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Abstract: This paper compares and contrasts, for the first time, one- and two-component gelation systems
that are direct structural analogues and draws conclusions about the molecular recognition pathways that
underpin fibrillar self-assembly. The new one-component systems comprise L-lysine-based dendritic
headgroups covalently connected to an aliphatic diamine spacer chain via an amide bond. One-component
gelators with different generations of headgroup (from first to third generation) and different length spacer
chains are reported. The self-assembly of these dendrimers in toluene was elucidated using thermal
measurements, circular dichroism (CD) and NMR spectroscopies, scanning electron microscopy (SEM),
and small-angle X-ray scattering (SAXS). The observations are compared with previous results for the
analogous two-component gelation system in which the dendritic headgroups are bound to the aliphatic
spacer chain noncovalently via acid-amine interactions. The one-component system is inherently a more
effective gelator, partly as a consequence of the additional covalent amide groups that provide a new
hydrogen bonding molecular recognition pathway, whereas the two-component analogue relies solely on
intermolecular hydrogen bond interactions between the chiral dendritic headgroups. Furthermore, because
these amide groups are important in the assembly process for the one-component system, the chiral
information preset in the dendritic headgroups is not always transcribed into the nanoscale assembly,
whereas for the two-component system, fiber formation is always accompanied by chiral ordering because
the molecular recognition pathway is completely dependent on hydrogen bond interactions between well-
organized chiral dendritic headgroups.

Introduction

Rationally designed molecules that self-assemble to form
nanoscale architectures are of crucial importance in the emergent
field of nanochemistry.1 Building on the fundamental principles
of supramolecular chemistry,2 appropriately designed systems
may interact through the formation of complementary non-
covalent interactions such as hydrogen bonds, electrostatic
interactions, solvophobic forces,π-π stacking interactions, van
der Waals forces, etc. Gel-phase materials3 offer an exciting
arena for exploring the ways in which molecular recognition
pathways can transcribe “information” from the molecular level
up to the nanoscale and, ultimately, its expression on the

macroscopic scale in terms of materials properties. The vast
majority of gel-phase materials are one-component systems in
which the gelator molecules self-recognize, forming supramo-
lecular “polymer-like” structures.4 Dendritic molecules have
been of particular interest as gelators5 because multiple non-
covalent interactions between dendrons or dendrimers are
possible as a consequence of the multiple repeat groups inherent
within the branched superstructure, and the steric bulk of the
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dendritic units can help enforce directionality on the assembly
process. In recent years, systems in which two components are
required for gelation have come under increasing scrutiny.6 In
such systems, it can be considered that a prerequisite for
nanoscale assembly is the formation of a “host-guest” complex
between the two components. It is this complex that hierarchi-
cally self-assembles to form extended nanoscale aggregates.

In 2001, we first reported a novel two-component dendritic
gelation system (Figure 1),7 in which dendritic headgroups based
on L-lysine with a carboxylic acid at the focal point interact
with and solubilize an aliphatic diamine. The complex that forms
as a consequence of acid-base interactions hierarchically self-
assembles in an anisotropic manner to form fibers, generating
a sample-spanning network that underpins macroscopic gelation.
We have recently reported detailed studies of this system and
highlighted the roles of the spacer chain,8 dendritic generation,9

solvent,10 stereochemistry,11 ratio of the two components,12 and
surface groups13 in controlling self-assembly. The complexes self-assemble into helical fibers, with adjacent complexes (and

hence the fibers) held together by intermolecular dendron-
dendron hydrogen bond interactions. The host-guest complex
can also be formed using interactions between dendritic crown
ethers and a protonated aliphatic diamine; gelation still ensues.14

We realized that our two-component system provided a
unique opportunity for comparison against structurally analogous
one-component gelators in which the dendritic headgroups are
permanently connected to the aliphatic diamine via covalent
peptide bond linkages (Figure 2).15 As such, this paper provides
an insight into differences between one- and two-component
gelators, their modes of self-assembly, and the molecular
recognition events that underpin gelation. Understanding the
molecular recognition pathways that underpin self-assembly is
of key importance both in materials chemistry and in biological
systems.

We report the one-component (covalent) analogues of the
two-component gelation system, with varied structural (molec-
ular scale) information in two key regions: (a)dendritic
generationand (b)spacer chain. Importantly, we can understand
and differentiate the different hydrogen bonding molecular
recognition pathways that give rise to both gelation and
nanoscale chiral organization.

