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ABSTRACT: The thermal behavior of PNIPAM in its concentrated D2O solution (20 wt %) was studied by
FTIR and 2D-IR correlation spectroscopy. The spectral data of the C-H groups and the Amide I region provide
details about the changes of the hydrophobic and hydrophilic parts in the polymer respectively during a heating-
cooling cycle. The reversal of peak positions of the C-H bands upon cooling indicates the reversibility of
temperature-induced dehydration of the hydrophobic groups. The change in hydrogen bonding of CdO‚‚‚D-N
constructed between dehydrated CdO and N-D groups, as derived from the Amide I region, does not revert
precisely in the cooling process due to the newly formed hydrogen bonds in the collapsed state, and a hysteresis
phenomenon is observed. In our concentrated solution (20 wt %), the strength of those intra- and interchain
hydrogen bonds even prevent the polymers from dissociating completely below the LCST during the cooling
process. The microdynamics phase separation mechanism was obtained by application of the 2D-IR analysis to
the spectral data. When the temperature rises, the two-step dehydration of the CH3 groups occurs first, then the
main-chain diffusion and aggregation takes place, and finally the hydrogen bond transition occurs. The dynamic
sequence in the cooling process is also described.

Introduction

Poly(N-isopropylacrylamide) (PNIPAM), is a polymer sensi-
tive to different environmental variations such as temperature,1-14

and it is especially popular in the application of drug release,15

peptides separation,16 and surface modification.17

It is generally believed that two species of water exist within
the PNIPAM polymer when it is dissolved in an aqueous
solvent, that is the free and bound water.18,19 The presence of
the bound water can be also divided into two species, one is
related to form the hydrogen bonds with some CdO or NH
groups;20,21the other is related to interact with the hydrophobic
groups like the methyl groups or the main-chain hydro-
carbons.21-26 This kind of hydration interaction has the same
range as, but is about an order of magnitude stronger than, the
van der Waals-dispersion force,23 and it is considered to be a
complex result of the tendency of hydrophobic molecules to
minimize the interface with water molecules and the corre-
sponding entropy change of water around the hydrophobic
groups.22,23 Saito et al.24,25 introduced the concept of “water
cage” around the isopropyl group on the side chains of
PNIPAM, and Cho et al.26 drew the configuration of such “water
cage”, making the interaction between the hydrophobic groups
and the water molecules much clearer. PNIPAM undergoes
reversible coil-to-globule transition, after which the chains
collapse and aggregate into bigger globules,20 in water above
its lower critical solution temperature (LCST∼ 32 °C).20,21The
dehydration of the hydrophobic groups together with the changes
of hydrogen bonds containing the hydrophilic groups induces
the coil-to-globule transition of the polymer.

A great deal of research12-14,20,21,27-30 has been done to
investigate the temperature dependence behavior of PNIPAM,
and many techniques such as light scattering,20 DSC,5 calorim-
etry,31,32 fluorescence,33,34 turbidimetry,35 nuclear magnetic
resonance,36 and Raman spectroscopy37 were used. Among them
IR spectroscopy is an effective method used to investigate the
changes in conformation, interaction, and microenvironment of
the individual chemical groups in the PNIPAM phase transi-
tion.21,28,38,39Ozaki et al.38,39 discovered changes in the amide
bands during heating, and pointed out that the hydration of the
amide groups and the changes of the CdO‚‚‚H-N hydrogen
bonds may cause the spectral variations. Meada et al.21,28

observed that most of the carbonyl groups form hydrogen bonds
with water molecules in the coiled state, but 13% of the CdO
groups would be bound to the N-H groups in the globular state.
They have also found that due to the dehydration of the
isopropyl side chain and the main chain of PNIPAM, the C-H
stretching IR bands shift to lower wavenumbers during the
heating process. Chi Wu et al.20 used LLS and IR spectroscopy
to investigate the heating-and-cooling cycle of dilute aqueous
PNIPAM solutions, showing that, in addition to a hysteresis
due to the hydrogen bonds between different overlapped
segments in the collapsed state, the formation and rupture of
the CdO‚‚‚D-N was reversible in the coil-to-globule-to-coil
transition process.

