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Abstract In this study we used Fourier transform infrared
(FTIR) spectroscopy to investigate the phase behavior of
poly(N-isopropylacrylamide) (PNIPAM) in mixed solvents
comprising D,O and tetrahydrofuran-dg(THF-d8). The sig-
nals of the CHj groups of the N-isopropyl amide unit and
the CH, groups on the main chain and those in the amide I
region of the PNIPAM provided details about the various
hydrophobic and hydrophilic interactions in the mixed aque-
ous solution. Upon increasing the volume fraction of THF-dg
(xy) from O to 11 %, coil-to-globule transition occurred as a
result of dehydration and hydrophobic interactions among the
hydrophobic groups of the PNIPAM chain, followed by in-
duced aggregation and collapse of the PNIPAM chain. When
the value of x, was in the range of 11 to 55 % the hydrophobic
groups formed hydrophobic cages that prevented diffusion of
D,0 molecules and the formation of hydrogen bonds with the
amide I units of the PNIPAM chains. Meanwhile, the hydra-
tion sphere of THF-dg also hindered the hydrophobic—hydro-
phobic interactions between THD-dg and the PNIPAM; con-
sequently, the PNIPAM chains shrank as they aggregated. The
PNIPAM solution was homogenized again at values of x,
greater than 55 %, due to hydrophobic—hydrophobic interac-
tions among the free THD-dg molecules and the hydrophobic
groups of the PNIPAM. We believe that dehydration of the
hydrophobic groups rather than inter- and intrachain hydrogen
bonding was the major driving force behind the aggregation
and coil-to-globule transitions.

C.-W. Tu
Green Energy & Environment Research Laboratories, Industrial
Technology Research Institute, Hsinchu 310, Taiwan

S.-W. Kuo (<)

Department of Materials and Optoelectronic Science, Center for
Functional Polymers and Supramolecular Materials, National Sun
Yat-Sen University, Kaohsiung 804, Taiwan

e-mail: kuosw@mail.nsysu.edu.tw

Published online: 21 May 2014

Keywords PNIPAM - Hydrogen bonding - FTIR - Phase
transition

Introduction

“Smart” polymers have properties that respond to changes in
their environment such that they can swell or shrink upon
small variations in temperature, pH or ionic strength [1, 2].
They have potential applications in, for example, drug deliv-
ery, separation and bioswitching [3]. Poly(N-
isopropylacrylamide) (PNIPAM) is one such polymer that
can undergo a coil-to-globule transition in response to changes
in temperature and solvent composition [4—11]. PNIPAM has
found practical applications [12—14] in controlled drug re-
lease, immobilization of enzymes and protein purification
[15-21] and has been studied for its various effects triggered
through changes in solution temperature or the addition of
water-miscible solvents. PNIPAM is insoluble in water above
its lower critical solution temperature (LCST) of 30-33 °C
[22], where its chains collapse and aggregate into bigger
globules; below its LCST, PNIPAM is soluble in an aqueous
solution and exists in the form of flexible, extended coils. The
coil-to-globule transition of PNIPAM is reversible [22, 23]; its
driving force is somehow related to the temperature-
dependent molecular interactions of PNIPAM, particularly
hydrogen bonding and hydrophobic interactions [24]. When
PNIPAM is dissolved in an aqueous solvent the water mole-
cules exist in either a free state or bound within the polymer
chains [25-27]. The bound water molecules can be also di-
vided into two types: ones that hydrate the hydrophobic
groups (e.g., methyl groups or main chain hydrocarbon units)
[28-32]; and ones that form hydrogen bonds with C=0 or NH
groups [23, 28]. The temperature-dependence of PNIPAM has
been studied previously using various techniques, including
light scattering, differential scanning calorimetry (DSC),
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FTIR spectroscopy and turbidimetry; the effect of the solvent
composition in mixed aqueous solutions has rarely been in-
vestigated [17, 19, 33, 34]. For example, Schild et al. found
that the LCST of PNIPAM in pure water is 30-33 °C, but this
value changes upon the addition of MeOH, dioxane or THF
[17]. They suggested that the LCST of PNIPAM and accom-
panying changes in polymer conformation result from a bal-
ance between hydrogen bonding and hydrophobic effects in
aqueous solutions. In this study we used FTIR spectroscopy to
examine the hydrogen bonding and hydrophobic interactions
of PNIPAM in mixed solvents comprising THF-dg and D,0.
Changes in the FTIR spectra revealed information regarding
the conformations and bonding states of the functional groups
involved in the phase transition; in addition, we could also
examine the interactions among the polymer chains and their
surrounding THF-dg¢/D,O molecules during the phase
transition.

