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Physical gelation by amides derived from trans-1,
2-diaminocyclohexane and their tetrasiloxane-based
gelators

Haruka Nakagawa1, Masahiro Suzuki2 and Kenji Hanabusa2,3

Four compounds were prepared from trans-1,2-diaminocyclohexane and were subsequently studied as gelators. These two

compounds were chiral trans-(1R, 2R)-1-(2-heptylundecanoylamino)-2-(10-undecenoylamino)cyclohexane and the corresponding

racemate. The other two compounds were 1,1,3,3,5,5,7,7-octamethyltetrasiloxane-containing chiral and racemic compounds

prepared by a hydrosilylation reaction. Their gelation abilities were evaluated on the basis of the minimum gel concentration,

using seven solvents. The thermal stability and transparency of the gels were investigated by UV–vis spectroscopy using three-

component mixed solvents of hexadecyl 2-ethylhexanoate, liquid paraffin, and decamethylcyclopentasiloxane (66 combinations).

The gel-to-sol phase-transition temperatures were also studied. The viscoelastic behavior of the gels was studied by rheology

measurements in the strain sweep mode. Aggregates consisting of three-dimensional networks were studied by transmission

electron microscopy. Circular dichroism spectroscopy was performed to verify the existence of helical aggregates in the gel.
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INTRODUCTION

K. Almdal et al., proposed that the term ‘gel’ should be limited to
systems that fulfill the following phenomenological characteristics: (a)
they consist of two or more components, one of which is a liquid,
present in a substantial quantity and (b) they are soft, solid, or solid-
like materials.1 According to Almdal’s proposal, they can be divided
into three types: chemical, topological, and physical gels. Chemical gels
are thermally irreversible and do not show sol–gel transitions, because
their three-dimensional networks are built up via covalent bonds.
Chemical gels have been widely studied in the field of polymer
science,2–5 whereas topological gels, in which networks are topologi-
cally interlocked, have received relatively recent interest.6–9 The latter
physical gels are characterized by thermally reversible sol–gel transi-
tions. This feature can be attributed to three-dimensional network
structures, which are built up through noncovalent interactions, such
as hydrogen bonding, electrostatic interactions, van der Waals forces,
and π-π interactions. It is known that physical gels from synthetic and
biological polymers have been studied energetically.10 On the contrary,
low-molecular-weight compounds that can form physical gels are
called gelators and have attracted a significant amount of scientific and
technological interest. Though early reports regarding gelators are
limited,11–13 research interest increased again during the first half of
the 1990s. With advances in the area of supramolecular chemistry,
several reports on gelators have been published in recent years.14–26

Gelators are gaining not only academic interest but also interest due to
their practical applications. However, the number of gelators used in

practical applications remains small. N-Lauroyl-L-glutamate-α,γ-bis-n-
butylamide and 1,3:2,4-dibenzylidene-D-sorbitol are used as ingredi-
ents in fragrances and cosmetics, while 12-hydroxystearic acid is used
as an edible-oil solidifying agent.
When gels are used to prepare optical materials, the transparency of

the formed gels is very important. We have applied gelators to the
fabrication of quasi-solid-state dye-sensitized solar cells,27,28 in which
efficient light transmission is essential. Transparent gels are also
needed for cosmetics, which frequently contain colored materials,
because the development of a vivid color can be achieved in the
transparent gels. In order to produce transparent gels, gelators must
have no large absorption in the visible light region and must possess a
refractive index close to that of a fluid.29 Reduced light scattering is
also important for transparent gels;30 therefore, three-dimensional
networks in gels need to be homogeneous and the size should be less
than the wavelength of visible light. We focused on flexible and low-
refraction oligo(dimethylsiloxane) to achieve transparent gels. The
attachment of oligo (dimethylsiloxane) fragments to gelation-driving
segments will prevent aggregate growth due to their flexibility and
decrease the refractive index owing to their low refractive index.
With these ideas in mind, we prepare diamides with a terminal

olefin segment, derived from trans-1,2-diaminocyclohexane, and the
corresponding tetrasiloxane-based gelators. We compare the gelation
abilities on the basis of whether the diamides are chiral or racemic,
and whether they are tetrasiloxane-based gelators or not.