Generalized two-dimensional (2D) correlation spectroscopy,
a technique originally proposed by Noda40-42 in 1993, enables
the investigation of the spectral intensity fluctuation under a
disturbing variable which can be temperature,43,44time,45,46pH,47

or concentration48 etc. The specific event sequence of the system
in the perturbing process can thus be understood. 2D spectra
can capture subtle information which is not obvious in 1D
spectra due to spreading the peaks over the second dimension
thereby improving the spectral resolution.
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Despite the widespread application of FTIR spectroscopy for
research on the PNIPAM LCST behavior, the precise quantita-
tive analysis of the changes in the C-H spectral region is still
lacking, and the studies of the amide I region were focused on
the heating process only, additionally, the accurate conclusion
about the thermal induced phase separation microdynamics
mechanism of PNIPAM still remains a blank. In the present
study, the peak positions of the hydrophobic groups on the
PNIPAM chains are analyzed quantitatively for the first time,
and 2D-IR correlation spectroscopy serves as a new and useful
technique when studying the temperature-dependent micrody-
namics mechanism of PNIPAM in the heating-and-cooling
cycle.

Experimental Section

Sample Preparation. N-Isopropylacylamide (NIPAM) mono-
mers were purchased from Tokyo Kasei Kogyo Co. (Tokyo, Japan).
Poly-NIPAM was synthesized by free-radical polymerization intert-
amyl alcohol as solvent. The reaction was initiated by azobis
(isobutyronitrile) (AIBN) and carried out at 70°C for 12 h under
a nitrogen atmosphere. The precooled reaction solution was dropped
slowly into a large volume of pure diethyl ether. The precipitate
was then dried under vacuum to constant weight. The synthetic
polymer has a melting point of 220°C as determined by differential
scanning calorimetry (DSC). The molecular weight of PNIPAM,
Mw ) 5220, and polydispersity index,Mw/Mn ) 1.18, were
measured by a Voyager DE-STR matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF MS) mass spectrometer
equipped with a 337 nm nitrogen laser. The instrument was
calibrated with Angiotensin and Insulin and operated in the reflector
mode. Samples were prepared by mixing the solution of PNIPAM
(8µL, 10 mg/mL in THF), the matrix (8µL, 10 mg/mL in DHB/
THF), and NaBF4/CH3OH (Ionization agent, 2µL). According to
the molecular weight, it seems that PNIPAM polymerized by this
method is an oligomer.

PNIPAM was dissolved in heavy water (Cambridge Isotope
Laboratories, Inc., D-99.9%) with a concentration of 20.0 wt %
and the solution was kept for 1 week before experiments in order
to ensure the complete deuteration of all the NH protons.

Fourier Transform Infrared Spectroscopy. The FTIR spectra
were recorded with a 4 cm-1 spectral resolution on a Nicolet Nexus
470 spectrometer equipped with a DTGS detector by signal-
averaging 64 scans. Two pieces of microscope CaF2 windows,
which have no absorption bands in the MIR region were used to
prepare a transmission cell. Variable-temperature spectra were
collected between 28 and 40°C with an increment of 1°C
(accuracy: 0.1°C). Manual method was used to change the
temperature, each temperature point was maintained for 30 min to
collect the IR spectrum, and then the temperature was increased or
decreased for 1°C manually. The baseline correct processing was
performed by the software of OMNIC 6.1.

Two-Dimensional Correlation Analysis. Spectra recorded at
an interval of 1°C were selected in certain wavenumber ranges
and the generalized 2D correlation analysis was applied by the 2D
Shige software composed by Shigeaki Morita (Kwansei-Gakuin
University, Japan). The 2D correlation spectrum is shown in the
center of the map, while the averaged 1D reference spectrum is at
the side and the top. In the 2D correlation maps, the red-colored
regions are defined as the positive correlation intensities, whereas
the blue-colored ones are regarded as the negative correlation
intensities.

Results and Discussion

D2O, rather than H2O, was used here as the solvent to
eliminate the overlap of theδ(OH) band of water at about 1640
cm-1withtheν(CdO)bandofPNIPAM.Manyresearchers2-4,49-53

have reported the isotope effect between PNIPAM aqueous
solution and deuterated PNIPAM aqueous solution, the results

of those studies showing the influence on the thermal behavior.
(i) The LCST of PNIPAM in D2O is about 0.7°C higher than
in H2O.2 (ii) The magnitudes of the hysteresis of the transition
temperatures (the difference between the transition temperatures
in the heating process and the cooling process) are not affected
or are only weakly affected by isotopic substitutions.2 We have
also worked on the PNIPAM 20 wt % H2O solution before, the
dehydration course of the CH groups and the heating-and-
cooling process are almost of the same condition with the
PNIPAM 20 wt % D2O solution, however the overlap of the
band of water and PNIPAM enhanced the difficulties and
blocked the FTIR research; besides, the LCST was a little
different between the two kinds of PNIPAM solutions according
to the DSC results (32.1°C in PNIPAM 20% D2O solution and
31.3 °C in PNIPAM 20% H2O solution).

