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a b s t r a c t

In this study we investigated the effects of the sequence length distributions in random and block co-
polymers of N-isopropylacrylamide and methacrylic acid (MAA)dPNIPAm-co-PMAA and PNIPAm-b-
PMAA, prepared through free radical copolymerization and reversible addition fragmentation chain
transfer (RAFT) polymerization, respectivelydon their lower critical solution temperature (LCST), glass
transition temperatures (Tg), and CO2-responsiveness. The insertion of the PMAA segment into PNIPAm
enhanced the thermal properties (e.g., higher values of Tg) because of strong hydrogen bonding between
the carboxylic acid units of the PMAA segment and the amide units of the PNIPAm segment, as deter-
mined using Fourier transform infrared and 1H NMR spectroscopy. The LCST increased upon increasing
the pH for both the random and block copolymers, because the COOH units of the PMAA segments
dissociated to form COO� groups, which improved the solubility in aqueous solutions. Furthermore, the
variation in the LCST of PNIPAm93-b-PMAA7 with respect to pH was greater than that of PNIPAm-co-
PMAA, due to the sequence length distribution effect. Treatment with supercritical CO2 (scCO2) also
caused the values of Tg to increase for PNIPAm-co-PMAA but decrease for PNIPAm93-b-PMAA7, pre-
sumably because CO2 in the micelle structure of the block copolymer had a plasticization effect.
Reversible CO2-responsiveness of the block copolymer in aqueous solution was evidenced by the
appearance and disappearance of cloudy aqueous solutions upon alternating bubbling with CO2 and N2;
this behavior was not observed for the random copolymers.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Hydrogen bonding in polymer materials has received much
attention for its ability to improve the miscibility of polymer blends
[1e4], change a variety of physical properties (e.g., thermal, me-
chanical, surface, and rheological properties) [5e8], favor the self-
assembly of supramolecular nanostructures [9e12], and facilitate
the preparation of polymer nanocomposites [13e15]. The hydrogen
bonding strength in polymer blends and copolymers is strongly
dependent on the affinity between the hydrogen bonding donor
and Optoelectronic Science,
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and acceptor units [16e18]. In addition, the hydrogen bonding
strength in hydrogen-bonded copolymers is always higher than
that in hydrogen-bonded polymer blend systems because of the
different degrees of rotational freedom from intramolecular
screening and functional group accessibility effects; such behavior
has been observed, for example, in blends of polyvinylphenol
(PVPh) with poly (ethyl methacrylate) (PEMA) and poly (4-
vinylpyridine) (P4VP), as well as many other hydrogen-bonded
blend and copolymer systems [19e22].

Smart polymers are materials that undergo variations in their
physical properties (e.g., swell or shrink) upon small changes in their
environment (e.g., temperature, pH, or ionic strength) [23e25]. poly
(N-isopropylacrylamide) (PNIPAm) is the benchmark responsive
polymer material; it has a lower critical solution temperature (LCST)
of approximately 32 �C, where it undergoes a sharp coil-to-globule
transition in aqueous solution from a hydrophilic to a hydrophobic
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state above the LCST [26,27]. In addition, polymer materials
featuring acrylic acid segments can also undergo the same coil-to-
globule transition in aqueous solution upon varying the pHda
characteristic that has been exploited for drug-delivery applications
[28e30]. Because carbonyl (C]O) units are present in both NIPAm
and acrylic acid monomers, they can interact with carbon dioxide
(CO2) through dipoleedipole interactions [31e33]. As a result,
random copolymers incorporating both acrylic acid and NIPAmunits
can display temperature, pH, and CO2 stimuli-responsive behavior in
aqueous solution [34e36]. For example, in a previous study we
synthesized a series of poly (N-isopropylacrylamide-co-acrylic acid)
(PNIPAm-co-PAA) copolymers through free radical copolymerization
and investigated their hydrogen bonding interactions, LCST behavior,
and thermal properties under a CO2 atmosphere [37].

