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In this study, we synthesized a poly(N-isopropylacrylamide) (PNIPAm) through the poly-
merization of N-isopropylacrylamide in distilled water with azodiisobutyronitrile as the
initiator and a bisadenine-functionalized poly(ethylene oxide) (A-PEO-A) from the reaction
of adenine with a difunctionalized toluenesulfonyl-PEO. When blended together in dis-
tilled water, PNIPAm and A-PEO-A formed supramolecular aggregates stabilized through
complementary multiple hydrogen bonds between the amide groups of PNIPAm and the
adenine units of A-PEO-A. Fourier transform infrared spectroscopy, 'H nuclear magnetic
resonance spectroscopy, transmission electron microscopy, dynamic light scattering, and
rheometry revealed the thermo-sensitive behavior and viscoelastic properties of the supra-
molecular assemblies.
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1. Introduction

The properties of stimuli-responsive polymers often
vary—sometimes dramatically—to small changes in their
environment. Stimuli-responsive changes in shape, surface
characteristics, or solubility, or intricate molecular self-
assembly or sol-gel transitions, enable several novel appli-
cations of such polymers (e.g., the delivery of therapeutics;
tissue engineering; cell culturing; bioseparations; sensors
or actuators) [1-5]. Poly(N-isopropylacrylamide) (PNI-
PAm), one of the most widely studied thermo-responsive
polymers, is soluble in water at temperatures below
32°C, but precipitates at temperatures above 32 °C. Its
phase transition temperature is also referred to as its lower
critical solution temperature (LCST). Below the LCST, favor-
able noncovalent interactions (namely hydrogen bonds
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between the amide groups in the polymer and water mol-
ecules) lead to dissolution of the polymer chains; above the
LCST, the hydrogen bonds are broken and water molecules
are expelled from the polymer, resulting in its precipitation
[6,7]. Therefore, the ability to manipulate the LCST of
PNIPAm has been an attractive challenge experimentally
and theoretically, with wide potential applicability.
Accordingly, various copolymers of PNIPAm have been re-
ported, prepared in conjunction with poly(acrylic acid) [8-
13], poly(N-vinylpyrrolidone) [12-14], polycaprolactone
[15,16], polyacrylate [17], poly(ethylene glycol) methacry-
late [18-22], poly[2-(dimethylamino)ethylmethacrylate]
[23-26], poly(N,N-diethylacrylamide) [27], poly(tert-butyl
acrylate) [13], has been to synthesize copolymers from
PNIPAm and PEO—for example, hetero-arm star and
double brush-shaped copolymers [28]. The studies men-
tioned above have mainly used polymerization methods
to change or improve the thermo sensitivity and related
properties of PNIPAm. A major approach copolymers [17],
and H-shaped pentablock copolymers [26]—though
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polymerization methods involving click chemistry
[11,16,26,29], ring-opening polymerization [16], atom
transfer radical polymerization [16,17,26,29-32], single-
electron-transfer living radical polymerization [26], free
radical copolymerization [33-36], or reversible addition
fragmentation transfer polymerization [37,38]. These ap-
proaches usually require a combination of two or more
polymerization methods to prepare copolymers exhibiting
high performance. Such polymerization methods can, how-
ever, be very complex and time-consuming. To avoid these
problems, we investigated the use of complementary mul-
tiple hydrogen bonding between the amide groups of PNI-
PAm and adenine (A) units to form supramolecular
assemblies through simple blending [4]. In this previous
study [4], we only use the low molecular weight adenine
with PNIPAm, the hydrogen bonding interaction, and
LCST behavior were detail discussed. In this study,
we firstly change to synthesize an A-difunctionalized PEO
(A-PEO-A) polymers from the reaction of A with a difunc-
tionalized toluenesulfonyl-PEO (Scheme 1(c)) and a
PNIPAm from the polymerization of the monomer N-iso-
propylacrylamide (NIPAm). We then mixed PNIPAm with
A-PEO-A in distilled water using a simple blending meth-
od. The complementary multiple hydrogen bonds formed
between the amide groups of PNIPAm and the A units of
A-PEO-A led to the development of a supramolecular sys-
tem in the aqueous solution (Scheme 1(d)). We used Fou-
rier transform infrared (FTIR) spectroscopy, proton
nuclear magnetic resonance (*H NMR) spectroscopy, trans-
mission electron microscopy (TEM), dynamic light scatter-
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ing, and rheometry to investigate the thermo-sensitive
behavior and viscoelastic properties of these PNIPAm/
A-PEO-A systems.

