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Abstract
para-Substituted bis(3-aminopropyl)hexaisobutyl-cage octasilsesquioxane (T8 cage) (1) was polymerized with several
diisocyanates; methylenediphenyl 4,4’-diisocyanate (2a), 4,4’-diisocyanato-3,3’-dimethylbiphenyl (2b), m-xylene diisocya-
nate (2c), 1,3-bis(isocyanatomethyl)cyclohexane (2d), tolylene-2,4-diisocyanate (2e), and tolylene-2,6-diisocyanate (2f), at
room temperature to prepare T8-polyureas (3). Gel formation was observed immediately during the addition of 2 to the
solution of 1 when above the critical gel concentrations (Cgs). T8-polyureas with phenylurea moieties, 3a, 3b, 3e, and 3f,
promoted organogel formation in comparison with T8-polyureas with nonphenylurea moieties, 3c and 3d. The substitution of
methyl groups at the ortho position of the phenylurea groups provided lower Cgs. FT-IR analysis suggests that increasing the
intermolecular hydrogen bonding between the ureido groups in T8-polyurea enhanced the organogel formation. We also
studied the POSS structure-dependent properties of the polyureas, in which the T8 cages were replaced by double-decker-
shaped phenyl-substituted silsesquioxane (DDSQ) units. Polymerization was conducted at various concentrations, and it was
found that no organogels were formed below the solubility limit of the monomers except when 2f was used. This observation
suggests that the polyureas containing the isobutyl-substituted T8 units promoted organogel formation in comparison with
those containing DDSQ units.

Introduction

Obtaining organogels of low-molecular-weight compounds,
oligomers, and polymers via a self-assembly process is
attractive interested not only in supramolecular chemistry
but also for a wide variety of applications [1–3]. Low-
molecular-weight gelators (LMWGs) self-assemble into
one-dimensional fibrillar structures in organic solvents by
using noncovalent interactions such as electrostatic inter-
actions, hydrogen bonding, π–π-stacking, and van der

Waals interactions. Gelation may cause rather than a solu-
tion or a precipitate in a suitable solvent, if the
gelator–solvent and gelator–gelator interactions are suitably
balanced [4]. However, the molecular design and control-
ling the gel performance of LMWGs are hardly well
established, because most of LMWGs have been serendi-
pitously discovered. Most LMWGs form organogels at less
than 0.05 g/ml but tend to crystallize during long-term
storage [5]. On the other hand, polymer type organogelators
form organogels without crystallization, while critical gel
concentrations are relatively high [2]. Although many
polymeric hydrogels have been reported, most conventional
polymers do not form an organogel in organic solvents.
There are only a limited number of polymeric organogela-
tors and their organogelation abilities are lower than those
of LMWGs [6].

Polyhedral oligomeric silsesquioxanes (POSSs), denoted
as (RSiO1.5)8, have recently been regarded as promising
frameworks for designing polymeric materials based on
element-blocks [7–10]. POSSs are well-defined
organic–inorganic hybrid molecules containing rigid inor-
ganic cores with flexible organic substituents in the per-
iphery. Several types of POSS-containing polymers have
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been prepared, including main-chain types from bifunc-
tional POSS monomers [11–19], side-chain and end-cap
types from monofunctional POSS monomers, and network
types from octa-functional POSSs. Hydrogels containing
POSSs have been designed to achieve improved thermal
and mechanical properties, thereby broadening the appli-
cations of these materials [20]. Organogels were obtained
by chemical cross-linking of poly(styrene-co-chlor-
omethylstyrene) with multifunctional POSS nanoparticles
[21]. End-cap and pendant type polymers have been
reported to form hydrogels via the hydrophobic nature of
the POSS units [22, 23].