We are unaware, however, of any previous investigations into
the effects of the sequence length distribution and corresponding
strength of hydrogen bonding between the PNIPAm and acrylic acid
segments on the temperature, pH, and CO2 stimuli-responsive
behavior of their copolymers in aqueous solution. In this study,
we chose methacrylic acid (MAA) as the pH-responsive unit
because the presence of MAA units in a polymer main chain results
in thermal properties and greater hydrophobicity superior to those
for acrylic acid (AA) units, while also allowing greater stimuli-
responsiveness in aqueous solution. Accordingly, we prepared
PNIPAm-b-PMAA diblock copolymers through sequential
reversible-addition/fragmentation chain transfer (RAFT) radical
polymerization of tert-butyl methacrylate with NIPAm monomer
and selective hydrolysis of the tert-butyl groups, and corresponding
PNIPAm-co-PMAA random copolymers through direct free radical
copolymerization (Scheme 1).

We then used differential scanning calorimetry (DSC), Fourier
transform infrared (FTIR) spectroscopy, nuclear magnetic reso-
nance (NMR) spectroscopy, and UVeVis spectroscopy to examine
the compositions, thermal properties, strength of hydrogen
bonding, LCST behavior, and CO2 responsiveness of these two co-
polymers featuring different sequence length distributions.
Temp-sensitive

Scheme 1. (A) Synthesis of PNIPAm-co-PMAA random copolymers (c) from random copoly
Synthesis of PNIPAm-b-PMAA block copolymer (g) from RAFT polymerization of (d) tert-bu
copolymer.
2. Experimental

2.1. Materials

N-Isopropylacrylamide (NIPAm, Tokyo Kasei) was recrystallized
from hexane. Methacrylic acid (MAA, Alfa Aesar) and tert-butyl
methacrylate (tBMA, Tokyo Chemical Industry) were distilled un-
der reduced pressure. Azobis (isobutyronitrile) (AIBN, Aldrich) was
recrystallized from methanol. 2-(2-Cyano-2-propyl)-S-dodecyl-
trithiocarbonate (CPDT, Strem Chemicals) was used as received.
Dioxane (J. T. Baker) was distilled prior to use. All other solvents
were obtained in the highest purity available and used as received.

2.2. Free radical copolymerizations of PNIPAm-co-PMAA random
copolymers

The monomers NIPAm and MAA (various ratios, 2M monomer
mixture) and the initiator AIBN (0.05M) were stirred in MeOH
under N2 to obtain a homogeneous solution that was heated in a
circulated thermostat oil bath at 55 �C for 4 h. To purify the pure
PNIPAm homopolymer, the homopolymer was first dissolved in
MeOH (80mL) at 25 �C and then poured into deionized water
(100mL) at 45 �C to precipitate the product. After removing the
clear supernatant, the precipitate was again dissolved in MeOH
(80mL) and reprecipitated from deionized water (100mL) of 45 �C.
This dissolution/precipitation procedure was repeated a third time,
followed by vacuum drying at 60 �C for 24 h, to give the pure
PNIPAm homopolymer. To purify the PMAA homopolymer, the re-
action mixture was concentrated and then ether (200mL) was
added to form a precipitate, which was subjected to vacuum drying
for 24 h. To purify the PNIPAm-co-PMAA random copolymer, the
copolymer was dissolved in MeOH (50mL) at 25 �C and then ether
(200mL) was added to form a precipitate. The filtrate was then
treated with concentrated HCl (a few drops) and heated at 60 �C to
give the PNIPAm-co-PMAA random copolymer as a precipitate,
which was washed with ether until neutral, followed by vacuum
pH sensitive

merization of the monomers (a) N-isopropylacrylamide and (b) methacrylic acid. (B)
tyl methacrylate monomer, (e) PtBMA homopolymer, and (f) PNIPAm-b-PtBMA block
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drying for 24 h.

2.3. RAFT polymerization of PNIPAm-b-PMAA diblock copolymer

A solution of tBMA, CPDT, and AIBN (molar concentration ratio:
2240:10:1) in 1,4-dioxane (12mL) in a reaction vessel was degassed
through three freeze/pump/thaw cycles, sealed under vacuum, and
placed in a thermostat oil bath (70 �C) for 48 h. The reaction
product was precipitated in water/MeOH (1:4, 250mL), filtered,
and dried under vacuum to give the tBMA homopolymer (PtBMA).
PtBMA, used as a RAFT macroinitiator, was dissolved in 1,4-dioxane
(30mL) and then NIPAm (8 g) and AIBN (20mg) were added to the
reaction vessel; the mixture was degassed through three freeze/
pump/thaw cycles, sealed under vacuum, and placed in a thermo-
stat oil bath (70 �C) for 48 h. The reaction product was precipitated
in water/MeOH (1:1, 400mL), filtered, and dried under vacuum for
24 h, to give the PtBMA-b-PNIPAm block copolymer. Hydrolysis of
the tBMA block segment of the copolymer was conducted in the
presence of aqueous hydrochloric acid (1mL) in 1,4-dioxane
(30mL) at 85 �C for 24 h. The resulting solution was dried
(Na2SO4) and filtered. The filtrate was treated with ether (200mL)
to give a precipitate, which was dried under vacuum for 24 h to give
the PNIPAm-b-PMAA copolymer.

