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ABSTRACT: In this study, we have prepared thermally and
chemically stable lamellar polymer films via humid annealing. The
amphiphilic polymer poly(N-dodecyl acrylamide-stat-3-
(trimethoxysilyl)propyl acrylate) [p(DDA/TMSPA)] forms a self-
assembled lamellar structure via annealing at 60 °C under 98%
relative humidity (humid annealing) due to nanophase separation
between the hydrophobic dodecyl side and main chains with the
amide groups that contain adsorbed water. Moreover, a self-cross-
linking reaction of TMSPA proceeds during the humid annealing.
As a result, the lamellar films maintain their structure even when
annealed above their glass-transition temperature. On the other
hand, the films swell when immersed in toluene. The highly ordered
lamellar structure collapses due to the swelling but can be re-
established by subsequent humid annealing. A multilayer freestanding film can be exfoliated via sonication in toluene. The exfoliated
multilayer films initially form a dome-shaped structure, which is converted to a plate-shaped structure upon humid annealing. In
their entirety, these results reveal that the molecular-scale movement associated with the formation of the lamellar structure induces
a macroscopic structural change. Consequently, p(DDA/TMSPA) can be considered as a new stimulus-responsive polymer.

■ INTRODUCTION
In general, polymeric materials with ordered structures exhibit
improved functionality compared to those with randomly
oriented conformations. For example, highly oriented polymer
films exhibit mechanical strength that is by a factor of 7−15
higher than that of conventional films.1,2 Highly ordered
polymer films also exhibit lower gas permeability (40−99%
compared to amorphous films) due to the close packing of the
polymer chains.3−5 Electron and ion conductivity can be
improved by several orders of magnitude upon increasing the
degree of orientation of the polymers.6−11 Most of these
improvements have been achieved via the formation of highly
oriented lamellar structures. Thus, the exploration of such
highly ordered lamellar structures represents an effective
method to create unique functional polymeric materials. So
far, polymeric lamellar-structured materials have been prepared
using crystalline polymers,12,13 liquid crystalline polymers,14−17

and block copolymers,18−20 while reports using amorphous
homo- and copolymers remain scarce.21,22 In this context, we
have discovered that a series of amorphous homo- and
copolymers of alkyl acrylate and alkyl acrylamide form
uniaxially oriented lamellar structures via annealing above
their glass-transition temperatures (Tg) under humid con-
ditions (humid annealing).23−28 During the humid annealing,
water molecules adsorb on the hydrophilic amide and ester
groups due to the highly humid conditions. As a result,
segregation forces between the main chains that bear the

amide/ester groups with adsorbed water molecules and the
alkyl side chains induce the formation of a lamellar structure
via nanophase separation.23,25 These lamellar structures remain
stable even after the water molecules are desorbed at a
temperature below Tg, whereas they collapse to the initial
amorphous state when annealed above Tg under dry
conditions. This is because the segregation forces are
insufficient due to the lack of water molecules in the
hydrophilic region, therefore it returns to a thermodynamically
stable random structure. Usually, such polymers are connected
by relatively weak hydrophobic interactions and hydrogen
bonds; therefore, the lamellar structure is unavoidably
dissolved in common organic solvents. The notoriously
unstable nature of poly(N-alkyl acrylamide) is an obstacle to
the wide use of oriented films. Oriented films have
applications, such as separation films, which require high
thermal and chemical stability.
In this paper, we report a method to improve the thermal

and mechanical stability of lamellar films of poly(N-dodecyl
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acrylamide) [p(DDA)] by incorporating 3-(trimethoxysilyl)-
propyl acrylate (TMSPA) cross-linking groups using free
radical copolymerization. The films of the copolymers were
prepared using a spin-coating technique. We found that the
copolymers with TMSPA contents of up to 13% form a
uniaxially oriented lamellar structure upon humid annealing.
Furthermore, the cross-linking of TMSPA also proceeds during
the humid annealing. Therefore, these copolymers are
promising materials for the creation of self-assembling and
self-cross-linking lamellar films. Experimental evidence suggests
that the lamellar structure of the copolymer is stably
maintained even after eliminating the water molecules at
annealing temperatures above Tg under vacuum. On the other
hand, immersion of the cross-linked lamellar film in toluene
resulted in partial structural collapse. The original lamellar film
can be reformed by repeating the humid annealing.
Interestingly, we found that the macroscale structure was
also changed by the reformation of lamellae. In nature, Mimosa
pudica folds its leaves in response to mechanical stimulation;
this phenomenon is known as a seismonastic movement.29

