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FOCUS REVIEW

Development of low-molecular-weight gelators

and polymer-based gelators

Kenji Hanabusa and Masahiro Suzuki

In this review, the development of low-molecular-weight gelators and polymer-based gelators is described. The driving forces for
physical gelation are non-covalent bonds, such as hydrogen bonds, electrostatic interactions, van der Waals interactions and
n—n interactions. When gelation occurs, the gelator molecules self-assemble into macromolecule-like aggregates through
non-covalent intermolecular interactions. The close relationship between crystallization and gelation is discussed. Crystallization
is a phenomenon in which crystals are separated from solution by the formation of a three-dimensional arrangement of solute
through intermolecular interactions. Conversely, physical gelation is caused by the trapping of solvent in fibrous networks that
are formed by gelator molecules through intermolecular interactions. Amino acid derivatives and cyclic dipeptides are
introduced as typical gelators. To develop gelators that form semipermanent stable gels, a new concept termed ‘gelation-driving
segments’ is proposed. Polymer-based gelators that can form semipermanent stable gels are synthesized by connecting

gelation-driving segments to polymers or oligomers.
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INTRODUCTION
Low-molecular-weight gelators that form physical gels have recently
been extensively studied. The physical gelation of low-molecular-
weight compounds results from non-covalent bonds, such as
hydrogen bonds. During a gelation process, gelator molecules are
first self-assembled during the cooling process, producing fibrous
assemblies. Then, these fibrous assemblies form a three-dimensional
network structure, and gelation occurs by trapping solvent in the
networks. A large number of gelators with different structures have
been reported,~!! and some of these agents have been used as gelators
for used cooking oils, crude oil spills, cosmetics, aromatics,
ink-thickeners and greases. For example, 12-hydroxystearic acid'? is
used to gel cooking oil and is practically used as a gelator. The
(1,3:2,4)-dibenzylidene sorbitol’® and the a,y-bis-n-butylamide of
N-lauroyl-1-glutamic acid are used as ingredients of antiperspirants.
Aromatic diureas are used as materials for synthetic grease.
However, gels composed of low-molecular-weight gelators are
metastable and crystallize during prolonged storage. This crystal-
lization process may occur within a few hours or within a few years,
and the period until stabilization (that is, crystallization) occurs varies
depending on the gel. In industrial applications for gelators, crystal-
lization corresponds to a breakdown of gels and is a critical
disadvantage. Unlike low-molecular-weight compounds, polymers
and oligomers are never separated from a solution as crystals because
of their molecular weight distributions and entanglement of their
chains. We focused on the non-crystallizable characteristic of
polymers and developed polymer-based gelators that produce semi-
permanent stable gels. Because gelation-driving segments covalently

attached to a polymer chain can move in solution and aggregate
during the cooling process, it is logical to anticipate that polymers
that contain gelation-driving compounds can function as polymer-
based gelators. Here, we present both low-molecular-weight gelators
and polymer-based gelators.

CHARACTERISTICS OF LOW-MOLECULAR-WEIGHT GELATORS
Figure 1 compares the molecular behavior of a low-weight compound
during gelation and during crystallization. When crystals are heated in
an appropriate solvent, a homogenous solution is formed. When the
homogeneous solution is cooled, crystallization occurs in response to
the differences in the solubility (the left half of Figure 1). However, in
rare cases, gelation may occur rather than crystallization (the right
half of Figure 1). When the formed gel is heated, it transforms
back into the original homogeneous solution. Crystallization occurs
because the molecules are condensed and arranged in an ordered
three-dimensional pattern. In contrast, gelation occurs because the
molecules are arranged in fibrous assemblies and form three-
dimensional networks. Both crystallization and gelation are the result
of non-covalent interactions, such as hydrogen bonds, van der Waals
forces, m—m interactions and electrostatic interactions.

The characteristics of low-molecular-weight gelators are listed as
follows.

(1) They are characterized by good solubility upon heating and
induce the smooth gelation of fluids.