Figure 1a shows the temperature dependence of the absorption
bands of the C-H and CdO groups of PNIPAM in 20 wt %
D2O solution (28-40 °C cycle). For clarity, not all the spectra
are shown in Figure 1a. The absorption bands centered at about
2981, 2938, 1649, and 1624 cm-1 can be attributed to the
vibration of νas(CH3) of the side chains of PNIPAM,21,54 νas-
(CH2) of the main chains,21,54Amide I (CdO hydrogen bonded
with N-D),20,21,28and Amide I (CdO hydrogen bonded with
D-O-D),20,21,28respectively. In accordance with the equation
-NH(of PNIPAM) + D2O h -ND + HDO, however, there
may be some other species in the solution after deuterium
substitution of PNIPAM with heavy water, like HDO, and the
reverse chemical exchange could happen between-ND and H
(of HDO) as well, therefore the deuterium substitution for

Figure 1. FTIR spectra of PNIPAM 20 wt % D2O solution as a
function of temperature: during heating (a) and cooling (b). The
temperature was varied between 28 and 40°C with an interval of 2°C.
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PNIPAM in D2O solution cannot be complete. Moreover, the
H atom (in-NH or HDO) and the D atom (in HDO) may also
form hydrogen bonds with the carbonyl groups, which would
greatly increase the complication of the research. After calcula-
tion, nevertheless, the ratio of the number of H (in-NH of
PNIPAM) to the number of D2O (in PNIPAM 20 wt %(weight
percent) D2O solution) is 1:20. This reveals that there are far
more D2O than H (in-NH of PNIPAM) in our research system,
thus the deuterium substitution equation mentioned above would
mainly happen toward the right direction, and the limited number
of HDO can be nearly neglected.

The main spectral changes during the heating process in
Figure 1a can be summarized as follows: (1) The bands ofυas-
(CH3) and υas(CH2) shift to lower wavenumbers. (2) The
intensity of the band at 1624 cm-1 remains constant at room
temperature, but above LCST, it decreases while the intensity
of the 1649 cm-1 band increases. As the bands of 1624 and
1649 cm-1 are assigned to the hydrogen bonds of CdO‚‚‚D-
O-D and CdO‚‚‚N-D,20,21,28 respectively, this evidence
confirms that when PNIPAM chains go through the coil-to-
globule transition, their CdO groups dehydrate and new
hydrogen bonds (CdO hydrogen bonded with N-D) form.

In Figure 1b, when the temperature drops, there’s a blue shift
concerning the bands ofυas(CH3) and υas(CH2) together with
an intensity decrease at about 1649 cm-1 and an intensity
increase at 1624 cm-1, which is opposite to the changes upon
heating.

In Figure 2, the band shifts ofυas(CH3) andυas(CH2) have
been monitored during the temperature cycle. At the beginning
of heating, both peaks shift only slightly to lower wavenumbers,

while this red shift significantly increases above the LCST. In
the cooling process, the starting point of the blue shift is located
at 40°C, around the LCST these peaks shift largely and finally
both peaks could return to their original high wavenumbers. It
is well-known that the peak shifts during heating reveal the
dehydration of the CH3 and CH2 groups, and the shifts during
cooling manifest the hydration effect between the C-H groups
and the D2O molecules in solution.55 Furthermore, in the
heating-cooling cycle, the transition temperature of the CH3

groups on the PNIPAM side chains can be observed slightly
lower (at about 32°C) than that of the CH2 group on the main
chains (at 33°C), which suggests that the CH3 group changes
prior to the CH2 group. This observation indicates that the side
chains are more sensitive to the temperature than the main
chains, and it is consistent with the conclusion we have gained
in the analysis of PNIPAM film before.54

As pointed out before, the use of D2O as solvent is beneficial
for the study of the Amide I area, and the limited incomplete
deuteration effect can be neglected. The two species of the
carbonyl hydrogen bonds can then be easily analyzed by means
of curve fitting. Below the LCST, the Amide I band only
consists of a single Gaussian component centered at about 1624
cm-1 assigned to the hydrogen bond formed by CdO‚‚‚D-
O-D.20,21,28While the other component, centered at about 1649
cm-1 and attributed to the CdO‚‚‚D-N hydrogen bond,20,21,28

appears above the LCST. Presuming a 1:1 conversion of the
carbonyls,21 when the peak area of one component is plotted as
a function of the other component, the slope of the fitted line,
0.91,yields the ratio of the molar absorptivity of CdO‚‚D-N
relative to that of CdO‚‚‚D-O-D (Figure 3a). Figure 3b shows
the temperature dependence of the molar fractionf(CdO‚‚‚D-
N) in the temperature cycle, in whichf(CdO‚‚‚D-N) is defined
as A1649/[A1649+ A1625*(ε1649/ε1625)].