2.4. Characterization

A Bruker Tensor-27 FTIR spectrometer was used (conventional
KBr disk method) to record FTIR spectra of the copolymers. The
spectra were measured at room temperature with a resolution of
4 cm�1 and a sensitivity of 32 scans. The molecular weights and
polydispersity (PDI) indices of the synthesized copolymers were
determined using a Waters 510 gel permeation chromatography
(GPC) system equipped with a refractive index detector. Dime-
thylformamide (DMF) was used as the eluent at a flow rate of
0.8mLmine1 at 25 �C. 1H NMR spectra of polymer solutions in
deuterated dimethylsulfoxide (DMSO‑d6) were recorded using a
Varian Unity Inova-500MHz spectrometer. The LCSTs of the co-
polymers (5wt% aqueous solutions) were determined at various
values of pH by measuring their visible light transmittance at
550 nmwith respect to temperature (from high to low temperature
during measurements). Herein, we determined the LCST behavior
from high to low temperature because this was easier to do and
took no need of heating. In addition, during the measurement, we
very slowly cooled the aqueous solution sample to equilibrate at a
temperature to record the transmittance [38]. The inflection point
of the transmittanceetemperature curve was assigned as the LCST
of the copolymer aqueous solution. Glass transition temperatures
(Tg) of copolymers, cast from aqueous solutions at various values of
pH, were measured through differential scanning calorimetry
(DSC), with a first heating and cooling cycle at 20 �C/min between
40 and 200 �C followed by heating at 10 �C/min to 200 �C to record
the value of Tg. The CO2-dependence of the values of Tg of cast films
of various copolymer compositions was also investigated after
treatment in supercritical carbon dioxide (scCO2) fluid at 2000 psi
and 32 �C for 1 h and subsequent depressurization for 1 h.

3. Results and discussion

3.1. Synthesis of PNIPAm-co-PMAA random copolymers

We synthesized various PNIPAm-co-PMAA random copolymers
through free radical copolymerization, as displayed in Scheme 1(A),
and then used FTIR and NMR spectroscopy to calculate the copol-
ymer compositions. The reason why we synthesized the random
copolymers through free radical copolymerization was because it
took much less time and was easy to carry out. In this study, we
aimed to investigate the sequence length distribution effects on the
LCST, Tg, and CO2 responsiveness of the copolymers. The general
free radical copolymerization could provide copolymers with
random sequence length distribution for the comparison with
block copolymers. Fig. 1(A) presents the 1H NMR spectra of the
PNIPAm-co-PMAA random copolymers. The signals for the CH2 and
CH protons of the main chain of pure PNIPAm appeared at 1.96 and
1.46 ppm, while the signals for the other CH3 and CH protons
appeared asmultiplets at 1.02 and 3.86 ppm;more importantly, the
signal for the amide proton (CONH) appeared at 7.21 ppm as a
singlet [Fig. 1(A)e(a)]. Similarly, the signals for the CH3 and CH2
protons of the main chain of pure PMAA appeared between 0.91
and 1.76 ppm, with the signal for the carboxylic acid proton (COOH)
appearing at 12.30 ppm as a singlet [Fig. 1(A)e(g)]. As a result, we
could calculate the copolymer compositions of the PMAA segments
from the peak intensity ratio, ACOOH/(ACOOH þ ACONH), based on the
signals at 12.30 and 7.21 ppm. Similarly, we could also determine
this ratio using FTIR spectroscopy [Fig. 1(B)]: the spectrum of pure
PNIPAm featured two major peaks for the amide I and amide II
absorptions at 1644 and 1544 cm�1, respectively, while that for
pure PMAA exhibited a signal for self-associated hydrogen-bonded
carboxylic acid dimers at 1702 cm�1. The peak ratio of ACOOH/
(ACOOH þ ACONH) increased upon increasing the PMAA content in
the PNIPAm-co-PMAA random copolymers. Table 1 summarizes the
feed ratios and resultant PNIPAm-co-PMAA random copolymer
compositions calculated from the 1H NMR spectroscopic analyses.
We could calculate the reactivity ratios of these two monomers
based on the KeleneTudos plot, as we have described previously
[39,40]. Fig. 2 displays the calculated values of rPNIPAm and rPMAA of
0.72 and 1.12, respectively, implying that PNIPAm-co-PMAA formed
random to ideal copolymers.