(2) Gelation generally occurs with a low concentration of gelator: less
than 50g1~".
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Figure 1 Crystallization and gelation of low-molecular-weight compounds.

Table 1 Minimum gel concentrations of gelators 1 and 2 for typical
solvents at 25 °C

Solvents 1 2
Dimethyl sulfoxide 10 3
N, N-dimethylformamide 20 18
Nitrobenzene 22 4
Methanol 19 12
Ethanol 13 15
1-Propanol 20 15
Acetone 7 5
Cyclohexanone 35 12
2-Propanol 10 19
1-Butanol 19 15
Ethyl acetate 18 4
Chlorobenzene 30 4
Benzene 10 3
Toluene 36 14
Tetrachloromethane 20 15
Cyclohexane 9 2
Silicone oil 5 4
Light oil 10 3
Kerosene 11 4
Salad oil 15 2
Soybean oil 23 2

Values are mean minimum gel concentrations (gl 1) at 25°C.

(3) The formed gels show a thermally reversible sol-to-gel phase
transition.

(4) The driving forces of gelation are non-covalent interactions, such
as hydrogen bonds, van der Waals forces, n—m interactions and
electrostatic interactions.

The process of gel formation by a low-molecular-weight gelator is
extremely simple. First, a mixture containing a gelator and a solvent
is heated to obtain an isotropic solution, and then the hot solution is
allowed to stand at room temperature. Gelation occurs as the solution
cools. The characteristics of the formed gels, namely transparent,
translucent or opaque, depend on the types of gelator and solvent.

AMINO ACID DERIVATIVES AS GELATORS

The series of amino acid compounds shown in Figure 2, such as
L-isoleucine derivative (1)'* and 1-valine derivative (2),'> have a
strong gelation ability. In particular, 1 is easily produced through a
two-step reaction using L-isoleucine as a starting material.

fibrous aggregate

As shown in Table 1, in which solvents ranging from dimethyl
sulfoxide to cyclohexane are listed in order of descending dielectric
constant, 1 and 2 can gel a wide variety of fluids, including highly
polar solvents, such as dimethyl sulfoxide and N,N-dimethylforma-
mide and various alcohols, ketones, esters, aromatic compounds,
carbon tetrachloride, silicon oils, mineral oils and vegetable oils. For
example, 1 liter of acetone and silicon oil can be gelled by adding 7
and 5g of 1, respectively. When the structure is limited to the
N-octadecylamide of N-benzyloxycarbonyl-L-amino acid, not all
amino acid derivatives have gelation ability. The corresponding
compounds prepared from glycine, 1-alanine, p,L-valine, L-phenylala-
nine and r-proline only crystallize rather than gel. In contrast, the
compounds from r-leucine and r-tert-leucine are miscible in most
solvents.

The gelation by amino acid derivatives results primarily from the
formation of hydrogen bonds. The Fourier transformation-infrared
spectrum of a kerosene gel with compound 2 shows the NH
stretching vibration at 3269 cm ~!, the urethane C=0 stretching
vibration at 1688cm~! and the amide stretching vibration at
1646 cm ~!. This result indicates that hydrogen bonds form between
NH and the C=O of urethane and that amide bonds, and few NH
and C=0, are present as a non-hydrogen bond type. In contrast,
compound 2 forms a homogeneous solution in chloroform as a result
of solvation; therefore, the spectrum in chloroform is characterized by
the NH stretching vibration at 3437 cm !, the urethane C=0
stretching vibration at 1714cm ! and the amide C= O stretching
vibration at 1671 ¢cm ~!, indicating a non-hydrogen bond type.

