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A conformational change in the coil-globule transition of poly(N-isopropylacrylamide) (PNiPA) was
investigated by Fourier transform infrared (FT-IR) spectroscopy with attenuated total reflection (ATR) method
and density functional theory (DFT) calculations. ATR/IR spectra of PNiPA in an aqueous solution change
dramatically in the vicinity of the coil-globule transition temperature (θ temperature). Below theθ temperature,
unimodal peaks are observed at 1624 cm-1 in the amide I region and at 1562 cm-1 in the amide II region,
respectively. Above theθ temperature, a new peak appears abruptly near 1653 cm-1 in the amide I region
and the amide II band shifts gradually to a lower frequency by 6 cm-1. In the amide III region, the relative
intensity of a band at 1173 cm-1 is weaker than that of a band at 1155 cm-1 at lower temperatures, but it
becomes larger during the coil-globule transition of PNiPA. DFT calculation for dimer models of PNiPA
suggests that the amide I band at 1624 cm-1 is assigned mainly to a stretching vibration of the CdO group
that forms a strong hydrogen bond with the N-H bond of a neighboring amide group. The band at 1653
cm-1 observed above theθ temperature may be due to a free CdO group. It is, therefore, suggested that
some of the intramolecular hydrogen bonds between neighboring amide groups are broken during the coil-
globule transition. Furthermore, it is deduced from the DFT calculation that the relative intensity of the bands
at 1173 and 1155 cm-1 in the amide III region reflects the population change in the gauche and trans
conformations in the main chain during the coil-globule transition.

Introduction
Conformational changes of polymers have attracted many

scientists because microscopic structures of polymers are
reflected on macroscopic properties of those systems.1 In
general, the factors that cause conformational changes of a
polymer are categorized into two kinds of interactions: the short-
range interaction and the long-range interaction.2,3 The short-
range interaction is due to the interaction within a few
neighboring segments along the main chain. On the other hand,
segments distant along the main chain do interact if they come
close to each other in space. Such an interaction is often called
the long-range interaction in contrast to the short-range interac-
tion. These interactions arise from van der Waals interaction,
chemical bonds between side chains (e.g., hydrogen bonding
and disulfide bonding), affinity between polymers and solvents
(e.g., hydrophobic interaction), electrostatic interactions (e.g.,
electric dipoles and electrolytes), topological interactions (e.g.,
entanglements), and so on. It is considered that the coil-globule
transition of a polymer is caused by these interactive forces.4-6

As one of the fundamental problems in polymer physics, the
coil-globule transition has been widely studied in the last three
decades4-11 because it is concerned with many aspects of the
polymer dynamics such as phase separations of a polymer
solution, morphological formations of a biopolymer, and col-
lapses of a polymer gel. The coil-globule transition of poly-

(N-isopropylacrylamide) (PNiPA) has received particularly keen
interest because it is a nonionic polymer that has the coil-
globule transition temperature calledθ temperature2 near room
temperature in an aqueous solution.12,13One of the most curious
points in the studies of PNiPA lies in the characteristic property
of its hydrogels. The hydrogels of PNiPA are well-known to
show a volume phase transition in response to temperature
change; that is, the gels discontinuously collapse above the
transition temperature.14 A theoretical approach based on the
Flory-Huggins theory suggests that a discontinuous volume
change of a gel occurs when an external stress is imposed upon
it.15 That is to say, the phase transition of the gels is considered
as a macroscopic manifestation of the coil-globule transition
of polymers. This may be the reason the studies on the coil-
globule transition of PNiPA attract many scientists.

