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ABSTRACT: The role of water/methanol clustering dynamics on thermosensitivity of poly(N-isopropylacryl-
amide) (PNIPAM) chains in concentrated solutions (10 wt %) is investigated by turbidity, FT-IR and calorimetric
measurements through point-by-point comparison. FT-IR spectral variations show that PNIPAM—methanol
interactions are largely weakened and PNIPAM chains are more collapsed in water/methanol mixture (methanol
volume fraction x,, = 0.17) than in pure water because of the formation of large water/methanol clusters, which,
meanwhile, causes the decrease of hydration sites. On the other hand, weak hysteresis and excess recovery
phenomena in the phase transition process can also be observed with addition of methanol to PNIPAM aqueous
solution due to the existence of water/methanol clustering dynamics. Two-dimensional infrared correlation
spectroscopy and calorimetric analysis finally conclude that the role of water/methanol clustering dynamics is
mainly embodied in the inhibition of the hydration process of PNIPAM chains which shows a faster thermal

response than hydrogen bonding association.

1. Introduction

Poly(N-isopropylacryamide) (PNIPAM), as the most repre-
sentative negatively thermo-responsive water-soluble polymer
with a lower critical solution temperature (LCST, ~32 °C), has
been attracting much more attention for the past 2 decades.’
Upon heating to above its LCST, the PNIPAM aqueous solution
undergoes a coil-to-globule phase transition and can recover
easily to the original state in the cooling process. Researches on
the phase transition behavior of PNIPAM are very helpful to
understand the nature of some life phenomena such as protein
denaturation. The transition is generally related to be the com-
petitive result of the hydrophobic interaction of pendent isopro-
pyl groups and backbones and the hydrogen bonding association
between amide groups and water molecules.””

Except for multiresponses to temperature,’ pH,” ionic strength,®
and pressure,” PNIPAM also shows unique sensitivity to solvent
composition, such as water/alcohol,'®” ' water/DMF, > water/
DMSO," water/dioxane,m* 18 watelr/THF,lg"20 etc. However, the
phase transition behavior of PNIPAM in water/methanol mix-
ture®' 3! has been studied the most. Although water and methanol
are both good solvents to PNIPAM, a proper mixture of them is
a poor one. The LCST of PNIPAM in water/methanol mix-
ture shifts to lower temperature from 32 °C to a minimum value
—7.5 °C as methanol volume fraction (x,,) reaches 0.35, while a
sharp increase occurs when x,,, changes between 0.35 and 0.45 until
total disappearance takes place for x,, > 0.45.2! This phenomenon
is known as typical LCST-type cononsolvency.'? Therefore, if we
continuously increase the methanol content at a constant tem-
perature (e.g., 20 °C), PNIPAM would undergo a reentrant coil-
to-globule-to-coil phase transition,”**>3! which can even be used
to purify PNIPAM in synthesis.* Interestingly, similar phenom-
ena can also be found in water/organic solvent mixtures of poly-
(vinyl alcohol) (PVA),** poly(N-vinylpyrrolidone) (PVP),** 3¢
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poly(N-Vinylcaprolactam) (PVCL),*® poly(vinyl methyl ether)
(PVME),***" poly(N, N-dimethylacrylamide) (PDMAM),* poly-
(N-(2-ethoxyethyl)acrylamide) (PEoEA),* poly(N,N-diethylacry-
amide) (PDEA)* as well as other oligomeric polyacrylamides.*!

Up to the present, plenty of investigations have been devoted
to elucidate the nature of cononsolvency of PNIPAM in water/
methanol mixture, including some structurally confined systems,
e.g., PNIPAM gels,** ** PNIPAM brushes*’ and interfaces.***
However, the origin of the reentrant transition of PNIPAM has
still not been well established. Preferential absorption of metha-
nol on PNIPAM™ has ever been proposed to account for this
phenomenon, which, however, cannot be adequately supported
by either experimental® or simulation®' results. Thus a mechanism
involving competitive hydrogen bonding by water and methanol
molecules onto the polymer chain was put forward.”*>° On the
other hand, water/methanol complexation, the simplest hydro-
philic—hydrophobic pair, has been investigated extensively for
more than 70 years. Especially, more and more recent studies have
provided evidence for the immiscibility of the water/alcohol
solution on a microscopic scale.”’~>* On the basis of this point,
a more acceptable mechanism was proposed by Zhang and Wu
that the reentrant coil-to-globule-to-coil transition behavior can be
attributed to the formation of different water/methanol clusters,
(H,0),,(CH3;0H),, which are poor solvents to PNIPAM, %
although the geometry of water/methanol clusters is rather hard
to be confirmed. Recently, Yang and Ma et al. revealed by molec-
ular dynamics simulation that NIPAM—solvent interactions are
weakened with the increase of methanol, which commendably
supported the above mechanism.*!

