
crystalline G0-GO shows more refined signals accompanied
by higher-order reflections. The diffraction pattern of G1-
GO0 was interpreted as an intercalated bilayer lamellar struc-
ture with the layer spacing of d=2.05nm. However, this
spacing is quite small considering that the extended length
of the molecule is around 2.5 nm. Therefore it appears that
the alkyl chains that filled the void between the relatively
large benzamide dendrons adopted the highly disordered
configuration. The intensity of the XRD pattern was rela-
tively weak, indicating poor periodicity in the self-assembled
structure and supporting the presumed presence of disorder
among alkyl groups.

In contrast with G1-G0, G1-G1 showed much more re-
fined signals with strong intensities that reflected balance in
the molecular structure of G1-G1. Moreover, a peak at 2.9°
and following higher-order reflections indicated the much
longer lamellar spacing of d=3.09 nm than that of G1-GO.
Introduction of the alkyl-G1 dendron therefore provided
better packing of the alkyl groups and increased van der
Waals interactions. The straight and rarely twisted morphol-
ogy of G1-G1 compared with the fibrous G1-G0 could be
also attributed to balance in the molecular structure.

The effect of the alkyl-G1 dendron is also evident in GO-
G1, which showed an XRD peak at 3.0° corresponding to
the layer spacing of d=2.97 nm. The observation that layer
spacing of GO0-G1 is slightly smaller than G1-G1 but much
larger than G1-G0 suggests that the packing of alkyl chains
determines the periodicity of the bilayer structure. XRD
patterns of GO-G1 obtained from a sample in toluene and a
xerogel of n-hexane were indistinguishable, which indicated
that they possessed identical self-assembled structures. In a
dilute solution in toluene, however, hydrogen bonding be-
tween single benzamide groups of G0-G1 may be too weak
to compensate for the entropy loss of alkyl chains, and mac-
roscopic gelation may not occur.

To gain insight into the driving force for gelation, FTIR
studies were conducted. Figure 4 shows the characteristic IR
absorption of G1-G1 and G1-G0 xerogels in toluene, and
G0-GO0 and G0-G1 solids obtained by evaporation of the tol-
uene. The spectra in Figure 4a—d show v(NH,) stretching vi-
bration frequencies at 3500-3100 cm ™" and v(CH,) stretching
frequencies at 3000-2800 cm ', and the spectra in Figure 4e—
h show v(C=0) stretching vibration frequencies of esters at
1750-1700 cm™'; amide I for v(C=0) stretching and amide II
for N—H in-plane bending coupled to a C—N stretching of
benzamides at 17001550 cm™"; and §(CH,) scissoring defor-
mations at approximately 1470 cm~'.**3

Benzamides are known to exhibit two bands correspond-
ing to asymmetric v, (NH,) stretching at approximately
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Figure 4. FTIR spectra of the compounds obtained from toluene evapora-
tion. a),e) Xerogel of G1-G1. b),f) Xerogel of G1-GO. c),g) Solid of GO-
G0 obtained by evaporation. d),h) Solid of G0-G1 obtained by evapora-
tion.

3400 cm ! and symmetric v{(NH,) stretching at approximate-
ly 3200 cm™1.?*! Analysis of G0-GO in toluene again confirms
the presence of the S polymorphic form as suggested by the
DSC and powder XRD study.” In contrast with G0-GO, the
compounds with benzamide-G1 dendrons (G1-G1 and G1-
G0) showed much broader and redshifted v, (NH,) stretch-
ing frequencies, which indicated the presence of strong hy-
drogen bonds between N—H and C=0."! This observation,
also supported by broadened bands of amide I and amide II
shown at 1700-1550 cm™' in G1-G1 and G1-GO, suggests
that hydrogen bonding is the driving force for gelation. It
was noticed that frequencies of v{(NH,) stretching were
blueshifted to 3196 (G1-G0) and 3199 cm™' (G1-G1) com-
pared to those of G0-GO (3182 cm™"), presumably due to the
looser molecular packing in G1 series. These values are
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comparable to those found in the L polymorphic form of
G0-GO (3197 cm ).

A vibration band corresponding to v,(NH,) stretching of
GO0-G1 also shows a redshifted shoulder, but the frequency
of the main band appears at 3394 cm™, indicating the weak-
ness of hydrogen bonds in G0-G1. The same tendency is ob-
served for the frequency of v(NH,) stretching, which was
blueshifted (3201 cm™') compared to the corresponding
band in GO-GO. It seems that GO-G1 does not provide opti-
mal geometry for hydrogen bonding between benzamide
groups. The bulky alkyl-G1 dendron is large enough to
induce steric hindrance between the benzamide groups and
the favorable packing of alkyl chains is thermodynamically
more important than the benzamide hydrogen bonding for
stabilizing the self-assembled structure.

Analysis of bands corresponding to the methylene vibra-
tions provides more information on the packing of alkyl
groups. The CH, asymmetric v, (CH,) and symmetric v,-
(CH,) stretching vibrations of alkyl groups generally show
strong absorptions around 2918-2928cm~' and 2850-
2860 cm™!, respectively.®?” Inclusion of gauche conformations
in the alkyl group results in a blueshift in bands at frequen-
cies 2923-2928 and 2852-2860 cm™'. In the series, G1-G0
shows the highest frequency values for v,(CH,) (2926 cm™")
and v,(CH,) (2854 cm™) stretching vibrations, thus confirm-
ing that the spatially unbalanced alkyl chains are highly dis-
ordered, as suggested by powder XRD study. This trend is
also evident in 8(CH,) scissoring deformation frequencies,
for which inclusion of gauche conformations results in a red-
shift because G1-GO exhibits the lowest frequency, at
1456 cm™'. Apparently, the ordering of alkyl chains in G0-
G1 is comparable to G1-G1 and even G0-GO0, based on the
band frequencies of v,(CH,), v(CH,), and 8(CH,) vibra-
tions. This observation highlights the importance of alkyl
chains packing in the self-assembled structure. Again, an
FTIR spectrum of G0-G1 obtained from the n-hexane xero-
gel was identical to the spectrum shown in Figure 4d and h.