2. Experiments
2.1. Materials

NIPAm was obtained from Tokyo Chemical Industry
(Japan). AIBN, PEO (M,, =2000) and potassium carbonate
(KxC03) were purchased from Showa Chemical
n-Butyllithium (n-BuLi) in hexane was obtained from
Chemetall (Taiwan). p-Toluenesulfonyl chloride (TsCl),
adenine (A), N,N-dimethylformamide (DMF), toluene,
diethyl ether (Et,0), dichloromethane (DCM), tetrahydro-
furan (THF), and magnesium sulfate (MgSO,4) were pur-
chased from Sigma-Aldrich (USA).

2.2. PEO-TsCl

n-BuLi in hexane (12 mL) was injected slowly via syr-
inge into a reactor containing a solution of PEO (25.5 g)
in toluene (150 mL) in an ice bath under pure N,. After
the addition was complete, the reactor was kept in the
ice bath for 30 min and then a solution of TsCl (8.6 g) in tol-
uene (40 mL) was injected slowly via syringe into the reac-
tor. The mixture was then maintained for 24 h at room
temperature. After vacuum distillation of the toluene, the
product was dissolved in THF and Et,0 was added
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Scheme 1. (a-c) Chemical structures of (a) PEO, (b) TsCI-PEO, and (c) A-PEO-A; (d) multiple hydrogen bonding interactions between the amide groups of

PNIPAm and the A groups of A-PEO-A.
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dropwise to form a white precipitate. After filtering and
drying, a light-yellow powder was obtained (Scheme 1(b)).

2.3. A-PEO-A

Adenine (0.86 g) and K,CO5; (0.88 g) were mixed to-
gether in a reactor in the solid state under vacuum. After
adding anhydrous DMF (50 mL) and changing the reaction
surroundings from vacuum state to pure N, atmosphere in
the reactor, the mixture was stirred vigorously for 4-5 h at
room temperature. At this point, a solution of PEO-TsCl
(3.68 g) in anhydrous DMF (10 mL) was injected slowly
into the reactor via syringe and then the mixture was
heated at 70 °C for 12 h. After filtering to remove the pre-
cipitate and vacuum distillation to remove the DMF, the
product was dissolved in DCM and then filtered again to
obtain the filtrate. After drying (MgS0,) and filtering, the
solvent was concentrated to provide a light-yellow solu-
tion, which was mixed with anhydrous THF to form a pre-
cipitate. After filtering, a light-yellow solution was
obtained; Et,0 was added dropwise to form light-yellow
precipitate. After filtering and drying, a light-yellow pow-
der was obtained (Scheme 1(c)).

2.4. PNIPAm

NIPAm (5 g), AIBN (0.1 g), and distilled water (250 mL)
were mixed together for approximately 4 h under pure
N,. After they had dissolved completely, the temperature
was increased to 80 °C and the mixture strongly stirred
for 12 h at this temperature. After washing monomer
sequentially with distilled water and Et;0, filtering, drying,
and grinding, a white crystalline material was obtained.

2.5. PNIPAm/A-PEO-A supramolecular complexes in aqueous
solution

PNIPAm (0.01 g, 0.1 mmol) was blended with various
amounts of A-PEO-A (see Table 1) in distilled water
(10 mL) to form supramolecular complexes stabilized
through complementary multiple hydrogen bonding
(Scheme 1(d)).