As we know, IR is rather sensitive to morphology and con-
formational changes by reflecting subtle information at molecu-
lar level. Up to now, a few FTIR studies have been reported on
the reentrant phase transition behavior of PNIPAM in water/
methanol mixture, indicating that both hydrophobic isopropyl
and backbone C—H groups and hydrophilic amide groups
are contributing to the reentrant transition behavior.'%>%3¢
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Figure 1. Temperature dependent transmittance of 0.1, 1, 10 wt % PNIPAM solutions in water/methanol mixture and 10 wt % PNIPAM in pure water

during heating and cooling cycles with an increment of 0.5 °C.

However, nearly all the previous researches were focused on the
phase transition behavior of PNIPAM induced by solvent
composition, whereas no investigations of the effect of methanol
on thermosensitivity of PNIPAM in this binary solvents have
ever been reported, which is also very helpful to understand the
nature of cononsolvency phenomenon. In this paper, we present
our results of point-by-point spectral comparison combined with
turbidity and calorimetric analysis of the thermally induced phase
transition behavior of PNIPAM in water/methanol mixture with
that in pure water. Wherein, the existence of water/methanol
clusters can be further confirmed and the great influence of their
clustering dynamics on thermosensitivity of PNIPAM will be
elucidated.

2. Experimental Section

2.1. Materials. N-Isopropylacrylamide (NIPAM) was pur-
chased from Tokyo Kasei Kogyo Co. (Tokyo, Japan) and recrys-
tallized from cyclohexane before use. Azobis(isobutyronitrile)
(AIBN) was purchased from aladdin reagent Co. and recrystallized
from ethanol. THF was vacuum distilled from calcium hydride
before use. PNIPAM was synthesized by radical polymerization in
THF using AIBN as an initiator. After three freeze—pump—thaw
cycles, the polymerization reaction proceeded at 60 °C for 18 h
under nitrogen protection. The synthesized polymer was purified
by reprecipitation in diethyl ether twice and further vacuum-dried
for 24 h. The number average molecular weight of PNIPAM,
M, = 14 x 10° and polydispersity index M,/M, = 1.80 was
determined by GPC measurements with monodisperse polystyrene
as standard and THF as eluent phase at 35 °C.

D,0O and CD;0OD were purchased from Cambridge Isotope
Laboratories Inc. (D-99.9%). The concentration of PNIPAM
was fixed to 0.1, 1, and 10 wt % respectively for comparison in
turbidity measurements. For FT-IR and calorimetric measure-
ments, the concentration of PNIPAM in water/methanol mix-
tures and in pure water was all fixed to 10 wt %.

Unless stated otherwise, the methanol volume fraction (x,,) in
water/methanol mixtures was fixed to 0.17 with a 5:1 volume
ratio. All PNIPAM solutions in D,O and in D,O/CD;0D
mixtures were placed at 4 °C for a week before FTIR measure-
ments to ensure complete deuteration of all the N—H protons.

2.2. Instruments and Measurements. Calorimetric measure-
ments were performed on a Mettler-Toledo differential scan-
ning calorimeter thermal analyzer. Turbidity measurements
were made at 500 nm on a Lamda 35 UV—vis spectrometer
with pure water as reference (100% transmittance) without
stirring. Temperatures were manually ramped with a water-
jacketed cell holder at rates of ca. 0.5 °C/min with an increment
of 0.5 °C. Each temperature point was maintained for one
minute to ensure thermal equilibrium of the sample cell
(quartz glass). The sample of PNIPAM solution for FT-IR
measurements was prepared by being sealed between two
CaF, tablets. All time-resolved FT-IR spectra at different

temperatures were recorded on a Nicolet Nexus 470 spectrom-
eter with a resolution of 4 cm™', and 32 scans were available
for an acceptable signal-to-noise ratio. Temperatures were
manually controlled with an electronic cell holder at rates of
ca. 0.3 °C/min with an increment of 0.5 °C. Raw spectra were
baseline-corrected by the software Omnic, ver. 6.1a.