However, POSS-based organogels via self-assembly pro-
cesses have seldom been reported [24]. We have been
investigating the preparation of POSS-main chain type poly-
mers based on the development of difunctional cage octa-
silsesquioxane (T8 cage) monomers [16–18]. Previously,
we showed that the incorporation of the isobutyl-substituted
T8-unit in the poly(azomethine) main chain provided homo-
geneous polymerization solution from a para-substituted bis
(3-aminopropyl)hexaisobutyl-T8 cage (1) with several dia-
ldehyde comonomers (Fig. 1) [19]. Organogels were formed
after the resulting homogeneous polymerization solution was
concentrated under a reduced pressure at room temperature.
We replaced the T8 cages in the poly(azomethine)s with
double-decker-shaped phenyl-substituted silsesquioxane
(DDSQ) units to study the POSS structure-dependent physical
gel formation behavior [25]. In contrast to the T8 cage-
containing poly(azomethine)s, precipitates appeared when the
homogeneous polymerization solutions of the DDSQ-
containing poly(azomethine)s were sufficiently concentrated
under reduced pressure. The higher solubility in a wide range
of solvents for the isobutyl-substituted-T8 unit may provide a
suitable balance for the organogel formation in the case of the
poly(azomethine)s with the isobutyl-substituted T8 units in
the main chains. The lowest critical gel concentration (Cg) for
the T8-polyazomethines was 0.30 g/ml. This value is sig-
nificantly higher than that of most LMWGs, which form
organogels at less than 0.05 g/ml.

Previously, we reported polymerization of 1 with several
diisocyanates to prepare beads-on-string-shaped polyureas,

which showed high thermal conductivities as well as
good optical transparencies [26]. Polymerization in
4-methyltetrahydropyran (MTHP) proceeded in a homo-
geneous solution in a relatively diluted solution. When
toluene and p-xylene were used instead of MTHP for
polymerization at similar concentrations, organogel forma-
tion was observed during the polymerizations. Introducing
the ureido groups in the T8-based polymers may promote
organogel formation. Indeed, various LMWGs with ureido
groups have been widely developed [27, 28]. Herein, we
studied the organogel formation behaviors of beads-on-
string-shaped polyureas. Gel formation was observed
immediately during the addition of diisocyanate and com-
plete gel formation above Cg. Gels were formed during the
polymerization. We found that the lowest Cg was observed
for polyurea at 0.022 g/ml in toluene. This concentration
was comparable to that of usual low-molecular-weight
organogels. Cg was highly dependent on the comonomer
structures. The Fourier transform infrared (FT-IR) analysis
suggested that increasing the intermolecular interaction
between the ureido groups in T8-polyurea enhanced orga-
nogel formation. We also replaced the T8 cages with DDSQ
units to study the POSS structure-dependent organogel
formation behavior.

Experimental procedures

Materials

All the solvents and chemicals used here were obtained as
reagent-grade quality and used without further purification.
para-Bis(3-aminopropyl)hexaisobutyl-substituted T8 cage
(1) [17] and 3,13-bis(3-aminopropyl) DDSQ (4) [25] were
prepared according to our previous reports.

Instruments

FT-IR spectra were obtained with a JASCO FT/IR-4600
(JASCO, Tokyo, Japan) spectrometer. The surface of the
films was observed using scanning electron microscopy

Fig. 1 Polymerization of para-
bis(3-aminopropyl)
hexaisobutyl-substituted T8 cage
(1) with several dialdehyde
comonomers
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(SEM) (VE-8800, KEYENCE, Osaka, Japan). X-ray dif-
fraction (XRD) experiments were performed with a Rigaku
MiniFlex600 X-ray diffractometer using X-rays from
600W X-ray tubes (CuKα, λ= 1.54 Å) and a D/teX
Ultra2 semiconductor detector.

Polymerization

A typical polymerization for gel formation is as follows.
First, 1 (0.105 g, 0.120 mmol) and 2a (0.0298 g, 0.119
mmol) were mixed in THF (1.0 mL) and stirred at room
temperature for 2 h to obtain a gel.

Results and discussion

Gelation behavior

para-Bis(3-aminopropyl)hexaisobutyl-substituted T8 cage
(1) was polymerized with several diisocyanates, namely,
methylenediphenyl 4,4’-diisocyanate (2a), 4,4’-diisocya-
nato-3,3’-dimethylbiphenyl (2b), m-xylene diisocyanate
(2c), 1,3-bis(isocyanatomethyl)cyclohexane (2d), tolylene-
2,4-diisocyanate (2e), and tolylene-2,6-diisocyanate (2f), in
THF at room temperature (Scheme 1). A solution of dii-
socyanate was added to a solution of 1 under stirring at
room temperature. Polymerization was conducted at various
concentrations (Supplementary Fig. S1). The critical gel
concentrations (Cgs) were determined as the lowest con-
centrations of gel formation within the range of the
experimental polymerization concentrations. Gel formation
was observed immediately during the addition of the dii-
socyanate to a solution of 1 when stirring above the Cgs and