2.6. Characterization

FTIR spectra of the sample pellets were recorded using a
Bruker Tensor 27 FTIR spectrophotometer and the conven-
tional KBr disk method; 32 scans were collected at a spec-
tral resolution of 1cm™!; the pellets used in this study
were sufficiently thin to obey the Beer-Lambert law. 'H

NMR spectra of PEO-TsCl, A-PEO-A, and PNIPAm were

recorded at room temperature using a Bruker AM 500
(500 MHz) spectrometer, with the residual proton reso-
nance of either D,0 or CDCl; acting as the internal stan-
dard. The 'H NMR spectra of PNIPAm/A-PEO-A were
recorded at temperatures ranging from 25 to 50 °C. The
thermo-sensitive behavior of the samples was character-
ized at temperatures from 25 to 50 °C through static light
scattering using a Model DT 1000CE UV/VIS Light Source
and a laser wavelength of 680 nm; at each temperature,
the solution was equilibrated for 5 min. A mass spectrum
was obtained using a Bruker Daltonics Autoflex III MAL-
DI-TOF mass spectrometer. The following voltage parame-
ters were employed: ion source 1, 19.06 kV; ion source 2,
16.61 kV; lens, 8.78 kV; reflector 1, 21.08 kV; reflector 2,
9.73 kV. Transmission electron microscopy (TEM) was per-
formed using a JEOL-2100 transmission electron micro-
scope operated at an accelerating voltage of 200 kV. TEM
samples were prepared by dip-coating Cu grids coated
with C supporting films into the aqueous solution of PNI-
PAm/A-PEO-A. The grids were then stained with I, for 2 h
and left to dry under vacuum at room temperature prior
to observation. The hydrodynamic diameters of the assem-
blies were measured by DLS using a Brookheaven 90 plus
model equipment (Brookheaven Instruments Corporation,
USA) with a He-Ne laser with a power of 35 mW at
632.8 nm. All DLS measurements were carried out with a
wavelength of 632.8 nm at 25 °C with 90° angle of detec-
tion. All samples were measured five times and the sam-
ples are to filter through 0.45 pm filter before sending it
to us for analysis. We analyzed the experimental correla-
tion function using the cumulant method and the CONTIN
algorithm. The Stokes-Einstein approximation was used to
convert the diffusion coefficient into the form of the hydro-
dynamic diameter (Dy,). The elastic moduli (G’) and viscous
moduli (G”) of the samples were studied using an Anton
Paar Physioa MCR 301 Rheometer at temperatures varied
from 25 to 50°C at a rate of 2°Cmin '; the amplitude
(y) was 0.5% and the angular frequency (w) was 10s .
The apparent viscosities of the samples were also obtained
using this rheometer at 25 °C, varied from 2 to 50s~ ' at a
rate of 0.813s7! per 5s.

3. Results and discussion

3.1. Preparation of PNIPAm/A-PEO-A supramolecular systems
in aqueous solution

Fig. 1 presents '"H NMR spectra of PEO-TsCl and A-PEO-
A. The signals at 3.71 ppm (peak a) in Fig. 1(a)-(c) repre-
sents the protons of the OCH,CH, repeating units of PEO.
We attribute the signals at 2.41 and 7.71/7.40 ppm in

Table 1

Experimental design of PNIPAm/A-PEO-A supramolecular complexes.
Molar ratio 1:0 1:0.1 1:0.2 1:0.4 1:0.6 1:0.8 1:1 1:1.5 1:2 1:4 0:1
PNIPAm (g) 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 -
A-PEO-A (g) - 0.01 0.02 0.04 0.06 0.08 0.1 0.15 0.2 0.4 0.01
Distilled water (ml) 10 10 10 10 10 10 10 10 10 10 10
Concentration (mg ml~') 1 2 3 5 7 9 11 16 21 41 1




H.-W. Cui et al./European Polymer Journal 50 (2014) 168-176 171

DO 4

(a)

Q2
2
2
=

By [ .