2.3. Investigation Methods. 2.3.1. Perturbation Correlation
Moving Window (PCMW). FT-IR spectra collected with an
increment of 0.5 °C during heating and cooling were used to
perform 2D correlation analysis, respectively. Primary data
processing was carried out with the method Morita provided
and further correlation calculation was performed using
the software 2D Shige, ver. 1.3 ( Shigeaki Morita, Kwansei-
Gakuin University, Japan, 2004—2005). The final contour
maps were plotted by Origin program, ver. 8.0, with warm
colors (red and yellow) defined as positive intensities and cool
colors (blue) as negative ones. An appropriate window size
(2m + 1 = 11) was chosen to generate PCMW spectra with
good quality.

2.3.2. 2D Correlation Spectroscopy (2Dcos). FT-IR spectra
used for PCMW analysis were also used to perform 2D correla-
tion analysis. 2D correlation analysis was carried out using the
same software 2D Shige ver. 1.3 ( Shigeaki Morita, Kwansei-
Gakuin University, Japan, 2004—2005), and was further plotted
into the contour maps by Origin program ver. 8.0. In the
contour maps, warm colors (red and yellow) are defined as
positive intensities, while cool colors (blue) are defined as
negative ones.

3. Results and Discussion

3.1. Turbidity Measurements. The phase transition be-
havior of PNIPAM in water/methanol mixture was first
examined by turbidity measurement. Note that a proper
5:1 volume ratio of water/methanol mixture is chosen in this
paper which has caused a certain decrease of the LCST of
PNIPAM aqueous solution while the effect of methanol
could also be elegantly embodied. For comparison, both
the methanol effect and concentration effect on phase transi-
tion behavior of PNIPAM during heating and cooling cycles
are characterized by measuring the change of transmittance
with an increment of 0.5 °C, as shown in Figure 1.

LCSTs were taken as the initial break points in the
resulting optical density versus temperature curves. Thus
LCSTs of 10 wt % PNIPAM in water/methanol and in pure
water during heating can be easily determined to be 24.5 and
31.5 °C, while those of them during cooling to be 24 and
30 °C, respectively. The addition of methanol (x,, = 0.17)
leads to ca. 6—7 °C decrease of the LCST of PNIPAM
aqueous solution by turbidity measurements. Interestingly,
the hysteresis of 10 wt % PNIPAM in water/methanol mix-
ture (0.5 °C) is a little weaker than that of PNIPAM in pure
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Figure 2. Temperature dependent FT-IR spectra of 10 wt % PNIPAM solutions in 5:1 water/methanol mixture (22—33 °C) and in pure water
(28—38 °C) during heating and cooling. For clarity, only spectra at intervals of 1 °C are shown here.

water (1.5 °C). Furthermore, the initial transmittance of
PNIPAM in water/methanol mixture at lower temperature
before phase separation is rather lower than that of PNI-
PAM in pure water, indicating much higher degree of chain
collapse or dehydration of PNIPAM due to the addition of
methanol. On the other hand, if we examine the transmit-
tance variations carefully, we can find an excess recovery
phenomenon after a heating and cooling cycle in PNIPAM/
water/methanol solution, which, however, cannot be detected
in PNIPAM aqueous solution.

However, in dilute and semidilute conditions (0.1 and 1 wt %),
the addition of methanol does not induce large decrease
of initial transmittance of PNIPAM aqueous solutions, and
the excess recovery phenomenon cannot be observed either.

Weak hysteresis also exists in dilute and semidilute PNIPAM
solutions, but the recovery process during cooling slowed
downin 0.1 wt % concentration; in other words, the recovery
process was accelerated by the addition of methanol espe-
cially in concentrated PNIPAM aqueous solutions, which
may also be the reason for weak hysteresis. The combining
methanol and concentration effect on weak hysteresis and
excess recovery phenomena of PNIPAM in water/methanol
mixture will be further discussed in the following FTIR
analysis.