Experimental section
Materials

2-Dodecylsulfanylthiocarbonylsulfanyl-2-methyl propionic ac-
id (DMP) was prepared according the literature procedure [35].
N-Isopropylacrylamide ( TCI Chemical, Japan) was recrystal-
lized three times from toluene/hexane. 2,2"-azobis(4-methoxy
-2,4-dimethylvaleronitrile) (V-70) was purchased from Wako
Pure Chemical Industries and used as received. All other sol-
vents and analytical reagents were purchased from commercial
suppliers and used as received.

PNIPAM homopolymer [36]

PNIPAM was synthesized in N,N-dimethylformamide (DMF)
employing a conventional azoinitiator, namely 2,2'-azobis(4-
methoxy-2,4-dimethylvaleronitrile) (V-70), as the source of
primary radicals and DMP, a trithiocarbonate-based CTA. All
polymerizations were conducted at 25 °C under a N, atm at
33 wt% monomer in a 20-mL dried Schlenk flask. The
CTA:monomer ratio ([CTA]y/[M]o=1:200) was such that the
theoretical value of M,, at 100 % conversion was 22,600. The
[CTA]/[I]o ratio was 10:1.

Characterization

Molecular weights and molecular weight distributions were
determined through gel permeation chromatography (GPC)
using a Waters 510 high-performance liquid chromatograph
equipped with a 410 differential refractometer, a refractive
index (RI) detector and three Ultrastyragel columns (100,
500, and 10*> A) connected in series in order of increasing
pore size. DMF was the eluent at a flow rate of 1 mL/min. The
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molecular weight calibration curve was obtained using PEO
standards. The GPC traces of the PNIPAM revealed a narrow
polydispersity (M,,/M,) of 1.10 and a value of M, of 34,250.
FTIR spectra were recorded using a Nicolet Avatar 320 FTIR
spectrometer equipped with a mercury—cadmium—telluride
detector. A solution containing 5 wt % (w/v) PNIPAM was
prepared in a mixed solvent of THF-dg/D,0. This solution
was equilibrated in a refrigerator for more than 24 h at a
temperature below the LCST. An aliquot of the solution was
placed into a 5-um Teflon spacer between two CaF, plates that
were attached to a metal holder with a circulating water bath at
25 °C. The sample was subjected to these conditions for
10 min prior to data acquisition. For each spectrum, 32 scans
were recorded at a resolution of 1 cm™' for both the sample
and the background; the accuracy was 1 cm™'. The spectra of
each sample were corrected by subtraction of the solvent
spectrum recorded under the same conditions. The subtraction
was considered satisfactory when the spectrum was flat be-
tween 1,750 and 2,650 cm . The region between 1,700 and
1,600 cm ™' of the corrected spectra was Fourier self-
deconvolved to identify the number of components in the
amide | band. Subsequently, the amide I band was curve-
fitted using Peak Solve software. Finally, the area of each
component was transformed into the percentage of each type
of C=0 group. The optical transmittance of the PNIPAM
solutions at a wavelength of 500 nm was measured using an
Agilent 8453 UV-Vis spectrophotometer upon increasing the
volume fraction of THF-dg. The concentration of PNIPAM in
the solution and the temperature were controlled at 0.3 g/L and
25 °C, respectively. The cloud point was defined as the
content of PNIPAM in solution corresponding to a 50 %
decrease in transmittance.