Results and Discussion

Synthesis of Novel One-Component Gelators.The one-
component dendritic gelators (Figure 2) were synthesized
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Figure 1. Two-component dendritic gelation system (G2‚‚‚Cn‚‚‚G2)
previously reported by us.7-13

Figure 2. Novel one-component gelators (Gm-Cn-Gm) reported in this
paper.
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according to Scheme 1. A divergent approach was used in order
to maintain the stereochemical integrity of theL-lysine16 amino
acid building blocks.17 This was important as we have recently
shown that the stereochemistry of dendritic gelators has a
significant impact on their self-assembly.11 The first generation
dendrimersG1-Cn-G1 (n ) 6-12) were generated by coupling
Boc-protectedL-lysine18 to the appropriate diaminoalkanes using
1,3-dicyclohexylcarbodiimide (DCC) and 1-hydroxybenzotri-
azole (HOBt) in the presence of triethylamine (NEt3) as base
and ethyl acetate (EtOAc) as solvent. The products, which
precipitated from the reaction mixture along with the dicyclo-
hexylurea (DCU) side product, could be extracted from the solid
mixture and subsequently purified by silica column chroma-
tography. All first generation systems were formed in excellent
yields (75-88%) using this approach.

Deprotection of the first generation systemsG1-C6-G1, G1-
C9-G1, andG1-C12-G1was achieved using trifluoroacetic acid,
followed by in situ DCC/HOBt-mediated coupling to a slight
excess of Boc-protectedL-lysine in order to provide second
generation dendrimersG2-C6-G2, G2-C9-G2, and G2-C12-
G2. These products were purified by gel permeation chroma-
tography (GPC, Biobeads, SX-1) or silica column chromatog-
raphy as appropriate and were obtained in good yields (62-
70%).

Finally, G2-C12-G2 was deprotected using trifluoroacetic
acid and subsequently coupled to an excess of Boc-protected
L-lysine. This time, however, 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC) was employed as
coupling agent in the presence of HOBt and using 4-(dimethyl-
amino)pyridine (DMAP) as base. Purification by preparative
GPC (Sephadex LH-20, MeOH) provided third generation
dendrimerG3-C12-G3 in a useful 55% yield.

All of the novel dendrimers were characterized by appropriate
analytical methods to provide evidence of purity and identity
(see Experimental Section and Supporting Information for
details). In the following sections, we describe the effects of
(a) dendritic generationand (b) spacer chainon the self-
assembly of gel-phase materials. Comparison with the data for
the analogous two-component gelation systems allows us to
unambiguously assign the molecular recognition pathways that
operate and the impact they have on chiral nanoscale organiza-
tion.

Characterization of the Novel Gel-Phase Materials. (a)
Effect of Dendritic Branching. For this study, we compared
the gel-phase materials formed byG1-C12-G1, G2-C12-G2,
and G3-C12-G3. Initially, the ability of the dendrimers to
structure a small selection of solvents was investigated (Table
1). Aromatic apolar solvents (e.g., toluene) were gelated by all
three generations of dendrimer, and in each case an optically
transparent gel was formed, which indicates good solubility of
the dendrimer and resultant nanoscale assemblies. Aliphatic
apolar solvents (e.g., cyclohexane and hexane), however, formed
cloudy gels, indicating that solubility was poor or that the
aggregates that formed in these solvents were capable of
scattering light. These solvents were not investigated further
here. Hydrogen bonding solvents (e.g., methanol) solubilized
the dendrimers and showed no evidence of sample-spanning
structuring, consistent with intermolecular hydrogen bonding
between dendritic headgroups being a prerequisite for macro-
scopic gelation. Most interesting, however, were chlorinated
solvents (e.g., CH2Cl2 and CHCl3), which are moderately polar
and have some hydrogen bond donor ability. First generation
G1-C12-G1 was unable to gelate these solvents, but on
increasing the dendritic branching toG2 andG3, gelation did
become possible. This indicates that in these intermediate
solvents, the higher generation dendrimers are significantly
better gelators. Potential reasons for this apparentpositiVe
dendritic effect up to the third generation will be discussed in
more detail below.

We assessed the three gelators in more detail, by studying
the transition from an immobile to a mobile self-assembled state
in toluene using tube inversion experiments. This method served

(16) For the original report of dendrimers based onL-lysine, see: (a) Denke-
walter, R. G.; Kolc, J.; Lukasavage, W. J.; Allied Corp; U.S. Patent 4,-
289,872, 1981;Chem. Abstr.1985, 102, 79324q. A number of other gel-
phase materials based onL-lysine have been reported; see for example:
(b) Hanabusa, K.; Nakayama, H.; Kimura, M.; Shirai H.Chem. Lett.2000,
1070-1071. (c) Suzuki, M.; Yumoto, M.; Kimura H.; Shirai, H.; Hanabusa,
K. HelV. Chim. Acta2004, 87, 1-10 and references therein.

(17) (a) Dykes, G. M.; Brierley, L. J.; Smith, D. K.; McGrail, P. T., Seeley, G.
J. Chem. Eur. J.2001, 7, 4730-4739. (b) Driffield, M.; Goodall, D. M.;
Smith, D. K.Org. Biomol. Chem.2003, 1, 2612-2620.

(18) Boc-protectedL-lysine was synthesised according to: Keller, O.; Keller,
W. E.; van Look, G.; Wersin, G.Org. Synth.1985, 63, 160-170.