3.2. Conventional IR Analysis. Due to apparent weak
hysteresis and excess recovery phenomena in concentrated
PNIPAM solutions, temperature-dependent FT-IR mea-
surements of 10 wt % PNIPAM in water/methanol mixture
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Figure 3. FT-IR and corresponding second derivate spectra of 10 wt % PNIPAM in water/methanol mixtures of different volume ratios (D,O:
I:

CD;0D = 1:0, 5:1, I:1, 1:5 and 0:1) at 22 °C.

(5:1 volume ratio) and in pure water were performed during
heating and cooling, as presented in Figure 2. Three regions
are focused in this paper: C—H stretching region (3030—
2847 cm™ '), amide I (C=O stretching, 1675—1580cm™ ") as
well as amide II (N—H bending, 1580—1485 cm™ "), which
can be used to trace all group motions of PNIPAM in the
reversible phase transition process. For C—H and C=0
stretching region, it should be noted that we used D,O and
CD;0D instead of H,O and CH3;OH as the solvent here in
order to eliminate the overlap of 6(O—H) band around 1640
cm”~ ! with v(C=0) of PNIPAM as well as the broad W(O—H)
band around 3300 cm ™" with v(C—H) bands of PNIPAM.>
As reported, the transition temperature of PNIPAM in D,O
is 0.7 °C higher than that in H,O. However, the deuterium
isotope effect does not cause obvious changes on the magni-
tude of hysteresis.”’>® Meanwhile, in spite of partially over-
lapping with 6(O—H), amide II can still be resolved in H,O/
CH;OH and H,O solutions.>® Whereas, the original spectra
should be pretreated by a single point baseline correction
combined with subsequent normalization at 1580 cm ™' to
avoid the effect of 6(O—H).

Examine the spectral variations of PNIPAM in water/
methanol mixture and in pure water during heating and
cooling in Figure 2, surprisingly, we cannot find any new
bands or large different spectral changes between these two
systems. It seems that in 5:1 water/methanol mixture, PNI-
PAM-methanol interactions are largely weakened. To con-
firm our supposition, FT-IR spectra of 10 wt % PNIPAM in
water/methanol of other three volume ratios were also
collected for comparison at 22 °C, as shown in Figure 3.
Note that at 22 °C PNIPAM chains in 1:1 CD;0D/D,0
mixture are in collapsed state due to rather lower LCST than
room temperature and all IR bands are relatively broad. As
the volume fraction of methanol increases, both CH and
amide I bands shift largely to lower wavenumbers, even more
than 10 cm™! for vy, (CH3) and amide I. However, after
addition of small fraction of methanol such as 5:1 volume
ratio of D,O/CD;0OD mixture studied in this paper, the
wavenumber shift of PNIPAM is rather low (about 1—
2 cm_l), which may only arise from the difference of chain
collapse degree of PNIPAM chains. It is especially worth
noting that FT-IR spectra of 2 wt % PNIPAM in water/
methanol mixtures do not show significant wavenumber
shift with addition of methanol as previously reported.”® It
is presumed that the reentrant phase transition behavior may
also be related to the concentration of PNIPAM, which still
needs further investigations.

The weak PNIPAM —methanol interaction can be easily
understood if methanol formed large clusters with massive
water molecules making it hard to contact by PNIPAM
chains. On the other hand, the formation of water/methanol

clusters dispersed in pure water molecules and clusters would
lead to the decrease of hydration sites of PNIPAM, which
can also explain the decrease of LCST and the increase of
degree of chain collapse observed in turbidity measurement.
In other words, the water-PNIPAM interactions are also
weakened due to the formation of water/methanol clusters,
in conformity with ;)revious experimental and molecular
simulation results.?**>3!

Now we come back to spectral variations in Figure 2. It is
notable that a sight difference of spectral variation trends can
be observed between these two solutions. That is, the v,e-
(CH3) band around 2980 cm ™" has a slight intensity decrease
before phase transition during heating along with an obvious
frequency shift. Interestingly, PNIPAM gel and concen-
trated PNIPAM aqueous solution also exhibit similar in-
tensity changes,®” indicating that the addition of methanol
leads to somehow constraint of PNIPAM chains, corre-
sponding to the increase of degree of chain collapse.