Examination of self-assembly in solution: In addition to
characterizing the self-assembly of bis-dendritic gelators in
the xerogel state, self-assembly behavior of bis-dendritic ge-
lators was examined directly in solution using concentra-
tion-dependent pulsed-field gradient spin-echo (PGSE)
NMR spectroscopy™ and concentration-dependent 'H solu-
tion NMR spectroscopy measurements.”3? Although deu-
terated toluene would have been the ideal solvent, chemical
shift overlap between residual solvent protons and the
amide and aromatic protons of the compound proved to be
problematic. Deuterated chloroform (CDCl;) was therefore
used because it provides a moderately nonpolar environ-
ment and does not interrupt hydrogen bonding. All the bis-
dendritic gelator molecules except for G2-G0 were soluble
in CDCl; and provided clear and distinct chemical shifts in
the concentration ranges of 1-100 mm.

By employing PGSE NMR spectroscopy techniques, dif-
fusion coefficients of the bis-dendritic gelators were deter-
mined at several concentrations. Because the Einstein—
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Stokes equation predicts that a diffusion coefficient is inver-
sely proportional to the hydrodynamic radius of a species in
solution, the diffusion coefficients obtained can be used to
estimate the degree of self-association in solution. Figure 5a
shows measured diffusion coefficients of the bis-dendritic
gelators.

a)

9.0x10™° - G

8.0x10™° ~——
7.0x10™ — L
6.0x1 0'“’—.

5.0x10™° -

Diffiusion coefficient (m’s™)

4.0x107° 4
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T ——— T ——
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6.0x10™
5.5x10™"
5.0x10™°

5x107° o

Weighted diffusion coefficient (a.u.)

0x10™

T ——
1 10
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Figure 5. a) Measured diffusion coefficients of the bis-dendritic gelators.
b) Viscosity corrected and molecular-weight weighted diffusion coeffi-
cients of the bis-dendritic gelators. Measurements were performed in
CDC(Cl; at 25°C. m: G1-G1; 0: G1-GO; e: GO-G1; o: GO-GO.

The relationship between the diffusion coefficient and the
concentration is clearly different for the G1 and GO series.
In the G1 series, diffusion coefficients varied from 5.8x 107"
to 3.1x10""m*s™" for G1-G1, and from 7.7x107" to 4.4x
10" m?s™! for G1-GO0. In contrast, the change of diffusion
coefficient was much smaller in GO series, ranging from
6.1x107" to 4.8x10 " m?s™! for GO-G1 and from 9.0x 107"
to 7.9x 107" m?s™" for GO-GO. The large difference between
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the G1 and GO series suggests that the association modes of
the two series are different.

To clarify the effect of a dendritic branch on benzamide
dendron self-association, the diffusion coefficients shown in
Figure 5a were corrected by solution viscosity determined
by the diffusion coefficient of residual chloroform. In addi-
tion, diffusion coefficients were normalized by the cubed
root of the bis-dendritic gelator molecular weight to remove
the effect of molecular volume (assuming that density is uni-
form across compounds and that molecular volume is pro-
portional to molecular weight). Again, the slopes shown in
Figure 5b clearly indicate that G1-G1 and G1-G0 form large
aggregates at high concentrations, whereas G0-G1 and GO-
GO appear to form dimeric species. These results imply that
the dendritic branch in the benzamide dendron is key to the
indefinite self-association and the formation of self-assem-
bled fibrillar networks.

Association constants of the bis-dendritic gelators were
evaluated by concentration-dependent solution 'H NMR
spectroscopy experiments in deuterated chloroform.
Figure 6 shows representative '"H NMR spectra of the bis-
dendritic gelator molecules G1-G1, G1-G0, G0-G0, and GO0-

a)

FsC,

[ e e N
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e

[

4
113 NH1 5
80 mM [lf e U

G1 at various concentrations. Peak assignments for each
molecule are also given. In the spectra, signals 1-3 appear
consistently at 6 =7-8 ppm and were assigned to the aro-
matic protons in the benzamide phenyl group. Other aro-
matic protons in the “branching” phenyl rings were also as-
signed for each generation of dendrons. Aliphatic protons
on the carbon adjacent to the ethereal oxygen or on the car-
bonyl carbon appeared at chemical shifts of d~4 ppm or ¢
~2.3 ppm, respectively. Below =2 ppm, peaks were as-
signed to aliphatic protons in the alkyl chains.

The amide protons in the benzamide group exhibited two
signals (NH1 and NH2) indicating restricted rotation of the
NH, group around its N—CO bond due to hydrogen bond-
ing.®! By considering that benzamides form two-dimension-
al hydrogen-bonding networks consisting of face-to-face hy-
drogen bonds by means of H;, atoms and side-to-side hy-
drogen bonding by means of H,,; atoms, the peak shifted
further downfield (NH1) was assigned to H,,, and the up-
field peak (NH2) was assigned to H,,;. As the concentration
increased, NH1 and NH2 shifted further downfield, and the
distance between NH1 and NH2 increased. The downfield
shift indicates proton deshielding by interaction with hydro-
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Figure 6. '"H NMR spectra of the bis-dendritic gelator molecules at various concentrations (300 MHz, CDCl,;, 25°C). a) G1-G1. b) G1-G0. c¢) G0-GO.
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gen acceptors (carbonyl oxygen in this case), consistent with
an increase in intermolecular hydrogen bonding among
benzamide groups. Notably, the extent of the downfield shift
was much larger in molecules containing a benzamide-G1
dendron than in molecules containing a single benzamide,
which indicated that the presence of the dendron enhanced
the hydrogen bonding. NH1 and NH2 signals in molecules
containing a single benzamide merged at a concentration of
approximately 10 mm but split when the concentration was
further decreased. Due to merging, concentration-dependent
chemical shifts of NH2 for G0-G0 and GO0-G1 yielded scat-
tered data points.