Scheme 1. Synthesis of one-component dendritic gelators
(Gm-Cn-Gm) using a divergent approacha

a Reagents and conditions: (a) DCC, HOBt, NEt3 EtOAc, 24 h; (b)
CF3COOH, CH2Cl2, 30 min; (c) DCC, HOBt, NEt3, EtOAc, 3 d; (d) EDC,
HOBt, DMAP, CH2Cl2, 5 d.

Table 1. Ability of Dendritic Gelators to Form Gel-Phase Materials
in Different Solvents at a Mass Loading of 1% w/v (i.e., 10
mg/mL)a

toluene hexane cyclohexane CHCl3 CH2Cl2 methanol

G1-C12-G1 G CG CG S S S
G2-C12-G2 G CG CG G PG S
G3-C12-G3 G CG CG G G S

a G ) gel, PG) partial gel (partial immobilization of the solvent was
observed but complete macroscopic immobilization did not occur, i.e., there
was some fluidity on tube inversion), CG) cloudy gel, S) solution.
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to define a mobile-gel transition temperature (i.e., a gel
“boundary”) and is described in detail in the Experimental
Section (the method is highly reproducible and the estimated
error is (1 °C).19 This gel boundary is analogous to the
thermally reversible gel-sol transition temperature (Tgel). Tgel

values were measured at different concentrations of gelator
(Figure 3). As previously reported for the two-component
systems,7-13 when the molar concentration of the gelators was
increased, theTgel values also increased, until a concentrated
regime (the “plateau region”) was reached, denoted by a
concentration-independentTgel.

It is noteworthy that all of the dendritic materials formed gel-
phase materials, even the first generation systemG1-C12-G1.
The first generation compound has aTgel value of 34°C in the
plateau region (at a concentration of 60 mM), a value that
increases to 92°C for G2-C12-G2and 97°C for G3-C12-G3.
Therefore, forGm-C12-Gm there is apositiVe dendritic effect
up to the third generation. In other words, increasing the size
of the dendritic headgroups increases the thermal stability of
the gel in the plateau region. In addition, the concentration of
dendrimer required to induce macroscopic gelation decreased
with increasing generation. This effect is greater than might
simply be expected on the basis of the fact that the larger
molecular mass of the higher generation dendrimers will increase
the apparent weight percent per volume. This again indicates
that the higher generation dendrimers have a greater propensity
to structure toluene.

The most likely explanation for thesepositiVedendritic effects
up to the third generation is that additional hydrogen bonds are
possible for the higher generation systems. This would also
explain why the higher generation systems were better able to
gelate solvents such as CH2Cl2 and CHCl3 (Table 1). In addition,
the amide hydrogen bonding groups responsible for gelation
will be more shielded from the solvent as the dendritic
generation increases. It might be anticipated that if dendritic
functionalization was increased even further, this dendritic effect
may not continue, as steric factors should become increasingly
dominant with larger dendritic structures, hindering anisotropic
self-assembly.

It is also interesting to note that the plot ofTgel for the second
generation system has an unusual sigmoidal shape. This may

indicate the formation of a moderately stable gel phase in the
low concentration regime. Similar behavior was previously
observed for the two-component system.9 This paper, however,
generally focuses on the behavior of these materials in the
concentrated regime; a more detailed survey of the interesting
materials behavior at lower concentrations is currently in
progress.

Differential scanning calorimetry (DSC) was used to confirm
the approximateTgel values for Gn-C12-Gn (Supporting
Information, Figure S1). The first and second generation
dendrimers gave rise to fairly sharp reproducible endotherms
at 50 and 100°C, respectively. For the third generation system,
however, a very broad endotherm was observed with a
maximum at ca. 98°C. This broad trace may indicate that for
G3-C12-G3, the transition from an immobile self-assembled
state to one that is mobile is less cooperative. It is possible that
although this gel has relatively good thermal stability, it is
actually less ordered on the molecular level. In other words,
although dendrimerG3-C12-G3 can form multiple hydrogen
bond interactions between dendritic headgroups (providing the
gel with thermal stability), these may be relatively disorganized
in spatial terms.

NMR techniques can provide a large amount of information
relating to the self-assembly of the gel state.20 Variable-
temperature1H NMR spectroscopy was initially performed, and
compoundG1-C12-G1exhibited NMR signals across the entire
temperature range. Increasing the temperature led to an upfield
shift in the NMR signals, particularly those corresponding to
the N-H protons. This indicates that these protons are involved
in dendrimer-dendrimer hydrogen bonding interactions that are
broken on increasing temperature.G2-C12-G2, a more effective
gelator thanG1-C12-G1, exhibited no measurable1H NMR
signals at ambient temperature because of the lack of molecular
mobility in the gel. Only at elevated temperatures (ca. 60°C)
were NMR signals observed. These signals sharpened and
shifted upfield on increasing the temperature further, again
consistent with hydrogen bonding. Practical difficulties made
it impossible to prepare an NMR sample ofG3-C12-G3at an
appropriate concentration.