According to Figure 3b, during heating, the value off(Cd
O‚‚‚D-N) remains zero until the temperature reaches the LCST
of PNIPAM aqueous solution. This plateau corroborates that
the hydrogen bonding of CdO‚‚‚D-N only forms above 32°C,
because PNIPAM chains do not start to dehydrate, aggregate
and collapse below its LCST. The CdO and N-D groups
without hydration interact with each other and form new
entropically preferred20 CdO‚‚‚D-N hydrogen bonds. In ad-
dition, it can be observed that only 34.7% of the CdO groups
form hydrogen bonds with the N-D groups after phase
separation, while the remaining 65.3% sustain their hydrogen-
bond relationship with water, which clarifies that only a small
fraction of the CdO‚‚‚D-O-D hydrogen bonds are destroyed
during the coil-to-globule transition, and there’s still a lot of
water retained in the concentrated phase of the separated system.
In Figure 3b, a apparent hysteresis is noticed. When the
temperature drops, the value off(CdO‚‚‚D-N) decreases, but
it is always larger than the value during the heating process. It
is widely known that the hysteresis is due to the formation of
the hydrogen bonds between different overlapped chains in the
collapsed state, and such hydrogen bonds cannot be easily
removed in the cooling process.20 However, different from the
dilute solutions, in this case, the value off(CdO‚‚‚D-N) does
not turn back to zero even when the temperature is far below
the LCST. The concentration of the deuterated aqueous PNIPAM
solution, 20 wt %, may provide an explanation for this result:
the much more entangled chains and the much stronger CdO‚
‚‚D-N hydrogen-bond interactions than those in the dilute
solution prevent the system from reversing to its original state.

Figure 2. Peak position ofυas(CH3) (a) andυas(CH2) (b) in the FTIR
spectra of PNIPAM 20 wt % D2O solution as a function of temperature.
The temperature of the heating-cooling cycle was varied between 28
and 40°C with an interval of 1°C. Filled symbols show the heating
process, and open symbols show the cooling process.

1514 Sun et al. Macromolecules, Vol. 41, No. 4, 2008



Two-Dimensional Correlation Analysis of the Heating
Process

The red-colored and blue-colored areas in the 2D-IR cor-
relation contour maps represent positive and negative cross-
peaks respectively throughout this paper. The 2D-IR correlation
spectra are characterized by two independent wavenumber axes
(ν1, ν2) and a correlation intensity axis. Two types of spectra,
2D synchronous and asynchronous spectrum are obtained in
general. The correlation intensity in the 2D synchronous and
asynchronous maps reflects the relative degree of in-phase or
out-of phase response, respectively.

The 2D synchronous spectra are symmetric with respect to
the diagonal line in the correlation map. Some peaks appearing
along the diagonal are called the autopeaks, and the symbols
of them are always positive, as autopeaks represent the degree
of autocorrelation of perturbation-induced molecular vibrations.
Where the autopeak appears, the peak at this wavenumber would
change greatly under environmental perturbation. Off-diagonal
peaks, named cross-peaks (Φ(ν1, ν2)), may be positive or
negative, which represent the simultaneous or coincidental
changes of spectra intensity variations measured atν1 andν2.
Positive cross-peaks (the symbol ofΦ(ν1, ν2) is positive)
demonstrates the intensity variations of the two peaks atν1 and
ν2 are taking place in the same direction (both increase or both
decrease) under the environmental perturbation; while the
negative cross-peaks (the symbol ofΦ(ν1, ν2) is negative) help
to infer that the intensities of the two peaks atν1 andν2 change

in opposite directions (one increases, while the other one
decreases) under perturbation.

The 2D asynchronous spectra are asymmetric with respect
to the diagonal line in the correlation map. Unlike synchronous
spectra, only off-diagonal cross-peaks would appear in asyn-
chronous spectra, and these cross-peaks can also be either
positive or negative. The intensity of the asynchronous spectrum
(Ψ(ν1, ν2)) represents sequential or successive changes of
spectral intensities observed atν1 andν2. With the cross-peaks
both in synchronous and asynchronous maps, we can get the
specific order of the spectral intensity changes taking place while
the sample is subjected to an environmental perturbation.
According to Noda’s rule,40-42 when Φ(ν1, ν2) > 0, if Ψ(ν1,
ν2) is positive (red-colored area), bandν1 will vary prior to band
ν2; if Ψ(ν1, ν2) is negative (blue-colored area), bandν1 will
vary afterν2. However, this rule is reversed whenΦ(ν1, ν2) <
0. Be brief, if the symbols of the cross-peak in the synchronous
and asynchronous maps are the same (both positive or both
negative), bandν1 will vary prior to bandν2; While if the
symbols of the cross-peak are different in the synchronous and
asynchronous spectra (one positive, and the other one is
negative), bandν1 will vary after ν2 under the environmental
perturbation.