The measured dependences of NH1 and NH2 NMR spec-
troscopy shifts on bis-dendritic gelator concentration were
fit using association models described by Martin.””! Based
on the results of diffusion coefficient measurements,
Equal K (EK) and cooperative Equal K (coEK) models
were applied to the G1-G1 and G1-GO data as indefinite
self-association models, and a dimeric (DIM) model was ap-
plied to the GO0-G1 and GO0-GO0 data. Whereas the DIM
model describes the fraction of dimeric aggregates and non-
aggregated molecules in the solution with association con-
stant K,, the coEK model accounts for nearest-neighbor in-
teractions and represents indefinite association with Kg=
Kip=K;=K,=...=K, (0=K,/Kg). If p=1, the coEK
model converges to the EK model, which does not differen-
tiate between the nucleation and growth processes (isodes-
mic growth).’®* Figure 7a and b show concentration-de-
pendent '"H NMR spectroscopy shifts of NH1 and NH2 for
G1-G1, G1-G0, GO0-GO, and GO-G1, fitted to either the EK

FULL PAPER

model (G1 series) or the DIM model (GO series). Figure 7¢
and d show fits of the G1 series using the coEK model.
Table 3 shows a summary of the association constants and
fit parameters of the bis-dendritic gelators. Both models fit
well to all data sets for the benzamide-G1 series, but com-
parison of two models based on Akaike’s information crite-

Table 3. Association constants

of the bis-dendritic gelators Gn-Gm.

G1-G1 NH1 GI1-G1 NH2 G1-GO0 NH1 G1-G0 NH2
EK model
Ke v '] 2 28 » 16
P, [ppm] 573 5.80 578 581
P. [ppm] 7.87 6.42 7.82 6.54
fitting error!”! 3x1073 3x1073 1.2x1072 3x1073
coEK model
Ke v '] 49 33 39 39
P 0.240 1.00 0.431 0.860
K] 17 55 17 34
P, [ppm] 5.84 578 5.83 5.79
P. [ppm] 731 6.37 7.41 6.36
fitting error™® 7x1073 3x1073 1x1072 4x1073
G0-GONH1 GO0-GONH2 GO0-G1NH1 GO0-G1 NH2
DIM model
K, [M7] 2 3 5 6
P, [ppm] 5.64 572 5.71 577
P; [ppm] 8.34 6.15 7.22 6.18
fitting error™® 3x107° 3x1073 1x1073 1x107°

[a] For definitions of the symbols, see the Experimental Section. [b] The

fitting error was calculated as) | |(residual)

;% in which the residual is de-

fined by the difference between the experimental and the model fit.

rion method and the extra sum-
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Figure 7. Concentration-dependent 'H NMR spectroscopy shifts of NH1 and NH2 of the bis-dendritic gelator
molecules (300 MHz, CDCl;). a) NH1. b) NH2. Measured data points are shown as squares (G1 series) and
circles (GO series), and fits are shown as lines (G1 series, EK model) and dots (GO series, DIM model). c) Fits
of G1-G1 based on the coEK model. d) Fits of G1-G0 based on the coEK model.
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stants reported for toluene ge-
lators in chloroform,”' and, as
suggested previously, the associ-
ation constants are expected to
be much higher in toluene be-
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cause chloroform provides a
considerably more polar envi-
ronment than toluene. Observa-
tion of larger association con-
stants for G1-G1 than for G1-
GO implies that stabilization of
hydrogen bonding in nonpolar
environments by the sterically
bulky alkyl-G1 dendron is also
important for self-association.
Association constants of the
GO series corresponding to di-
merization were much smaller
than those of the G1 series, and
ranged from 2-6M~'. Consider-
ing that molecules consisting of
the benzamide-G1 dendron
possess twice as many benza-
mide groups at a given concen-
tration, the association con-
stants of the GO series are still
smaller than half of those of the
G1 series. Therefore, introduc-
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tion of the benzamide-G1 den-
dron significantly enhances the
strength and cooperativity of
hydrogen bonding. For the
system discussed here, this effect was explained by a reduc-
tion in entropy loss during successive association processes
of the benzamide-G1 dendron. When one of the benzamide
moieties in the dendron participates in aggregation by
means of hydrogen bonding, the next association by means
of hydrogen bonding will be more facile due to the restric-
tion on translational degrees of freedom. On the other
hand, dissociation of a single benzamide from the aggregate
will not be entropically favorable because it does not result
in complete dissociation from the aggregate.’® Again, asso-
ciation constants for G0-G1 were larger than those of GO-
GO.

The aromatic and benzylic protons also showed a depend-
ence of chemical shift on concentration. Peaks 1-3, corre-
sponding to aromatic protons in the benzamide phenyl
group, shifted upfield as the concentration increased. This
shift was attributed to increased shielding of protons from
n-m stacking between proximal aromatic rings.”>>" Peak 4
for the benzamide-G1 dendrons (G1-G1 and G1-GO) also
shifted upfield, because the H4 proton is located between
two aromatic rings in the benzamide-G1 dendron and expe-
riences the increased shielding upon aggregation.

In contrast, the H5 and H6 protons in G1-G1 and G1-G0
show only a slight shift downfield at low concentrations,
reach maximal chemical shifts at 20-25 mm, and then shift
upfield at higher concentrations. This trend is also observed
for the H7 and H8 protons in G1-G1 but not for H5 and H6
protons in GO-G1. Figure 8 shows the concentration-depen-
dent '"H NMR spectroscopy shifts of H1, H4, H5, and H8
protons in G1-G1.

a) H1. b) H4. ¢) HS. d) HS.
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Figure 8. Concentration-dependent 'H NMR spectroscopy shifts of protons in G1-G1 (300 MHz, CDCL;).