To explore the hydrogen bond interactions further, we
monitored the NMR spectrum ofG1-C12-G1 at 20 °C as a
function of concentration. On increasing the concentration of
the gelator, the N-H peaks shifted downfield, consistent with
the formation of intermolecular hydrogen bond interactions
(Figure 4). This proves that it is dendrimer-dendrimer hydrogen
bond interactions that underpin gel formation as the sample
concentration increases. Most interestingly, the N-H signals
of the “new” covalent amide protons that link the spacer chain
to the dendritic headgroups were much more strongly perturbed
(∆δ ) 0.65 ppm) than those of the carbamates (∆δ ) 0.26
ppm). Intermolecular hydrogen bonding via the amide groups
is therefore probably the primary molecular recognition pathway

(19) (a) Chaibundit, C.; Shao-Min, M.; Heatley, F.; Booth, C.Langmuir2000,
16, 9645-9652. (b) Kelarakis, A.; Yang, Z.; Pousia, E.; Nixon, S. K.; Price,
C.; Booth, C.; Hamley, I. W.; Castelletto, V.; Fundin, J.Langmuir2001,
17, 8085-8091.

(20) (a) Murata, K.; Aoki, M., Suzuki, T.; Harada, T.; Kawabata, H.; Komori,
T.; Ohseto, F.; Ueda, K.; Shinkai, S.J. Am. Chem. Soc.1994, 116, 6664-
6676. (b) Schoonbeek, F. S.; van Esch, J. H.; Hulst, R.; Kellogg, R. M.;
Feringa, B. L.Chem. Eur. J.2000, 6, 2633-2643. (c) Amanokura, N.;
Yoza, K.; Shinmori, H,; Shinkai, S.; Reinhoudt, D. N. J. Chem. Soc., Perkin.
Trans. 21998, 2585-2591. (d) Yoza, K.; Amanokura, N.; Ono, Y.; Akao,
T.; Shinmori, H. Takeuchi, M.; Shinkai, S.; Reinhoudt, D. N.Chem. Eur.
J. 1999, 5, 2722-2729. (e) Duncan, D. C.; Whitten, D. G.Langmuir2000,
16, 6445-6452. (f) Tata, M.; John, V. T.; Waguespack, Y. Y.; McPherson,
G. L. J. Phys. Chem.1994, 98, 3809-3817. (g) Camerel, F.; Faul, C. F. J.
Chem. Commun.2003, 1958-1959.

Figure 3. Effect of [dendrimer] on the gel-sol transition temperature (Tgel)
for Gm-C12-Gm as measured by tube-inversion methodology. Solvent)
toluene.
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directing the self-assembly process that underpins macroscopic
gelation, with the carbamates in the dendritic headgroups playing
a supporting or secondary role.

Circular dichroism (CD) spectroscopy21 is an ideal method
for probing the supramolecular organization of chiral mol-
ecules.22 CD spectra were therefore measured (Supporting
Information, Figure S2, [dendrimer]) 3 mM, solvent )
cyclohexane). ForG1-C12-G1 and G2-C12-G2 the peak
maxima were at ca. 220 nm, ascribable to the amide carbonyl
group of the dendritic peptides being organized into a supramo-
lecular extended helical conformation. ForG3-C12-G3, how-
ever, theλmax value was shifted to 210 nm, which may indicate
a different organization of the multiple amide groups. In each
case, the CD band had the same negative sign, indicating the
bias of the organized supramolecular chirality has the same
directionality in each case. The intensity of the CD band was
ca. -130, -120, and-105 for G1, G2, and G3 systems,
respectively. It may have been expected that the increasing
number of amide groups as dendritic generation increases would
lead to an increasing CD signal. This CD data, in which the
G3 system shows less chiral order than may have been expected
and a differentλmax value, is in agreement with the DSC data,
which indicated that althoughG3-C12-G3 has the most
hydrogen bonding groups, these hydrogen bond interactions are
relatively spatially disorganized.

Molecular self-assembly at the nanoscale level was probed
using scanning electron microscopy (SEM), a useful comparative
technique to assess the impact of dendritic branching on the
mode of self-assembly. CompoundG1-C12-G1gave rise to a
sample spanning network of “sausage-like” morphologies
(Figure 5a). These sausages were relatively thick (ca. 120 nm)
but did show some evidence of unidirectional growth. Gelator

G3-C12-G3, on the other hand, formed nanoscale morphologies
with tangled fibers more typical of a gel (Figure 5c). Unfortu-
nately, despite repeated attempts,G2-C12-G2 could not be
imaged by SEM. We have previously had similar problems with
certain gelators.15 It was possible, however, to imageG2-C6-
G2 with the shorter spacer chain, and this image is shown in
Figure 5b. Once again a fibrillar morphology was observed for
this system. These observations confirm that the differences in
thermal stability betweenG1 andG2/3systems can be attributed
to the higher generation dendrimers forming more effective
interpenetrated sample-spanning networks. TheG2 and G3
systems appear to have higher predispositions for anisotropic
self-assembly driven by the multiple hydrogen bonding groups
inherent within their dendritic architectures.