1 (c)

Chemical Shift (ppm)

Fig. 1. "H NMR spectra of (a) pure PEO in CDCls, (b) PEO-TsCl and (c) A-PEO-A in D,0.

Fig. 1(b) to the protons of the methyl groups and benzene
rings, respectively, of the tosyl units. Those peaks were ab-
sent from the spectrum of A-PEO-A in Fig. 1(c), the com-
plete reaction between PEO-TsCl and A was confirmed, in
which can observe signals for -N—CH=N—, —N=CH—N—,
and —N=C—CHj3; units at 8.34, 7.98, and 5.65 ppm, respec-
tively. The characteristic signal at 3471 cm™! for the OH
groups of PEO was absent and aromatic group at ca.
1600-1650 cm~! was appeared in the FTIR spectrum and
benzene group of Ts-PEO-Ts (Fig. S1(b)). The corresponding
FTIR spectrum features characteristic signal for the NH,
groups at 3190 and 3385 cm™! for A-PEO-A (Fig. S1(c)).
Fig. S2 displays GPC traces of the PEO, and A-PEO-A; all
indicate a narrow molecular weight distribution (<1.1).
The shift to high molecular weight shoulder probably in-
creases molecular weight or due to the polymer-stationary
phase interactions arising inter-chain hydrogen bonding of
A units. Fig. 2(c) also displays the MALDI-TOF mass of
A-PEO-A, indicating also the narrow distribution of
A-PEO-A and the molecular weight is ca. 2300, which is
close to the prediction molecular weight of A-PEO-A. Taken
together, the NMR, FTIR, GPC, and MALDI-TOF mass analy-
ses all confirmed the successful synthesis of A-PEO-A.
Fig. S3 shows the 'H NMR spectra (with peaks assign-
ments) of NIPAm monomer and PNIPAm in CDCls. For NI-
PAm, signals for the vinyl groups appear at 5.61, 5.04,
and 6.25 ppm with a relative ratio of 1:1:1, corresponding
to the cis, trans, and substituted vinyl protons, respectively
(Fig. S3(a)). These peaks disappeared after polymerization,
providing evidence for the complete reaction leading to
PNIPAm (Fig. S3(b)). We estimated the molecular weight
of PNIPAm by GPC analyses as shown in Fig. S4
(Mn = 50000 g/mol, PDI = 2.03) free radical polymerization.

Fig. 2 displays the transmissions of PNIPAm/A-PEO-A
complexes at various molar ratios of PNIPAm and A-PEO-
A and the control study of PNIPAm/PEO with hydroxyl