The PNiPA chain is in an extended coil state below theθ
temperature (ca. 32°C) and collapses to a globule state above
the θ temperature. The transition behavior of PNiPA has been
explored extensively by use of various experimental techniques,
e.g., turbidity,12,16 light scattering,17,18calorimetry,19,20 fluores-
cence,21,22nuclear magnetic resonance,23 and IR spectroscopy.24-26

In general, the coil-globule transition of PNiPA has been
explained by the following mechanism.4,12,13,16-26 Below theθ
temperature, the polymer assumes an extended coil conformation
because the segment-solvent contacts are favored. On the other
hand, the attractive interaction among the segments induces the
coiled polymer chains to collapse into a globular state. There
have been many reports that have attempted to elucidate the
long-range interaction of polymers on the basis of changes in

† Part of the special issue “Mitsuo Tasumi Festschrift”.
* To whom correspondence should be addressed. Fax:+81-795-65-

9077. E-mail: ozaki@kwansei.ac.jp.
‡ Kwansei-Gakuin University.
§ Kobe University.

3429J. Phys. Chem. A2002,106,3429-3435

10.1021/jp0124903 CCC: $22.00 © 2002 American Chemical Society
Published on Web 12/14/2001



an affinity between polymer segments and solvents.17-26

However, PNiPA has amide groups as its side chains. It is well-
known that amide groups can form a strong hydrogen bond in
an aqueous solution. For example, the hydrogen bond among
the amide groups causes the helix-coil transition of polypep-
tides.27,28However, the influences of the hydrogen bonds among
the amide groups on the coil-globule transition of PNiPA have
not been well investigated. To understand more deeply the
mechanism of coil-globule transition of PNiPA, it is desirable
to investigate the changes in the hydrogen between the amide
groups during the coil-globule transition of PNiPA.

The purpose of the present study is to investigate the hydrogen
bonds of amide groups and the conformation of the main chains
of PNiPA by use of IR spectroscopy and density functional
theory (DFT) calculation with the aim of elucidating the short-
range interaction of PNiPA. IR spectroscopy is one of the most
useful techniques for investigating changes in the microscopic
environment around amide groups and conformational changes
in polymer main chains.29 Although there were some reports
on the coil-globule transition of PNiPA studied by IR
spectroscopy,23-25 the spectral changes have not fully been
analyzed; the band assignments of PNiPA are still ambiguous
even in the amide I and II regions, and bands that are due to
the backbones have never been discussed. This study provides
new insight into thermal changes in the IR spectra of PNiPA
by using the spectral analysis method and DFT calculation.

Experimental Section

Sample Preparation.N-isopropylacrylamide (Tokyo Kasei
Kogyo Co. Ltd., Tokyo, Japan) was purified by recrystallization
from a benzene/n-hexane (1:6) mixture solution. PNiPA was
synthesized by radical polymerization in benzene using 2,2′-
azobis(isobutylonitrile) as an initiator. The reaction was carried
out for 1 h at 60°C under nitrogen. The details of polymerization
are described elsewhere.30 The polymer synthesized was purified
by reprecipitation fromn-hexane, and the precipitate was dried
under vacuum for 24 h. Figure 1 shows the chemical structure
of PNiPA. PNiPA dissolved in distilled water (20 g/L) was
incubated at ca. 10°C for 12 h before IR measurements. A
cast film of PNiPA was prepared by putting one drop of an
acetone solution of PNiPA on a CaF2 plate. The film was dried
in a vacuum for 12 h.

FTIR Measurement. The transmission and attenuated total
reflection infrared (ATR/IR) spectra were measured at a 4 cm-1

resolution using a Nicolet Magna 760 Fourier transform IR
spectrometer with a liquid-nitrogen-cooled mercury-cadmium-
telluride detector. A total of 512 scans were co-added for each
spectrum. An ATR cell was made of a horizontal ZnSe crystal
(the refractive index is 2.403) with an incidence angle of 45°
(Thermal A.R.K, Spectra-Tech, Inc.). The temperature of the
ATR cell was controlled by a thermoelectric device (CN4400,
OMEGA) with an accuracy of(0.1 °C. The temperature was
increased at a rate of ca. 2°C/h. The temperature of the ATR
cell was stabilized at 23.8°C for 30 min before the measure-
ments. After changing the temperature, the cell was maintained
for 15 min to make the sample solution equilibrate at that

temperature. The refractive index was measured by using an
Abbe refractometer (NAR-1, ATAGO).