This macroscale (centimeter scale) motion is caused by the
microscale contraction of cells via the drainage of water
molecules. In the present film, a nanoscale structural change,
that is, the formation of a lamellar structure via water
absorption (influx of water), induces a microscale structural
change in the film. Thus, such films can be considered as
artificial micro-M. pudica mimics.

■ EXPERIMENTAL SECTION

Materials. DDA (TCI) was recrystallized from chloro-
form/hexane. 2,2′-Azobis(isobutyronitrile) (AIBN; Fujifilm
Wako Pure Chemical Corp.) was recrystallized from ethanol.
TMSPA (TCI), toluene (super dehydrated, Fujifilm Wako
Pure Chemical Corp.), n-octyltrichlorosilane (Sigma-Aldrich),
acetone (Nacalai Tesque Inc.), isopropyl alcohol (Nacalai
Tesque Inc.), acetonitrile (Nakalai Tesque Inc.), chloroform
(Kanto Chemical Co., Inc.), and tetrahydrofuran (THF; Kanto
Chemical Co., Inc.) were used as received.
Synthesis of the Copolymers. Different feed ratios of

DDA and TMSPA with 1 mol % of AIBN relative to the total
monomer were dissolved in toluene at a concentration of 0.2
M. These solutions were degassed using three freeze−pump−
thaw cycles, or the additions of toluene were conducted in an
oxygen-free glovebox (GBJV065; Glovebox Japan Inc.). Then,
the polymerizations were carried out at 60 or 65 °C for 12 or
24 h. After the copolymerization, the products were purified by
three reprecipitations from chloroform into acetonitrile. The
obtained polymers were vacuum dried at room temperature.
The TMSPA contents were determined via 1H NMR analysis
of the integral ratio of the CH3 groups of the dodecyl side
chains and the OCH3 groups of TMSPA (Table 1).

Preparation of Thin Films. A square silicon substrate (1
cm2) and a 1.3 cm × 3.5 cm quartz substrate were washed
consecutively with acetone and isopropyl alcohol under
sonication (ASU CLEANER, AS ONE Corp.) at 40 kHz for
20 min; this procedure was repeated twice. Subsequently, the
substrate surface was treated with ultraviolet (UV)−O3
irradiation for 30 min (PL16-110, SEN Lights Corp). The
substrates were then immersed in chloroform with a few drops
of n-trichlorooctylsilane, where they remained overnight to
render their surfaces hydrophobic. Finally, the substrates were
washed with chloroform and isopropyl alcohol under
sonication at 40 kHz for 20 min. These hydrophobic substrates
were stored in isopropyl alcohol and dried under the flow of
N2 prior to use.
The films were prepared via spin coating (MA-A100, Mikasa

Co., Ltd.) of 5 wt % toluene solutions of the copolymers onto
the hydrophobic substrates (1000 rpm for 5 s, then 1500 rpm
for 60 s). Subsequently, the films were annealed under vacuum
conditions (0.1 MPa) (ADP200; Yamato Scientific Co., Ltd.)
at 80 °C for 1 h in order to remove any residual toluene. The
substrates were then placed in a glass vessel with saturated
K2SO4 aq, and the vessel was placed in an oven at 60 °C for
humid annealing (Mini Oven MD-100; Yonezawa Corp.).

Peeling Off p(DDA/TMSPA) Films and Observation of
Macroscopic Structural Changes. The humid-annealed
films were immersed in toluene (10 mL) and sonicated at 40
kHz for 20 min to peel the p(DDA/TMSPA) films from the
substrates. The film dispersion solutions were drop cast onto
square silicon substrates (2 cm2) and dried under air.