completely swollen gels were formed after finishing the
addition of diisocyanate. The homogeneous polymerization
solutions at below the Cgs were maintained for at least
several hours at room temperature. We found that the Cgs
were dependent on the structures of 2 (Table 1). The tested
T8-polyureas can be classified into two categories, i.e., T8-
polyureas with nonphenylurea moieties (3c and 3d) and T8-
polyureas with phenylurea moieties (3a, 3b, 3e, and 3f).
The Cgs of the latter were lower than those of the former.
The lowest Cg was observed for 3b at 0.080 g/ml in THF.
This concentration was comparable to that of typical
LMWGs [5]. Transparent gels were formed in the case of 3c
and 3d, whereas cloudy gels were obtained in the case of 3a
and 3b (Fig. 2b). Other T8-polyureas with phenylurea
moieties, 3e and 3f, provided slightly cloudy gels. Lower
critical gel concentrations tended to form cloudy gels.
Cloudy sols were initially observed for 3a and 3b during the
addition of diisocyanate into a THF solution of 1.

Scheme 1 Polymerization of
para-bis(3-aminopropyl)
hexaisobutyl-substituted T8 cage
(1) and 3,13-bis(3-
aminopropyl)-DDSQ (4) with
several diisocyanates (2a–f)

Table 1 Critical gelation concentration (Cg) of 3 and 5

3 Cg (g/ml) 5 Cg (g/ml)

THF MTHP Toluene p-Xylene THF

3a 0.13 0.13 0.023 IS 5a No

3b 0.080 0.034 0.022 0.034 5b No

3c 0.24 0.21 0.11 0.11 5c No

3d 0.25 0.21 0.097 0.086 5d No

3e 0.18 0.24 IS IS 5e No

3f 0.15 0.084 0.052 IS 5f 0.06

IS comonomer 2 is insoluble in the solvent, No no gel formation is
observed

Supramolecular organogel of polyureas containing POSS units in the main chain: dependence on the POSS. . . 163



XRD patterns of all the dried gels from the THF poly-
merization solutions showed broad peaks, indicating their
amorphous character (Supplementary Fig. S2). d-Spacing
evaluated from the broad diffraction peaks at a 2θ value of
8.2° was 1.1 nm, of which value is in good agreement with
the size of the isobutyl-substituted T8 caged unit [29]. These
data indicate that the T8-cages in the T8-polyureas were
densely packed without crystalline structures.

Free-standing films were obtained by casting diluted
homogenous polymerization solutions of THF onto Teflon
sheets. The concentrations of the polymerization solutions
for 3 were 0.11 g/ml except for 3b (0.068 g/ml), which
were just below the Cgs. At these concentrations, the
polymerizations proceeded in a homogeneous solution.
Opaque films were obtained from the polymerization
solutions from 1 with 2a and 2b. The optical transmittances
of the colorless films of the T8-polyureas with non-
phenylurea moieties 3c and 3d were over 90% in the visible
region (400–780 nm) at film thicknesses of 0.1 mm (Sup-
plementary Fig. S3). Smooth and homogeneous surfaces
were observed for the transparent films of 3c, 3d, 3e, and 3f
by SEM analyses (Fig. 3). On the other hand, spherical
spots were recognized on the surfaces of the opaque films
of 3a and 3b. Since the XRD traces of the films produced
using 3a and 3b indicate amorphous character, the sphe-
rical spots were not derived from crystallized domains.
They may be caused by precipitation during casting of the
polymerization solution. Inhomogeneous phase separation
proceeded in these cases.

The Cgs were studied using various other solvents,
MTHP, toluene, and p-xylene. The results are also sum-
marized in Table 1. Compared with other polyureas, the T8-
polyureas of 3a, 3b, and 3f tended to promote organogel
formation. The lower the polarity of the solvents leads to a
decrease in the Cgs. The lowest Cgs were observed for 3b in
all the tested solvents. We found that the lowest Cg was

observed for the polyurea of 3b at 0.022 g/ml in toluene.
Although the Cg for 3f in THF was higher than that of 3a, a
lower Cg of 0.084 g/ml was observed in MTHP for 3f. In the
case of using MTHP as a solvent, cloudy gels were also
observed for 3f in addition to 3a and 3b (Fig. 2c).