When gelation occurs with low-molecular-weight compounds,
molecules are self-assembled through non-covalent bonds, such as
hydrogen bonds, and produce fibrous assemblies. Finally, three-
dimensional networks are constructed, and solvent molecules are
trapped in these networks. A nano-sized fibrous assembly is always
produced during the initial stage of the gelation process. This fibrous
assembly formed by a gelator can be easily observed with an electron
microscope. In a transmission electron microscopy image of a
tetrachloromethane gel formed by gelator 1, which was recorded with
negative staining under osmium oxide vapor, a large assembly
composed of fibrous assemblies with a minimum width of
10-30nm was observed (see the Graphical Abstract). The gelling
mechanism of amino acid-based compounds can be explained by
considering the hierarchical structure of assemblies. The initial
assemblies are formed by intermolecular hydrogen bonds between
amide and urethane, and these assemblies grow into large assemblies.
Subsequently, these assemblies are bundled through interactions of van
der Waals forces or other forces, and then they are entangled to form a
network structure. The trapping of solvent molecules in the network
structure results in their low fluidity, and gelling finally occurs.
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Figure 2 Structure of gelators consisting of amino acids.

CYCLIC DIPEPTIDES AS GELATORS

To develop a low-molecular-weight gelator, it is necessary to
find compounds that satisfy the following three requirements:
(I) the compound forms a large assembly by intermolecular
interactions through non-covalent bonds, (II) the assemblies
are bundled by interactions of van der Waals forces or other
forces to construct three-dimensional networks and (III) the com-
pound is capable of stabilizing metastable gels and preventing
crystallization.

It is reasonable to assume that cyclic dipeptides will satisfy the
above requirements (I)—(III). Because a cyclic dipeptide, namely a
2,5-diketopiperazine derivative, is a six-membered ring with two
amide bonds, it is hypothesized that it forms a molecular assembly
through intermolecular hydrogen bonds (I). When a failure occurs in
these hydrogen bonds, it triggers the three-dimensionalization of
fibrous assemblies (II). A random arrangement of cyclic dipeptides
prevents crystallization from occurring and consequently stabilizes a
gel state, satisfying requirement (III).

In fact, cyclic dipeptide derivative 3 has gelation ability.!¢18 All
cyclic dipeptides that contain the same amino acid residue exhibit a
high crystalline property and have no gelation ability. However, a
cyclic dipeptide functions as a gelator when it contains two
characteristically different amino acids: a neutral amino acid, such
as L-valine, L-leucine or L-phenylalanine and an acidic amino acid,
such as 1-glutamic acid or r-aspartic acid. In particular, compound 3
composed of r-aspartic acid and r-phenylalanine, cyclo(1-
Asp(OCjgHy1)-1-Phe), is characterized by a good gelation ability.
Compound 3 can be easily prepared from the artificial sweetener
Aspartame. The minimum gel concentrations of 3 for typical solvents
are 44gl~! (methanol), 28gl~! (ethanol), 28gl~! (acetone),
23gl~1 (ethyl acetate), 10g1~! (benzene), 3gl~! (toluene), 11gl~!
(chlorobenzene), 15gl~! (triolein), 15gl~! (tricaprylin), 13gl~!
(soybean oil) and 5gl~! (decamethylcyclopentasiloxane). Triolein,
tricaprylin and decamethylcyclopentasiloxane are often used as
cosmetic ingredients.
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DEVELOPMENT OF A POLYMER-BASED GELATOR

A defect of gels formed by low-molecular-weight gelators is a
breakdown of gels resulting from crystallization. Because a low-
molecular-weight gelator is a single molecule, it forms a metastable
gel and tends to crystallize. Therefore, when a gel is allowed to stand
for a prolonged period of time, the gelator molecules in fibrous
assemblies that form the gel are rearranged and transform into
crystals. To develop a gelator capable of forming a semipermanently
stable gel that does not crystallize, a factor that prevents the
crystallization of gels is required to be included in the molecular
design of a gelator. Polymers and oligomers, which are not single
molecules, are never separated from solution as crystals due to the
distribution of their molecular weights and entanglement of their
chains. Non-crystallizability, which is an inherent characteristic of
polymers and oligomers, can be utilized for the molecular design of a
gelator. A low-molecular-weight gelator is adhered to a polymer as ‘a
gelation-driving compound’ with a covalent bond. This process
converts a low-molecular-weight gelator into ‘a polymer-based
gelator’ that can form a stable gel. Flexible polysiloxanes,
polyethers and polycarbonates are useful polymers for preventing
crystallization.