group terminated of PEO at the same molecular weight.
Upon increasing the molar ratio of A-PEO-A, the concentra-
tion of PNIPAm/A-PEO-A in solution increased accordingly,
as did the related transmission. In this study, we defined
the LCST as the temperature at the half-height of the trans-
mission curve. The LCSTs obtained from the transmission
curves in Fig. 2(a) at the various PNIPAm/A-PEO-A molar
ratios were 34.8°C (1:0, pure PNIPAm; 1mgmL™),
35.2°C (1:0.2, 3mgmL™!), 36.1°C (1:0.4, 5mgmL™1),
36.8°C (1:0.6, 7mgmL~!), 36.9°C (1:0.8, 9mgmL™1),
37.4°C (1:1, 11 mgmL™"), 38.3°C (1:1.5, 16 mgmL™1),
39.4°C (1:2, 21 mgmL1), and 40.3 °C (1:4, 41 mg mL1);
we could not detect the LCST for pure A-PEO-A (0:1,
1mgmL') within the tested temperature range (25-
50 °C). The control study of PNIPAm/PEO without adenine
group of PEO shows the two-step transmission decay
curves. At lower temperature (ca. 30-35 °C) should be cor-
responding to LCST for PNIPAm and the higher tempera-
ture (ca. 45-50 °C) was corresponding to LCST for PEO as
would be expected and this result is quite different with
PNIPAm/A-PEO-A. This result should come from two differ-
ent phase behavior in water of PNIPAm/PEO blend. There-
fore, the PNIPAm/A-PEO-A complexes of single phase
behavior exhibited reversible thermo-sensitive behavior
similar to that of pure PNIPAm (Scheme S1). The LCST of
PNIPAm/A-PEO-A increased significantly upon increasing
the A-PEO-A content because spherical micelles, large
associated aggregates of spherical micelles, network struc-
tures, and toroidal structures (Scheme S2) formed as a re-
sult of complementary multiple hydrogen bonding
between the amide groups of PNIPAm and the A groups
of A-PEO-A. Below the LCST, these polymers were hydro-
philic, swelling, and soluble, leading to high transmission;
above the LCST and at higher solution temperatures, they
collapsed, squeezed, and condensed to form hydrophobic,
deswelled, insoluble aggregates, thereby exhibiting gel
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Fig. 2. Transmission of supramolecular complex of (a) PNIPAm/A-PEO-A in aqueous solution with different molar ratios and the control study of (b)

PNIPAm/PEO at UV wavelength (4 =680 nm).

phenomena,

transmission.
The thermo-sensitive behavior of the PNIPAm/A-PEO-A

complexes was also evidenced by changes in the resonance
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Fig. 3. 'H NMR spectra of PNIPAm/A-PEO-A at a fixed molar ratio of 1:0.1
in D,0 with different temperature.

peaks of the protons in the 'H NMR spectra. Fig. 3 presents
TH NMR spectra of PNIPAm/A-PEO-A supramolecular com-
plexes in D,0O at temperatures from 25 to 50 °C. In each
spectrum, the molar ratio of PNIPAm to A-PEO-A was
1:0.1. The 'H NMR spectrum of the PNIPAm/A-PEO-A com-
plex at 25 °C featured signals at 2.03, 1.60, and 1.17 ppm
that were clear and sharp, representing the protons of
the methylene (CH,), methine (CH), and methyl (CHs)
groups, respectively, of PNIPAm. At 30 °C, these signals re-
mained clear and sharp. Upon increasing the solution tem-
perature further, these signals became weaker,
disappearing completely at 45 and 50 °C. Fig. 4 presents
TH NMR spectra of the PNIPAm/A-PEO-A supramolecular
complexes in D,0 at temperatures from 25 to 50 °C. The
spectrum of PNIPAm featured a signal at 6.54 ppm,

r T T 1
7 6 5 4

Chemical Shift (ppm)

Fig. 4. "H NMR spectra of (a) pure A-PEO-A at 25 °C and (b-g) PNIPAm/A-
PEO-A at a fixed molar ratio (1:4) in D,0 solution.
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attributable to the NH groups. Upon increasing the temper-
ature, the spectra of the PNIPAm/A-PEO-A complexes, each
at a molar ratio of 1:4, exhibited sharp signals at 6.55 ppm
(25°C), 6.55ppm (30°C), 6.51 ppm (35°C), 6.46 ppm
(40 °C), 6.42 ppm (45°C), and 6.41 ppm (50 °C). These
changes in the 'H NMR spectra reflect the presence of com-
plementary multiple hydrogen bonds between the PNIPAm
and A-PEO-A components of the complexes.