The gel of 3c obtained in p-xylene (0.13 g/ml) became
completely fluid at 75 °C for 40 min, and reformed into a
gel after being cooled to 25 °C. This observation suggests
that the network structure of the gel was formed by a
noncovalent interaction between the polymer chains.
However, the gels of 3a and 3b in MTHP and THF (0.14
and 0.10 g/ml, respectively) hardly became fluid even when
the gel was heated at 75 °C for 40 min. These observations
suggest that the noncovalent interaction of 3a and 3b was
higher than that of 3c. The higher the noncovalent inter-
action may cause the lower the Cgs.

We replaced the T8 cages with DDSQ units to elucidate
the POSS structure-dependent organogel formation beha-
vior. The polymerization of 3,13-bis(3-aminopropyl)-
DDSQ (4) with several diisocyanates (2) was performed in
THF at room temperature (Scheme 1), because 4 was hardly
soluble in p-xylene, toluene, and MTHP. Polymerization
was conducted at various concentrations, and it was found
that no organogels were formed below the solubility limit of
the monomers except 5f (Table 1). The Cg for 5f was 0.06 g/
ml in THF. Although all the dried T8-polyureas (3) were
insoluble in all tested solvents, the dried DDSQ-polyureas
(5) were readily soluble in THF.

Characterization of the dried gels

The FT-IR spectra of the dried gels after heating the
obtained gels in vacuo showed characteristic peaks assign-
able to the urea units at approximately 1550 cm−1 (CO-N-
H, amide H), and approximately 1640 cm−1 (C=O, amide I)
(Supplementary Fig. S4). A -N=C=O stretching band at
2265 cm−1 was hardly observed in all the cases, indicating
that little 2 remained even though gels formed during the
addition of the diisocyanate. Characteristic asymmetric
stretching of the Si-O-Si of the cage framework at 1090 cm−1

suggested no decomposition of the T8 cage structure.

3b3a

3e

3d3c

3f

(b)

(a)

(c) 3f

Fig. 2 a Photograph showing the gel after the polymerization of 1 with
2a in THF. b Appearance of the gels of 3 in THF and c the gel of 3f
in MTHP

3a 3b 3c

3d 3e 3f

Fig. 3 SEM images of the free-standing films of 3 obtained by casting
diluted polymerization solutions of THF onto Teflon sheets
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Polyureas can form hydrogen-bonding networks between
the hydrogen atoms in the two urea groups (-NH-) and the
oxygen atoms in the carbonyl groups (-CO-). In the case of
N-aryl-N’-alkyl ureas, for example, the C=O stretching
bands at 1690, 1650, and 1630 cm−1 can be assigned to
“free,” “disorder,” and “order” or “crystalline” carbonyl
groups, respectively [30, 31]. In other words, the number of
vibrations for the C=O stretching bands decreases with
increasing the hydrogen-bonding strength [32]. The dried
gels prepared from MTHP solutions were subjected to
measured FT-IR analysis (Fig. 4). Among the T8-polyureas
with phenylurea moieties 3a, 3b, 3e, and 3f, the FT-IR
analysis of 3b and 3f showed relatively sharp C=O
stretching bands centered at 1640 and 1643 cm−1, respec-
tively. On the other hand, the FT-IR analysis of 3a and 3e
showed broad C=O stretching bands centered at approxi-
mately 1650 cm−1, indicating relatively weaker hydrogen-
bonding strengths than those of 3a and 3e. These obser-
vations suggest that increasing the hydrogen bonding
exhibited decreased the Cgs among the T8-polyureas with
phenylurea moieties. The T8-polyureas with nonphenylurea
moieties, 3c and 3d, exhibited relatively broad C=O
stretching bands centered at 1637 and 1640 cm−1, respec-
tively, suggesting relatively weaker hydrogen-bonding
strengths than those of reported aliphatic polyureas [32].
In the N-H stretching regions at 3200–3400 cm−1, broad
bands apparently centered at 3307 and 3285 cm−1 were
observed for 3b and 3f, of which numbers of vibrations
were lower than those of others (Supplementary Fig. S5).
These data also support a higher the hydrogen-bonding
strength between the ureido groups in 3b and 3f. FT-IR

spectra of the dried gels prepared from the THF solutions
were also performed (Supplementary Fig. S6). No recog-
nizable difference was observed.