1Faculty of Textile Science & Technology, Shinshu University, Ueda, Japan; 2Interdisciplinary Graduate School of Science & Technology, Shinshu University, Ueda, Japan and
3Division of Frontier Fibers, Institute for Fiber Engineering, ICCER, Shinshu University, Ueda, Japan
Correspondence: Professor K Hanabusa, Interdisciplinary Graduate School of Science & Technology, Shinshu University, Tokida 3-15-1, Ueda 386-8567, Japan.
E-mail: hanaken@shinshu-u.ac.jp
Received 14 October 2016; revised 17 December 2016; accepted 25 December 2016; published online 8 February 2017

Polymer Journal (2017) 49, 439–447
& 2017 The Society of Polymer Science, Japan (SPSJ) All rights reserved 0032-3896/17
www.nature.com/pj

http://dx.doi.org/10.1038/pj.2017.1
mailto:hanaken@shinshu-u.ac.jp
http://www.nature.com/pj


EXPERIMENTAL PROCEDURES

Instrumentation
Elemental analysis was performed with a Perkin-Elmer 240B analyzer.
Infrared spectra were recorded on a Jasco FTIR-7300 spectrometer
using KBr plate. The strength of gels was measured with a Sun Science
RHEO CR-500DX. UV-vis and CD spectra were recorded on a Jasco
V-570UV/VIS/NIR and a Jasco J-600, respectively. Transmission
electron microscopy (TEM) was done with a JEOL JEM-SS. Rheology
was measured by an Elquest rheologia A300.

Gelation test
Gelation test was carried out by an upside-down test tube method.
A typical procedure is as follows: A weighed sample and 1 ml of
solvent in a septum-capped test tube with internal diameter of 14 mm
was heated until the solid dissolved. The resulting solution was cooled
at 25 °C for 2 h and then the gelation was checked visually. When no
fluid ran down the wall of the test tube upon inversion of the test tube,
we judged it to be gel. The gelation ability was evaluated by the
minimum gel concentration, which is the concentration of a gelator
necessary for gelation at 25 °C. The unit is g l− 1 (gelator/solvent). The
solvents used for gelation test were ethyl acetate, isopropyl myristate,
toluene, liquid paraffin, silicone oil (KF-54), decamethylcyclopentasi-
loxane (D5), and hexadecyl 2-ethylhexanoate. The gel strength of gels
was measured and evaluated as the power necessary to sink a cylinder
bar (10 mm in diameter) 4 mm deep in the gels.

Synthesis
trans-(1R, 2R)-(-)-1,2-Diaminocyclohexane and racemic trans-1,
2-diaminocyclohexane were purchased from Tokyo Chemical Industry
Co. Ltd. Karstedt’s catalyst solution and 1,1,3,3,5,5,7,7-octamethylte-
trasiloxane were supplied by Aldrich and Gelest Inc., respectively.

(R, R)-g. The hydrogen bromide salt of trans-(1R, 2R)-1-amino-
2-(2-heptylundecanoylamino)cyclohexane was prepared by deprotec-
tion of trans-(1R, 2R)-1-(Boc-amino)-2-(heptylundecanoylamino)
cyclohexane according to the previous paper.31 A solution of 13.85 g
(30.0 mmol) of HBr salt of trans-(1R, 2R)-1-amino-2-(2-heptylunde-
canoylamino)cyclohexane and 6.68 g (66.0 mmol) of triethylamine in
300 ml of dry THF was cooled in ice-water bath, and then 6.69 g
(33.0 mmol) of 10-undecenoyl chloride was added drop-by-drop.
After the mixture was stirred for 3 h at room temperature, 300 ml of
water was added to the reaction mixture and a precipitate was filtered
off, dried. Recrystallization from a mixture of 650 ml of ethyl acetate
and 50 ml of hexane gave 15.47 g (94%) of (R, R)-g. IR (KBr, cm− 1):
3283 (νN-H), 1635(νC=O amide I), 1544 (δN-H amide II). Found: C
76.73 H 12.50, N 5.51%. Calcd for C35H66N2O2: C 76.86, H 12.16,
N 5.12%. 1H-NMR (400MHz, CDCl3, TMS, 25 °C):
δ= 5.96 (d, 1H, J= 6.80 Hz, NH-CO), 5.89 (d, 1H, J= 7.08 Hz,

NH-CO), 5.75–5.85 (ddt, 1H, J= 6.64, 10.16, 16.88, -CH=CH2),
4.90–5.01 (m, 2H, -CH=CH2), 3.54–3.70 (m, 2H, -NH-CH(CH2)-
CH(CH2)-NH-), 2.00–2.12 (m, 6H, -CO-CH2-CH2, -CH2CH=CH2,
cyclohexane-CH2-), 1.89–1.96 (m, 1H, -CO-CHCH2(CH2)-), 1.72–
1.74 (m, 2H, cyclohexane-CH2-), 1.24–1.37 (br, 44H, alkyl), 0.85–0.89
(m, 6H, -CH2CH3).