Based on the variety of low-molecular-weight gelators that we have
developed, we prepared compounds 4-6 as gelation-driving com-
pounds, which include olefin at their termini (Figure 2). The terminal
olefin segment is introduced for the hydrosilylation reaction. To
function as a gelation-driving segment, the compound itself must
possess gelation ability. In other words, the structure of gelators 1-3
must be changed while maintaining the potential capability for
intermolecular interactions to form molecular assemblies. For exam-
ple, gelator 1 requires an amino acid residue r-isoleucine segment as
well as an amide bond and a urethane bond. Although the urethane
bond in the gelator is modified to an amide bond in gelation-driving
compound 4, the fundamental structure is the same. In the gelation-
driving compound 6, an alkyl group in gelator 3 is simply replaced by
an alkenyl group.
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Polysiloxane-based gelator 10

Figure 3 Structures of polysiloxanes (7-9) as a material and preparation of polysiloxane-based gelator 10 through a hydrosilylation reaction. A full color

version of this figure is available at Polymer Journal online.

Based on examinations of the gelation abilities of compounds 4-6
prepared as gelation-driving compounds, although the gelation ability
of compound 6 is somewhat lower than that of compounds 4 and 5,
all of compounds 4-6 have gelation ability. The minimum gel
concentrations of 4, 5 and 6 for toluene are 11, 16 and 6g1_1,
respectively. This result indicates that a partial replacement, such as
the replacement of a urethane group with an amide group and the
replacement of an alkyl group with an alkenyl group, does not result
in a loss of their gelation ability.

Compounds 7-9 are commercially available as polymers or
oligomers with a Si-H bond (Figure 3). Compound 7 is a 50-55%
methylhydrosiloxane-dimethylsiloxane ~ copolymer (M, = 1200,
viscosity = 10-15cSt). Compound 8 is a hydride-terminated poly-
dimethylsiloxane (M, = 6000, viscosity =100 cSt). Compound 9 is
1,1,2,2,3,3,4,4-octamethyltetrasiloxane. Figure 3 shows a typical pre-
paration of polysiloxane-based gelator 10 through hydrosilylation
between copolymer 7 and gelation-driving compound 4. Here, the
gelation-driving segment in 10 forms the network structure through
non-covalent bonds, and the polydimethylsiloxane backbone prevents
crystallization.!”

The polymer-based gelators 10-14 shown in Figure 4 were
prepared through hydrosilylation between a terminal olefin within a
gelation-driving compound and a Si-H bond in compounds 7-9.

The gelation abilities of polydimethylsiloxane-based gelators 10 and
12 are compared with those of original gelation-driving compounds 4
and 6. For example, the minimum gel concentrations of 4 and 10 for
silicone oil are both equal to 2 gl 1. Gelator 12 has low solubility in
solvents and can only gel a few type of solvents. In contrast, the
gelation ability of gelator 10 is extremely high and is equal to that of

gelation-driving compound 4. The strong gelation ability of poly-
dimethylsiloxane-based gelator 10 indicates that polydimethylsiloxane
being present on the backbone does not prevent self-aggregation
between the attached gelation-driving segments. These results led us
to conclude that polymer-based gelators can be synthesized by
introducing a gelation-driving segment to polydimethylsiloxane as a
side chain.