Data processing such as the subtraction of a water spectrum
and the calculation of a second derivative spectra was performed
by a program written in C++ language (Visual C++ 6.0,
Microsoft). The second derivatives were calculated using the
Savitzky-Golay method31 with the number of smoothing points
being equal to 7.

DFT Calculations. All DFT calculations were performed
using a B3LYP functional.32 In the DFT calculations, the
structures of dimer models of PNiPA were optimized using the
basis set of 6-31G(d), and the vibrational frequencies and
intensities33 were computed using basis sets of 6-31G(d), 6-31G-
(d,p), 6-31+G(d), 6-31+G(d,p), and 6-31++G(d,p).34-40 The
computations were carried out with the Gaussian 98 program41

at the Information Processing Center of Kobe University. The
force fields calculated at the B3LYP/6-31G(d) level were scaled
down using a single scale factor, 0.9613, which is accepted to
be best for the level.42 The scale factor was also multiplied into
vibrational frequencies for the other basis sets. In order
intuitively to compare the calculated frequencies and intensities
with the observed ones, IR spectra of dimer models of PNiPA
were simulated from the IR frequencies and intensities obtained
at the DFT calculations, assuming that the band shapes and
bandwidth were Lorentzian and 7 cm-1, respectively. The
vibrational assignments of the dimer models for PNiPA were
carried out from the view of Cartesian normal coordinates by
DFT calculation. In addition, DFT calculations on the basis of
the Onsager reaction field model43,44 were performed to
investigate effects of hydration of PNiPA on the IR spectra into
water because the model is the simplest one among various
reaction field models and the calculation can converge in less
computation time. The dielectric constant of a solvent and the
radius of a spherical cavity are needed for the Onsager model.
In the DFT calculation, the dielectric constant of water included
in the Gaussian 98 program and the radius recommended by a
single-point energy calculation at the B3LYP/6-31G(d) level
were used for the Onsager model.

Results

1. Pretreatment Procedure for the ATR/IR Spectra of
PNiPA. Figure 2a shows ATR/IR spectra of a PNiPA aqueous
solution and water measured at 33.8°C. IR spectra obtained
by the ATR method are generally corrected to eliminate the
dependence of the penetration depth.45 The corrected spectra
of the PNiPA aqueous solution and water are shown in Figure
2b. As seen in Figure 2b, the ATR/IR spectrum of the PNiPA
aqueous solution is close to that of water. To distinguish
characteristic bands of PNiPA, the spectrum of water,Iw(ν),
was subtracted from the spectrum of the PNiPA aqueous
solution,Is(ν), as follows. The region between 1750 and 2700
cm-1 is essentially devoid of PNiPA bands. Therefore, referring
to this region, the quantitative subtraction of the water spectrum
is possible.46,47 A subtracted spectrumIsub(ν) is calculated by
the following equation:

whereR andâ are scaling and correction factors for the baseline
shift, respectively. For the quantitative subtraction,R andâ can
be determined by using the following conditions:

Figure 1. Chemical structure of PNiPA.

Isub(ν) ) Is(ν) - RIw(ν) + â (1)

∑
i

(Is(ν) - RIw(ν) + â)2 ) minimize, νmin e ν e νmax

(2)
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This method proposed in the present study for the subtraction
of the water spectrum has provided better results, at least, for
the ATI/IR spectra of PNiPA aqueous solutions than for the
previously proposed methods.46,47Figure 2c shows the subtracted
spectrum for PNiPA, in this case, using the range ofνmin )
1760 andνmax ) 2000 with the value ofR ) 0.9535 andâ )
0.00246. As can be seen in Figure 2, parts b and c, the
absorbance of PNiPA is approximately 10 times smaller than
that of water in the amide I (near 1620 cm-1) region. Thus, a
careful treatment is necessary to obtain reliable difference
spectra.