rac-g. This compound was prepared from HBr salt of racemic trans-
1-amino-2-(2-heptylundecanoylamino)cyclohexane31 by the similar
procedure described in (R, R)-g. Yield; 90%. IR (KBr, cm− 1): 3289
(νN-H) 1644 (νC=O amide I), 1520 (δN-H amide II). Found:
C 76.93 H 12.16, N 5.33%. Calcd for C35H66N2O2: C 76.86, H 12.16,
N 5.12%. 1H-NMR (400MHz, CDCl3, TMS, 25 °C): δ= 5.97 (d, 1H,

J= 6.72 Hz, NH-CO), 5.90 (d, 1H, J= 7.00 Hz, NH-CO), 5.75–5.85
(ddt, 1H, J= 6.68, 10.26, 16.92, -CH=CH2), 4.90–5.01 (m, 2H,
-CH=CH2 ), 3.59–3.69 (m, 2H, -NH-CH(CH2)-CH(CH2)-NH-),
2.00–2.12 (m, 6H, -CO-CH2-CH2,-CH2CH=CH2, cyclohexane-
CH2-), 1.89–1.96 (m, 1H, -CO-CHCH2(CH2)-), 1.72–1.74 (m, 2H,
cyclohexane-CH2-), 1.24–1.37 (br, 44H, alkyl), 0.85–0.89 (m, 6H,
-CH2CH3).

(R, R)-g/Si. To a solution of 1.59 g (2.91 mmol) of (R, R)-g in 40 ml
of dry toluene, 0.41 g (1.45 mmol) of 1,1,3,3,5,5,7,7-octamethyltetra-
siloxane and ca. 40 μl of Karstedt’s catalyst solution were added and
refluxed for 5 days under an argon atmosphere. After confirming the
disappearance of terminal olefin (910 cm− 1) by IR, the mixture was
evaporated and the resulting matter was dissolved in 40 ml of hot
methanol, followed by charcoal treatment. The filtrate without
charcoal was left to stand at room temperature and the precipitate
was filtered off. The twice charcoal treatment of methanol solution
gave 1.07 g (54%) of (R, R)-g/Si. IR (KBr, cm− 1): 3281 (νN-H), 1635
(νC=O amide I), 1544 (δN-H amide II), 1261 (νSi-C), 1092, 1022
(νSi-O-Si). Found: C 68.38, H 11.95, N 4.29%. Calcd for
C78H158N4O7Si4: C 68.06, H 11.57, N 4.07%. 1H-NMR (400MHz,
CDCl3, TMS, 25 °C): δ= 5.95 (d, 2H, J= 3.68 Hz, NH-CO), 5.89
(d, 2H, J= 4.20 Hz, NH-CO), 3.59–3.67 (br, 4H, -NH-CH(CH2)-CH
(CH2)-NH-), 2.02–2.12 (m, 8H, -CO-CH2-CH2, cyclohexane-CH2-),
1.89–1.96 (m, 2H, -CO-CHCH2(CH2)-), 1.72–1.74 (m, 4H,
cyclohexane-CH2-), 1.24–1.60 (br, ~ 100H, alkyl), 0.85–0.89
(m, 12H, -CH2CH3).

rac-g/Si. This compound was prepared from rac-g by the similar
procedure described in (R, R)-g/Si. Yield; 55%. IR (KBr, cm− 1): 3281
(νN-H), 1636 (νC=O amide I), 1543 (δN-H amide II), 1258 (νSi-C),
1085, 1040 (νSi-O-Si). Found: C 66.70, H 12.70, N 3.80%. Calcd for
C78H158N4O7Si4: C 68.06, H 11.57, N 4.07%. 1H-NMR (400MHz,
CDCl3, TMS, 25 °C): δ= 5.97 (d, 2H, J= 3.68 Hz, NH-CO), 5.90
(d, 2H, J= 4.20 Hz, NH-CO), 3.58–3.59 (br, 4H, -NH-CH(CH2)-CH
(CH2)-NH-), 1.98–2.06 (m, 8H, -CO-CH2-CH2, cyclohexane-CH2-),
1.85–1.89 (m, 2H, -CO-CHCH2(CH2)-), 1.66–1.68 (m, 4H,
cyclohexane-CH2-), 1.18–1.52 (br. ~ 100H, alkyl), 0.79–0.83
(m, 12H, -CH2CH3).