Results and discussion

Changes in the C—H stretching bands of PNIPAM
in THF-dg/DzO

It has been established previously that PNIPAM molecules
can undergo a reentrant transition upon increasing the THF
content in mixed THF/H,O solvents. Schild et al. reported that
PNIPAM is soluble in both THF and water at room tempera-
ture (25 °C), but becomes heterogeneous at a THF volume
fraction of approximately 20-65 % [12]. To eliminate com-
plications arising from overlap of the signals of PNIPAM with
those for C—H stretching of THF at 2,800-3,000 cm ' and for
the O—H band of H,O near 1,640 cm ', we employed THF-dg/
D,O0, rather than THF/H,O, as our mixed solvent for record-
ing FTIR spectra for this present study. Although we
suspected that an isotope effect might exist to influence the
transition behavior of PNIPAM in the aqueous and deuterated
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aqueous solutions, it has been reported that the LCST of
PNIPAM in D,O is only approximately 0.7 °C higher than
that in H,O, with the magnitude of the hysteresis of the
transition temperature being unaffected (or only weakly af-
fected) by isotopic substitution [32]. Thus, we suspected that
the phase transition behavior and the environment of PNIPAM
in THF-dg/D,0O would be similar to that in THF/H,O. Figure 1
presents the optical transmittance of the PNIPAM solutions at
a wavelength of 500 nm plotted with respect to the volume
fraction of THF-dg. Here, we define the cloud point as the
content of the PNIPAM solution corresponding to a 50 %
decrease in transmittance. The transmittance of the PNIPAM
solutions in D,O/THF-dg at 25 °C revealed that this mixed
solvent was a poor solvent when the volume fraction of THF-
dg (xy) was in the range from 11 to 55 %; this behavior was
almost identical to that for PNIPAM in THF/H,O mixtures.
Figure 2 presents the selected composition dependence of
the absorption bands of the C—H units for 5 wt % PNIPAM in
THF-dg/D,0O. We recorded these spectra for PNIPAM solu-
tions in the vc_y region as a function of x, at 25 °C to avoid the
effect of temperature on the PNIPAM molecular structure. We
assign the absorption bands centered at 2,981 and 2,881 cm '
to the asymmetric [v,4(CHj3)] and symmetric [v4(CH3)] vibra-
tions, respectively, of the methyl groups of the N-isopropyl
units. The absorption band centered at 2,938 cm™' [1,(CH,)]
was associated with the asymmetric vibration of the main
chains. Thus, a red-shift occurred in the asymmetric vibration
of the methyl groups of the N-isopropyl units and of the C-H
stretching vibration of the main chains. A number of previous
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Fig.1 Optical transmittance at 500 nm plotted with respect to the volume
fraction of THF-djg for a solution of PNIPAM (3 g/L) in D,O/THF-dg
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Figure 2 FTIR spectra (vc y region) of PNIPAM recorded at 25 °C at
various volume fractions of THF-dg in mixed solutions of THF-dg and
D,O

