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ABSTRACT: Methanol solutions of cyclic and linear coil-
crystalline diblock copolypeptoids [i.e., poly(N-methyl-gly-
cine)-b-poly(N-decyl-glycine)] (5−10 wt %) have been shown
to form free-standing gels consisting of entangled fibrils at the
room temperature. The gelation is thermally reversible and
mechanically nonreversible. The gel-to-sol transition at the
elevated temperature is induced by the melting of the PNDG
crystalline domains which results in the morphological change
of the fibrillar network into an isotropic solution. Variable-
temperature NMR studies reveal that the cyclic polymer gels have higher gel-to-sol transition temperatures than the linear
analogs. The hydrophobic segment is substantially less solvated in the cyclic polymers than the linear analogs both in gel and sol
states. Rheological measurements reveal that the cyclic gels are stiffer than the linear counterparts, presumably due to the
enhanced crystallinity in the fibrillar network in the formers relative to the latters. This study is the first example of
thermoreversible gelation of coil-crystalline block copolymers, where the crystallization of the solvophobic segment has been
shown to drive the gelation through the formation of crystalline fibrils.

Hydrogels and organo-gels have attracted much attention
in recent decades due to their wide use in various

technical applications (e.g., coating, cosmetic and drug
delivery). In contrast to chemical gels which consist of
irreversibly cross-linked networks,1 physical gels form networks
that are reversibly cross-linked via interactions such as
hydrophobic, hydrogen bonding, ionic/dative interactions or
physical cross-linking.2 As a result, physical gels can undergo
sol−gel transition upon exposure to appropriate external
stimuli, making them particularly attractive for applications
where a nonpermanent network structure is desired.3 While a
variety of small organic molecules and polymers can induce
physical gelation, polymer gels allow for convenient control
over their morphology and mechanical properties through
adjustment of the polymer composition, architecture, and
concentration.
Block copolymers are known to self-assemble into micelles

having various morphologies (e.g., spheres, discs, and worms)
in dilute solution. Above a certain concentration and at a
specific temperature, physical gelation can occur due to
intermicellar interactions. Amphiphilic AB,4 ABA,5 or ABC6

block copolymers have all been demonstrated to form gels due
to the densification or cross-linking of spherical micelles
through solvophilic blocks in concentrated solutions. In
addition to being responsive toward temperature change,
physical gels that respond to other environmental cues (e.g.,
pH,7 light,8 redox,9 or chemical cues10) have also been
developed through judicious design of the polymer structures.

Physical gelation due to the entanglement of fibrils (or worm
micelles) is well-known for small organic gelators.2 By contrast,
reports on block copolymer gelators that operate by the same
mechanism are limited.11 This is due to the restricted window
of access for polymeric worm micelles in the solution phase
diagram, in contrast to spherical micelles or vesicles. One
example is the core-cross-linked poly(ethylene oxide)-b-poly-
(butadiene) diblock copolymer (PEO-PB) that self-assembles
into several micrometer-long worm micelles in water and forms
a fragile gel at 1 wt % concentration.12 Poly(ethylene oxide)−
poly(propylene/butylene oxide)−poly(ethylene oxide) (PEO-
PP/BO-PEO) forms a stiff gel at 40−52 wt % in water, and the
gel structure is related to a mesophase involving hexagonal
arrays of cylindrical micelles.13,14 More recently, poly(glycerol
monomethacrylate)-b-poly(2-hydroxypropyl methacrylate)
(PGMA-b-PHPMA) diblock copolymers, directly synthesized
in a 10 wt % aqueous solution, were shown to form a free-
standing gel at 21 °C.11 Cylindrical micelles were observed in
the gel and transformed into spherical micelles upon cooling to
4 °C, resulting in the gel dissolution.
It has been shown recently that cylindrical micelles can be

efficiently produced from the self-assembly of block copolymers
containing an amorphous and a crystalline segment in dilute
solution. Their formation is driven by the crystallization of
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core-forming segments.15 Coil-crystalline diblock copolymers
consisting of crystalline segments such as poly(PFDMS),16