RESULTS AND DISCUSSION

Gelation abilities
Four diamides based on trans-1,2-diaminocyclohexane were prepared
as gelators (Scheme 1). The chiral trans-(1R, 2R)-1-(2-heptylundeca-
noylamino)2-(10-undecenoylamino)cyclohexane was abbreviated as
(R, R)-g. The corresponding racemate, which was prepared from
racemic trans-1,2-diaminocyclohexane, was abbreviated as rac-g.
Terminal olefin segments in (R, R)-g and rac-g were incorporated
in a hydrosilylation reaction. The hydrosilylation reactions of the
terminal olefins in (R, R)-g and rac-g with 1,1,3,3,5,5,7,7-octamethyl-
tetrasiloxane gave (R, R)-g/Si and rac-g/Si, respectively. Not only
do (R, R)-g and rac-g act as gelators themselves, but they also
play important roles as gelation-driving segments in (R, R)-g/Si and
rac-g/Si.
The present study mainly includes two objects; one is the develop-

ment of gelators forming semi-permanent stable gels and the other is
the development of gelators forming transparent gels. In general, gels
composed of low-molecular-weight gelators are metastable and
crystallize after standing. In industrial applications of gelators, crystal-
lization involves the breakdown of gels and is a critical disadvantage.
Moreover, it is hardly necessary to say that the transparency of formed
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gels is essential for optical materials. In this study, we focused on
flexible oligo(dimethylsiloxane), with the expectation that oligo
(dimethylsiloxane)-containing compounds do not separate as crystals
from a solution or transform into huge aggregates because of their
flexibility. This is the reason why 1,1,3,3,5,5,7,7-octamethyltetrasilox-
ane was connected to (R, R)-g and rac-g.
Gelation tests were carried out using an upside-down test-tube

method. The gelation was considered successful when, upon inversion,
there was no fluid running down the walls of the tube. The results of
the gelation tests with 7 solvents are summarized in Table 1. It is clear
that (R, R)-g is the best gelator, as it could gel all 7 solvents at
concentrations less than ~ 1 wt%. The compound rac-g was able to gel
isopropyl myristate, hexadecyl 2-ethylhexanoate (HDEH), liquid
paraffin, silicone oil (KF-54), and decamethylcyclopentasiloxane

Table 1 Results of gelation test towards ordinary solvents at 25 °C.

Solvents (refractive index) (R, R)-g rac-g (R, R)-g/Si rac-g/Si

Ethyl acetate (1.37) GTL(8) P GTL(10) P

Isopropyl myristate (1.43) GTL(4) GTL(8) GT(8) GTL(40)

HDEH (1.45) GTL(10) GTL(10) GTL(10) GTL(40)

Toluene (1.49) GT(20) PG GT(40) PG

Liquid paraffin (1.48) GT(8) GT(10) GT(8) VS

Silicone oil; KF-54 (1.51) GT(2) GT(2) GT(4) VS

D5 (1.40) GTL(4) GTL(10) GTL(10) P

Abbreviations: D5: Decamethylcyclopentasiloxane. GT: Transparent gel. GTL: Translucent gel.
HDEH: Hexadecyl 2-ethylhexanoate. KF-54: Poly(methylphenylsiloxane) of 400cS.
P: Precipitation. PG: Partial gel. VS: Viscous solution.
The values indicate the minimum gel concentrations at 25 °C; the units are g l−1 (gelator/
solvent).

Scheme 1 Preparation of (R, R)-g, rac-g, (R, R)-g/Si, and rac-g/Si.
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(D5), but separated as crystals in ethyl acetate. The crystallization of
rac-g from ethyl acetate may be explained by Wallach’s rule;32,33

namely, a racemic crystal tends to be denser than its chiral counter-
part, and the former is more stable than the latter. The gelation ability
of (R, R)-g/Si was comparable to that of (R, R)-g, but the minimum
gel concentrations of (R, R)-g/Si were somewhat larger than those of
(R, R)-g. The high gelation ability of (R, R)-g/Si demonstrates that the
octamethyltetrasiloxane segment in (R, R)-g/Si can neither participate
in hydrogen bonding nor interrupt aggregation during physical
gelation. On the contrary, rac-g/Si failed to gel almost all solvents
except for isopropyl myristate and HDEH. The compound rac-g/Si
formed highly viscous solutions in liquid paraffin and KF-54 instead of
gels. The formation of a viscous solution or a partial gel by rac-g/Si
can be explained by the presumption that the racemic gelation-driving
segment will arrest the growth of aggregates suitable for three-
dimensional networks. We concluded that the order of gelation ability
is (R, R)-g≈(R, R)-g/Si4rac-g 44 rac-g/Si.
We then noticed a relationship between the transparency of gels and