experiments have revealed that the signal for C—H stretching
is blue-shifted with decreased intensity upon interaction with
water when the value of x, increases in solution [27, 28].
Therefore, the red-shift of our IR band indicates that an
increase in the THD-dg content led to partial dehydration of
the CH; and CH, groups of the PNIPAM chain. Shifts in the
values of v,{(CH3), vs(CH3), and v,((CH,) to lower frequen-
cies induced by dehydration of the polymer chain has also
been observed previously in the phase transition of the tri-
block copolymer poly(ethylene oxide)-poly(propylene ox-
ide)-poly(ethylene oxide) [37]. Figure 3 presents a plot of
the wavenumbers of the maxima of the signals of v,4(CH3),
vs(CH3), and v,4(CH,) in PNIPAM solutions with respect to
the value of x; these signals are useful probes for monitoring
the organizational changes of the alkyl chains of PNIPAM. We
observed three distinct changes for these signals. First, the
signals for v,4(CHs), vs(CHs), and v,((CH.) all shifted toward
a lower frequency upon increasing the value of x, from 0 to
15 %. Next the positions of the signals for v,4(CH3) and
Vas(CH,) remained almost unchanged upon increasing the
value of x, from 15 to 72 %. Finally, the signals for v,{(CH3)
and v,4((CH,) underwent red-shifts when the value of x, was
greater than 72 %.

Changes in the amide I bands of PNIPAM in THF-dg/D,0

Because amide groups were present in the PNIPAM structure
we attribute the absorption bands centered near 1,670, 1,649,
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Fig. 3 Peak positions of (a)
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and 1,625 cm ' to amide I (free C=0), amide I [C=0 hydro-
gen bonded with NH, »(C=0--H-N)] and amide I [C=0
hydrogen bonded with D,0O, 1(C=0-+D-0OD)] vibrations,
respectively [27, 28, 38]. Figure 4 presents selected FTIR
spectra of the amide I bands of the PNIPAM chain at various
values of x,. When we increased the value of x,, from 0 to 93 %
the intensity of the signal for (C=0-+D-OD) at 1,624 cm '
decreased while that at 1,649 cm !, which is attributed to
YC=0-+H-N), increased. When we increased the value of
X, to greater than 95 % the intensity of the free amide I band at
1,670 cm ' rose dramatically while those of the signals for
YC=0--H-N) and /(C=0--D-OD) both decreased. Finally,
the signal for the C=0 units hydrogen bonded to D,O
vanished when the value of x, reached 100 %.

We curve-fitted the signals for the amide I bands in from
1,700 to 1,600 cm™' to allow a more quantitative analysis.
Assuming that the free C=0, C=0--H-N and C=0--D-0OD
units all contributed to the IR spectra with similar intensities
we estimated the area fractions of the free C=0O units and the
intra- and inter-chain hydrogen bonded C=0 units from their
ratios of the total peak area [A4(1,670)+A(1,649)+A4(1,625)];
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we obtained two Gaussian peaks through nonlinear fitting of
the overlapped amide I region of the spectrum as shown in
Table 1. Figure 5 plots the variations of the peak area ratios of
three amide I bands of PNIPAM with respect to the value of x,
in the various mixed solvents. For PNIPAM in pure D,O most
of the C=0 groups (ca. 77.3 %) were involved in intermolec-
ular hydrogen bonding between the polymer and D,O mole-
cules. The peak area for intermolecular hydrogen bonding
between the polymer and D,O molecules experienced four
states: (i) the peak area of the signal for 1(C=0--D-OD)
initially decreased slightly from 77.3 to 75.0 % upon increas-
ing the value of x, from 0 to 10 %; (ii) the degree of intermo-
lecular hydrogen bonding between the polymer and the sol-
vent molecules suddenly decreased to 61.3 % upon increasing
the value of x, from 10 to 15 %; (iii) the rate of decrease in the
area of the signal for (C=0--D—OD) decreased to a relatively
low, but constant, value upon increasing the value of x, from
15 to 72 %; (iv) t values of x, greater than 72 % the rate of
decrease of the area of the signal for (C=0--D-0OD) in-
creased again, ultimately leading to disappearance of this
signal.