These results suggest that the branching phenyl rings
behave differently from the benzamide phenyl rings for the
molecules containing a benzamide-G1 dendron. A possible
explanation for the different behavior between types of aro-
matics is that a branching phenyl ring is nearly perpendicu-
lar to the benzamide phenyl ring and tends to form separate
weak stacking systems with the aid of van der Waals interac-
tions between the alkyl chains. Thus, the mechanism of gela-
tion in G1-G1 and G1-GO can be described as association of
the benzamide-G1 dendron by means of hydrogen bonding
and m—m stacking, and continued growth of aggregates by
the participation of branching phenyl rings and alkyl chains
through n—m stacking and van der Waals interactions.

This mechanism also explains why G1-G1 forms the most
stable gels in a variety of solvents, because G1-G1 achieves
the strongest intermolecular interactions by spatially balanc-
ing hydrogen bonding, n—m stacking, and van der Waals in-
teractions. Compound G1-G0 has weaker n—n stacking and
van der Waals interactions and its gelation relies to a great
extent on hydrogen bonding, which restricts the range of
solvents conducive to gelation. On the contrary, G0-G1
relies on mainly van der Waals interactions for gelation, so
stable gels form only in n-hexane, in which the interaction
between alkyl chains is maximized. Compound G0-G0 may
have a balanced molecular structure, but its intermolecular
interactions are weak in solution and crystallization is fa-
vored over gelation in the solid state. Figure 9 summarizes
the conclusion that self-assembly of the bis-dendritic gela-
tors can be reliably tuned by adjusting the generation
number of each dendron.

Chem. Eur. J. 2010, 16, 2427 -2441


www.chemeurj.org

Self-Association of Bis-Dendritic Organogelators

G0-G1: gel G1-G1: gel
AR - A B
Oulle AN

PN |
AP

AAAS I A

,,~ M,w

FULL PAPER

as a light source. FTIR spectra were
recorded on a Bruker EQUINOX-55
spectrometer using KBr pellets.

Compound 6 (G1-G0): Compound 5
(0.4 g, 0.778 mmol), 1-dodecanoic acid
(0.467 g, 2.333 mmol), and DMAP
(0.285 g, 2.333 mol) were dissolved in
THF (40 mL) and placed in a 100 mL
one-necked round-bottomed flask.
The reaction mixture was stirred at
0°C for 30min. EDC (0285¢g,
2.333 mmol) was added into the flask
and stirred for an additional 30 min.
The reaction mixture was warmed up
to room temperature and was stirred
for 3 h. Then, the reaction mixture was
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Figure 9. Relationship between the structure and properties of the bis-dendritic gelator molecules.

Conclusion

We prepared a series of bis-dendritic gelator molecules con-
sisting of benzamide and alkyl dendrons to study the rela-
tionship between macroscopic gelation (self-assembled fi-
brillar networks) and the molecular-level intermolecular in-
teractions. The generation-dependent gelation behavior re-
ported here demonstrates that multivalent cooperativity
among peripherally interacting groups in dendritic architec-
tures strongly affects the nature of intermolecular associa-
tion. Investigation of the influence of alkyl chains revealed
that spatial balance in the molecular structure is also very
important for balancing the intermolecular interactions and
for allowing gelation in a range of solvents.

Experimental Section

General: All starting materials were obtained from commercial suppliers
and were used without further purification. Syntheses of 1, 2, 3, 4, and 5
were published elsewhere.”**! Compound 14 was synthesized follow-
ing reported procedures. Synthesized compounds were structurally veri-
fied by NMR spectroscopy. MgSO, was used to dry all organic solutions
during workup procedures. Analytical TLC was performed on Kieselgel
60 F-254 precoated TLC plates. Silica 60 (230-400 mesh) from Merck
was used for flash chromatography. The 'H and “CNMR spectra were
recorded on a Bruker Fourier Transform AVANCE 400 spectrometer.
Chemical shifts were expressed in part per million using residual solvent
protons. High-resolution mass spectra (HRMS) of the compounds were
obtained on a VG Autospec Ultima mass spectrometer using the electro-
ionization method and on a Bruker MicroTOF-Q tandem mass spectrom-
eter using the electrospray ionization method. DSC studies were per-
formed on a TA Q100 calorimeter. Samples were measured in aluminum
hermetic cells under a N, atmosphere at a heating rate of 10°Cmin~".
POM studies were performed on a Nikon Eclipse ME600 microscope
equipped with a Mettler-Toledo FP82 hot stage and an FP90 central pro-
cessor. SEM studies were performed on a Philips XL30S FE-SEM instru-
ment for gold-sputtered samples. TEM studies were performed on an
EM 912 OMEGA TEM instrument for samples on a carbon-coated
copper TEM grid without staining. Powder XRD patterns were obtained
with a Rigaku D/MAX-RB diffractometer using a scan speed of
0.05°min ! and with sampling width of 0.01°, using Cuy, (4=0.154 nm)
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filtered, washed with 0.1m HCI (aq),
0.1m NaHCO;, and brine. The organic
layer was dried and evaporated in a
rotary evaporator. The excess dodeca-
noic acid was removed by precipita-
tion in n-hexane (0.491g, 88.3%).
M.p. 125°C; 'HNMR (400 MHz,
CDCl;, 25°C): 6=17.56 (d, 'J(H,H)=82Hz, 2H; ArH), 7.30 (d, 'J-
(H,H)=2.3 Hz, 2H; ArH), 7.41 (dd, 'J(H,H)=8.5 Hz, 2/(H,H)=2.3 Hz,
2H; ArH), 6.84 (d, J(H,H)=2.0Hz, 2H; ArH), 6.74 (s, 2H; NH of
amide), 6.44 (t, 'J(H,H)=2.3 Hz, 1H; OH), 6.00 (s, 2H; another NH of
amide), 5.06 (s, 2H; CH,0OH), 2.34 (t, 'J(H,H)=7.4 Hz, 2H; C=OCH,),
1.61 (t, 'J(H,H)=7.0 Hz, 2H; C=OCH,CH,), 1.24 (m, 16 H), 0.85 ppm (t,
'J(H,H)=6.2 Hz, 3H; CH;); "CNMR (100 MHz, CDCl,;, 25°C): 0=
173.4, 169.7, 157.5, 140.7, 130.7, 130.4, 129.3
(q, J(C,F)=32.6 Hz), 126.9, 122.9 (q, 'J(C,F)=272.2 Hz), 121.9, 117.3 (q,
*J(C,F)=5.1 Hz), 64.8, 34.1, 31.8, 29.5-29.1, 24.8, 22.6, 14.0 ppm; ESIMS:
m/z: caled: 697.2707; found: 697.2707 [M*]; caled: 719.2526; found:
719.5310 [M+Na*] ; elemental analysis caled (%) for C;sHsFoN,Oq: C
60.34, H 5.50, F 16.36, N 4.02, O 13.78; found: C 61.88, H 5.49, N 3.86.