Measurements. NMR spectra were measured at room
temperature using a JEOL ECA-500 spectrometer operating at
500 MHz. The number-average molecular weight (Mn) and
polydispersity (Mw/Mn) of the polymers were measured via gel
permeation chromatography (Shodex GPC-101, Showa Denko
K.K.; polystyrene standards) at 40 °C in THF. The
thermogravimetric analyses of the polymers were performed
on a TGA-50 (Shimadzu Corp.) under a nitrogen flow (50 mL
min−1) at a heating rate of 10 °C min−1 (temperature range:
from room temperature to 800 °C). Differential scanning
calorimetry (DSC) of polymers was performed on a DSC8231
(Rigaku Corp.) under a nitrogen flow (50 mL min−1) at a
heating and cooling rate of 10 °C min−1. X-ray diffraction
(XRD) measurements were conducted on a Rigaku SmartLab
(Rigaku Corp.) with a Cu Kα X-ray source (λ = 0.1542 nm)
using a scintillation counter as the detector. The measurements
were carried out in symmetrical reflection geometry (θ−2θ
method) and in-plane geometry at an incidence angle of 0.2°
(2θ-χ method). The Fourier-transform infrared (FT-IR)
spectra were obtained on an FT-IR spectrometer (Nicolet
6700; Thermo Fisher Scientific K. K.). The UV−visible (UV−
vis) absorption spectra were recorded on a UV−vis−near-IR
spectrophotometer (UV-3150, Shimadzu Corp.). The film

Table 1. Synthesis Condition of Copolymers and Their Composition, Molecular Weight, Polydispersity, and Thermal
Properties

run copolymer molar ratio DDA/TMSPA in feed molar ratio DDA/TMSPA in product Mn/10
4 Mw/Mn Tg/°C TM/°C T5d/°C

1 p(DDA/TMSPA1)a 95:5 99:1 2.57 2.08 73.7 −35.2 335
2 p(DDA/TMSPA2)b 95:5 98:2 2.53 1.88 73.6 −37.2 304
3 p(DDA/TMSPA13)a,c 74:26 87:13 2.35 2.10 50.4 −35.6 349
4 p(DDA/TMSPA32)d 50:50 68:32 2.14 1.92 e −29.8 330

aPolymerized at 60 °C for 12 h. bPolymerized at 65 °C for 12 h. cAnother p(DDA/TMSPA13) copolymer was synthesized (Table S1).
dPolymerized at 60 °C for 24 h. eUnclear.
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structure was analyzed via laser scanning microscopy (LM)
(HYBRID L3; Lasertec Corp.) and atomic force microscopy
(AFM) (XE-70; Park Systems Corp.). AFM measurements
were carried out in dynamic mode using a silicon cantilever
with a spring constant k of 1.7 N m−1 (OMCL-AC240TS-R3;
Olympus Corp.).

■ RESULTS AND DISCUSSION
Synthesis of Copolymers. The copolymers of DDA and

TMSPA [p(DDA/TMSPA)] were synthesized via free radical
copolymerization (Scheme 1). Statistical copolymers result

from the simultaneous mixing and polymerization of two or
more monomers.30 The obtained copolymers were charac-
terized using 1H NMR and FT-IR spectroscopy. The 1H NMR
spectra show peaks related to the Si-OMe groups (3.6 ppm),
dodecyl side chains (0.8−1.5 ppm), and polymer main chains
(∼2.4 ppm), together with the disappearance of the vinyl
proton peaks (5.5−6.3 ppm) (Figures S1−S5).23,31 Moreover,
the FT-IR spectra exhibit absorption bands associated with
CH3 asymmetric stretching (2955 cm−1), CH2 asymmetric
stretching (2921 cm−1), CH2 symmetric stretching (2852
cm−1), CO stretching (1644 cm−1; amide I), N−H bending
(1540 cm−1; amide II), and Si−O−CH3 asymmetric and
symmetric stretching (1088 and 821 cm−1) (Figure
S6).23,31−33 In the case where the alkyl chain is in an all-
trans conformation, the CH2 asymmetric and symmetric
stretching vibration appears at 2918 ± 1 and 2848 ± 1
cm−1, respectively. These peaks shifted to longer wavenumbers
with an increase in gauche conformation.34 The absorbance
wavenumbers of CH2 stretching vibrations indicate that the
side chains are not all-trans conformation. The molecular
weights of the p(DDA/TMSPA) copolymers were higher than
20,000 (Mw/Mn = 1.88−2.10) (Table 1). We have reported
that Mn > 6600 is required to obtain highly oriented lamellar
films.28 Thus, the present molecular weight (Mn > 20,000) is
sufficient to form a lamellar structure. The temperature at 5%
weight loss (T5d) was >300 °C for all the copolymers (Table 1
and Figure S7). The T5d values of the copolymers are higher
than those of pDDA,23 suggesting that the introduction of
inorganic components into the organic polymer increases its
thermal stability. The DSC curves show two characteristic
peaks in the scanning range. The endothermic peaks observed
in the low-temperature region correspond to the melting of
partially crystallized dodecyl groups,35−37 while the baseline
shift observed at high temperatures originates from the Tg