3.2. Synthesis of PNIPAm-b-PMAA diblock copolymers

We used sequential RAFT polymerization to prepare the PNI-
PAm93-b-PMAA7 diblock copolymer [Scheme 1(B)]. We first pre-
pared a PtBMA homopolymer and then used it as a RAFT
macroinitiator to synthesize a PNIPAm-b-PtBMA diblock copolymer
through sequential RAFT polymerization. Finally, we selectively
hydrolyzed the tert-butyl ester units to form a PNIPAm-b-PMAA
diblock copolymer, the structure of which was confirmed using 1H
NMR and FTIR spectroscopy (Fig. 3).

Fig. 3(B)-(a) reveals that the signal for the C]O groups appeared
at 1724 cm�1 for the pure PtBMA homopolymer, with the signal for
the amide I absorption appearing at 1652 cm�1 for the PNIPAm-b-
PtBMA diblock copolymer. After selective hydrolysis of the tert-
butyl ester groups to form the PNIPAm93-b-PMAA7 diblock
copolymer, we observed a broad signal between 2500 and
3500 cm�1 for the COOH units, with the amide I absorption shifted
slightly to 1645 cm�1, implying the presence of hydrogen bonds
between the carboxylic acid units of the PMAA block and the amide
units of the PNIPAm block. Again, we determined the composition
of the PMAA copolymer from the peak ratio ACOOH/(ACOOHþ ACONH),
based on the signals 12.00 and 7.21 ppm [Fig. 3(A)]. Table 2 sum-
marizes the molecular weight and block copolymer composition of
this PNIPAm93-b-PMAA7 block copolymer. Herein, we need to
emphasize that it is difficult to accurately determine molecular
weights of PNIPAm and its copolymer by GPC analysis because
strong intramolecular and intermolecular interactions are present
in these polymers and affect the hydrodynamic volume of polymer
sample and thus the GPC results. These intramolecular and inter-
molecular interactions, however, do not affect the determination of
the sequence length distribution in both random and block co-
polymers in this study.
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Fig. 1. (A) 1H NMR and (B) FTIR spectra of (a) pure PNIPAm; (b) PNIPAm93-co-PMAA7; (c) PNIPAm79-co-PMAA21; (d) PNIPAm74-co-PMAA26; (e) PNIPAm40-co-PMAA60; (f)
PNIPAm22-co-PMAA78, and (g) pure PMAA.

Table 1
Characteristics of PNIPAm-co-PMAA copolymers used in this study.

Abbreviation Monomer feed (mol %) Polymer composition
(mol %)

Tg (�C) Mn (g/mol) PDI

NIPAm MAA NIPAm MAA

PNIPAm 100 0 100 0 140.6 3.1� 104 1.64
PNIPAm93-co-PMAA7 95 5 93.2 6.8 141.3 1.0� 105 1.52
PNIPAm79-co-PMAA21 85 15 79.3 20.7 166.3 3.5� 104 1.19
PNIPAm74-co-PMAA26 75 25 74.2 25.8 172.6 9.9� 103 1.24
PNIPAm40-co-PMAA60 50 50 40.1 59.9 181.4 3.8� 105 1.57
PNIPAm22-co-PMAA78 25 75 22.5 77.5 179.5 4.5� 105 1.58
PMAA 0 100 0 100 177.5 1.3� 105 1.19

Fig. 2. KeleneTudos plot for determination of the reactivity ratios for PNIPAm-co-
PMAA random copolymers.
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3.3. Thermal properties of PNIPAm-co-PMAA copolymers