A. The C)H Region. The synchronous and asynchronous
maps for the heating process of the PNIPAM 20 wt % D2O
solution in the 3020-2830 cm-1 region are shown in Figure 4.
In the synchronous map (Figure 4a), two strong autopeaks
develop at 2970 and 2927 cm-1, which point out the prominent
changes of these two peaks with temperature elevation. The

Figure 3. (a) Relative areas of 1650 cm-1 of the CdO‚‚‚D-N
hydrogen bonding in PNIPAM 20 wt % D2O solution at different
temperatures (from 32 to 40°C) are plotted against the areas of the
1625 cm-1 component (CdO‚‚‚D-O-D hydrogen bonding). The slope
of the fitting line yields the ratio of the molar absorption coefficient
(ε1650/ε1625) as 0.91. (b) Temperature dependence of the molar
fractions f(CdO‚‚‚D-N) of the PNIPAM 20 wt % D2O solution in
the heating-cooling cycle (between 28 and 40°C with an interval of
1 °C). Filled symbols show the heating process, and open symbols show
the cooling process.

Figure 4. Synchronous (a) and asynchronous (b) maps of the PNIPAM
20 wt % D2O solution in the region 3020-2830 cm-1 representing the
heating process.
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positive cross-peak at (2970, 2927) cm-1 points that the heating-
induced intensity variations of the above two peaks 2970 and
2927 cm-1 are taking place in the same direction.

The asynchronous 2D-IR correlation spectrum, shown in
Figure 4b, is asymmetric with respect to the diagonal line. The
positive cross-peak at (2970, 2927) cm-1 implies that out-of-
phase spectral changes occur at the two wavenumbers.40 As
explained by the rule put forward by Noda,40-42 the symbols
of the cross-peak at (2970, 2927) cm-1 are both positive in the
synchronous and asynchronous maps, infers that when heated,
the intensity of the 2970 cm-1 band varies prior to that of the
2927 cm-1 band. Another positive cross-peak centered at (2981,
2970) cm-1 could also be identified in Figure 4b, and the symbol
at that center point is judged to be positive through the slice
spectrum of the synchronous map. This proves that the peak at
2981 cm-1 changes before the one at about 2970 cm-1. In total,
the cross-peaks at (2970, 2927) and (2981, 2970) cm-1 in the
2D maps finally help to conclude the changing sequence of the
three bands observed in the spectra as 2981> 2970 > 2927
cm-1. (The symbol “>” means change prior to)

In the 1D-IR spectra, the peak ofυas(CH3) lies at about 2981
cm-1 at room temperature and performs red-shift upon heating.
As mentioned above, these hydrophobic side-chain groups
reflect the hydration effect in solution, and the more the water
molecules surrounds the polymer, the higher the wavenumber
of the CH stretching vibration is.55 It is widely known that the
bands of the CH groups will perform red shifts during heating,
which reveals the dehydration of the CH3 and CH2 groups;21

while in the cooling process, the blue shifts of the peaks manifest

the hydration effect between the C-H groups and the D2O
molecules in solution. Additionally, in Figure 1a, the apparent
peak position of the CH3 group is shifting without intensity
changes (after baseline correction) as the temperature rises, thus
we can mainly conclude that the peak shift is only caused by
the change of the species of the hydrated methyl groups, and
further ascribe the peak at 2981 cm-1 to the vibration of the
CH3 groups interacting with a greater number of D2O molecules;
and the peak at 2970 cm-1 to the vibration of less hydrated
CH3 groups.