Compound 7: Compound 4 (1.216 g, 2.091 mmol), carbon tetrabromide
(2.022 g, 6.097 mmol), and triphenylphosphine (1.600 g, 6.100 mmol) were
placed in a 100 mL three-necked round-bottomed flask. Under nitrogen
purging, THF (50 mL) was added into the flask. The reaction mixture
was stirred for 30 min at room temperature. Then the mixture was
poured into the excess water, and then extracted with ethyl acetate
(EA). The organic layer was dried and evaporated in a rotary evaporator.
The desired product was purified by flash column chromatography (EA/
hexane (Hx) 1:3 to 1:2) to yield a yellow solid (0.4 g, 353%). M.p.
<40°C; '"HNMR (400 MHz, CDCl,, 25°C): 6=7.80 (d, 'J(H,H)=8.6 Hz,
2H; ArH), 7.37 (d, J(HH)=2.5Hz, 2H; ArH), 7.21 (dd, J(H,H)=
8.6 Hz, YJI(H,H)=2.5Hz, 2H; ArH), 7.00 (d, J(H,H)=22Hz, 2H;
ArH), 6.73 (t, 'J(H,H)=2.2 Hz, 1H; ArH), 4.42 ppm (s, 2H; CH,Br);
C NMR (100 MHz, CDCl,, 25°C): 6=160.2, 155.9, 142.7, 136.9, 135.3
(g, Y(CF)=33.0Hz), 121.8 (q, J(C,JF)=272.7Hz), 120.5, 116.5 (q,
3J(CF)=4.8 Hz), 115.0, 111.9, 104.4, 31.0 ppm; ESIMS: m/z: calcd:
540.9981; found: 540.9988 [M+H*]; elemental analysis caled (%) for
Cy;H, BrFN,0O,: C 51.04, H 2.05, Br 14.76, F 21.06, N 5.18, O 5.91;
found: C 47.03, H 1.83, N 4.48.

Compound 8: Compound 7 (0.506 g, 0.935 mmol), 3,5-dihydroxybenzyl
alcohol (0.066 g, 0.468 mmol), potassium carbonate (0.161 g, 1.169 mmol),
and [18]crown-6 (0.024 g, 0.092 mmol) were placed in a 25 mL three-
necked round-bottomed flask and stirred. Acetone (5mL) was added
into the flask and the reaction mixture was refluxed under nitrogen purg-
ing for 24 h. Then the reaction mixture was cooled to room temperature,
filtered, and concentrated in a rotary evaporator. The mixture was dis-
solved again in EA, washed with water and brine, and dried. The organic
layer was evaporated in a rotary evaporator. The desired product was pu-
rified by flash column chromatography (EA/Hx 1:1) to yield a yellow vis-
cous liquid (0.365g, 36.8%). M.p. 65°C; 'HNMR (400 MHz, CDCl,,
25°C): 6=17.76 (d, 'J(H,H)=8.6 Hz, 4H; ArH), 7.36 (d, 'J(H,H)=2.4 Hz,
4H; ArH), 7.19 (dd, 'J(H,H)=8.6 Hz, %J(H,H)=2.5 Hz, 4H; ArH), 7.03
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(d, J(HH)=2.1Hz, 4H; ArH), 6.76 (t, J(H,H)=2.1 Hz, 2H; ArH),
6.58 (d, J(H,H)=2.1Hz, 2H; ArH), 6.42 (t, J(H,H)=2.1Hz, 1H;
ArH), 5.05 (s, 4H; CH,0), 4.61ppm (s, 2H; CH,OH); “CNMR
(100 MHz, CDCl;, 25°C): 6=160.2, 155.9, 142.7, 136.9, 1353 (q,
%J(C,F)=33.0 Hz), 121.8 (q, 'J(C,F)=272.7 Hz), 120.5, 116.5 (q, *J(C,F) =
4.8 Hz), 115.0, 111.9, 104.4, 31.0 ppm; ESIMS: m/z: calcd: 1061.1839;
found: 1061.1907 [M+H™]; elemental analysis caled for Cs;H,F,N,O;: C
60.01, H 2.66, F 21.49, N 5.28, O 10.56; found: C 59.77, H 2.92, N 4.91.