poly(ε-caprolactone),17 poly(L-lactide),18 polyethylene,19 poly-
(3-hexylthiophene),20 and poly(N-decyl glycine) (Figures S1−
S4) have been reported.21 However, physical gelation through
entanglement or cross-linking of these cylindrical micelles has
never been investigated. In this contribution, we demonstrate
that a coil-crystalline diblock copolypeptoid [i.e., cyclic or linear
poly(N-methyl glycine)-b-poly(N-decyl glycine) (c/l-
PNMG100-b-PNDG10)] can form thermoreversible and me-
chanically nonreversible gels in methanol solution at 5−10 wt
%. The gelation is driven by the crystallization of the
solvophobic segments (PNDG) and the polymer architecture
(i.e., cyclic vs linear) has been shown to affect the crystallization
in the gel, gelation temperature and gel stiffness.
A cyclic poly(N-methyl glycine)-b-poly(N-decyl glycine)

diblock copolymer was synthesized by N-heterocyclic carbene
mediated zwitterionic polymerization of N-substituted N-
carboxyanhydrides (i.e., Me-NCA and De-NCA) by sequential
monomer addition (Scheme 1A). Their linear analog was

prepared by a similar polymerization method using a primary
amine initiator (Scheme 1B). The polymers obtained from each
reaction step have been confirmed by 1H NMR spectroscopy
and analyzed by size exclusion chromatography (SEC). The
molecular parameters of the samples used in this study are
shown in Table 1.
Cyclic and linear PNMG100-b-PNDG10 copolymers can be

readily dissolved in methanol with slight heating. Cooling of a
methanol solution containing 5 wt % or above of the cyclic

polymers to room temperature results in the formation of
opaque and free-standing gels (denoted as “cyclic gels”) over a
period of several hours. The gelation is thermally reversible: the
gel dissolves into a clear and free-flowing liquid upon heating at
∼70 °C (Figure S5). The linear polypeptoid analog undergoes
a similar thermoreversible gelation, except that a higher
concentration (>10 wt %) is required to form a free-standing
gel (denoted as “linear gels”; Figure S5); the gelation of the
linear polymer solutions also appears to be much slower than
that of the cyclic analogs under identical conditions (refer to gel
preparation in SI). The cyclic and linear polypeptoid free-
standing gels are both mechanically nonreversible under high
strain: vigorous shaking causes the gels to break up into smaller
pieces and start to flow, suggesting the gel network is
dynamically cross-linked. The gels are not restored upon
prolonged equilibration.
Viscoelastic properties of the cyclic and linear gels were

studied by rheological measurements at 25 °C. Analysis of the
dynamic frequency sweep data in the linear viscoelastic regime
(Figure 1) revealed a higher storage modulus (G′) than the loss

modulus (G″) in all concentration ranges (2, 5, and 10 wt %)
for the cyclic gels, indicative of a highly elastic response. G′ and
G″ were found to increase gradually with increasing frequency
over a range of three decades (10−1−102 rad·s−1), suggesting an
enhanced elastic response at higher frequency and the
structural relaxation at lower frequency. For a permanent
network with infinite relaxation time, G′ and G″ are expected to
be independent of the deformation frequency. Clearly, the
polypeptoid gels consist of highly dynamic networks where the
structural relaxation occurs on the experimental time scale.
Similar behaviors have been previously reported for gels based
on colloidal particles where high deformation frequency
induces an elastic response from the local structures, which
can relax on a longer time scale.22−24 As the concentration of
the cyclic polypeptoid gel increases from 2 to 5 wt %, the
storage moduli of the gels (G′ and G″) dramatically increases
by 2 orders of magnitude, indicating a change from a soft to a
hard gel. The G′ and G″ of 5 and 10 wt % gels are comparable
in all frequency ranges, suggesting similar stiffness of the two
gels. The linear gels exhibit similar responses as the cyclic
analogs in the dynamic frequency sweep measurement.
Interestingly, the G′ and G″ of the linear gels are lower than
those of their cyclic analogs (Figure S6). For example, at the 10
rad·s−1 frequency, the G′ of the 5 wt % cyclic gel is 20-fold

Scheme 1

Table 1. Molecular Parameters of c/l-PNMG-b-PNDG
Diblock Copolymers

samplea NPNMG
b NPNDG

c
Mn

d

(kD)
Mn

e

(kD) PDIe f PNDG
f

c-PNMG100-b-
PNDG10

100 10 9.5 14.7 1.21 0.09

l-PNMG100-b-
PNDG10

100 10 9.2 12.5 1.05 0.09

aThe numbers in subscripts correspond to number average degree of
polymerization (DP), as determined by 1H NMR spectroscopy. bThe
DP of the PNMG blocks was determined by end-group analysis using
1H NMR spectroscopy in CD3OD.

cThe DP of PNDG blocks relative
to that of PNMG was determined by 1H NMR spectroscopy in
CDCl3/CF3CO2D.

dThe number average molecular weights were
calculated using the polymer composition determined by 1H NMR
spectroscopy. eThe relative number average molecular weights and
polydispersity index were determined by size exclusion chromatog-
raphy using polystyrene standards in DMF/LiBr(0.01 M). fThe molar
fraction of the PNDG blocks was calculated using the polymer
composition determined by 1H NMR spectroscopy.