2. Comparison of IR Spectra of a Cast Film and an
Aqueous Solution of PNiPA.Figure 3 represents IR spectra
of a cast film and an aqueous solution of PNiPA at room
temperature (ca. 24°C) together with their second derivative
spectra. Prominent IR bands are amide I, II, and III bands;
deformation bands due to the isopropyl group; and C-H
bending vibration bands. The wavenumbers and assignments

of the observed bands are summarized in Table 1. The
vibrational assignments written in Table 1 were ascertained from
the view of Cartesian normal coordinates by DFT calculations
described later.

Remarkable differences between these two spectra are
observed in the regions of amide I and amide II bands. The
spectrum of the cast film shows, at least, three and two
component bands in the amide I and amide II regions,
respectively. The calculation of the second derivative confirms
this. In the spectrum of the aqueous solution, the amide I band
shifts largely to a lower frequency, whereas the amide II band
shows a distinct high-frequency shift. Both amide I and II bands
become sharp, and the second derivative spectrum suggests that
each band consists of only one component band. An amide I
band contains the contribution mainly from a CdO stretching
vibration, and an amide II band is due to the coupling of a N-H
bending and C-N stretching vibrations. The CdO group of an
amide group of PNiPA can form hydrogen bonds with the N-H
group of a neighboring amide group and/or with water. Thus,
the frequencies of amide I and amide II bands reflect the strength
of the hydrogen bond and the electron density on CdO and
N-H bonds. When the CdO bond of PNiPA forms a hydrogen
bond, the amide I band shifts to a lower frequency compared
with the frequency of amide I band because of the “free” CdO
group. On the other hand, a hydrogen bond of the N-H group
causes an upward shift of the amide II band. The observations
shown in Figure 3 suggest that the CdO and N-H groups of
the PNiPA side chains form the hydrogen bonds and/or are
hydrated in the aqueous solution. It goes without saying that a
change in the permittivity around the polymer has an effect the
band shifts.

The relative intensity of a band at 1155 cm-1 of the cast film
is also different from that of the aqueous solution. Although
the band at 1155 cm-1 appears as a shoulder of the band at
1173 cm-1 in the spectrum of the cast film, it becomes an
isolated peak in the spectrum of the aqueous solution. The
distinct variation of the band at 1155 cm-1 suggests that the
band is sensitive to changes of polymer conformations and/or
the local environment around the polymer segments. This will
be discussed later in more detail.

3. Temperature-Dependent Changes in IR Spectra of a
PNiPA Aqueous Solution.Figure 4 depicts difference ATR/
IR spectra of PNiPA in an aqueous solution measured over a
temperature range of 23.7-38.2 °C at an increment of ca. 0.8

Figure 2. (a) ATR/IR spectra in the 2000-1000 cm-1 region of water
and the aqueous solution of PNiPA at 33.1°C. (b) ATR/IR spectra of
water and the PNiPA aqueous solution after the correction for the
dependence of the penetration depth. (c) A difference spectrum obtained
after the subtraction of the spectrum of water from that of the PNiPA
aqueous solution.

Figure 3. (a) IR spectrum of a PNiPA cast film and its second
derivative. (b) ATR/IR spectrum of a PNiPA aqueous solution at room
temperature (ca. 24°C) and its second derivative.

TABLE 1: Vibrational Assignments for the Relevant Peaks
in the Observed IR Spectra of the Aqueous Solution and the
Cast Film of PNiPA

wavenumber/cm-1

aqueous solution cast film assignment

1650a 1681 amide I
1624 1663 amide I (hydrogen bonding)

1642 amide I
1562 1540 amide II (hydrogen bonding)

1510 amide II
1464 1470 CH3 asym. deformationb

1444 1458 CH3 asym. deformationb

1390 1387 CH3 sym. deformationb

1371 1366 CH3 sym. deformationb

1173 1172 amide III
1155 1155 amide III
1133 1130 CH3 rockb

a Observed above theθ temperature.b Vibrational mode associated
with the methyl group of the isopropyl group.
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°C. In this section, temperature dependent changes of the spectra
are investigated in detail by using several spectral analysis
methods.