Fig. 4 FTIR spectra (amide |
region) of PNIPAM recorded at
25 °C at various volume fractions
of THF-dg in mixed solutions of
THF-dg and D,0O. The absorption
bands centered near 1,670, 1,649,
and 1,625 cm ! are attributed to
amide I (free C=0), amide I [C=
O hydrogen bonded with N-H,
(C=0--H-N)] and amide I [C=
O hydrogen bonded with D-O-D,
(C=0--D-0D)] vibrations
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Table 1 Peak positions of the
hydrated groups in the amide |
region of the IR spectra of
PNIPAM and curve-fitting data

4(1,625), A(1,649), and
A(1,670) denote the area fractions
of the amide I signals of the [C=
O--D-0OD], [C=0--H-N], and

THF volume  Peak position ~ Peak position ~ Peak position A(1,625)*  A(1,649)*  A(1,670)*
fraction (%)  of 1(CHs)  of v(CHy)  of (CH) (em™)) (%) (%) (%)
(ecm™) (em™)
0 2,980.6 2,938.6 2,882.2 773 22.7 -
5 2,979.6 2,938.6 2,880.3 76.5 23.5 -
10 2,978.2 2,938.1 2,879.8 75.0 25.0 -
15 2,974.8 2,9362 2,.877.9 61.3 38.7 -
22 2,974.8 2,936.2 2,877.9 60.3 39.7 -
29 2,974.8 2,936.2 2,877.4 62.4 37.6 -
34 2,974.8 2,936.2 2,877.4 59.7 40.3 -
41 2,974.3 2,936.2 2,877.4 55.8 44.2 -
48 2,973.8 2,936.7 2,877.4 56.4 43.6 -
53 2,973.8 2,936.7 2,877.4 53.2 46.8 -
59 2,974.3 2,936.2 2,8774 543 45.7 -
65 2,974.8 2,936.2 2,8774 49.5 50.5 -
72 2,974.8 2,936.2 2,8774 51.9 48.1 -
79 2,974.3 2,935.8 2,8774 454 54.6 -
85 2,973.8 2,358 2,.876.9 426 574 -
90 2,973.3 2,9353 2,876.9 31.0 69.0 0.0
93 2,973.3 2,9353 2,876.5 354 62.7 1.9
95 2,972.4 2,934.3 2,876.0 25.7 71.9 24
98 2,971.9 2,934.3 2,875.5 14.0 81.7 43
100 2,971.4 2,933.8 2,875.5 0.0 723 27.7

free C=0 groups, respectively
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Fig. 5 Peak area ratios of the three components of the amide I band of
PNIPAM, plotted with respect to the volume fraction of THF-ds. (black
square: Intermolecular hydrogen bonding between PNIPAM and solvent
molecules; white circle: intra- and interchain hydrogen bonding of
PNIPAM,; 2: free C=0 groups of PNIPAM

Change in phase behavior of poly(N-isopropylacrylamide)
in THF-dg/DzO

To understand the transition behavior of PNIPAM in THF/
H,O we must first distinguish the interactions among THF-
dg, D0 and the PNIPAM polymer chains. For a solution of
PNIPAM in THF-dg and D,O we would expect many kinds
of interactions, including hydration of THF-dg; hydration
of the CH;3 and CH, groups of PNIPAM chains; hydropho-
bic—hydrophobic interactions between THF-dg and the hy-
drophobic groups of PNIPAM; hydrogen bonding of C=0
and N-H units with D,0; and hydrogen bonding of C=0
units with H-N units. The hydration interaction is about in
an order of magnitude stronger than the hydrophobic—hy-
drophobic interactions (van der Waals, dispersion forces),
but is weaker than a hydrogen bond.