the refractive indices of solvents. The refractive indices of 7 solvents
are shown in parentheses for solvents in Table 1. Needless to say,
(R, R)-g, rac-g, (R, R)-g/Si, and rac-g/Si have no large absorption in
the visible light region. From the analogy that the refractive indices of
the present diamides are in the range of 1.5–1.6, the formation of
transparent gels in toluene, liquid paraffin, and KF-54 is reasonable.
The refractive index of the obtained compound will correspond to
what is expected if the attachment of octamethyltetrasiloxane segment
with a low refractive index to gelation-driving segments decreases the
refractive index of the compound. However, our strategy, involving
the attachment of 1,1,3,3,5,5,7,7-octamethyltetrasiloxane with a low
refractive index (1.3) to gelation-driving segments to decrease the
refractive index, seems to fail, because (R, R)-g/Si still formed
translucent gels with ethyl acetate and HDEH. Although the successful
preparation of isorefractive high-internal-phase emulsion organogels
were reported,34 the present idea for the achievement of refractive-
index-matched gels by controlling the refractive index of gelators
seems to be impractical, because the refractive indices of fluids are
spread across a wide range; for instance, 1.329 for methanol compared
to 1.737 for diiodomethane. As the next strategy for the achievement
of transparent gels, we expected a reduced light scattering effect as a
result of the attachment of a 1,1,3,3,5,5,7,7-octamethyltetrasiloxane
fragment, which will prevent aggregate growth due to its flexibility.
Consequently, the flexibility will result in three-dimensional networks
with a size of less than the wavelength of visible light. The
transparency of gels of (R, R)-g, rac-g, (R, R)-g/Si, and rac-g/Si was
investigated using three-component mixed solvents frequently found
in cosmetics: HDEA as a polar oil, liquid paraffin as a non-polar oil,
and D5 as a silicone oil. Forming transparent gels is widely desirable
from a practical perspective. We evaluated the transparency of gels by
UV-vis spectroscopy. Figure 1a shows photos of aspects of transparent
gels of (R, R)-g and (R, R)-g/Si, a translucent gel ofrac-g, and a
viscous solution of rac-g/Si in a mixture of HDEH, liquid paraffin,
and D5 (vol. ratio; 4:3:3). Their transmittance is shown in Figure 1b.
The transmittances at 400 nm of gels of (R, R)-g/Si, (R, R)-g, rac-g,
and rac-g/Si at a concentration of 10 mg ml− 1 were 85, 81, 53, and
21%, respectively. The order of transparency of gels over the total
wavelength band is (R, R)-g/Si4(R, R)-g 44 rac-g 44 rac-g/Si. The
transparency of the gels is thought to depend on the size of aggregates
building up three-dimensional networks responsible for physical
gelation. When the width of the aggregates is equivalent to the
wavelength of visible light, the formed gels will be opaque, due to the
scattering of visible light. Since the octamethyltetrasiloxane segment in

(R, R)-g/Si will hinder the growth of aggregates that scatter visible
light, (R, R)-g/Si can form a transparent gel. The introduction of
gelation-driving segments into oligo(dimethylsiloxane)s will be useful
for developing gelators to form transparent gels.
The gelation behavior of (R, R)-g, rac-g, (R, R)-g/Si, and rac-g/Si

was investigated in the mixed solvents (66 combinations, with weight
ratios ranging from 10:0:0 to 0:0:10 of HDEH, liquid paraffin, and D5)
(Figure 2), where the concentrations were fixed at 10 mgml− 1

(gelator/solvent). It was found that (R, R)-g, rac-g, and (R, R)-g/Si
could form gels with all these mixed solvent combinations
(Figures 2a–c). In particular, (R, R)-g/Si could form transparent gels
in the high-ratio region of liquid paraffin. Meanwhile, rac-g/Si formed
highly viscous solutions in the region containing a high ratio of
HDEH, gave precipitates in mixed solvents including a large amount
of D5, and formed partial gels in the other regions (Figure 2d). The
effect of the octamethyltetrasiloxane segment on the formation of
semi-permanent stable gels was unclear in the present study. Since the
gels formed with (R, R)-g were so stable that they did not change into
crystals even after one year, we could not evaluate the contribution
of the octamethyltetrasiloxane segment in (R, R)-g/Si to the formation
of semi-permanent stable gels. It is noteworthy that the significance of
polysiloxane, polyether, and polycarbonate segments, with respect to
the formation of semi-permanent stable gels, was mentioned in the
literature.23