In the vicinity of the θ temperature (ca. 32°C), a coiled
conformation of PNiPA chain collapses and becomes a globular
conformation.12,13,16-26 Above the transition temperature, the
globular chains of PNiPA aggregate each other and precipitate.
Therefore, the intensities of IR bands of PNiPA are expected
to change abruptly near theθ temperature. For the overview of
these intensity variations, the calculation of a derivative for the
intensity profile is useful. Let us consider an observed IR
absorbance intensityI(ν,T) as functions of frequencyν and
temperatureT. A partial differentiation forT can be calculated
as∂I(ν,T)/∂T. As can be seen in Figure 4, structural changes of
PNiPA may cause not only a change in the absorbance intensity
but also a variation in the band shape. For example, changes in
bandwidth (broadening or narrowing) and peak position may
be observed during the transition. For a target band that has a
peak at a frequencyν0 observed atTi, the cross correlation
coefficientRν0(Ti,Tj) is calculated with a spectral area using eq
3, where the obtained spectra are numbered in order ofT by
suffix i (i ) 0,1,2,...):

where

Notice thatν-m and νm define the lower and upper limits for
the calculation range. The above cross correlation coefficient
has been introduced in the present study to probe a change in
a band shape clearly. For the spectra observed here, the
calculation range of ca.(20 cm-1 is adopted. A cross correlation
coefficient calculated from eq 3 is an index of the linear

combination betweenI(ν0,Ti) and I(ν0,Tj). Rν0(Ti,Tj) becomes
equal to 1 when the linear combination is kept betweenI(ν0,Ti)
and I(ν0,Tj). An Rν0(Ti,Tj) value smaller than 1 indicates that
the band shape nearν0 varies with the change of temperature
from Ti to Tj. Thus, theRν0(Ti, Tj) value is quite sensitive to the
change of a band shape near a frequencyν0, whereas it is
insensitive to the intensity variation. That is, the variations of
a band shape near a target band can be discussed only with
reference to theRν0(Ti,Tj) value.

Amide I and Amide II.Figure 5 displays second derivatives
in the 1700-1500 region of the spectra shown in Figure 4. Of
note is that a band appears abruptly at 1653 cm-1 near 32.4°C.
The amide II band shifts to a lower frequency by 6 cm-1 in the
vicinity of 32.4 °C, but its change is more gradual than the
changes in the amide I region. The temperature range where
the amide I and II bands show distinct changes is in accordance
withthereportedoneasthecoil-globuletransitiontemperature.12,13,16-26

I(ν,T), Rν0(23.7,T), and their first derivatives are represented for
the amide I (1653 and 1624 cm-1) and amide II (1562 cm-1)
bands in Figure 6 parts a and b, respectively.I(1653,T),
I(1624,T), andI(1562,T) show a similar profile with the flexion
point near 33.8°C. All I(ν,T) shown in Figure 6a start to increase
above 31.7°C. This means that the sedimentation of PNiPA
because of the coil-globule transition occurs above 31.7°C. It

Figure 4. Temperature-dependent changes in ATR/IR spectra of
PNiPA in an aqueous solution. Temperature was varied from 23.7 to
38.2 °C at increments of ca. 0.8°C.

Rν0
(Ti,Tj) )

∑
k )-m

m

{I(νk,Ti) - I(ν0,Ti)}{I(νk,Tj) - I(ν0,Tj)}

[ ∑
k )-m

m

{I(νk,Ti) - I(ν0,Ti)}
2 ∑
k ) - m

m

{I(νk,Tj) - I(ν0,Tj)}
2]1/2

(3)

I(ν0,Ti) )
1

2m + 1
∑

k )-m

m

I(νk,Ti) (4)

Figure 5. Second derivatives in the 1700-1500 cm-1 region of the
spectra shown in Figure 4.