It was reported that intermolecular interactions through
hydrogen bonding for an aromatic bis-urea were strongly
enhanced by substitution at the ortho position of the phe-
nylurea groups [33]. The ortho substitutions provide a
noncoplanar conformation of the urea and phenyl moieties;
thus, these substitutions results in better preorganization of
the monomer for hydrogen bonding. Upon self-assembly of
the phenylurea moiety, π-stacking interactions can be
allowed. Therefore, compared with nonphenylureas, the T8-
polyureas with phenylurea moieties promoted organogel
formation. In addition, substitution by methyl groups at the
ortho position of the phenylurea groups provided lower Cgs
than 3b and 3f. These observations suggest that the stronger
the intermolecular interaction between the ureido groups in
T8-polyurea enhanced the organogel formation.

In a previous paper [25], we studied the gel formation
behavior of the T8-poly(azomethine) in several poly-
merization solvents in comparison with that of DDSQ-poly
(azomethine)s to study the POSS structure-dependent gel
formation behavior. Organogels were formed after the
polymerization solutions of T8-poly(azomethine) were
concentrated. In contrast to T8-poly(azomethine), no gela-
tion was observed when the polymerization solution of
DDSQ-poly(azomethine) in THF was concentrated at a
reduced pressure. In the present study, no organogels were
formed below the solubility limit of the monomers except
5f, as described above (Table 1). The FT-IR spectra of 5b
and 5f showed relatively sharp C=O stretching bands
centered at 1637 and 1638 cm−1, respectively (Fig. 5).
Careful analysis in the region of the C=O stretching bands
showed that relatively broader bands were observed at the
higher wavenumber in the case of 5b in comparison with
those of 5f. These observations also suggest that increasing
the intermolecular interaction between the ureido groups in
DDSQ-polyurea enhanced the organogel formation.

In our previous paper [26], we checked the polymeriza-
tion behavior of an aliphatic polyurea without containing
POSS units. We observed precipitates instead of gel for-
mation during polymerization (0.078 g/ml) of 1,4-pheny-
lene diisocyanate with ethylenediamine instead of 1 in THF.
The FT-IR analysis of the precipitated polyurea showed a
sharp C=O stretching band at 1630 cm−1, indicating crys-
talline hydrogen-bond network domains. This controlled
experiment suggests that including the POSS unit in the
polyurea inhibits the formation of crystalline hydrogen-
bond network domains due to the sterically hindering the
cage frameworks. The combination of the POSS units and
ureido groups may provide a suitable balance for organogel
formation.

Fig. 4 FT-IR spectra of the dried gels of 3 from the MTHP poly-
merization solutions
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Conclusions

We studied the organogel formation behavior of POSS-
based polyureas. Usually, organogels are obtained after
heating a solution of organogelators followed by cooling. In
the present case, organogel formation was observed during
the addition of diisocyanate at room temperature, showing
no need for a heating process. Compared with non-
phenylurea moieties, the T8-polyureas with phenylurea
moieties promoted organogel formation. Substitution by the
methyl groups at the ortho position of the phenylurea
groups provided lower Cgs. Increasing the intermolecular
interaction between the ureido groups in the T8-polyurea
enhanced organogel formation, which was supported by the
FT-IR analysis of the dried gels. We also studied the POSS
structure-dependent physical gel formation behavior of the
polyureas by replacing the T8 cages with DDSQ units.
Although no organogels were observed in the polymeriza-
tion solution even below the solubility limit of the mono-
mers in THF, an organogel was formed for 5f at a relatively
low Cg of 0.06 g/ml. These observations suggest that
compared with the DDSQ units, the isobutyl-substituted T8

units tend to promote organogel formation. However, the
selection of appropriate comonomers provides organogels
even in the case of DDSQ-containing polyureas. Substitu-
tion by the methyl groups at the ortho position of the
phenylurea groups provided an organogel for 5f, as was the
case for the T8-polyureas. The present findings contribute to
the design of POSS-based organogelators by self-assembly.
The detail properties of the POSS-based organogel are now
underway.
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