To probe the morphologies observed by SEM, small-angle
X-ray scattering (SAXS) was performed. The SAXS intensity
I(q) of a solution corresponding to a system of interacting
cylindrical particles can be written as eq 1, whereN is the
average number density of scattering particles,P(q) is the form
factor of the particle andS(q) is the structure factor of the
system, which tends to unity for diluted noninteractive systems.

In the case of a solution of homogeneous infinite solid
cylinders of radiusRc and lengthL, with polydisperse cross
section, the form factor is given by eq 2,23 whereJ1(qr) is the
Bessel function of first order and (σ/Rc)‚100 is the polydispersity
in Rc.

Unfortunately, there is no analytical expression in the
literature for the structure factor of a system of interacting
cylindrical particles. Therefore we modeledS(q) as a Gaussian
function, centered atq0 and with full width at half-heightw, in
an attempt to empirically approximate the interaction effects
between the particles (eq 3).

Finally, a background contribution, given by eq 4 (whereA,
B, andC are adjustable parameters), was considered to dominate
the SAXS curve at largeq. In the following, we focus on the
cylinder radiusRc and its corresponding polydispersity. How-
ever, all parameters used to model the SAXS data are given in
the Supporting Information.

Figure 6a and b shows the results obtained for the modeling
of the SAXS curves forG1-C12-G1 at 25 and 47°C,
respectively. Structure factor effects in the SAXS curve were
found to be negligible and the data was modeled using eqs 1
and 2, with S(q) ) 1. Although the scattering profiles are
different at the two temperatures, the radius of the self-assembly,
modeled as infinite solid cylinders (Rc) remains the same at 72
Å, while the polydispersity grows from 3.2% to 3.6%. Since

(21) For an overview of CD spectroscopy, see: Berova, N.; Nakanishi, K.;
Woody, R. W.Circular Dichroism: Principles and Applications, 2nd ed.;
Wiley-VCH: Weinheim, 1994.

(22) For selected examples, see: (a) Snip, E.; Shinkai, S.; Reinhoudt, D. N.
Tetrahedron Lett.2001, 42, 2153-2156. (b) Ihara, H.; Takafuji, M.; Sakurai,
T.; Katsumoto, M.; Ushijima, N.; Shirosaki, T.; Hachisako, H.Org. Biomol.
Chem.2003, 1, 3004-3006. (c) Hanabusa, K.; Maesaka, Y.; Kimura, M.;
Shirai, H.Tetrahedron Lett.1999, 40, 2385-2388.

(23) Small-Angle X-ray Scattering; Glatter, O.; Kratky, O., Eds.; Academic
Press: London, 1982.

Figure 4. Concentration dependence of the N-H resonances in the NMR
spectra ofG1-C12-G1. All spectra measured at 20°C. Solvent) toluene-
d8. ∆δ values refer to the change in NMR shift on increasing the
concentration from 10 to 50 mM.

I(q) ) NP(q)S(q) (1)

P(q) ) ∫0

∞J1(qr)2

r2q3
exp[ -(r - Rc)

2

2σ2 ]dr (2)

S(q) ) exp{-2[ q - q0

w ]2} (3)

Ib(q) ) AqB + C (4)
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the SAXS intensity is given in arbitrary units, the only relevant
parameter to the background isB, which changed from-1.86
to -1.13 when the temperature was increased from 25 to 47
°C. It is interesting to note that the relatively large value ofRc

obtained for G1-C12-G1 is in broad agreement with the
morphology observed by SEM, which indicated the formation
of a sausage-like morphology with relatively large nanoscale
features.

Figure 7 shows the results obtained for the modeling of the
SAXS curve forG2-C12-G2at 22°C. Structure factor effects
dominated the SAXS curve at low scattering vectors, and
therefore the data was modeled using eqs 1-3. Our results
indicate thatRc ) 17.5 Å with a polydispersity of 9% (qo )

0.1615 Å-1, w ) 0.1517 Å-1, andB ) 0.4). This smaller value
of Rc is in approximate agreement with the expected dimensions
of an individual second generation dendritic building block
modeled using Spartan Pro simulations. This suggests that, for
G2-C12-G2, the self-assembled state underpinning gelation is
constructed from cylinder-like anisotropic objects that have the
width of a single dendrimer building block.

The SAXS data presented in this work has not been
transformed to absolute intensity scale. Therefore,N ) 1 was
arbitrarily fixed in eq 1. The parameters used to model the SAXS
data in the figures indicated are listed in Table 2.

Comparison of One- and Two-Component Systems: Den-
dritic Effects. A unique feature of these gelators is that they
can bedirectly compared with the two-component analogue
reported previously,7-12 the first system amenable to such a
treatment.

Comparison 1. G1-Cn-G1 forms gels, butG1‚‚‚Cn‚‚‚G1
does not. The one-component system has ahigher propensity
to hierarchically self-assemblethan its two-component analogue.
The lack of macroscopic gelation forG1‚‚‚C12‚‚‚G1 suggests
that the thermodynamics of the process are not sufficiently
favorable to induce a sample-spanning network. There are two
possible reasons for this:

• The one-component system has twoextra amide groups.
As shown in Figure 4, these groups are involved in crucial
intermolecular hydrogen bond interactions for the first genera-
tion system, which will enthalpically favor the self-assembly
of the one-component gelator.