As shown in Figs. 2 and 3, the hydrophobic groups of
PNIPAM dehydrated readily upon increasing the value of x,
from 0 to 10 %, indicating that the hydration interaction of a
THF-dg molecule is a stronger than that of the hydrophobic
groups of PNIPAM. Because the steric bulk of a PNIPAM
chain is higher than that of a single THF-dg molecule the effect
of steric hindrance lowers the hydration force between the
hydrophobic groups of PNIPAM and D,O. Recent studies on
the hydration of THF have revealed that a single THF molecule
can complex with several water molecules to form a THF
hydration sphere when the THF content is low [39]; in contrast,

@ Springer
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at high THF contents, the ratio becomes 1:1. Thus, we conclude
that when the value of x, is less than 10 %, the D,O molecules
form a hydration sphere structure with THF-dg prior to hydrat-
ing the hydrophobic units of PNIPAM. In addition, the rate of
dehydration was greater and the signals for v,,(CHj3)
and v4(CHj3) responded more rapidly than that for v-
as(CH>), suggesting that the change in hydration of the
CHj3 groups occurred prior to that of the CH, groups.

In addition, we noted that the area of the signal for 1(C=
O--H-N) grew slightly at the expense of that for (C=0--D-
OD) upon increasing the value of x, from 0 to 10 %. The area
of the signal for (C=0--D-OD) decreased remarkably upon
increasing the value of x, from 10 to 15 %. This result
indicates that an increase in the content of THF-dg resulted
in a lack of sufficient hydration for the CH; and CH, groups
interacting with D,O molecules. The main chains of PNIPAM
follow by diffusion and aggregation. The hydrophobic
groups then aggregated to form hydrophobic cages that
prevented the diffusion of D,O molecules and the forma-
tion of hydrogen bonds with the C=0 or N-H groups.
Scheme 1 presents the probable changes in phase behavior
for PNIPAM in THF-dg/D-0.

The PNIPAM chains tended to sequence aggregate and
form a globular conformation upon increasing the x, from
11 to 55 %, as displayed in Fig. 1. In this region, the area of the
signal for (C=0--D-0D) continued to decrease steadily at a
relatlyive low but constant value while the positions of the
signals for v,4(CH3) and r,4(CH,) remained almost un-
changed. This result indicates that some D,0O molecules were
still hydrating the hydrophobic groups of PNIPAM with com-
petition between hydration of the hydrophobic groups of
PNIPAM and THF-dg molecules creating an equilibrium state.
Figure 6 displays the selected 1(C—D) stretching region and
the peak position of THF-dg in the FTIR spectra as a function
of x,. We found that the THF-dy molecules became almost
completely dehydrated at a linearly decreasing rate upon
increasing the x, of the PNIPAM solution. This behavior
suggests that the hydration sphere structure of THF-dg
changed from a saturated hydrate form to an unsaturated
hydrate and finally to a non-hydrate structure (THF-
dg'nD,0) [39]. The hydration sphere of THF-dg also hindered
the hydrophobic-hydrophobic interactions among THD-dg
and the hydrophobic groups of PNIPAM; consequently, the
PNIPAM strands continued to shrink to form aggregates. The
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from 90 to 100% *—C —Cc—" C=0 - D,0 D,0D,0 DO D;0
Hy H D,OD30O
$—C —C—"* =0-H—N -d8
| THF-d8 | THF THF-d8 ) )
THF-d8 C=0Q--+H—N  THF-d8 .CH THF-d8 4. Swell and dissolution of polymer
~ chains due to hydrophobic-hydrophopic
DO H—I!l THF-d8 (I: Dz0H:C CHa THF-d8 D,0 interaction between free THF-d8
2 | Ha C/ “CH;, THF-d8 D,0 and hydrophobic groups
D50 CH\ THF-d8 D;0 D,0D;0
HaC H3 D;0
THF-d8 .
THF-d8 volume fraction
D,OD>0 from 55 to 90%

Scheme 1 Schematic representation of the changes in morphology of PNIPAM upon changing the composition of THF-dg/D,0
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Fig. 6 a FTIR spectra (vc_p a

THF-d8 Mole Fraction (X, )

region) of PNIPAM solutions
recorded at 25 °C at various A
volume fractions of THF-dg; b
Peak position of the signal for
/(C-D) for the PNIPAM solution
plotted with respect to the volume
fraction of THF-dg

Absorbance (a.u.)
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decrease in signal area for (C=0--D-OD) was probably due
to the increase in the content of THF hydrate structures even
through the hydrogen bonds are stronger than the hydration
force.