Figure 1. Storage modulus (G′) and loss modulus (G″) of cyclic
PNMG100-b-PNDG10 gels in methanol (2, 5, or 10 wt %) as a function
of angular frequency (ω) at a strain amplitude of γ = 1.0% at 25 °C.
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larger than that of the linear counterpart, indicating the former
gel is harder than the latter (Figure S6A).
The elastic gel-like behavior is also reflected by the presence

of an apparent yield stress for both the cyclic and the linear gels
(Figure S7A). The yield stress refers to the applied stress above
which the gel ruptures or starts to flow. The yield stress was
estimated from the dynamic strain sweep measurements where
the elastic stress (σ) is obtained from σ = G′γ (G′, storage
modulus; γ, strain, Figure S7B). The yield stress of the 5 wt %
cyclic gel is 198 (5) Pa, whereas that of the linear gel is much
lower at 7 (1) Pa. This is consistent with the results from the
dynamic frequency sweep experiments and our empirical
observation that the cyclic gels are harder than the linear
analogs under identical conditions. Steady shear experiments
were conducted to probe the mechanically nonreversible
characteristics of the gels. It is evident that both the cyclic
and linear gels thin dramatically above a specific stress
threshold (Figure S7A), as evidenced by the apparent viscosity
decreases with increasing shear rate above the yield stress
threshold (Figure S8). The gel structures were not restored
after extended equilibration time, consistent with mechanically
nonreversible gels.
Entangled fibrillar structures measuring micrometer lengths

are evident in the AFM images of Figure 2. The individual fibril

has a diameter measuring 31 ± 6 nm for both the cyclic and the
linear gel samples (Figures S9 and S10). The fibrils are twisted
or aligned side by side to form bundles of varying diameters.
For the cyclic and linear gels, the average bundle diameters
measured 56 ± 12 and 120 ± 56 nm, whereas the bundle
heights are 6.5 ± 2.9 and 3.2 ± 1.1 nm, respectively. The cyclic
gel appears to contain a substantially higher density of bundles
than the analogous linear gel with identical polymer
concentration.
To obtain additional structural information, the cyclic and

linear free-standing gels (10 wt %) were analyzed by small/
wide-angle X-ray scattering techniques (S/WAXS). Both
samples exhibit two notable peaks at q = 0.26 and 0.089 Å−1

in the WAXS diffractograms (Figure 3A). The former peak (d =
24 Å) corresponds to the interchain crystalline packing of the
PNDG segments in the crystalline domain.21 This peak is
stronger for the cyclic gel than the linear one, indicating
enhanced crystalline packing of the former relative to the latter.
The low q peak corresponds to a domain spacing of 7 nm,
which is smaller than the PNDG crystalline core diameter of
the individual cylindrical micelle (∼12 nm) observed by
cryoTEM in the dilute solution (Figures S1 and S2).21 The

peak intensity is comparable between the cyclic and the linear
gel. The origin of this peak is currently unclear and warrants
further investigation. SAXS analysis revealed that both gels
asymptoted to a slope of −1 on the log−log plot in the low q
region, indicative of I ∼ q−1 scaling expected for long cylindrical
particles (Figure 3B).11 Thus, the SAXS data is consistent with
the observation of fibrils by AFM. Analysis of the low q data by
the Guinier plot, that is, ln[I(q) × q] versus q2 allows for the
extraction of the cylinder’s diameter: d = 28 ± 3 and 20 ± 2 nm
for the cyclic and linear gels, respectively (Figure S11). These
values agree reasonably with the fibril diameter determined by
the AFM analysis. The cyclic gel scatters more intensely in the
low q region than the linear analog, which results from a higher
number density of cylindrical scatterers in the former than the
latter.11