Compound 9: Compound 9 was synthesized from 8 (0.147 g, 0.139 mmol)
using the same protocol as that for 5 (0.125g, 89.4%). M.p. 120°C;
'HNMR (400 MHz, [D¢]DMSO, 25°C): 6=7.91 (s, 2H; NH of amide),
7.56 (s, 2H; another NH of amide), 7.55 (s, 2H; ArH), 7.37 (d, 'J(H,H) =
2.0Hz, 2H; ArH), 7.32 (dd, 'J(H,H)=8.5Hz, 2/(H,H)=2.0 Hz, 2H;
ArH), 6.86 (d, J(H,H)=1.5Hz, 2H; ArH), 6.73 (s, 1 H; ArH), 5.36 (t,
YJ(HH)=5.7Hz, 1H; OH), 448ppm (d, J(HH)=55Hz, 2H;
CH,OH); *C NMR (100 MHz, [D¢]DMSO, 25°C): 6 =168.5, 156.9, 147.6,
132.0, 130.8, 1278 (q, Y(CF)=32Hz), 127.3, 1232 (q, J(CF)=
2722 Hz), 121.7, 116.2, 112.6, 108.8, 62.1 ppm; ESIMS: m/z: calcd:
1133.2262; found: 1133.2408 [M+H™]; elemental analysis calcd (%) for
Cs;H3sF 1N, Oy € 56.19, H 3.20, F 20.12, N 4.95, O 15.54; found: C 54.52,
H 3.12, N 4.90.

Compound 10 (G2-G0): Compound 10 was synthesized from 9 (5¢g,
14.07 mmol) using the same protocol as that for 6 (1.11 g, 21.1%). M.p.
88°C; 'HNMR (400 MHz, [D¢]DMSO, 25°C): 6=7.89 (s, 4H; NH of
amide), 7.57 (s, 4H; ArH), 7.55 (s, 4H; another NH of amide), 7.39 (d,
U(H,H)=22Hz, 4H; ArH), 733 (dd, Y(HH)=8.4Hz, Y(HH)=
22Hz, 4H; ArH), 7.00 (d, J(HH)=2.0Hz, 2H; ArH), 6.78 (t,
YJ(HH)=19Hz, 2H; ArH), 6.59 (d, J(H,H)=1.8 Hz, ArH), 6.57 (s,
1H; ArH), 5.09 (s, 4H; G1-CH,0), 4.98 (s, 2H; G2-CH,0), 2.31 (t,
YJ(H,H)=73 Hz, 2H; C=0OCH,), 1.50 (t, J(H,H)=6.5Hz, 2H; C=
OCH,CH,), 1.18 (m, 16H), 0.81 ppm (t, 'J(H,H)=6.5 Hz, 3H; CH,);
BCNMR (100 MHz, [D¢]DMSO, 25°C): 6=172.7, 168.4, 159.1, 156.9,
156.6, 141.6, 138.8, 132.1, 130.7, 127.9 (q, *J(C,F)=31.9 Hz), 123.1 (q,
YJ(CF)=272.2 Hz), 121.6, 116.2 (q, *J(C,F)=5.1 Hz), 113.8, 109.5, 106.8,
101.3, 68.3, 64.9, 33.4, 31.3, 28.9-28.4, 24.4, 22.1, 13.9 ppm; ESIMS: m/z:
caled: 1337.3752; found: 1337.3682 [M+Na™]; elemental analysis calcd
(%) for C4sHsgF1oN,Op,: C 59.36, H 4.45, F 17.33, N 4.26, O 14.60; found:
C58.44, H 526, N 4.12.

Compound 15 (G1-G1): Compound 15 was synthesized from 6 (0.2 g,
14.07 mmol) and 14 using the same protocol as that for 6 (0.219 g,
56.9%). M.p. 138°C; 'HNMR (400 MHz, CDCl,, 25°C): 6=7.54 (d,
J(H,H)=8.4 Hz, 2H; ArH), 7.31 (d, J(H,H)=2.3 Hz, 2H; ArH), 7.41
(dt, 'J(H,H)=23 Hz, J(HH)=4.1Hz, 4H; ArH), 692 (d, J(HH)=
2.3 Hz, 2H; ArH), 6.63 (t, 'J(H,H)=2.3 Hz, 1H; ArH), 6.61 (s, 2H; NH
of amide), 6.31 (t, 'J(H,H)=2.2 Hz, 1H; ArH), 6.07 (s, 2H; another NH
of amide), 5.30 (s, 2H; CH,0C=0), 3.94 (t, J(H,H)=6.5Hz, 4H; O=
COCH,), 1.75 (m, 'J(H,H)=7.8 Hz, 4H; O=COCH,CH,), 1.42 (m,
YJ(H,H)=8.0 Hz, 4H; C=OCH,CH,CH,), 1.24 (m, 32H), 0.86 ppm (t,
YJ(H,H)=6.6 Hz, 6H; CH;); "CNMR (100 MHz, CDCl;, 25°C): 6=
169.5, 166.1, 160.2, 157.8, 157.4, 140.6, 131.3, 130.7, 130.5, 129.4 (q,
%J(C,F)=32.7 Hz), 122.9 (q, 'J(C,F)=272.2 Hz), 122.1, 117.5, 113.9, 1082,
107.9, 106.6, 68.4, 65.5, 31.9, 29.6-29.2, 26.0, 22.7, 14.1 ppm; ESIMS: m/z:
caled: 987.4953; found: 987.4980 [M+H™]; elemental analysis caled (%)
for Cs,HgF¢N,Og: C 65.70, H 6.94, F 11.55, N 2.84, O 12.97; found: C
62.83,H 5.92, N 3.65.