The PNIPAM chain reentrant formed the coil conformation
when the value of x, was greater than 55 %. In this region
almost all of the THF-dg molecules having the non-clathrate
hydrate structures coexisted within THF-dg/D,O complexes
and would expose a partial number of the hydrophobic groups
in the PNIPAM solution. Because of hydrophobic—hydropho-
bic interactions among free THF-dg molecules and the hydro-
phobic groups of PNIPAM the CHj; groups of the N-isopropyl
units and the CH, groups of the main chains of PNIPAM
could undergo swelling and then redissolving in the THF-
dg-rich region.

Interestingly, the intensity and area of the signal for 1(C=
O--D-0D) also decreased while those of (C=0--H-N)
increas. A new band that we attribute to free C=0 groups
appeared at 1,670 cm ™' when the value of x, was greater than
95 %. The peak area fraction of the free C=0O groups of
PNIPAM in pure THF-dg solution was 27.7 %, but it de-
creased dramatically to 4.3 % upon decreasing the value of
Xy to 98 %. This finding indicates that PNIPAM chains can be
dissolved in THF-dg as a result of hydrophobic-hydrophobic
interactions between the solvent and the hydrophobic func-
tional groups without forming hydrogen bonds between C=0
groups. The added D,O molecules readily formed hydrogen
bonds with the C=0 groups because of the highly extended
coils present in the PNIAPM solution resulting in the absence
of free amide I groups. Here we also need to emphasize that
this behavior may also use desolvation instead of dehydration
in the mixed solvent and that the system becomes complicated
in this ternary system. In conclusion, it seems that inter- and
intrachain hydrogen bonding of the PNIPAM chains do not
lead to or affect the morphological changes in the mixed
solution even when the signal area for (C=0--H-N) was
greater than 45 % at values of x,, from 55 to 98 %. In this study
we propose that dehydration of the hydrophobic groups rather

THF-d8 Volume Fraction (% viv)

than inter- and intrachain hydrogen bonding was likely to be
the major driving force for the subsequent aggregation and
coil-to-globule transition.

Conclusions

We have used FTIR spectroscopy to study the solution behav-
ior of PNIPAM in a mixed solvent of D,O and THF-ds.
Changes in the spectral data of the CH; groups of the N-
isopropyl amide units and the CH, groups of the main chains,
as well as the amide I region of PNIPAM, revealed informa-
tion regarding the hydrophobic and hydrophilic interactions in
the mixed aqueous solution. Upon increasing the value of x,
from 0 to 10 % the CH, and CHj; groups of the polymer chains
became dehydrated; the PNIPAM chains then gradually ag-
gregated until ultimately collapsing to form a globular confor-
mation. When the value of x, was in the range from 11 to 55 %
the hydrophobic groups aggregated to form hydrophobic
cages that prevented the diffusion of D,O molecules and the
formation of hydrogen bonds. Meanwhile, the THF-dg hydra-
tion sphere also hindered the hydrophobic—hydrophobic inter-
actions among THD-dg molecules and the hydrophobic
groups of PNIPAM; consequently, PNIPAM continued to
shrink to form aggregates. When the value of x, was greater
than 55 % the PNIPAM solution became homogeneous
again as a result of hydrophobic—hydrophobic interactions
among the free THD-dg molecules and the hydrophobic
groups of PNIPAM. In contrast, increases in the area
fractions for the intra- and interchain hydrogen bonds of
PNIPAM did not affect the homogeneity of the PNIPAM
solution when the value of x, was greater than 55 %. We
believe that dehydration of the hydrophobic groups rather
than inter- and intrachain hydrogen bonding was the major
driving force for the subsequent aggregation and coil-to-
globule transition.
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