Fig. 4(A) presents the second-run DSC thermograms, recorded
over the range from 50 to 200 �C, of the pure PMAA, the pure
PNIPAm, and a series of PNIPAm-co-PMAA random copolymers. The
pure PMAA and pure PNIPAm displayed values of Tg of approxi-
mately 178 and 140 �C, respectively, with all the random PNIPAm-
co-PMAA copolymers exhibiting only single-Tg behavior in the
range 141e181 �C. The Kwei equation can be used to predict the
behavior of the values of Tg for hydrogen-bonded blends and
copolymer systems [41]:

Tg ¼ W1Tg1 þ kW2Tg2
W1 þ kW2

þ qW1W2 (1)

where Wi and Tgi correspond to the weight fraction and glass
transition temperature of each polymer.

Segment, respectively, and k and q are fitting constants reflect-
ing the strength of the hydrogen bonding interactions.We obtained
values of k and q of 1 and 100, respectively, based on the Kwei
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Table 2
Characterization data for the PtBMA, PNIPAm-b-PtBMA, and PNIPAm-b-PMAA block
copolymers used in this study.

Mn (g/mol) Mw (g/mol) PDI

PtBMA 6300 7200 1.15
PNIPAm-b-PtBMA 9.4� 104 1.3� 105 1.25
PNIPAm93-b-PMAA7 5.9� 104 7.5� 104 1.42
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equation (green line), as displayed in Fig. 4(B). The positive value of
q (higher than the linear rule, blue line) implies that the intermo-
lecular hydrogen bonding in the random copolymer PNIPAm-co-
PMAA [Scheme 2(c)] was stronger than the self-association
hydrogen bonding of the PMAA [Scheme 2(a)] and PNIPAm
[Scheme 2(b)] segments.

Fig. 5 displays the second-run DSC thermograms of the pure
PMAA, the pure PNIPAm, and the PNIPAm93-b-PMAA7 block
copolymer synthesized in this study. Similarly, the block copolymer
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Scheme 2. The possible self-association and inter-association of PNIPAm-co-PMAA copolymers: (a) self-association of PMAA segment, (b) self-association of PNIPAm segment, and
(c) inter-association of PNIPAm-co-PMAA copolymers.
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homopolymer.
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of.
PNIPAm93-b-PMAA7 also exhibited single-Tg behavior at 157 �C;

in comparison, immiscible diblock copolymers usually exhibit two
values of Tg behavior. Therefore, we concluded that the miscible
PNIPAm93-b-PMAA7 block copolymer also featured strong inter-
molecular hydrogen bonding; indeed, its value of Tg was higher
than that of the random copolymer PNIPAm-co-PMAA at a similar
weight fraction [Fig. 4(B) (red point)]. We used FTIR and NMR
spectroscopy to investigate the intermolecular hydrogen bonding
in these two different types of copolymer sequences. Fig. 6(A)
displays 1H NMR spectra of the PNIPAm-co-PMAA random co-
polymers. We observed an upfield shifts of the signal for the proton
of the COOH units of the PMAA segment upon increasing the PNI-
PAm content in the PNIPAm-co-PMAA random copolymer in D2O
solution: from 12.30 ppm for the pure PMAA to 11.90 ppm for
PNIPAm93-co-PMAA7. In addition, the signal of the proton of the
COOH groups also shifted upfield (to 12.00 ppm) for the PNIPAm93-
b-PMAA7 block copolymer, suggesting the existence of intermo-
lecular hydrogen bonding between the COOH and CONH units in
both the PNIPAm-co-PMAA random copolymers and the PNI-
PAm93-b-PMAA7 block copolymer [Scheme 2(c)].

Fig. 6(B) displays the C]O region in the FTIR spectra of PNIPAm-
00 1750 1700 1650 1600 1550 1500

(B)

Wavenumber (cm-1)

oton of the acrylic acid units. (B) FTIR spectra, in the range 1800e1500 cm�1, displaying
79-co-PMAA21; (d) PNIPAm74-co-PMAA26; (e) PNIPAm40-co-PMAA60; (f) PNIPAm22-
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co-PMAA random copolymers. As mentioned in our discussion of
Fig. 1(B), the spectrum of the pure PNIPAm featured two major
peaks for amide I and amide II absorptions at 1644 and 1544 cm�1,
respectively, while the spectrum of the pure PMAA exhibited a
signal for the self-associated hydrogen bonded carboxylic acid
dimer at 1702 cm�1. The signal of the amide I group of PNIPAm split
into two absorption bands upon increasing the PMAA content in
the random copolymers PNIPAm-co-PMAAdone signal corre-
sponding to inter-molecularly hydrogen bonded amide groups at
1615 cm�1 and the other for free amide I groups at 1644 cm�1;
these two bands were fit well by the Gaussian function.