No matter for PNIPAM in water/methanol mixture or for
PNIPAM in pure water, three regions show similar changes:
during heating, C—H stretching bands all shift to lower
frequencies, which can be attributed to the dehydration
process of hydrophobic groups in PNIPM chains;®' C=0
stretching bands exhibit a binary spectral intensity changes,
arising from the transformation from C=0- - -D,O hydro-
gen bonds (1625 cm ™ ') to C=0...D-N ones (1651 cm ™ ');'%¢2
Amide II show both a frequency shift and a binary intensity
change, corresponding to the conversion between N—H- - -
H>O (1572 cm™ ') and N—H---O=C hydrogen bonds
(1543 cm™").>>* For the convenience of comparison, three
spectra of PNIPAM solutions in water/methanol and in pure
water at three same temperatures are shown in Figure 4.
Apparently, the addition of methanol causes the further
dehydration of C—H groups, the increase of C=0---H
(D)...N hydrogen bonds and the decrease of hydrogen bonds
between amide groups and water molecules. It can also be
attributed to the decrease of hydration sites of PNIPAM
chains due to the formation of large water/methanol clusters.

As we know, the water—methanol clusters have different
stability at different temperatures, thus an association-dis-
association process can be expected during heating and
cooling. The question is, does water—methanol clustering
process have any influence on the phase transition of PNI-
PAM in water/methanol mixture? To investigation this
effect, the frequency shifts of v,,(CH3), v,s(CH>), and amide
IT as well as the content changes of hydrated/dehydrated
CHj; groups and hydrogen bonds of amide I groups are
plotted in Figure 5 and 6, respectively. Note that the content
changes of hydrated/dehydrated CHj; groups are roughly
reflected by intensity changes at 2990 and 2970 cm ™' read
from later PCMW and 2Dcos synchronous spectra, while
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those of hydrogen bonds of amide I groups are represented
by partial integral area.

Interestingly, similar weak hysteresis and excess recovery
phenomena of PNIPAM in water/methanol mixture can
also be observed either for frequency changes or for content

changes, especially for dehydrated CHs (2970 cm™ ') and
C=0- - -D-N hydrogen bonds (1675—1651 cm "), which are
both related to the collapsed state of PNIPAM chains. It can
be interpreted that the globule-to-coil transition of PNIPAM
aqueous solution during cooling was accelerated by the
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PAM in water/methanol mixture and the association-disassociation
process of water/methanol clusters. Wherein, the arrow indicates the
release of water molecules.

addition of methanol in conformity with turbidity analysis
and this effect cannot be immediately eliminated after the
heating and cooling cycle. It is presumed that this accelerat-
ing effect may come from the water—methanol clustering
process. According to previous NMR results, water—metha-
nol clusters are more stable at high temperature, whereas,
upon cooling to low temperature, more clusters of single
species are present in the mixture.®® Furthermore, the relaxa-
tion time of water—methanol clusters are faster than those of
pure water and methanol, or in other words, water—water
hydrogen bonds are longer lived than water—methanol
clusters, resulting in an enhanced segregation as the mix-
tures are cooled.®*~% This behavior is much more like an
“upper critical solution temperature” (UCST)-type phase
transition with the transition point “hidden” below the
freezing line.®’

Therefore, the effect of association-disassociation of
water/methanol clusters on the content of water in mix-
tures is just contrary to that of dehydration-hydration
during heating and cooling. In other words, the role of
water/methanol clustering is much like a “reservoir”.
During cooling, much more water is released from the
disassociation process of water—methanol clusters to
hydrate PNIPAM chains, resulting in the acceleration of
the globule-to-coil phase transition. For the convenience
of comprehension, these two processes have been illustrated in
Figure 7.

As former turbidity analysis shows, increasing the con-
centration of PNIPAM in water/methanol mixtures is also
favorable for the accelerating effect in the cooling process.
As we know, increasing the concentration of PNIPAM
consequently leads to the increase of entanglement density
of polymer chains, while the diffusion of small molecules
such as water, methanol and their clusters would be
restricted to a certain extent. An extreme example is
cross-linked PNIPAM hydrogel, in which the diffusion
process cannot be neglected in chain collapse and swelling
processes.®*% Therefore, it is much easier for water mole-
cules just released from water—methanol clusters to hy-
drate PNIPAM chains before self-associating via hydro-
gen bonding due to the local microenvironment brought
by the increase of PNIPAM concentration. Thus the accelerat-
ing effect of increasing PNIPAM concentration can also be
explained.