(Table 1 and Figure S8). The Tg values decrease with
increasing TMSPA content, therefore TMSPA is randomly
incorporated into pDDA.38 The DSC results suggest that
p(DDA/TMSPA1), p(DDA/TMSPA2), and p(DDA/
TMSPA13) are amorphous at room temperature.

Time Dependence of Hydrolysis and Condensation
Reactions. The hydrolysis and condensation reactions of the
p(DDA/TMSPA) copolymers were initially characterized
using polymer powders. The condensation reactions of the
copolymers with low TMSPA contents (<2%) were hard to
follow due to the small amount of cross-linking moieties.
Therefore, we mainly used p(DDA/TMSPA13) to follow the
condensation reaction. Figure 1 shows the FT-IR spectra of

p(DDA/TMSPA13) after varying exposure times to humid
annealing. The FT-IR spectra clearly show a decrease in the Si-
OMe peak (1088 cm−1) and an increase in the Si-OH peak
(916 cm−1) with increasing humid annealing time. Similar
trends were observed for p(DDA/TMSPA2) (Figure S9). The
normalized Si-OMe peak intensities as a function of the humid
annealing time suggest that the hydrolysis in the p(DDA/
TMSPA) copolymers is almost complete after 48 h (Figure
S10). Moreover, the formation of Si−O−Si bonds was
confirmed by the appearance of an absorption at ca. 1030
cm−1, which became clear after 72 h (Figure 1, purple
spectrum). Thus, we concluded that the condensation reaction
occurred mainly after the completion of the hydrolysis
reaction.

Characterization of the Thin Films. Thin films of the
copolymers were prepared via spin coating, and the structure
of the films was studied using XRD measurements. Figure 2
shows the XRD patterns of the vacuum-annealed films. The
broad diffractions at 2.4 nm−1 were attributed to the
nanodomains of the dodecyl side chains (alkyl nano-
domains).35 The presence of the alkyl nanodomains indicated
that the films were randomly oriented.35−37 The films were
then humid annealed for 24 h (Figure 3). The XRD patterns of
the humid-annealed films of p(DDA/TMSPA1) and p(DDA/
TMSPA13) exhibit peaks with an integer ratio of 1:2:3,
whereas the pattern of p(DDA/TMSPA32) was similar to that
of the vacuum-annealed film. These results indicate that the
copolymers with TMSPA content of up to 13% form ordered
lamellar films via humid annealing. It should also be mentioned

Scheme 1. Synthesis of p(DDA/TMSPA) by Free radical
Copolymerization Using AIBN as a Thermal Initiator at 60
or 65 °C for 12 or 24 h

Figure 1. Normalized FT-IR spectra of p(DDA/TMSPA13) powder.
Before humid annealing (red), and after humid annealing for 24 h
(brown), 48 h (green), 72 h (purple), 96 h (blue), and 120 h (black).
The spectra were normalized using the asymmetric stretching
vibration of CH2.
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here that films that were thermally annealed without humidity
for 24 h showed only the diffraction characteristic for the alkyl
nanodomains (Figure S11). As the FT-IR spectra revealed that
the condensation reaction proceeds effectively after 72 h, we
concluded that the self-cross-linking reaction mainly occurs
after the formation of the lamellar structure during the humid
annealing. The domain spacing of p(DDA/TMSPA1) and
p(DDA/TMSPA13) was estimated to be 3.0 and 2.9 nm from
the peaks at 2.1 and 2.2 nm−1, respectively. The values were
smaller than that of the pDDA homopolymer (d = 3.25 nm)23

because TMSPA groups inhibit the packing of the alkyl side
chains. Moreover, the diffraction at 14 nm−1, which was
attributed to hexagonal-like packing of the dodecyl side chains,
was only observed in the in-plane direction (Figure S12).35−37