Fig. 7 summarizes the fraction of hydrogen-bonded amide
groups of the PNIPAm segment and the chemical shift of the COOH
protons of the PMAA segment. The fraction of hydrogen-bonded
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amide I groups of the PNIPAm segment increased upon increasing
the PMAA content in the PNIPAm-co-PMAA random copolymers.
The signal for the COOH protons of the PMAA segment shifted
upfield upon increasing the PNIPAm content in the PNIPAm-co-
PMAA random copolymers, as expected. All these results are
consistent with strong intermolecular hydrogen bonding between
the COOH and CONH units that improved the thermal properties,
based on DSC analyses.
3.4. LCST behavior of PNIPAm-co-PMAA random copolymers

PNIPAm random coils in aqueous solution generally collapse to
form dense globular chains at a temperature of approximately
32 �C. We suspected that our PNIPAm-co-PMAA copolymers would
display both temperature- and pH-responsive behavior in aqueous
solution. Herein, we need to emphasize that although the PNIPAm-
co-PMAA random copolymer and PNIPAm-b-PMAA block copol-
ymer were prepared through different methods, we focus on the
investigation of the effects of sequence length distribution in
random and block copolymers on their LCST, Tg, and CO2 respon-
siveness in this study. Fig. 8 presents UV spectra of the PNIPAm-co-
PMAA copolymers, revealing how the transparent copolymer so-
lution became opaque when the temperature was higher than a
specific value at a pH. The opaque solution reformed a transparent
solution when the temperature decreased, revealing reversible
phase transition behavior.

Furthermore, the LCST increased upon increasing the pH for all
of the PNIPAm-co-PMAA random and block copolymers (Fig. 8),
implying greater solubility at higher values of pH in aqueous so-
lution; Fig. 9 summarizes the LCSTs. Because the COOH units of the
PMAA segment dissociated into COO� groups to greater degrees
upon increasing the pH, the solubility improved accordingly in the
aqueous solution, thereby enhancing the LCST. In addition, the
LCSTs were affected significantly upon increasing the PMAA
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content in the random copolymers. For example, the LCST for the
random copolymer PNIPAm93-co-PMAA7 increased slightly from
30.9 �C at pH 3.0e38.2 �C at pH 6.7, whereas for PNIPAm74-co-
PMAA26 it increased dramatically from 15.9 �C at pH 3.0e42.5 �C at
pH 6.7, suggesting that the PMAA content in the PNIPAm-co-PMAA
random copolymers did indeed influence the LCST behavior in
response to the pH. In addition, higher PMAA contents in PNIPAm-
co-PMAA random copolymers led to lower LCSTs (Fig. 9) because
the higher PMAA content resulted in a higher fraction of intermo-
lecular hydrogen bonding interactions between the PNIPAm and
PMAA segments (Fig. 7), thereby inhibiting the inter-association of
the amide groups of PNIPAm and H2Omolecules; accordingly, these
random copolymers became more hydrophobic in the aqueous
solution and exhibited lower LCSTs [41]. The COOH units of the
PMAA segment would also dissociate into the COO� groups at
Scheme 3. Possible chain behavior of the PNIPAm93-b-PMAA7 diblock cop
higher values of pH; thus, higher PMAA contents in the random
copolymers improved the hydrophilicity and solubility behavior
in the H2O solution and, thus, induced higher LCSTs. Here we
should mention that PMAA segment or block at pH of higher than
6.7 was water-soluble over wide temperature range and caused
disappearance of LCST for its copolymers in this study. This was
why we did not present the LCST data above pH 6.7.