Gel-to-sol phase-transition and gel strength
The phase-transition temperatures of the gels formed in the mixed
solvents of HDEH, liquid paraffin, and D5 (66 combinations) were
investigated (Figure 3). The concentrations of (R, R)-g, rac-g, and
(R, R)-g/Si were fixed at 10 mgml− 1. The greatest thermal stability
was observed for gels formed with (R, R)-g; their phase-transition
temperatures for gel to sol were within 75–94 °C in the region
containing a high ratio of HDEH and 95–110 °C in the region
containing a low ratio of HDEH (Figure 3a). The second group of
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Figure 1 Photos of gels (a) and transmittance of gels in UV-visible region
(b). A mixture of HDEH, liquid paraffin, and D5 (vol. ratio; 4:3:3) was used
as a solvent. The concentration was 10 mg ml−1. A full color version of this
figure is available at Polymer Journal online.
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thermally stable gels was formed with (R, R)-g/Si (Figure 3b).
Regarding rac-g, if the content of D5 increased in the mixed solvents,
the phase-transition temperatures decreased in the region of 31–49 °C
and were within 65–80 °C in the region containing a low ratio of D5
(Figure 3c). The phase-transition temperatures of rac-g/Si were not
shown, because rac-g/Si formed highly viscous solutions, rather than
thermally-weak gels.
The gel strength, which is an important factor in the application of

gels, will be evaluated by measuring the elastic storage modulus G’ and
loss modulus G” values in the following discussion. However, here, we
evaluated gel strengths as the power necessary to sink a cylindrical bar
(10 mm in diameter) 4 mm deep in the gels. The gel strengths of the
gels formed in the mixed solvents of HDEH, liquid paraffin, and D5
(66 combinations) are shown in Figure 4, where the concentrations of
compounds were fixed at 10 mgml− 1. The greatest gel strength was
observed for gels formed with (R, R)-g (Figure 4a); in particular, hard
gels having strengths of more than 100 g cm− 2 were formed around
three corners, in which the mixed solvents included a large amount of
one component. The gel strengths of gels formed with (R, R)-g/Si
were in the region of 51 to 100 g cm− 2 (Figure 4b). Weak gels with
strengths of less than 60 g cm− 2 were formed with rac-g (Figure 4c).
Considering that the order of gel strength is (R, R)-g4(R, R)-g/

Si4rac-g, their strengths seem to be parallel to the gel-to-sol phase-
transition temperatures.

Rheology
The viscoelastic behavior of the gels was studied by rheology
measurements in strain sweep mode and frequency sweep mode
(Supplementary Figures S1–S4). The solvent used for the rheology
measurements was a mixture of HDEH, liquid paraffin, and D5
(vol. ratio 4:3:3), and the concentrations were fixed at 20 mgml− 1.
Regarding this aspect of gels, we already mentioned that (R, R)-g and
(R, R)-g/Si formed transparent gels, rac-g formed a translucent gel,
and rac-g/Si gave a partial one. From the results in strain sweep mode,
the storage elastic moduli (G’) of (R, R)-g and rac-g at a strain of 0.02
were under approximately 8163 and 5002 Pa, respectively. At a strain
of 0.07, the loss elastic moduli (G”) of the gels of (R, R)-g exceeded the
G’ and the gels collapsed. On the other hand, the gels formed with
rac-g collapsed at a strain of 1.0. In frequency sweep mode, the plateau
regions were observed in all gels up to 0.3 Hz. A comparison of
(R, R)-g and rac-g in the plateau region of frequency sweep mode
indicated that the GAve’ values of (R, R)-g were 1.3 times as large as
those of rac-g. Moreover, though the G” values of rac-g exceeded the
G’ at 5 Hz, the G’ values of (R, R)-g were greater than the G” values,

Figure 2 Aspects of gels of (a) (R, R)-g, (b) rac-g, (c) (R, R)-g/Si, and (d) rac-g/Si in a mixed solvent of HDEH, liquid paraffin, and D5 at concentration of
10 mg ml−1. A full color version of this figure is available at Polymer Journal online.