To determine the type of polymers and oligomers that are suitable
as a backbone for the development of a polymer-based gelator, the
gelation abilities of polymer-based gelators 11, 13 and 14 were
compared, which were produced by introducing gelation-driving
compounds 5 to 7, 8 and 9, respectively (Table 2). Table 2 shows
that polydimethylsiloxane copolymer 7 and 1,1,2,2,3,3,4,4-
octamethyltetrasiloxane 9 are suitable as a backbone for introducing
a gelation-driving segment, whereas gelator 13 prepared from 8 is
soluble in most solvents. We therefore may conclude that hydride-
terminated polydimethylsiloxane 8 is not suitable as a gelator
material. The degree of polycondensation of polydimethylsiloxane
8 is large, with a value of 80, and siloxane dominates most
parts of gelator 13. The small ratio of gelation-driving segments in
13 is responsible for the reduced gelation ability. Although
polydimethylsiloxane 8 is generally not suitable as a gelator
material, note that polydimethylsiloxane 8 is the most appropriate
material for the gelation of octamethylcyclotetrasiloxane and
decamethylcyclopentasiloxane.

A notable and useful characteristic of polymer-based gelators is that
they can form transparent gels. Unlike opaque and translucent gels
formed by the gelation-driving compound 4, polymer-based gelator
10, which contains 4 at its side chain, forms transparent gels in

779

Polymer Journal



Low-molecular-weight gelators and polymer-based gelators
K Hanabusa and M Suzuki

o

780
(I:H3 (I:H3 CH3 CH3
CH3— ?I—O Si—0 Sl—O Sl—CH CH3 Sl—O Sl— Sl—O SI—CH3
) L\)L L\)k
m=ca.8,n=ca.8 C18H37 m=ca.8n=ca8 I‘/ “CygHaz
(IJH3 C|:H3 CH3 CH3
CH3—Si—O—Si—0 s|—o Sl—CH CeHsCHz. N 9y
| | erisv2 CigHare N
CH; \CH3 /m HN>\’//0 N CI:H3 CI:H3
NH 0 CHy—SI—O-8i—0—Si~CH;
g H
m=ca.8,n=ca.8 H CH3 CH3 /n No
H CigHa7
12 o0 Yo n=ca. 80 o)
13
CqgH H
18787 m CH; CHs CHs
; % o} é o : 0—Si—CH Cy4H H\/\/' NN
H3C—Si—0—Si—0—S8i—0—Si—CHg 1123 1. NN NG
b by L R K T b
3 s 3 “CigHa7 Ci2Hp50™ ~O
14 15
O
H H H 0
CyqHo3 N\/\//,, N N\/\/\/\ JJ\ le) )J\ CaqH
. N /\/\/\/ 11M23
\l(l)/ L \g/ Ho© 45 ° N \ﬂ/ \ﬂ/
CqoHp50” ~O O OC12H25
16
o o
H H H H
CryHaa N~ NN A~ J\ o._O. p e Ao~~~ N Ci1Hzs
\"/ \g/ H 0 N () H \"/ I\/\/ 'S
Ci2Ha50” ~O 13 O OC12Has
17
Figure 4 Structures of various polymer-based gelators.
Table 2 Gelation ability of polysiloxane-based gelators 11, 13 Table 3 Gelation abilities of gelation-driving compound 15 and of
and 14 polymer-based gelators 16 and 17
Solvents 11 13 14 Solvents 15 16 17
Methanol 20 Precipitation 30 Cyclohexane 5 15 10
Ethanol 27 Precipitation 20 Methanol Precipitation Precipitation 25
1-Propanol 45 Solution 20 Cyclohexanone 30 15 40
Ethyl acetate 17 Solution 21 Acetone Precipitation 30 20
2-Butanone 15 Solution 13 Ethyl acetate Precipitation 30 40
Cyclohexanone 25 Solution 10 1,4-Dioxane 15 20 15
Acetone 10 Precipitation 17 Nitrobenzene 15 15 15
1,4-Dioxane 18 Solution 13 Dimethyl sulfoxide 30 15 15
Nitrobenzene 15 Solution 19 Propylene carbonate 15 20 10
Toluene Gel-like Solution 11 Oleic acid 7 10 40
N, N-dimethylformamide 9 Solution 21 Linoleic acid 15 10 20
Dimethyl sulfoxide 7 Solution 37 Silicone oil Viscous solution 20 40
Kerosene 20 Solution 11 Linseed oil 15 30 30
Light oil 12 Solution 11 Isopropyl myristate 30 40 40
Silicone oil 18 Viscous solution Gel-like  Triolein 15 20 20
Octamethylcyclotetrasiloxane Gel-like 33 Gel-like  PEG200 15 20 15
Decamethylcyclopentasiloxane Gel-like 36 Gel-like  PEG400 25 20 10
Values are mean minimum gel concentrations (gl 1) at 25°C. MePEG350 20 20 15
MePEG550 20 20 15
. PPG700 20 20 10
most solvents, such as alcohols, ketones, esters, aromatic solvents,
PPG1000 30 20 10