• The one-component system, unlike its two-component
analogue, does not have to initially assemble into a complex
before hierarchical self-assembly. This should also give the one-
component system a greater propensity for gelation as there is
a smaller entropic penalty for its self-assembly.

We argue that both of these factors probably play an important
role in controlling differences between the one- and two-
component gelators. It is interesting to note that SEM images
of dried G1‚‚‚C12‚‚‚G1 did illustrate a sausage-like morphol-
ogy,9 directly analogous to that reported here forG1-C12-G1
(Figure 5a), suggesting that even though macroscopic gelation

Figure 5. Scanning electron microscopy (SEM) images of (a)G1-C12-G1(scale bar) 200 nm), (b)G2-C6-G2 (scale bar) 1 µm), and (c)G3-C12-G3
(scale bar) 1 µm).

Figure 6. (O) SAXS data forG1-C12-G1at (a) 25 and (b) 47°C. The
full lines correspond to the modeling using equations 1 and 2, withS(q) )
1, and considering a backgroundAqB + C. Conc ) 20 mM, solvent)
toluene.

Figure 7. (O) SAXS data for G2-C12-G2 at 22 °C. The full lines
correspond to the modeling using eqs 1-3 and considering a background
AqB + C. Conc) 20 mM, solvent) toluene.

Table 2. Parameters Used to Model the SAXS Data

fig sample
T

(°C)
Rc

(Å)
σ/Rc

(%) A B C
w

(Å-1)
q0

(Å-1)

6a G1C12G1 25 72 3.2 0.0015 -1.86 0
6b G1C12G1 47 72 3.6 0.079 -1.13 0.43
7 G2C12G2 22 17.5 9 0.07 -0.4 0 0.1717 0.163
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is not observed, the two-component system does have some
potential to aggregate in a manner similar to its one-component
analogue.

Comparison 2. G2-C12-G2is able to gelate CHCl3, but
G2‚‚‚C12‚‚‚G2 cannot.10 This observation is in agreement with
the discussions above that explain why the one-component
system has a greater propensity for forming gels.

Comparison 3.The branching inGm-C12-Gm has a posi-
tive dendritic effect up to the third generation, but in
Gm‚‚‚C12‚‚‚Gm the second generation system is optimum
(Figure 8).9

Different dendritic gelators reported in the literature exhibit
different types of dendritic effect: negative,5g optimum,5e,f,k,9

and positive.15 We have previously argued9 that dendritic
gelation effects can be rationalized in terms of a balance between

• additional enthalpicallyfaVorable interactions (e.g., hydro-
gen bonds) at higher generation,

• enthalpically unfaVorable steric interactions at higher
generation, and

• entropically unfaVorable terms associated with the im-
mobilization of larger dendritic systems.

The balance of these factors will be fundamentally different
for one- and two-component systems, and furthermore, an
additional factor applies specifically to the two-component
system:

• the interactionbetween the two components may vary on
increasing the dendritic generation.

It is therefore perhaps not surprising that one- and two-
component gelators have different dendritic effects up to the
third generation.

Characterization of the Novel Gel-Phase Materials. (b)
Effect of Spacer Chain Length.For G1-Cn-G1, increasing
the length of the spacer chain increased theTgel value in the
plateau region (Figure 9). In a number of previous reports, an
odd-even effect of aliphatic spacer chain length on gel
properties has been reported,24 but in this case the thermal
stability of the gel increased incrementally on increasing the
length of the spacer chain. However, this effect was relatively
small; increasing the spacer chain fromC6 to C12 only
increasedTgel by 8 °C, from 26 to 34°C.

The second generation gelatorsG2-C6-G2, G2-C9-G2, and
G2-C12-G2were also investigated (Figure 10). Increasing the
length of spacer chain fromC6 to C12 increased theTgel value

in the plateau region from 60°C (C6) to 92°C (C12). Increasing
the length of the spacer chain also decreased the concentration
of dendrimer required for effective gelation (i.e., the plateau
region occurs at concentrations of 25 mM forG2-C6-G2, 20
mM for G2-C9-G2, and 15 mM forG2-C12-G2).

There are two possible reasons for these effects of spacer
chain:

• there are additional van der Waals forces present when using
longer spacer chains, and

• longer spacer chains confer an optimal spatial arrangement
of dendritic headgroups that promotes the formation of inter-
molecular hydrogen bonding.

1H NMR experiments also offered a powerful insight into
the role of spacer chain in the assembly process. The N-H
resonances of theG1-Cn-G1 series of gelators (all at concentra-
tions of 60 mM) were compared. For gelators with longer spacer
chains, the N-H peaks appeared further downfield (Figure 11).
The N-H protons are therefore more strongly involved in
forming intermolecular hydrogen bond interactions as the spacer
chain length increases. Interestingly, the carbamate protons were
slightly more strongly affected (∆δ ) 0.34 ppm) than the amide
groups (∆δ ) 0.32 ppm). This indicates that the spacer chain
exerts its effect on macroscopic thermal stability by allowing
the optimization of the hydrogen bond interactions, particularly
those secondary interactions involving the carbamate groups in
the dendritic head units (in particular the carbamate group at
ca. 5 ppm).