Compared with the PNIPAm-co-PAA random copolymers, the
presence of methyl groups in the PMAA segment led to copolymers
that were more hydrophobic in H2O solution, thereby inducing
LCSTs lower than those of copolymers featuring PAA segments at
lower values of pH (pH< 4.5), as revealed in Fig. 9. Because of the
improved hydrophilicity and solubility in H2O for the PNIPAm-co-
PAA random copolymers, we did not observe the LCST behavior
when the pH was greater than 4.5. We did, however, observe that
the PNIPAm-co-PMAA random copolymer exhibited LCST behavior
when the pH was between 4.5 and 6.7, because the ability of the
COOH units of the PMAA segment to dissociate into COO� groups at
higher pH was lower than that of the PAA segment in H2O. Simi-
larly, the PNIPAm93-b-PMAA7 block copolymer exhibited lower
LCST behavior at lower values of pH, and higher LCST behavior at
higher values of pH. At lower values of pH, the PNIAAm93-b-
PMAA7 block copolymer may have formed a micelle structure
[Scheme 3(b)], with the PMAA block as the core and the PNIPAm
block as the corona, because of the poor solubility of the PMAA
block segment. As a result, the block copolymer would become
more hydrophobic in aqueous solution and, thereby, induce a lower
LCST [42e44]. At higher values of pH, the COOH groups of the
PMAA block segment would undergo dissociation into COO�

groups in a manner superior to that of in random copolymers,
because the MAA segments randomly inserted into the NIPAm
segments in the random copolymer would induce stronger inter-
association of the PNIPAm and PMAA segments through an intra-
molecular screening effect and, thereby, minimize inter-association
with H2O (thus, a decrease in the LCST for the random copolymer).
As a result, the block copolymer might have superior hydrophilicity
and solubility in H2O and, thereby, induce higher LCSTs relative to
olymer in aqueous solutions at various values of pH and temperature.
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those of the random copolymer. Fig. 10 provides photographs of the
3wt% PNIPAm93-b-PMAA7 block copolymer and summarizes all of
its possible chain behavior (Scheme 3) at different values of pH and
temperature.
3.5. Thermal properties of PNIPAm-co-PMAA random copolymers
under CO2 atmosphere

Fig. 11 summarizes the DSC thermograms, recorded in the range
from 60 to 200 �C, of thin films of the various PNIPAm-co-PMAA
random copolymers and PNIPAm93-b-PMAA7 block copolymer
after treatment at various values of pH.

At relatively lower values of pH, all of the PNIPAm-co-PMAA
random and block copolymers exhibited relatively high glass
Fig. 10. Corresponding LCST behavior in photographs of the PNIPAm93-b-PMAA7 b
transition temperatures. The values of Tg decreased at lower values
of pH and then increased at relatively higher values of pH. The
lower values of pH presumably led to greater degrees of inter-
association between the PNIPAm and PMAA segments, thereby
leading to higher values of Tg. Upon increasing the pH, some of the
COOH groups in the PMAA segment would dissociate into COO�

groups, thereby inhibiting the inter-association of the PNIPAm and
PMAA units; the negatively charged COO� groups would induce
strong repulsive interactions, leading to an increase in the free
volume (a decrease in the value of Tg). At relative high values of pH,
most of the COOH groups in the PMAA segment would have
dissociated into negatively charged COO� groups; the resulting
relatively rigid structures would also have the effect of increasing
the value of Tg.
lock copolymer in aqueous solution at various temperatures and values of pH.



60 80 100 120 140 160 180 200

pH1.98

pH2.37

pH4.5

pH4.0

pH3.5

pH3.0

pH2.42

pH4.5

pH4.0

pH3.5

pH3.0

pH4.5

pH4.0
pH3.5

pH3.0

a

60 80 100 120 140 160 180 200

60 80 100 120 140 160 180 200

Temperature (oC)

60 80 100 120 140 160 180 200

(D)(C)

(B)

pH5.7

pH5.2

pH4.9

pH4.3

pH3.9

(A)

Fig. 11. DSC thermograms of (A) PNIPAm93-co-PMAA7, (B) PNIPAm79-co-PMAA21, and (C) PNIPAm74-co-PMAA26, and (D) the PNIPAm93-b-PMAA7 block copolymer cast from
aqueous solutions at various values of pH.

Y.-T. Shieh et al. / Polymer 143 (2018) 258e270 267
Fig. 12 summarizes the DSC thermograms of thin films formed
from the various PNIPAm-co-PMAA random and PNIPAm93-b-
PMAA7 block copolymers after treatment at various values of pH
and also after treatment under scCO2 at 2000 psi and 32 �C for 1 h
with subsequent depressurization for 1 h.