N,N-dimethylacetamide, dimethyl sulfoxide, hexane and kerosene.
Because the gelation-driving compound is a single molecule with a
low-molecular-weight, the orderliness of the self-assemblies is high,

Polymer Journal

Abbreviations: MePEG, poly(ethylene glycol) methyl ether; PEG200, poly(ethylene glycol)
average M, 200; PPG, poly(propylene glycol).
Values are mean minimum gel concentrations (gl 1) at 25°C.



and thus, the assemblies form a large-scale network structure
that disperses visible light. However, it is hypothesized that the
polymer-based gelators produce transparent gels because the steric
repulsion and flexibility of polysiloxane prevents their growth into a
large-scale network structure with pores as large as the wavelength of
visible light.

Another characteristic of a polymer-based gelator is the stability of
the formed gels. Low-molecular-weight gelator 6 can form a gel with
alcohols; however, the formed gel is decomposed and transforms into
a crystal after 24h. In contrast, polymer-based gelator 12 that
contains gelation-driving compound 6 produces an extremely stable
gel that remains as a transparent gel, which does not crystallize even
after several years. This semipermanent stability is most likely due to
the distribution of molecular weights and entanglement of flexible
chains in polysiloxane prevent the rearrangement of gelator molecules
and consequently prevent crystallization of the gelation-driving
segment.

We focused on commercially available polyethers and polycarbo-
nates with hydroxyl groups at the both termini as polymer materials
and developed polymer-based gelators.’? Compound 15 with an
isocyanate group was prepared as a gelation-driving compound.
Polyether-based gelator 16 and polycarbonate-based gelator 17 were
prepared by adding 15 to the hydroxyl groups of the polyether and
polycarbonate (Figure 4). The gelation abilities of gelation-driving
compound 15, polyether-based gelator 16 and polycarbonate-based
gelator 17 are summarized in Table 3. The values in the table are the
minimum amount (gl~!) of a gelator required for gelling at 25 °C.
The results indicated that polymer-based gelators 16 and 17 have
strong gelation abilities that are comparable with that of gelation-
driving compound 15. One important characteristic of 16 and 17 is
that both an acidic fluid, such as oleic acid and linoleic acid, and a
polyether type fluid, such as polyethylene glycol and polypropylene
glycol, can be gelled by adding these compounds in a few weight %.
Polyethers, polycarbonates and polysiloxanes are excellent ingredients
for developing polymer-based gelators.

CONCLUSIONS

The general characteristics of low-molecular-weight gelators and of
the representative gelators that we developed were explained. The
concept of a ‘gelation-driving compound” was proposed on the basis
of low-molecular-weight gelators. The introduction of gelation-
driving compounds into polymers afforded polymer-based gelators.
Polysiloxane-, polyether- and polycarbonate-based gelators exhibited
strong gelation abilities, reflecting the properties of the gelation-
driving compounds. Polymer-based gelators formed transparent and
stable gels that do not transform into crystals. It is important to
introduce a gelation-driving compound to highly miscible and
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flexible polymers such as polysiloxane, polyether and polycarbonate.
Considering that polymer-based gelators are physiologically inert and
safe, they are most likely useful as scaffolds for tissue engineering.
In the future, by utilizing the transparency and safety of gels produced
using polymer-based gelators, a variety of industrial applications are
expected, such as cosmetics and an ink-thickener for an inkjet printer,
among others.
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