CD spectroscopy provided further support for the ability of
the spacer chain to enable effective interactions between the
chiral dendritic headgroups. AllG1-Cn-G1 gelators exhibited
negative CD peaks withλmax values of ca. 220 nm, ascribable

(24) (a) Tomioka, K.; Sumiyoshi, T.; Narui, S.; Nagaoka, Y.; Iida, A.; Miwa,
Y.; Taga, T.; Nakano, M.; Handa, T.J. Am. Chem. Soc.2001, 123, 11817-
11818. (b) Sumiyoshi, T.; Nishimura, K.; Nakano, M.; Handa, T.; Miwa,
Y.; Tomioka, K.J. Am. Chem. Soc.2003, 125, 12137-12142.

Figure 8. Graph showing the relationship between dendritic generation
and Tgel (plateau region) for both one- and two-componentC12 gelation
systems. Solvent) toluene. Figure 9. Effect of spacer chain length onTgel for gels based onG1-Cn-

G1. Conc) 60 mM, solvent) toluene.

Figure 10. Effect of [dendrimer] on the gel-sol transition temperature
(Tgel) for G2-Cn-G2 as measured by tube-inversion methodology. Solvent
) toluene.
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to the organization of amide bonds within a chiral environment.
The dramatic increase in ellipticity on increasing the spacer
chain from C6 to C12 indicates that the spacer chain has a
profound effect on the level of chiral organization present in
the self-assembled state (Figure 12).

ForG2-Cn-G2 a similar trend was observed (Figure 13), with
the increase in chiral organization being, if anything, even more
dramatic. TheG2-C6-G2 aggregated state was effectively
achiral, even though the individual gelator building blocks are
composed of chiral centers. This is a surprising result, particu-
larly given thatG2-C6-G2 is a potent gelator (Tgel ) 60 °C)
and obviously forms a fibrous assembly (Figure 5b). Increasing
the length of the spacer chain fromC9 to C12 dramatically
enhanced the chiral ordering (i.e., helicity) on the nanoscale,
even though the thermal properties of these two gels in the
plateau region are very similar.

For bothG1 andG2 systems, the nanoscale chirality is highly
dependent on the spacer chain length, but the observed

macroscopicTgel values only vary slightly! We argue that the
“new” covalent amide groups provide the primary molecular
recognition pathway for the assembly of these one-component
gelators into fibers, and hence control the aspect ratio and thus
thermal stability; therefore,Tgel values vary little between the
different gelators. However, we propose that there is a secondary
molecular recognition pathway involving hydrogen bond inter-
actions between the chiral dendritic headgroups (Figure 14).
We propose that these interactions play a secondary role in the
formation of a sample spanning network, yet they are of great
importance in controlling the organization present within the
fiber (e.g., chiral ordering). Changing the spacer chain optimizes
these secondary interactions and therefore, although having only
a small effect on the macroscopic thermal behavior of the gel,
has a major effect on carbamate hydrogen bonding and thus on
nanoscale chiral organization. For example, whereasG2-C6-
G2 clearly forms an effective fibrous assembly (Figure 5b), the
chiral molecular scale information is not transcribed into the
fibers because the short spacer chain makes the dendrimer
relatively inflexible and hence unable to organize the chiral
information into a well-structured form (e.g., a helix). Only with
a longer spacer chain (e.g.,C12) do the dendritic headgroups
have sufficient flexibility to achieve effective chiral organization.

It is therefore likely that the role of the spacer chain in
mediating gelation is that a longer spacer chain enables the
dendritic headgroups to achieve a much greater degree of chiral
order via more spatially effective hydrogen bond interactions.
This is presumably a consequence of the increasing length of
the spacer chain decreasing the steric hindrance between
dendritic headgroups.

Comparison of One- and Two-Component Systems. Effect
of Spacer Chain. Comparison 1.One- and two-component
gels have different degrees of tunability (Figure 15). For the
one-component second generation system, increasing the spacer
chain fromC6 to C12 only increases theTgel value from 60 to
92 °C but causes a dramatic change from 4 to 105°C for the
two-component analogue.8 In terms of thermal strength, the two-
component system is more tunable than its one-component
analogue, and interestingly, the one-component system is
therefore not always a more effective gelator than its two-
component analogue. For example,G2-C12-G2 (Tgel, 92 °C)
is actually a less effective gelator thanG2‚‚‚C12‚‚‚G2 (Tgel,
105 °C).

In the one-component system, the “locked-in” “new” amide
groups provide an additional molecular recognition pathway,

Figure 11. NMR shift of N-H protons forG1-Cn-G1, illustrating the
effect of spacer chain on the extent of dendrimer-dendrimer hydrogen
bonding. All spectra were measured at a temperature of 20°C and with
[dendrimer]) 60 mM. Solvent) toluene-d8.