3.2. Micelle morphology of the PNIPAm/A-PEO-A complexes in
aqueous solution

Fig. 5 displays the values of Dy obtained through dy-
namic light scattering of PNIPAm/A-PEO-A complex in
aqueous solution. The values of Dy for PNIPAm and
A-PEO-A were both approximately 85 nm; those of the
PNIPAm/A-PEO-A mixtures increased as the blend ratio in-
creased: approximately 100nm (1:0.4, 5mgmL™1),
125nm (1:1, 11 mgmL™"'), 360nm (1:2, 21 mgmL™'),
and 735 nm (1:4, 41 mg mL™!). Thus, the variation in the
values of Dy of the PNIPAm/A-PEO-A systems depended
on the molar ratio between PNIPAm and A-PEO-A. In addi-
tion, the control study of PNIPAm/PEO without adenine
group of PEO (Fig. 5(g)) shows the broader distribution
than PNIPAm/A-PEO-A, corresponding to more complex
aggregation in water of PNIPAm/PEO blend. The TEM
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images in solution as they are measured under dry condi-
tions under vacuum were summarized in Figs. S5 and S6.

3.3. Viscoelastic properties of PNIPAm/A-PEO-A
supramolecular assemblies in aqueous solution

We used the PNIPAm/A-PEO-A complex formed at a
molar ratio of 1:0.1 to determine the apparent viscosity.
Because a solution concentration of 2 mg mL™! at this mo-
lar ratio was too low to measure the apparent viscosity
accurately, we adjusted it to 100 mg mL~!. We determined
the apparent viscosities of the PNIPAm and PNIPAm/A-
PEO-A systems each at a solution concentration of
100 mg mL~! (Fig. 6). The apparent viscosities of pure PNI-
PAm (Fig. 6(a)), PNIPAm/A-PEO-A complex (Fig. 6(b)) and
PNIPAm/PEO (Fig. 6(c)) blend decreased as the shear rate
increased, revealing that both were shear-thinning fluids,
also known as pseudoplastic non-Newtonian fluids. The
PNIPAm/A-PEO-A complex had a higher apparent viscosity
than the pure PNIPAm and PNIPAm/PEO at the same shear
rate; the increase in the apparent viscosity resulted from
the supramolecular assemblies formed between the amide
units in PNIPAm and the A units in A-PEO-A through com-
plementary multiple hydrogen bonding. As revealed in
Scheme S2(c) and Figs. S5 and S6, the supramolecular
structures that improved the apparent viscosity were
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Fig. 5. Particle size distributions in PNIPAm/A-PEO-A blends at molar ratios of (a) 1:0, (b) 1:0.4, (c) 1:1, (d) 1:2, (e) 1:4, (f) 0:1, (g) the control study of
PNIPAmM/PEO = 1/1, and (h) average values of size distribution of PNIPAm/A-PEO-A.
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Fig. 6. Apparent viscosities of (a) pure PNIPAm, (b) PNIPAm/A-PEO-A
blends at a molar ratio of 1:0.1, and (c) PNIPAm/PEO blends at a molar
ratio of 1:0.1.

network-like and toroid structures. To investigate the gel
phenomenon visually, we prepared PNIPAm (1:0,
500 mg mL~') and PNIPAm/A-PEO-A (1:0.1, 500 mg mL™';
1:1, 500 mg mL~!) systems (Fig. 7(a)). All of these systems
exhibited gel phenomena. Although the PNIPAm system
exhibited a certain fluidity, the PNIPAm/A-PEO-A com-
plexes did not. The degree of gel formation from the PNI-
PAm/A-PEO-A complexes was higher than that of the
PNIPAm system; that at a molar ratio of 1:1 for PNIPAm/
A-PEO-A was greater than that at a molar ratio of 1:0.1.

Moreover, the PNIPAm/A-PEO-A complexes also exhib-
ited good film-forming properties. As Fig. 7(b) reveals, we
could prepare films from the PNIPAm/A-PEO-A blend at a
molar ratio of 1:1, but not from PNIPAm and A-PEO-A
alone because of their high crystallinity and brittleness.
These films featured a certain degree of warping, suggest-
ing that they were tough, elastic, and flexible. Thus, the
complementary multiple hydrogen bonds formed between
the amide units in PNIPAm and the A units in A-PEO-A
were responsible for the PNIPAm/A-PEO-A blends exhibit-
ing a high degree of gelation, good toughness, elasticity,
and flexibility [39-42].