The repeating units were aligned with the short-axis direction
of the packing. The XRD patterns thus indicate the formation
of an uniaxially oriented lamellar structure, wherein the
polymer main chains form the lamellar plane with the dodecyl
side chains oriented perpendicular to the lamellar plane
(Figure 4).
Stability of Self-Cross-Linked Lamellar Films toward

Heat and Organic Solvents. Thin films of p(DDA/
TMSPA2) and p(DDA/TMSPA13) were humidly annealed
for 96 h and their stability was examined. To study their
thermal stability, the lamellar-structured films were annealed
under vacuum at 80 °C for 24 h. The XRD patterns of the
thermally annealed films exhibited integer ratio peaks in the
out-of-plane direction and an amorphous halo corresponding
to the dodecyl side chains with hexagonal-like packing in the
in-plane direction (Figure 5). We have previously reported
that, under the same thermal annealing conditions, a lamellar
film of the homopolymer pDDA collapsed to become
amorphous.23 Thus, the XRD results indicate that the thermal

stability of the lamellar films is increased by the formation of
Si−O−Si bonds.
Next, we evaluated the solvent resistance of the lamellar

films by immersing the humid-annealed thin films in the good
solvent toluene for 24 h at room temperature, before
measuring their UV−vis and FT-IR spectra and XRD patterns.
The UV−vis spectra of the humid-annealed films exhibit an
absorption at around 190 nm, which was attributed to the
amide groups.39 After immersion in toluene, the absorption
almost disappeared from the spectrum of the p(DDA/
TMSPA2) film, whereas only a 6% absorption decrease was
observed for the p(DDA/TMSPA13) film (Figure S13).
Similar trends were observed in the FT-IR spectra. In the
FT-IR spectrum of p(DDA/TMSPA2), the peaks in the C−H-
stretching region (2800−3000 cm−1) and the N−H stretching
vibration (3307 cm−1) almost disappeared after immersion in
toluene, while they remained in the spectrum of the p(DDA/
TMSPA13) film (Figure S14). The UV−vis and FT-IR spectra
indicate that at least 13% TMSPA is required to prevent the

Figure 2. XRD patterns for p(DDA/TMSPA1) (top), p(DDA/
TMSPA13) (center), and p(DDA/TMSPA32) (bottom) thin films
annealed at 80 °C for 1 h under vacuum.

Figure 3. XRD patterns for p(DDA/TMSPA1) (top), p(DDA/
TMSPA13) (center), and p(DDA/TMSPA32) (bottom) thin films
annealed under humid conditions at 60 °C for 24 h.

Figure 4. Schematic image of the lamellar structure of thin films of
p(DDA/TMSPA). Red, green, purple, and blue represent dodecyl
side chains, amide, ester, and 3-(trimethoxysilyl)propyl groups,
respectively.

Figure 5. XRD patterns of the thin films of (a) p(DDA/TMSPA2)
and (b) p(DDA/TMSPA13) after exposure to humid annealing
conditions at 60 °C for 96 h, followed by annealing at 80 °C for 24 h
under vacuum. In each figure, the top and bottom patterns are the
patterns measured in the out-of-plane and in-plane directions,
respectively.
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films from dissolving in a good solvent. It should be mentioned
that copolymers with a low TMSPA content did not fully
dissolve; part of the film peeled off in the form of nanosheets
(vide infra). The XRD pattern of the toluene-immersed
p(DDA/TMSPA13) film exhibited only a sharp first-order
peak at 2.3 nm−1 (Figure 6a), which is due to the swelling of