Figure 6. (a)Rν0(23.7,T) for the bands at 1653 cm-1 (the opened circle),
1624 cm-1 (the opened square), and 1562 cm-1 (the opened diamond).
I(ν, T) for the bands at 1653 cm-1 (the closed circle), 1624 cm-1 (the
closed square), and 1562 cm-1 (the closed diamond). (b) First
derivatives ofRν0(23.7,T) and I(ν,T) displayed in Figure 6a.
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is noted thatRν0(23.7,T) shows different variations;R1653(23.7,T)
and R1624(23.7,T) decrease suddenly above 32.4°C, whereas
R1562(23.7,T) decreases gradually from 28.7°C. The amide II
band changes its shape gradually before the transition, and the
slope of the change in the shape of the amide II band in the
vicinity of the transition temperature is also gradual compared
with those of the amide I bands. The reason for this is discussed
later. The results indicate that the intensity variations and the
changes in the band shapes in the IR spectra of PNiPA do not
always synchronize.

Amide III.As shown in Figure 4, the relative intensity of the
band at 1173 cm-1 is weaker than that of 1155 cm-1 below
32.4 °C, but it becomes stronger above 32.4°C. Referring to
the DFT calculation described later, these bands are assigned
to the amide III bands, which contains C-N stretching vibrations
and N-H bending vibrations. Figure 7 shows temperature-
dependent changes in the intensity ratio of the bands at 1173
and 1155 cm-1, I(1173,T)/I(1155,T), and the cross correlation
coefficients for these bands,R1173(23.7,T) andR1155(23.7,T). The
temperature profile ofI(1173,T)/I(1155,T) shows a clear change
at the transition temperature. This result indicates that the
absorbance intensities of the bands at 1173 and 1155 cm-1

reflect the coil-globule transition. The thermal changes inR1173-
(23.7,T) and R1155(23.7,T) also suggest that each band shape
varies near the transition temperature.

4. DFT Calculation for Dimer Models of PNiPA. As
mentioned above, the several bands in the IR spectra of the
PNiPA aqueous solution are very sensitive to the transition
behavior; that is, the changes in bands may be concerned with
conformational changes and/or changes in hydrogen bonds of
PNiPA during the coil-globule transition. To investigate the
relationship between the spectral and structural changes of
PNiPA, a simulation using DFT calculation was performed.

The structures of model compounds for PNiPA were opti-
mized at B3LYP/6-31G(d) level and their IR spectra were
simulated using the DFT force fields. Seven optimized confor-
mations of the dimer models for PNiPA are illustrated in Figure
8. The main chains of dimer 1, 2, and 3 models assume to be
a trans conformation, whereas those of dimer 4, 5, and 6 models
do a gauche conformation. In dimer 2 and 5 models, the
neighboring CdO groups are close to each other, whereas in
dimer 3 and 6 models the neighboring N-H groups face each
other. The tacticity of these dimer models is syndiotactic, except
dimer model 7 (isotactic). Dimers 1 and 4 have a hydrogen bond
between the neighboring amide groups (CdO‚‚‚H-N). The
single-point energy calculation for the optimized structures show
that dimer 1 has the most stable structure. The difference energy
between dimer 1 and the other dimers is summarized in Table
2. Comparing the models that have the same conformation in

the side chain, the result suggests that the trans conformation
in the main chain is more stable than the gauche one.
Furthermore, when the main chain has the same conformation
(trans or gauche), the conformers forming an intramolecular
hydrogen bond are more stable than those without the hydrogen
bond.