We further studied the film-forming properties of PNI-
PAm/A-PEO-A by measuring their elastic modulus (G')
and viscous modulus (G"). We prepared solid test samples
(Table 2) from PNIPAm/A-PEO-A at molar ratios of 1:0.1,
1:0.4, 1:1, 1:2, and 1:4, as well as pure PNIPAm (1:0) and
pure A-PEO-A (0:1). Fig. 8(a) and Table 2 reveal that the va-
lue of G’ of PNIPAm/A-PEO-A was higher than those for
PNIPAm and A-PEO-A; the same trend appears for the val-
ues of G” in Fig. 8(b). The complementary multiple hydro-
gen bonds formed between the amide units in PNIPAm and
the A units in A-PEO-A were responsible for the greater
values of G’ and G” for PNIPAm/A-PEO-A. In addition, the
values of G’ and G” of the PNIPAm/A-PEO-A blends both in-
creased gradually upon increasing the molar mass of A-
PEO-A, reaching their maxima at around a molar ratio of
1:1 and decreasing thereafter. As listed in Table 2, the val-
ues of G’ for the PNIPAm/A-PEO-A blends at various molar
ratios were 727,000Pa (1:0.4), 838,000Pa (1:1),
371,000 Pa (1:2), and 131,000 Pa (1:4); the corresponding
values of G” were 158,000, 149,000, 91,400, and
29,800 Pa, respectively. These trends are closely related
to the micellar morphologies of the PNIPAm/A-PEO-A
blends in Figs. S5 and S6. For the PNIPAm/A-PEO-A blend
at a molar ratio of 1:0.4, Fig. S5(b2) reveals a simple, vague,
coarse network structure; at a molar ratio of 1:1,
Fig. S5(c2) reveals a complex, clear, fine network structure

Fig. 7. (a) Gel phenomena of pure PNIPAm and PNIPAm/A-PEO-A blends at molar ratios of 1:0.1 and 1:1; (b) flexible films obtained from PNIPAm/A-PEO-A

blends at a molar ratio of 1:1.

Table 2

Elastic modulus (G') and viscous modulus (G”) of PNIPAm/A-PEO-A supramolecular complexes at 25 °C.
PNIPAm/A-PEO-A 1:0 1:0.1 1:04 1:1 1:2 1:4 0:1
G (Pa) 5960 10,400 24,800 664,000 636,000 390,000 120,500
G" (Pa) 1840 4560 8190 188,000 149,000 86,300 25,600
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Fig. 8. Viscoelastic properties: (a) elastic modulus (G', O) and (b) viscous modulus (G”, O) of PNIPAm/A-PEO-A blends at various molar ratios.

and Fig. S6(a2) reveals a core-shell toroidal structure; at a
molar ratio of 1:4, Fig. S6(b2) reveals a core-shell-shell
toroidal structure. The network structure had the largest
positive effect on the values of G' and G” of PNIPAm/A-
PEO-A; the toroid structure followed, with the spherical
micelles and large associated aggregates of spherical mi-
celles having the weakest effects.

4. Conclusions

In this study, we prepared supramolecular complexes
from PNIPAm/A-PEO-A blends in distilled water, stabilized
through complementary multiple hydrogen bonds
between the amide groups of PNIPAm and the A units in
A-PEO-A. The presence of these structures improved the
thermo-sensitive properties of the PNIPAm/A-PEO-A
blends greatly, reaching an LCST of up to 40.3 °C. The PNI-
PAm/A-PEO-A blends also exhibited good film-forming
properties, with a high degree of gelation, good toughness,
elasticity, and flexibility.
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Appendix A. Supplementary material
Experimental detail of FTIR, GPC, and MALDI-TOF mass

spectra of A-PEO-A and 'H NMR, and GPC analyses of PNI-
PAm are available in supporting information.
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