Compound 16: Compound 1 (1.028 g, 4.758 mmol) and dimethyl 3-hy-
droxyisophthlate (1 g, 4.758 mmol) were dissolved in DMSO (12 mL) and
placed in a 25 mL one-necked round-bottomed flask. Potassium carbon-
ate (0.658 g, 4.758 mmol) was added into the flask and the solution was
stirred at room temperature for 3 h. Then the solution was poured into
water (150 mL), and filtered to obtained a white solid that was dried
under vacuum (1.481g, 79.9%). M.p. 133°C; 'HNMR (400 MHz,
[Dg]DMSO, 25°C): 6=8.33 (s, 1H; ArH), 8.14 (d, 'J(H,H)=8.6 Hz, 1 H;
ArH), 7.93 (s, 2H; ArH), 7.66 (d, 'J(H,H)=2.0 Hz, 1H; ArH), 7.53 (s,
1H; ArH), 740 (dd, J(HH)=8.6 Hz, J(HH)=2.3Hz, 1H; ArH),
3.87ppm (s, 6H; CH;); "CNMR (100 MHz, [D,]DMSO, 25°C): 6=
164.5, 160.4, 154.6, 137.9, 133.2 (q, J(C,F)=32.0 Hz), 132.6, 126.4, 125.2,
122.0 (q, J(CF)=2722Hz), 1214, 1172 (q, J(C,F)=4.8 Hz), 115.3,
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102.9, 52.7 ppm; EIMS: m/z: caled: 379.0668; found: 379.0667 [M*]; ele-
mental analysis caled (%) for CgH;,F;NOs: C 57.00, H 3.19, F 15.03, N
3.69, O 21.09; found: C 56.95, H 3.22, N 3.65.

Compound 17: Compound 16 (0.5g, 1.318 mmol) was dissolved in
DMSO (3mL) and placed in a 10 mL one-necked round-bottomed flask.
At 0°C, potassium carbonate (0.2 g, 1.447 mmol) and 30% H,O, (aq)
(0.9 mL) were added into the flask. The reaction mixture was warmed up
to room temperature and additional DMSO (5 mL) was added. After
21 h, the reaction mixture was poured into water (100 mL). The white
solid was filtered and dried under vacuum (0.182 g, 34.7%). M.p. 186°C;
'"HNMR (400 MHz, [D¢]DMSO, 25°C): =835 (s, 1H; ArH), 7.98 (s,
1H; NH of amide), 7.79 (s, 1H; another NH of amide), 7.60 (d,
YJ(H,H)=8.1 Hz, 2H; ArH), 7.51 (s, 1H; ArH), 7.39 (dd, J(HH)=
8.4 Hz, *J(H,H)=2.3 Hz, 1H; ArH), 3.87 ppm (s, 6H; CH;); “C NMR
(100 MHz, [D4]DMSO, 25°C): 6=168.3, 164.6, 156.5, 156.2, 132.8, 132.3,
130.9, 127.8 (q, *(CF)=32.1Hz), 1264, 124.4, 123.1 (q, J(CF)=
272.3 Hz), 122.3, 117.2 (q, *J(C,F) =4.5 Hz), 52.7 ppm; EIMS: m/z: calcd:
397.077; found: 3397.0774 [M™]; elemental analysis caled (%) for
CisH,FsNOy: C 54.42, H 3.55, F 14.35, N 3.53, O 24.16; found: C 54.41,
H 3.54, N 3.51.

The filtrate was acidified with 10% HCI and filtered to yield another
white solid, 3-(4-carbamoyl-3-trifluoromethylphenoxy)-5-methoxycarbo-
nylbenzoic acid (0.123 g, 44.8%). M.p. 255°C; 'HNMR (400 MHz,
[D¢]DMSO, 25°C): 6=13.6 (br, 1H; COOH), 8.25 (s, 1H; ArH), 7.99 (s,
1H; NH of amide), 7.74 (s, 1H; ArH), 7.72 (s, 1H; another NH of
amide), 7.60 (d, 'J(H,H)=8.2 Hz, 2H; ArH), 7.50 (d, 'J(H,H)=2.3 Hz,
1H; ArH), 7.39 (dd, J(H,H)=84Hz, “J(HH)=23Hz, 1H; ArH),
3.86 ppm (s, 3H; CH;); "CNMR (100 MHz, [D¢]DMSO, 25°C): 6=
168.3, 165.7, 164.8, 156.5, 156.2, 133.6, 132.8, 132.2, 128.0 (q, YJ(CF)=
32.0 Hz), 125.3, 123.4, 123.1 (q, J(C,F)=272.5 Hz), 123.0, 122.4, 119.1,
117.3, 52.7 ppm; EIMS: m/z: calcd: 383.0617; found: 383.0616 [M*]; ele-
mental analysis caled (%) for C;H,F;NOg: C 53.27, H 3.16, F 14.87, N
3.65, O 25.05; found: C 53.15, H 3.13, N 3.64.

Compound 18: Compound 17 (0.1 g, 0.252 mmol) was dissolved in a sol-
vent mixture of THF (6 mL), methanol (3 mL), and water (1 mL). Lithi-
um hydroxide (0.030 g, 1.258 mmol) was added at 0°C and stirred for 4 h.
The mixture was warmed up to room temperature, and mixed with
excess of water. The white suspension was acidified with 10% HCI (aq)
and kept in a refrigerator overnight. The white solid was filtered and
dried under vacuum (0.086 g, 92.5%). M.p. 120°C; '"H NMR (400 MHz,
[D¢]DMSO, 25°C): 6=13.2 (br, 2H; COOH), 8.35 (s, 1H; ArH), 7.99 (s,
1H; NH of amide), 7.73 (s, 1H; another NH of amide), 7.66 (d,
J(H,H)=23 Hz, 1H; ArH), 7.60 (d, 'J(H,H)=8.3 Hz, 1H; ArH), 7.51
(d, Y(HH)=23Hz, 1H; ArH), 7.39ppm (dd, 'J(H,H)=8.3Hz,
2J(H,H)=23Hz, 1H; ArH); "CNMR (100 MHz, [D4]DMSO, 25°C):
0=168.5, 165.9, 156.5, 156.3, 133.5, 132.8, 131.0, 128.1 (q, Y/(CF)=
32.0 Hz), 125.5, 123.8, 123.2 (q, 'J(C,F)=272.4 Hz), 122.5, 117.4 ppm (q,
*J(C,F)=4.8 Hz); EIMS: m/z: calcd: 369.0460; found: 369.0464 [M*]; el-
emental analysis caled (%) for C;sH;(FsNOg: C 52.04, H 2.73, F 15.44, N
3.79, O 26.00; found: C 49.59, H 2.95, N 3.61.