Physical gelation by amides derived from trans-1,2-diaminocyclohexane
H Nakagawa et al

443

Polymer Journal



even at 5 Hz. It is clear that the gel of (R, R)-g is harder than that of
rac-g.
The rheology measurements of (R, R)-g/Si and rac-g/Si are shown

in Supplementary Figures S3 and S4. The relationship between the
viscoelastic behaviors of (R, R)-g/Si and rac-g/Si was similar to the
relationship between those of (R, R)-g and rac-g. Namely, the
G’ (5745 Pa, γ= 0.02) of (R, R)-g/Si was greater than that (2036 Pa,
γ= 0.02) of rac-g/Si. A comparison of (R, R)-g/Si and rac-g/Si in the
plateau region of frequency sweep mode also indicated that the GAve’

values of (R, R)-g/Si were about 7 times as large as those of rac-g/Si. It
can be said that the gel formed by rac-g/Si was the softest in four
gelators in this study.
The viscoelastic behavior of rac-g/Si in strain sweep mode was

different from that of rac-g (Supplementary Figures S2 and S4). The
G’ and G” values rac-g/Si in the strain sweep mode decreased with
increasing strain amplitude, suggesting that the network structures of
gels are partially broken due to a large deformation (Supplementary
Figure S4a). The difference of viscoelastic behavior between rac-g and
rac-g/Si was also recognized in the gelation test by an upside-down
test-tube method; the gel ofrac-g did not collapse when the upside-
down test tube was tapped lightly; on the contrary, the gel ofrac-g/Si
tumbled down when the tube was tapped lightly. Moreover, the gel
strengths ofrac-g and rac-g/Si at 10 mg ml− 1 were 38 and 4.7 g cm− 2,
respectively. The 1,1,3,3,5,5,7,7-octamethyltetrasiloxane segment in
rac-g/Si considerably decreased the gel strength and the G’ as
compared to in rac-g.

TEM observation
The transparency and rheology behavior of the formed gels depended
on the chirality of the gelators and the existence of the octamethylte-
trasiloxane segment. It is assumed that the properties of gels will be a
function of the shape and size of aggregates forming three-dimensional
networks. TEM images of loose gels formed with (R, R)-g, rac-g,
(R, R)-g/Si, and rac-g/Si were obtained (Figure 5). The solvent was a
mixture of HDEH, liquid paraffin, and D5 (vol. ratio 4:3:3), and the
concentrations of gelators used to prepare the TEM samples were
2 mgml− 1 for (R, R)-g and rac-g and 1 mgml− 1 for (R, R)-g/Si and
rac-g/Si. The image of (R, R)-g shows fine thread-like aggregates with
nearly homogeneous diameters of approximately 30 nm (Figure 5a), in
which a gathering of numerous fibers, juxtaposed and intertwined
with the fine thread-like aggregates, was observed. By contrast,
the widths of fibers in rac-g ranged from approximately
60 nm (Figure 5b), which is larger than the widths of the fibers in
(R, R)-g. Low-transparency gels of rac-g will be formed by the thick
aggregates. The image of (R, R)-g/Si (Figure 5c) is characterized by
fine thread-like aggregates with homogeneous diameters of approxi-
mately 20 nm, where no gathering knot was observed. The concentra-
tions for preparing TEM samples were considerably lower than the
minimum gel concentrations, so that the images in Figure 5 show the
fibers of loose gels before actual gelation. However, the homogeneous
fine aggregates without gathering knots will result in high-
transparency of gels of (R, R)-g/Si; namely, the flexibility of the
1,1,3,3,5,5,7,7-octamethyltetrasiloxane fragment will result in homo-
geneous three-dimensional networks with less light scattering. The

Figure 3 Gel-to-sol temperatures in a mixture of HDEH, liquid paraffin, and D5 at 10 mg ml−1; (a) (R, R)-g, (b) rac-g, and (c) (R, R)-g/Si.
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image of rac-g/Si was characterized by a gathering of short aggregates
and the width of fibers was approximately 50 nm (Figure 5d). The low
gelation ability of rac-g/Si may be explained by the gathering of short
aggregates. The present TEM images demonstrate that the fibers of the
racemates are thicker than those of the enantiomers. The octamethyl-
tetrasiloxane segment in rac-g/Si probably increases the solvophilic
character; consequently, the interaction among the molecules is so
weak that they fail to form fibrous aggregates. The poor gelation ability
and low gel strength of rac-g/Si will be explained by the short
aggregates resulting from the weal interaction.