Figure 12. Intensity of the CD band observed at 220 nm forG1-Cn-G1
illustrating the effect of spacer chain on ellipticity. All spectra were recorded
with [dendrimer]) 3 mM. Solvent) cyclohexane.

Figure 13. CD spectra ofG2-Cn-G2 illustrating the effect of spacer chain
on the magnitude of the circular dichroism band. [Dendrimer]) 3 mM.
Solvent) cyclohexane.
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with the effective organization of dendritic headgroups playing
a secondary role. The two-component system, however, does
not have these amide groups; indeed in this case, the anisotropic
self-assembly is solely dependent on the optimal organization
of the dendritic headgroups. This means that the effect of spacer
chain, which allows the optimization of dendrimer-dendrimer
hydrogen bond interactions, is much more important for the two-
component system than its one-component analogue. We
propose that the greater ability to reorganize and maximize the
strength of hydrogen bonding interactions means that certain
two-component gelation systems (such asG2‚‚‚C12‚‚‚G2) are
actually better gelators than their one-component analogues,
even though the key covalent amide groups are absent.

Comparison 2. For the one-component system, the fibers
are not always chirally organized on the nano level, whereas
they are for the two-component system.8 For the one-component
system (especiallyG1), the covalent amides dominate the self-
assembly process and always allow fiber formation irrespective
of whether the dendritic headgroups are able to achieve effective
nanoscale chiral organization. Indeed, with a short spacer chain,
the chiral dendritic headgroups are unable to organize them-
selves into a helical array within the fibers. Only with longer
spacer chains does chiral organization become possible as a
consequence of a decrease in steric crowding.

For the two-component analogue, whenever gelation is
observed it is always accompanied by nanoscale chiral ordering.
Indeed, effective fiber formation and chiral ordering are only
observed with longer spacer chains. With shorter spacer chains,
such asG2‚‚‚C6‚‚‚G2, neither fiber formation nor chiral
ordering are observed,8 whereas forG2-C6-G2 the assembly

process gives rise to fibers which are effectively achiral. In the
two-component system, the covalent amides are absent, and fiber
formation is completely dependent on intermolecular hydrogen
bonding between the chiral dendritic headgroups, which there-
fore mustbe effectively organized for the formation of high
aspect ratio fibers to be favored.

Conclusions

A novel family of one-component dendritic gelators has been
reported, and the ability of these molecules to self-assemble
into nanostructured gel-phase materials was investigated using
thermal measurements,1H NMR and CD spectroscopy, SEM,
and SAXS. Dendrimers of all generations formed effective gels
under ambient conditions. The gelators exhibited a positive
dendritic effect on the thermal properties of gelation up to the
third generation. It was also shown that longer spacer chains
enabled the formation of slightly stronger gels with a greater
degree of dendrimer-dendrimer hydrogen bonding, as well as
dramatically enhanced supramolecular chiral organization.

Importantly, these systems were compared against their direct
two-component analogues, the data for which have been reported
in a recent series of papers.7-12 It was found that the one-
component systems are generally inherently better gelators.
Potential reasons for the greater ability of the one-component
system were discussed: the additional covalent amide groups
can form favorable intermolecular hydrogen bond interactions,
and there is also less entropic cost to the self-assembly process.

The fact that the “new” amide groups act as a key molecular
recognition pathway for the assembly of the one-component
gelator into fibers has a direct effect on the transcription of
chirality from the molecular scale to the nanoscale. For example,
G2-C6-G2formed an effective fibrous assembly, but the fibers
themselves were achiral on the nanoscale. Only with longer
spacer chains (e.g.,G2-C12-G2) was the transcription of
chirality into the fibers switched on, as the system became more
flexible and hence better able to organize the chiral dendritic
headgroups (which act as the secondary molecular recognition
pathway for fiber formation).

In the absence of “locked-in” covalent amides at each end of
the spacer chain, the two-component system relies solely on
dendrimer-dendrimer intermolecular hydrogen bond interac-
tions for its self-assembly into fibers. As a consequence, this
system is significantly more tunable and sometimes even forms
thermally more stable materials than its one-component ana-

Figure 14. Summary of the types of molecular recognition occurring in the novel one-component gelators. For the two-component analogues, the primary
molecular recogition pathway is absent (as the amide bonds are replaced by acid-amine interactions that hold the complex together).

Figure 15. Graph showing the relationship between spacer chain andTgel

(plateau region) for both one- and two-componentG2 gelation systems.
Solvent) toluene.
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logue. For the two-component system, fiber formation is wholly
dependent on intermolecular hydrogen bond interactions be-
tween the dendritic headgroups and is therefore always ac-
companied by chiral organization.

In summary, this paper, by comparing structurally analogous
one- and two-component self-assembling dendrimers, has il-
luminated the molecular recognition pathways that control fibril
formation and provided real insight into the similarities and
differences between one- and two-component gelation systems.
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