3.3. Perturbation Correlation Moving Window Analysis.
To determine the LCST of PNIPAM in water/methanol
mixture more accurately, PCMW technique was employed.
PCMW is a newly developed technique, whose basic prin-
ciples can date back to conventional moving window pro-
posed by Thomas,®” and later in 2006 Morita®® improved

Sun and Wu

this technique to much wider applicability through intro-
ducing the perturbation variable into correlation equation.
Except for its original ability in determining drastic change
points as conventional moving window did, PCMW can
additionally monitor complicated spectral variations along
the perturbation direction. The rules of PCMW can be
summarized as follows: positive synchronous correlation
represents spectral intensity increasing, while negative
one represents decreasing; positive asynchronous correla-
tion can be observed for a convex spectral intensity varia-
tion while negative one can be observed for a concave
variation.®®

Figure 8 presents PCMW synchronous and asynchro-
nous spectra of PNIPAM in water/methanol mixture
between 22 and 33 °C during heating and cooling. PCMW
synchronous spectra can be used to find drastic spectral
change points, which can interpreted as phase transition
temperatures in this system, while asynchronous spectra
can be used to determine the phase transition temperature
range according to the turning points in the contour maps.
For convenience, the results of LCSTs and transition
temperature ranges arising from different vibrational
bands determined by PCMW are listed in Table 1. Ob-
viously, the LCSTs and transition temperature ranges
during heating and cooling are very close to each other,
not excluding some anomalous points, strongly indicat-
ing the weak hysteresis of PNIPAM in water/methanol
mixture.

3.4. 2D Correlation Analysis. Now that we have con-
firmed the water/methanol clustering dynamics to be
the reason of weak hysteresis and excess recovery phe-
nomena in PNIPAM /water/methanol solution, we still
wonder which process in the phase transition is mostly
influenced by the water/methanol clustering dynamics.
Is the hydration process or hydrogen bonding associa-
tion? To solve this problem, 2Dcos was performed in this
paper.

2Dcos is a mathematical method whose basic principles
were first proposed by Noda in 1986.% Up to the present,
2Dcos has been widely used to study spectral variations of
different chemical species under various external perturba-
tions (e.g., temperature, pressure, concentration, time, elec-
tromagnetic, etc.).70 Due to different responses of different
species to external variable, additional useful information
about molecular motions or conformational changes can be
extracted which cannot be obtained straight from conven-
tional 1D spectra. The judging rule can be summarized as
Noda’s rule—that is, if the cross-peaks (v;, v, and assume
V1 > ) in synchronous and asynchronous spectra have the
same sign, the change at v; may occur prior to that of v,, and
vice versa.

On the basis of transition temperature regions obtained
from PCMW, we chose all the spectra between 27 and
31 °C to perform 2Dcos analysis, as shown in Figure 9.
According to Noda’s rule, the sequence orders among
C—H, amide I and amide IT of PNIPAM in water/metha-
nol mixture during heating and cooling can be deduced, as
shown in Table 2. Corresponding order of PNIPAM in
pure water® are also presented here for comparison. Note
that the sequence orders of PNIPAM in pure water during
heating and cooling are opposite to each other, indicating
good reversibility of phase transition behavior. However,
the orders of PNIPAM in water/methanol mixture during
heating and cooling are both lead by amide I, while C—H
related changes or hydration process are inhibited. It sug-
gests that the existence of water/methanol clustering dy-
namics has positive effect on hydrogen bonding association
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Figure 8. PCMW synchronous and asynchronous spectra of 10 wt % PNIPAM in 5:1 water/methanol mixture generated from all spectra between

22 and 33 °C during heating (top) and cooling (bottom). Wherein, warm colors (red and yellow) are defined as positive intensities, while cool colors
(blue) as negative ones.