Moreover, the shape of the cross-peak at (2981, 2970) cm-1

is different from the butterfly pattern only caused by the peak
shift effect proposed by Noda and Ozaki.56 Hence, the two peaks
at 2981 and 2970 cm-1 can be again attributed to the vibration
of the CH3 groups interacting with more or less numbers of
D2O molecules, respectively. With the peaks located at 2981
and 2970 cm-1, 2D-IR spectroscopy, therefore, testifies the two-
step dehydration of the side-chain CH3 groups in the temper-
ature-elevation process. According to the sequence gained in
the 2D-IR maps: 2981> 2970 cm-1, the changes of the
hydration effects of the CH3 groups can be clearly observed,
which will change with two dehydration steps during heating:
the CH3 groups hydrated with more water molecules (2981
cm-1) will first change to the less hydrated CH3 groups
(2970 cm-1) with the first step dehydration process, then this
less hydrated CH3 groups (2970 cm-1) will further dehy-
drated with a second step (the band of the vibration of methyl
groups without hydration interaction with water exists at 2968
cm-1).54

Figure 5. Synchronous (a) and asynchronous (b) maps of the PNIPAM
20 wt % D2O solution in the region 1680-1580 cm-1 during the heating
process.

Figure 6. Synchronous (a) and asynchronous (b) maps of the PNIPAM
20 wt % D2O solution in the regions 1670-1580 and 3020-2830 cm-1

during the heating process.

1516 Sun et al. Macromolecules, Vol. 41, No. 4, 2008



On the other hand, the changes regarding theυas(CH2) peak
of the stretching vibration of the CH2 group in the main chains
may reflect the movements (diffusion and aggregation in the
heating process) of the main chains. Furthermore, the event
sequence 2981> 2970 > 2927 cm-1 supports that for the
PNIPAM C-H groups during heating, the two-step side-chain
dehydration first emerges and then the main-chain aggregation
follows. This conclusion is consistent with the one gained by
1D-IR and the inference in the study of PNIPAM film.54

B. The Amide I Region.The synchronous 2D-IR spectrum
(Figure 5a) in the 1680-1580 cm-1 range is dominated by two
strong autopeaks at 1649 and 1624 cm-1 and a negative cross-
peak at (1649, 1624) cm-1. The above two autopeaks are
attributed to the vibrations of the CdO‚‚‚D-N and CdO‚‚‚
D-O-D hydrogen bonds, respectively.20,21,28As it is negative
in the synchronous map, the cross-peak of (1649, 1624) cm-1

helps to infer that the two species of carbonyl hydrogen bonds
transform in opposite directions (one increases, while the other
one decreases) during heating. Furthermore, with the positive
cross-peak at (1649, 1624) cm-1 in the asynchronous map of
Figure 5b, Noda’s rule40-42 can help to conclude that the peak
of 1624 cm-1 alters before that of 1649 cm-1 when temperature
rises, which means that the change of the CdO‚‚‚D-O-D is
prior to the CdO‚‚‚D-N hydrogen bonding. The carbonyl will
first run out of the hydrogen bonds of CdO‚‚‚D-O-D and
then will further form the new CdO‚‚‚D-N hydrogen bonding
with D-N group. There are also several minor cross-peaks in
the asynchronous map, probably are due to the hydrogen bonds
between the limited HDO or incompletely deuterated-NH (of

PNIPAM) and carbonyl groups, however assignments of these
bands were less definite, and these tiny cross-peaks do not
influence the main peaks investigated by us.

C. Amide I Region vs the C)H Region. This part of the
analysis which correlates the 1670-1580 cm-1 region with the
3020-2830 cm-1 region (in Figure 6) provides a macroscopic
view of the whole phase separation process of PNIPAM. The
cross-peak at (1624, 2929) cm-1 can be observed in both 2D
maps, the symbol of this peak is negative in the synchronous
and positive in the asynchronous maps, thus we can infer the
change order of 2929> 1624 cm-1 in heating. The sequence
gained above in the 2D analysis of the CH region and the amide
I is 2981 > 2970 > 2929 cm-1 and 1624> 1649 cm-1,
respectively. Therefore, with the order we get in this part C:
2929> 1624 cm-1, the transition sequence of all the peaks can
be linked as 2981> 2970> 2929> 1624> 1649 cm-1. Other
cross-peaks in Figure 6 also validate this whole order of the
changes of peaks. Nevertheless, more considerations are still
needed to include the information about the N-D groups into
the above sequence. From the perspective of using the spectra
density method57 (where the spectral density is obtained from
the Fourier transform of the translational velocity autocorrelation
function, and it can help to obtain the information about the
local motion of water molecules in the solution), both, the
formation and destruction of the hydrogen bonds between N-H
and water take place on a very short time scale, faster than the
CdO‚‚‚H-O-H hydrogen bonds.57 Otherwise, as detailed in
the explanation of Figure 2 and 3, the hydrophobic groups
dehydrate almost as soon as the temperature elevates. The