the lamellar film in toluene, which disrupts the layer structure.
We assumed that the uniform lamellar structure could
potentially be recovered after repeating the humid annealing.
Therefore, we exposed the toluene-immersed film for 24 h to
humid annealing conditions and characterized the film
structure using XRD. The XRD pattern of the film after re-
annealing exhibits strong Bragg peaks of up to the third order,
which indicates that the uniform lamellar structure was
reformed (Figure 6b). Thus, the partial disruption of the
lamellar structure by swelling and the reformation of the highly
ordered structure by humid annealing are reversible (Figure 7).
It should also be mentioned here that the lamellar film was not
reformed by annealing without humidity (Figure S15).
Exfoliation of Lamellar Sheets. We discovered that

multilayer sheets of the copolymer could be exfoliated by
sonication in toluene. To peel off the film, we first immersed

the Si substrate with the humid-annealed film in toluene and
subjected it to sonication for 20 min. The toluene solution was
then dropped on the Si substrate, and the surface of the film
was observed using LM and AFM. As discussed above, the
layered lamellar structure collapsed upon immersion in toluene
and was subsequently reformed by repeating the humid
annealing. We surmised that this molecular-scale orientational
change induced the macroscopic structural change. Thus, we
studied the structural change of a relatively thick self-standing
film. Figure 8 shows the LM and AFM images of a self-
standing p(DDA/TMSPA1) film before and after humid
annealing. All the images are of the same film, as can be
confirmed from the protruding structures indicated by the
green arrows. The self-standing film, with a size of 40 μm2,
exhibited a dome-like shape with a height of ∼110 nm.
However, the “roof” became flat and its height decreased to
∼60 nm after humid annealing. We concluded that this
structural change was induced by the formation of the
uniformly oriented lamellar structure. The lamellar structure
of the as-exfoliated films is disrupted by toluene, and the
polymer tends to form a round shape to reduce the surface
area. Humid annealing of the as-exfoliated film induced the
formation of a lamellar structure; thus, the structure became
angular and the surface became flat. A macroscopic structural
change was also observed in a self-standing p(DDA/
TMSPA13) film with a size of 20 μm2 (Figure S16). The
dome-like shape of the self-standing p(DDA/TMSPA13) film
shrank and its “roof” became flat after humid annealing. As
indicated in the introduction section and our previous
results,23−28 the formation of a lamellar structure in the
p(DDA/TMSPA) films was induced by the adsorption of
water on the hydrophilic amide groups. In general, polymers
swell isotropically due to solvent adsorption. In contrast, the
present copolymers shrink and form an anisotropic angular
structure upon the adsorption of water. These macroscopic
anisotropic structural changes are induced by the formation of
a nanoscale lamellar structure of polymer chains due to the
adsorption of water. The mechanism of this structural change
resembles the seismonastic movement of M. pudica; thus, these
p(DDA/TMSPA) copolymers can be thought of as artificial
micro-M. pudica mimics.

■ CONCLUSIONS

Thermally and chemically stable amorphous lamellar films
were prepared by the humid annealing of thin films of p(DDA/
TMSPA). Copolymers with TMSPA content of up to 13%
formed highly oriented lamellar films upon humid annealing,
which also induced the cross-linking reaction of the TMSPA
groups. Completing the cross-linking reaction required a
humid annealing time three times longer than that required
for the formation of the lamellar structure. Therefore, we
concluded that the cross-linking reaction occurred predom-
inantly after the formation of the lamellar structure. Cross-
linking also improved the thermal stability of the films; that is,
the lamellar structure is maintained even after thermal
annealing above the glass-transition temperature (Tg).
Immersion of such cross-linked films in toluene results in
swelling and hence partial collapse of the lamellar structure,
albeit that the highly oriented lamellar structure can be
recovered by humid annealing. In summary, we have
demonstrated that macroscopic structural changes can be
induced in multilayer p(DDA/TMSPA) sheets via humid

Figure 6. XRD patterns of a humid-annealed thin film of p(DDA/
TMSPA13) (a) after immersion in toluene and (b) after humid
annealing of the toluene-immersed film. In each figure, the top and
bottom patterns are the patterns measured in the out-of-plane and in-
plane directions, respectively.

Figure 7. Schematic images of the reversible change in the structure
between the thin films of (a) humid-annealed and (b) toluene-
immersed p(DDA/TMSPA).
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annealing. Thus, these copolymers can be considered as a new
stimulus-responsive material that mimics M. pudica.
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