Table 1. LCSTs and Transition Temperature Ranges Arising from Different Vibration Bands Determined by PCMW

heating cooling
frequency/cm LCST/°C transition range/°C LCST/°C transition range/°C
2990 29.5 27.5-30.5 29.5 27.0—30.5
2970 30.0 28.0—31.5 29.0 27.0—30.5
2927 30.0 28.0—31.5 29.0 27.0—30.5
2872 30.0 28.0—31.5 29.0 27.0-30.5
1651 30.0 28.0—31.5 29.0 27.5-30.5
1625 29.0 27.5-30.5 29.5 27.5-30.5
1543 30.0 27.5-31.0 29.5 27.5-31.0

or negative effect on hydration process. It may be arising
from the fact that the relaxation time of dynamic hydration
process of hydrophobic groups is shorter than the associa-
tion process of relatively stronger hydrogen bonds, which,
meanwhile, is less influenced by water/methanol clustering
dynamics.

3.5. Calorimetric Measurements. Calorimetric method
was also used to further confirm the existence of water/

methanol clustering dynamics and examine its influence
on different processes of phase transition. Assuming the
water/methanol clustering dynamic process always needs
a period of time to approach a steady state, we may detect
this process by changing annealing time after the first
heating procedure at a proper scanning rate. Three groups
of DSC curves at different scanning rates of 10 wt %
PNIPAM in 5:1 water/methanol mixture and in pure water
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Figure 9. 2D synchronous and asynchronous spectra of 10 wt % PNIPAM in 5:1 water/methanol mixture generated from all spectra between 27 and
31 °C during heating (top) and cooling (bottom). Herein, warm colors (red and yellow) are defined as positive intensities, while cool colors (blue) are

defined as negative ones.

Table 2. Sequence Orders among C—H, Amide I, and Amide II of
PNIPAM in Water/Methanol Mixture and in Pure Water during
Heating and Cooling (— Means Prior to)

PNIPAM/water/methanol PNIPAM /water

heating amide I — Amide Il = C—H C—H — amide Il — Amide |
cooling Amide | = C—H — amide [I AMide [ — amide [l — C—H

by changing annealing time are presented in Figure 10.
From Figure 10, it is noted that faster scanning rate
leads to higher transition temperature (7},) during heating
and lower T, during cooling, either for PNIPAM in
methanol/water mixture or for PNIPAM in pure water,
indicating that T}, here is not the transition temperature
in equilibrium.® It should also be noted that a transition
with two asymmetric exothermic peaks is observed during
cooling. Considering there are still no acceptable expla-
nations of these two peaks for concentrated PNIPAM

aqueous solutions in which interactions among poly-
mer chains cannot be neglected, we tentatively attribute
the two peaks located at higher and lower temperatures to
the disruption of additional hydrogen bonding and the
dissolution or hydration of collapsed chains respectively
which was concluded from dilute conditions at rather low
cooling rates.® Compared to PNIPAM in pure water, the
peak at lower temperature was strongly suppressed with
the addition of methanol. In addition, as expected, for
PNIPAM in water/methanol mixture, extending anneal-
ing time at a relatively faster scan rate resulted in the
enthalpy increase of the peak at lower temperature and the
enthalpy decrease of the peak at higher temperature. In
other words, from calorimetric measurements, we came to
the same conclusion as 2Dcos analysis that the hydration
process of PNIPAM chains is inhibited with the addition
of methanol.
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Figure 10. DSC curves at different scanning rates (1, 5, 10 °C/min) of 10 wt % PNIPAM in 5:1 water/methanol mixture and in pure water by changing

annealing time (1—35 min).
4. Conclusion

In this paper, turbidity, FT-IR and calorimetric measurements
are employed to elucidate the role of water/methanol clustering
dynamics on thermosensitivity of PNIPAM in concentrated solu-
tions (10 wt %) through point-by-point comparison of the phase
transition behavior of PNIPAM in water/methanol mixture and in
pure water. Turbidity results show weak hysteresis and excess
recovery phenomena of the phase transition with addition of
methanol (methanol volume fraction x,;, = 0.17), which can also
be confirmed by conventional IR and PCMW analysis. IR spectral
variations reveal that PNIPAM-methanol interactions are largely
weakened, and PNIPAM chains are more collapsed in water/
methanol mixture than in pure water due to the formation of large
water/methanol clusters, which, meanwhile, leads to the decrease
of hydration sites. The role of water/methanol clustering dynamics
is mainly embodied in the inhibition of the hydration process of
PNIPAM chains confirmed by 2Dcos and calorimetric results.
Moreover, the reentrant phase transition behavior may also be
related to the concentration of PNIPAM according to our
analysis, which still needs further investigations.
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