Scheme 1. Dynamics of the Functional Groups in PNIPAM 20 wt % D2O Solution during Temperature Increasea

a The number of the water molecules that surround the methyl groups and form the “water cage” is not exact; it is only an approximate figure
to show the two-step dehydration process of the CH3 groups.
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hydrophilic groups, however, undergo transition until the
temperature surpasses the LCST. Therefore, there is no doubt
that the C-H groups are more heat-sensitive than the hydro-
philic groups. To summarize, the complete microdynamics
mechanism of the PNIPAM 20 wt % D2O solution is concluded
as: the CH3 groups start the LCST phase separation with a two-
step dehydration, the main chains follow by diffusion and
aggregation, N-D and CdO groups then give up their hydrogen
bonds with water, and finally the newly formed hydrogen bonds
of CdO‚‚‚D-N stabilize the globular state of the polymer
chains. This sequence is illustrated clearly in Scheme 1. Because
it is rather difficult to determine the number of the water
molecules surround the methyl groups and form the “water
cage”, we use an approximate figure to denote the two-step
dehydration process of the CH3 groups in Scheme 1. Besides,
as the hydrogen bonds between the limited HDO or incompletely
deuterated-NH and carbonyl groups are so minim that we
could neglect them and do not show them in Scheme 1.

Two-Dimensional Correlation Analysis of the Cooling
Process

During cooling, 2D-IR spectroscopy method was also used
to analyze the thermal behavior of the PNIPAM 20 wt % D2O
solution, and similar illations were done.

A. The C)H Region. Figure 7 represents the 2D-IR maps
in the 3020-2830 cm-1 region gained in the cooling process
of the PNIPAM 20 wt % D2O solution. The autopeaks develop
at 2970 and 2927 cm-1 in the synchronous map, pointing out
great changes of both peaks with temperature dropping. The

positive cross-peak at (2970, 2927) cm-1 in Figure 7a supports
that the cooling-induced intensity variations of the peaks at 2970
and 2927 cm-1 take place in the same direction during cooling.
In the asynchronous map of Figure 7b, the symbol of this cross-
peak at (2970, 2927) cm-1 is also positive. According to
Noda’s40-42 rule, both positive in the synchronous and asyn-
chronous map, implies that the peak at 2970 cm-1 changes prior
to the peak at 2927 cm-1.

Another cross-peak at (2981, 2927) cm-1 could be identified
negative in Figure 7b, and the symbol of this peak is judged to
be positive in the slice spectrum of the synchronous map,
different symbols in the synchronous and asynchronous maps
prove that the peak at 2927 cm-1 changes before the one at
about 2981 cm-1.

The cross-peaks at (2970, 2927) and (2981, 2927) cm-1 in
the 2D maps finally help to conclude the changing sequence of
the observed bands as 2970> 2927> 2981 cm-1. It has been
known that the assignment of peak at 2970 and 2981 cm-1 is
the vibration of methyl groups hydrated with less or more
numbers of water molecules, respectively, therefore, the presence
and the change sequence of the two peaks prove the two-step
hydration process of the methyl groups during cooling, which
is the reverse process of the dehydration effect of this groups
in heating. This conclusion is consistent with the findings in
the 1DIR analysis (Figure 2), that the dehydration or the
hydration course of the hydrocarbon groups is a totally reversible
process during the heating-and-cooling cycle.

With the whole event sequence obtained in Figure 7, 2970
> 2927> 2981 cm-1, it can be concluded that, during cooling,
the CH3 groups surrounded with fewer water molecules (2970
cm-1) first hydrate with some heavy water, then some ag-
gregated chains will disentangle, and finally the methyl groups
will further hydrate with more water molecules, re-form the
“water cage” structure, and finish the second step of hydration.
However, compared with the conclusion of the heating process,
we can easily see that there are some differences; the sequence
in the cooling process is not contrary to the dynamic order in
the heating course (2981> 2970> 2927 cm-1).

B. The Amide I Region.One negative cross-peak at (1649,
1624) cm-1 exists in the synchronous 2D-IR spectrum (Figure
8a) of 1680-1580 cm-1. As already known above, the peak at
1649 cm-1 is attributed to the vibrations of the CdO‚‚‚D-N
hydrogen bonds, and the peak at 1624 cm-1 is attributed to the
CdO‚‚‚D-O-D hydrogen bonds.20,21,28As a negative peak in
the synchronous map, the cross-peak of (1649, 1624) cm-1 helps
to infer that the two species of carbonyl hydrogen bonds
transform in opposite directions during cooling, which is the
same condition observed in heating (Figure 5a). In the asyn-
chronous map of Figure 8b, this cross-peak of (1649, 1624)
cm-1 is observed to be negative. With the help of Noda’s
rule40-42 it can be inferred that the peak of 1649 cm-1 alters
before that of 1624 cm-1 during cooling, which means the
change of the hydrogen bonding of CdO‚‚‚D-N is prior to
that of CdO‚‚‚D-O-D. The hydrogen bonds of CdO‚‚‚D-N
will first be destroyed, releasing the carbonyl groups, and the
CdO groups will further form new hydrogen bonds with heavy
water. Unlike the asynchronous map in the heating process
(Figure 5b), there are not any other cross-peaks except for the
peak at (1649, 1624) cm-1 in Figure 8b, which further validates
the fact that the amounts of HDO and incompletely deuterated
-NH (of PNIPAM) are rather limited, and the hydrogen bonds
formed by them can be neglected.