CD spectra
To confirm the helical aggregates of (R, R)-g and (R, R)-g/Si, which
we failed to detect in the TEM images (Figures 2a and b), we recorded
the CD spectra of the gels. The solvent for CD spectroscopy was a
mixture of HDEH, liquid paraffin, and D5 (vol. ratio; 4:3:3), and the
concentrations of all the prepared samples were 10 mg ml− 1. The
spectra of (R, R)-g and rac-g are shown in Figure 6a and those of
(R, R)-g/Si and rac-g/Si are shown in Figure 6b. The CD spectrum of
the loose gel of (R, R)-g at 25 °C exhibited a markedly strong peak for
the amide unit: [θ]210= approximately 150 mdeg. The intensity of this
peak decreased with increasing temperature and disappeared at 50 °C;
at that time, the loose gel of (R, R)-g was transformed into an

isotropic solution. The disappearance of the CD signal in the isotropic
solution led us to conclude that the strong CD band originates from
helical aggregates of (R, R)-g and not from the chirality of (R, R)-g
itself.35 The strong CD band supports the existence of helical
aggregates in the gels of (R, R)-g. In the case of (R, R)-g/Si at
25 °C, the spectrum exhibited a strong peak for the amide unit: [θ]
210= approximately 70 mdeg. The intensity of this peak also decreased
with increasing temperature and disappeared at 50 °C, when the loose
gel of (R, R)-g/Si was transformed into an isotropic solution. The fact
that the [θ]210 of (R, R)-g/Si was slightly smaller than that of (R, R)-g
is explained by the presumption that the octamethyltetrasiloxane
segment in (R, R)-g/Si partially arrests the growth of helical aggregates.

CONCLUSION

We prepared four gelators based on trans-1,2-diaminocyclohexane; the
initial two gelators contain structurally different substituents, one
being chiral and one racemic. The others are 1,1,3,3,5,5,7,7-octa-
methyltetrasiloxane-containing chiral and racemic gelators prepared
by hydrosilylation reactions. The results of gelation tests with
7 solvents demonstrated that the order of gelation ability to form
stable gels is (R, R)-g≈(R, R)-g/Si4rac-g 44 rac-g/Si. In particular,
(R, R)-g is the best gelator, gelling all 7 solvents at concentrations less
than approximately 1 wt%. The gelation behavior was investigated

Figure 4 Gel strengths of gels prepared from (a) (R, R)-g, (b) rac-g, and (c) (R, R)-g/Si. A mixture of HDEH, liquid paraffin, and D5 (vol. ratio; 4:3:3) was
used as a solvent. The concentration was 10 mg ml−1.
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using three-component mixed solvents of HDEH, liquid paraffin, and
D5 (66 combinations). The order of transparency of gels over the total
wavelength band was (R, R)-g/Si4(R, R)-g 44 rac-g 44 rac-g/Si.
The thermal stabilities of the gels were evaluated on the basis of their
phase-transition temperatures. The highest thermal stability was
observed for gels formed with (R, R)-g, and the second most thermally
stable gels were formed with (R, R)-g/Si. The order of gel strength in
the mixed solvents was (R, R)-g4(R, R)-g/Si4rac-g, which was
consistent with that of the gel-to-sol phase-transition temperatures.
The G’ values of (R, R)-g were about ten times as large as those of
rac-g. The rheological results for (R, R)-g/Si and rac-g/Si showed a

similar trend in their viscoelastic behavior to the relation between
(R, R)-g and rac-g. A TEM image of (R, R)-g shows fine thread-like
aggregates with nearly homogeneous diameters of approximately
30 nm, in which a gathering knot of numerous fibers was observed.
The image of (R, R)-g/Si is characterized by fine thread-like aggregates
with homogeneous diameters of approximately 20 nm without gather-
ing knots. The solvophilic octamethyltetrasiloxane segment in rac-g/Si
weakens the interaction among the molecules; consequently, they
fail to form fibrous aggregates. The CD spectrum of the loose gel of
(R, R)-g at 25 °C exhibited a markedly strong peak for the amide unit,
supporting the existence of helical aggregates in the gels of (R, R)-g.

(R, R)-g rac-g

(R, R)-g/Si rac-g/Si

Figure 5 TEM images of gels prepared from (a) (R, R)-g (2 mg ml−1), (b) rac-g (2 mg ml−1), (c) (R, R)-g/Si (1 mg ml−1), and (d) rac-g/Si (1 mg ml−1) in a
mixture of HDEH, liquid paraffin, and D5 (vol. ratio; 4:3:3).
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The [θ]210 of (R, R)-g/Si was smaller than that of (R, R)-g, suggesting
that the octamethyltetrasiloxane segment in (R, R)-g/Si slightly arrests
the growth of helical aggregates.
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