The values of Tg increased for PNIPAm-co-PMAA random
copolymer, but the value of Tg decreased for the PNIPAm93-b-
PMAA7 block copolymer, after scCO2 treatment at the same value of
pH. Kramer et al. proposed that the value of Tg may decrease
because of the plasticizer effect when the hydrostatic pressure
environment is not soluble in the polymer matrix. In contrast, the
value of Tg may increase when the pressure environment is soluble
in the polymer materials, thereby decreasing the free volume of the
polymer matrix [45]. Because the CO2 molecule can act as a Lewis
acid and also can interact with the C]O units in the PNIPAm and
PMAA segments through dipoleedipole interactions, it is possible
that its presence increased the value of Tg for the PNIPAm-co-PMAA
random copolymers, similar to the behavior observed in PNIPAm-
co-PAA random copolymer systems [37]. In addition, the higher
PMAA contents in the PNIPAm-co-PMAA random copolymers
would lead to stronger dipoleedipole interactions with CO2 and,
therefore, higher values of Tg, as also displayed in Fig. 13.

For instance, CO2 treatment at pH 3.5 caused the glass transition
temperature of the PNIPAm93-co-PMAA7 random copolymer to
increase only by 1 �C, whereas it increased by 3 �C for the PNI-
PAm74-co-PMAA26 random copolymer. As mentioned above,
however, the PNIPAm93-b-PMAA7 block copolymer may form a
micelle structure [Scheme 3(b)] with the PMAA block as the core
and the PNIPAm block as the corona. Because CO2molecules can act
as Lewis acids and interact better with the PMAA segment, they
might stay in the core of the micelle structures after depressur-
ization, due to hard evaporation at the core. As a result, it may
exhibit a plasticizer effect and, thereby, decrease the value of Tg for
the PNIPAm93-b-PMAA7 block copolymer.

Based on the significantly different phenomena exhibited by the
various sequence length distributions of the PNIPAm-co-PMAA
copolymers, we also investigated the CO2-responsiveness of the
PNIPAm93-b-PMAA7 block copolymer. Fig. 14 displays the behavior
of the PNIPAm93-b-PMAA7 block copolymer in aqueous solution
under the CO2 bubbling (40mL/h) at 75 �C; the pH decreased from
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9.88 to 6.98 after 7min because the CO2 molecules acted as Lewis
acids. Most importantly, the transparent aqueous solution formed
an opaque aqueous solution after bubbling the CO2, implying a
change in the cloud point under these particular conditions.
Furthermore, the opaque aqueous solution quickly (<1min)
reverted back to the transparent aqueous solution upon bubbling
with N2 (40mL/h), due to the exchange of CO2 with N2, with an
increase in the pH to 7.69, again indicating the change in the cloud
point. This reversible phase behavior of the block copolymer could
be repeated many times; no such behavior was observed for the
random copolymers. Thus, the different sequence length effects of
the PNIPAm-co-PMAA copolymers affected their physical proper-
ties dramatically, as has been widely discussed in our previous
reports [19,20].

4. Conclusions

We have synthesized NIPAm/MAA random and block co-
polymers of various sequence length distributions through free
radical copolymerizations and sequential RAFT polymerizations.
Significant increases in glass transition temperatures occurred in
both the random and block copolymers, due to strong hydrogen
bonding between the carboxylic acid units of PMAA and the amide
units of PNIPAm, as evidenced in FTIR and NMR spectroscopic an-
alyses. The LCSTs increased upon increasing the pH for both the
random and block copolymers because the COOH groups from the
PMAA segment dissociated into COO� groups, leading to greater



Fig. 14. Reversible phase transitions of the PNIPAm93-b-PMAA7 block copolymer under bubbling with (a) CO2 and (b) N2 at 75 �C.
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solubility in aqueous solution. In addition, the LCST of the block
copolymer varied significantly with respect to the pH, more so than
that of the random copolymers, because of the sequence length
distribution effect. The values of Tg for the random copolymers
increased after treatment with scCO2, but decreased after the
similar treatment for the block copolymer. The block copolymer
exhibited reversible CO2-responsiveness in aqueous solution, as
evidenced by the appearance and disappearance of cloudy aqueous
solutions upon alternating the bubbling of CO2 and N2; this
behavior was not observed for the random copolymers.
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