C. Amide I Region vs the C)H Region. Similar to the
heating process, this part of the analysis correlates the 1670-

Figure 7. Synchronous (a) and asynchronous (b) maps of the PNIPAM
20 wt % D2O solution in the region 3020-2830 cm-1 representing the
cooling process.
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1580 cm-1 region with the 3020-2830 cm-1 region (in Figure
9) and provides a macroscopic view of the whole cooling
process of PNIPAM. The cross-peak at (1624, 2970) cm-1 can
be observed in both 2D maps, and the symbol of this peak is
both negative in the synchronous and asynchronous maps, thus
we can infer 1624> 2970 cm-1. The sequence gained above
in the 2D analysis of the CH region and the amide I during
cooling is 2970> 2927> 2981 cm-1 and 1649> 1624 cm-1.
Therefore, with the order we get in Figure 9 (1624> 2970
cm-1), the transition sequence of all the peaks can be linked as
1649> 1624> 2970> 2927> 2981 cm-1. Other cross-peaks
in Figure 9 can also prove this whole order.

Moreover, the information about the N-D groups should be
also added to the former sequence. By using the spectra density
method57 mentioned above, the formation of the hydrogen bonds
between N-H and water also happens faster than the formation
of the CdO‚‚‚H-O-H hydrogen bonds.57 After release from
CdO‚‚‚D-N, the N-D groups could then form new hydrogen
bonds with the heavy water molecules.

To make a summary, the dynamic changes take place in the
PNIPAM 20 wt % D2O solution is, as the temperature decreases,
the intra- and interchain amide hydrogen bonds first break, the
released N-D groups then form new hydrogen bonds with water
immediately; the carbonyl groups interact with water and
successively build their stable aqueous hydrogen-bonding
structure. After that the CH3 groups hydrate with a few water
molecules, and finally some aggregated chains disentangle,
which supports the second step of the hydration of the
hydrophobic side-chain groups with more water molecules.

Conclusions

FTIR spectroscopic studies provide insight into the two
primary aspects of the LCST behavior of PNIPAM 20% D2O
solution. As far as the hydrophobic groups are concerned, the
quantitative analysis of theυas(CH3) andυas(CH2) peak positions
proves the reversibility of their dehydration during heating.
These peaks demonstrate red shifts during heating and return
to their original high wavenumber positions when the temper-
ature decreases. As for the hydrophilic groups, on the other hand,
with temperature elevation, the hydrogen bonds between the
CdO or N-D groups with water molecules are damaged and
new intra- and interchain bonds between amide groups are
formed. During the cooling process, the hydrogen bonds
transform in the opposite direction. Regardless of its relationship
to water, each part of the PNIPAM chain shows the “hysteresis”
effect in the heating-cooling process. This phenomenon is
caused by the hydrogen bonds between different overlapped
segments in the collapsed state. Although the breakage of the
CdO‚‚‚D-N hydrogen bonds takes place during cooling, their
great strength in the concentrated solution (20 wt %) prevents
their total destruction even far below the LCST.

The 2D-IR method was used to explore the microdynamics
mechanism of the phase separation of the PNIPAM aqueous
solution. The sequence in the heating process can be written
as: two-step dehydration of the CH3 groups > main-chain
aggregation> breakage of the N-D‚‚‚O-D hydrogen bonds
> dissociation of the CdO‚‚‚D-O-D hydrogen bonds>
formation of the CdO‚‚‚D-N hydrogen bonds. The event order

Figure 8. Synchronous (a) and asynchronous (b) maps of the PNIPAM
20 wt % D2O solution in the region 1680-1580 cm-1 during the cooling
process.

Figure 9. Synchronous (a) and asynchronous (b) maps of the PNIPAM
20 wt % D2O solution in the regions 1680-1580 and 3020-2830 cm-1

during the cooling process.
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of this system with decreasing temperature has also been
investigated.
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