Thermoreversible gelation of the cyclic PNMG100-b-PNDG10
in methanol (10 wt %) was also investigated by differential
scanning calorimetry (DSC; Figure S12). As the sample was
heated from 10 to 65 °C, a broad endothermic first-order
transition was observed at 55 °C (transition window ΔT= 15
°C) with a 15.8 ± 0.5 J·g−1 enthalpic change (ΔHm). The gel-
to-sol transition coincides with the melting of the crystalline
PNDG domain in the cylindrical micelles of the same block
copolypeptoid in dilute methanol solution (Figure S2).21 In the
cooling cycle (cooling rate = 2.0 °C·min−1), no crystallization
exotherms were observed, suggesting that prolonged time is
required for the crystallization of the PNDG segments and
subsequent gelation. The mass of the gels remain unchanged
before and after the DSC experiment, suggesting that the
endothermic peak did not result from solvent evaporation. By
contrast, no notable thermal transition was observed for the
analogous linear gel in both the heating and the cooling cycles,
consistent with the low crystallinity in the linear gel relative to
the cyclic gel.
Polarized optical microscopic (POM) analysis of the cyclic

gel (Figure S13) at room temperature revealed the presence of
birefringent domains in micrometer size that disappeared upon

Figure 2. Fibrillar structures of the linear PNMG100-b-PNDG10 gel (5
wt % in methanol) acquired by tapping-mode AFM: (a) topograph, 6
× 6 μm2 view; (b) corresponding phase image.

Figure 3. (A) WAXS and (B) SAXS diffractograms of the cyclic and
linear PNMG100-b-PNDG10 free-standing gels (10 wt % in methanol)
obtained after 20 h gelation at room temperature.
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heating to 60 °C, at which the gel became an isotropic free-
flowing liquid. The birefringent domains reformed upon
cooling from 60 °C to room temperature, which preceded
the formation of a free-standing gel. They are likely to form
from the extensive bundling of the long fibrils. By comparison,
birefringent domains were much more sparsely observed in the
analogous linear gel than the cyclic one. The POM results are
consistent with the time-lapsed WAXS analysis of the gelation
where the crystallization was also found to occur before the
macroscopic gelation and the crystallinity in the gels increased
with the gelation time (Figure S14). These results strongly
suggest that the gelation of c-PNMG100-b-PNDG10 in methanol
is driven by the crystallization of the PNDG segments in the
block copolypeptoids.
Variable temperature 1H NMR studies were conducted for

the 5 wt % cyclic and linear gels between 10 and 65 °C to gain
insights into temperature-induced change of solvation around
the polymers and the solution morphology (Figure 4). Plot of

the integration ratio of PNDG methyl protons (a) relative to
that of PNMG (b) as a function of temperature reveals a two-
state transition, in accord with a gel-to-sol transition with
increasing temperature for both samples. Sigmoidal fitting of
the curve gives the transition temperature at 47 and 40 °C and
transition windows of 14 and 16 °C for the cyclic and linear
gels, respectively (Figure 4). For both gels, the integration ratio
is higher at high temperature state (sol state) than that at the
low temperature state (gel state), suggesting enhanced
solvation and mobility of the solvophobic PNDG segments in
the former relative to the latter. Interestingly, in both the sol
and the gel states, the integration ratios for the linear gel are
higher than those for the cyclic counterpart. This suggests that
the PNDG segments are more solvated in the linear sample
than the cyclic analog in both the gel and the sol states. In the
gel state, this can be understood by the enhanced crystallinity in
the PNDG segments in the fibrils of the cyclic gel relative to the
linear one, resulting in reduced chain mobility and solvation in
the former relative to the latter. In the sol state where the
nonassociated polymers dominate as evidenced by the DLS
analysis (Figure S3), the cyclic polymer chains are in a more
collapsed conformation relative to the linear analogs,

contributing to the reduced solvation of the PNDG segment
in the former relative to the latter.
In conclusion, we have demonstrated that the coil-crystalline

diblock copolypeptoids can efficiently form thermoreversible
free-standing gels at moderate concentrations (5−10 wt %) in
methanol at room temperature. The gels consist of a network of
crystalline fibrils cross-linked by dynamic entanglement.
Rheological studies revealed that cyclic copolypeptoids
produced stiffer gels than the linear counterparts. This is
partially ascribed to the difference in the degree of crystalline
packing of the PNDG segments in the fibrils, resulting in
enhanced rigidity for the fibrils and crystalline cross-linking
sites for the cyclic gels than the linear analogs. This study is the
first example of thermoreversible gelation of coil-crystalline
block copolymers where the crystallization of the solvopohobic
segments has been shown to drive the gelation through the
formation of the crystalline fibrils.
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