Using the same protocol, 3-(4-carbamoyl-3-trifluoromethylphenoxy)-5-
methoxycarbonyl benzoic acid was hydrolyzed to also give compound 18.

Compound 19 (G0-G1): Compound 18 (0.06 g, 0.162 mmol), 1-dodecanol
(0.09 mL, 0.406 mmol), and DMAP (0.040 g, 0.325 mol) were dissolved in
N,N-dimethyl formamide (DMF, 12mL) and placed in a 25 mL one-
necked round-bottomed flask. The reaction mixture was stirred at 0°C
for 30 min. EDC (0.062 g, 0.325 mmol) was added into the flask and
stirred for an additional 30 min. The reaction mixture was warmed up to
room temperature and stirred for 18 h. Then the reaction mixture was fil-
tered, washed with 0.1m HCI (aq), 0.1 M NaHCO;, and brine. The organic
layer was dried and evaporated in a rotary evaporator. The crude product
was purified by column chromatography using n-hexane as the eluent
(0.078 g, 68.2%). M.p. 92°C; '"H NMR (400 MHz, CDCl;, 25°C): 6 =8.48
(s, 1H; ArH), 7.84 (s, 2H; ArH), 7.59 (d, 'J(H,H)=8.4 Hz, 1H; ArH),
732 (d, Y(HH)=23Hz, 1H; ArH), 7.14 (dd, 'J(H,H)=8.4 Hz,
2J(HH)=22Hz, 1H; ArH), 590 (d, J(HH)=79.5Hz, 2H; NH of
amide), 4.32 (t, 'J(H,H)=6.7 Hz, 4H; O=COCH,), 1.75 (m, J(H,H)=
7.0Hz, 4H; O=COCH,CH,), 1.24 (m, 32H), 0.85ppm (t, J(HH)=
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6.4 Hz, 6H; CH;); "CNMR (100 MHz, CDCl,, 25°C): 6=168.8, 165.0,
158.0, 155.8, 133.2, 131.0, 130.0, 129.8 (q, /(C,F)=32.6 Hz), 127.0, 124.5,
122.9 (q, 'J(C,F)=2723 Hz), 121.1, 116.7 (q, *J(C,F)=5.2 Hz), 65.9, 32.1,
31.9, 29.6-29.2, 28.6, 259, 22.8, 22.7, 14.1 ppm; ESIMS: m/z: calcd:
706.4289; found: 706.4319 [M+HT]; elemental analysis calcd (%) for
C,HssF;sNOg: C 68.06, H 8.28, F 8.07, N 1.98, O 13.60; found: C 68.62, H
8.49, N 1.93.

PGSE NMR spectroscopy: The diffusion coefficient measurements were
carried out using a Bruker AVANCE 400 MHz NMR spectrometer
(equipped with a 5 mm Bruker QNP probe with an actively shielded z
gradient coil) at 25°C. Diffusion coefficients were extracted from a series
of "TH NMR spectra measured by a stimulated echo sequence using bipo-
lar gradient (STEbp) pulse sequences as a function of gradient amplitude.
The diffusion time (4) was 100 ms, the length of the gradient (d) was
2.6 ms and the delay time (dl) was 30s. At a given concentration, 16
data points with different gradient strengths ranging from 1 to 51 Gem™
were obtained. Using the attenuated intensities of the peak shown at =
1.27 ppm (assigned to methylene groups in the alkyl chain), diffusion co-
efficients were calculated by using SimFit®®! in Bruker XWINNMR 3.0.
Obtained diffusion coefficients were calibrated by measuring the diffu-
sion coefficient of residual chloroform in each sample solution (Dqgyuien)
and comparing it to the chloroform diffusion coefficient in pure CDCl;
(Dypure)- This allowed an estimation of the solution viscosity of the solu-
tion to be made. Equation (1) was used for this calibration:

D orretated = Dobiainea X (Dpurc/ Dyution) 1

Normalization of the diffusion coefficients by the molecular volume of
the bis-dendritic gelators was conducted by multiplying the values by the
cubed root of the molecular weights of the gelators.

Evaluation of association constants: NMR spectroscopy chemical shifts
of the bis-dendritic gelators were obtained on a Bruker AVANCE
300 MHz NMR spectrometer. Based on the models described by
Martin,” association constants for the DIM model were evaluated by
using a nonlinear curve fitting module in Origin 7.0%%) with Equation (2):

P=Pyt (= P) o @)
in which P, Cy, P,, and P, denote the observed chemical shift of the cor-
responding proton, total concentration in solution, the chemical shift of
the proton in the monomeric state, and the chemical shift of the proton
in the dimeric state, respectively. K,, P,, and P, were optimized by using
the Levenberg-Marquardt iterative method. Association constants for
the EK model were evaluated using this equation, setting Kp=2K,. As-
sociation constants for the coEK model were evaluated by using a
custom Python routine provided in the Supporting Information. The
chemical shifts of protons on the periphery of aggregates were assumed
to be given by Equation (3):

Py = (P + Py)/2 ®)

in which P; denotes the chemical shift of the proton on the interior of ag-
gregates. Optimization of Kg, p, P, and P; was performed using
Python 2.5 with the SciPy and Elefant modules.

Full DSC thermograms of the bis-dendritic gelator molecules, SEM and
TEM images of the gels, and the Python script for fitting based on the
coEK model can be found in the Supporting Information.
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