Figure 9 compares the simulated IR spectra for the seven
models. The Lorentz type with the bandwidth, full width at the
half-height, of 7 cm-1 was assumed in each band for simulated
spectra. It is of note that the simulated spectra show a marked
dependence on the conformation of model compounds. The
amide I band of dimers 1 and 4 splits into two bands. The band
with the lower frequency arises from the CdO‚‚‚H-N hydrogen
bond, whereas that with the higher frequency is due to the “free”
CdO group. Two corresponding bands are observed in the
amide II region. The results in Figure 9 reveal that the amide I
and amide II bands show a remarkable shift, when the amide
groups form the intramolecular hydrogen bond. In the amide I
and II regions, the simulated IR spectra for dimers 1 and 4 are

Figure 7. Temperature-dependent change in the intensity ratio of the
band near 1173 to 1155 cm-1, I(1173,T)/I(1155,T), and the cross
correlation coefficient for these bands,R1173(23.7,T) andR1155(23.7,T).

Figure 8. Conformations of dimer models of PNiPA optimized by
DFT calculation at the B3LYP/6-31G(d) level.

TABLE 2: Calculated Difference Energiesa (kcal mol-1) of
Dimer Models for PNiPA Using B3LYP Functional of
Various Basis Sets and the Onsager Model

dimer

basis set 1 2 3 4 5 6 7

6-31G(d) 0 8.8 2.9 6.9 10.1 8.8 3.2
6-31G(d,p) 0 6.9
6-31+G(d) 0 7.1
6-31+G(d,p) 0 7.1
6-31++G(d,p) 0 7.0
6-31G(d)b 0 6.9

a The energies are represented as the absolute difference energy of
the conformer from the energy of dimer 1 calculated at each basis set.
b The energy was calculated on the basis of the Onsager model.

Figure 9. Simulated IR spectra for model compounds displayed in
Figure 8; (a) dimer 1, (b) dimer 2, (c) dimer 3, (d) dimer 4, (e) dimer
5, (f) dimer 6, (g) dimer 7.

Conformational Change of PNiPA J. Phys. Chem. A, Vol. 106, No. 14, 20023433



almost the same. On the other hand, we can find significant
differences between them in the amide III region. The C-N
stretching mode for dimer 1 is observed at a higher frequency
region (about 1215 cm-1) compared with that for dimer 4 (about
1196 cm-1) as shown in Figure 9. This suggests that bands in
the amide III region (around 1200 cm-1) are sensitive to the
conformational change of model compounds.

As mentioned above, the observed spectra of PNiPA may be
interpreted by simulated spectra of dimers 1 and 4. Dimer 1
and 4 models were investigated in more detail by the following
calculations: the dependence of simulated spectra on basis sets
and the solvation model; the simulated spectra for dimer 1 and
4 models were calculated by using B3LYP functional with the
basis sets of 6-31G(d), 6-31G(d,p), 6-31+G(d), 6-31+G(d,p),
and 6-31++G(d,p). Although we could not find the basis set
that makes the calculated IR spectra perfectly coincident with
the observed ones, the differences in the relative intensities in
the amide III between the dimer 1 and 4 region are similarly
simulated by all of the basis sets used. Of particular note is
that irrespective of the basis sets dimer 1 gives the amide III
band near 1215 cm-1, whereas dimer 4 yields the corresponding
band near 1196 cm-1. Thus, this strongly suggests again that
the bands in the 1230-1175 cm-1 region are sensitive to
conformational changes in the main chain of PNiPA. The
difference energies of dimers 1 and 4 using various basis sets
are summarized, as seen in Table 2. The results suggest that
the difference energy between dimers 1 and 4 does not depend
on the choice of the basis sets.

To estimate the effect of hydration on the IR spectra of
PNiPA, a well-known and simple hydration model, called the
Onsager model,48-50 was applied. The dielectric constant of
water (73.82) and the radius of the sphere cavity (5.4 Å) were
assumed. The result indicates that the difference energy between
dimers 1 and 4 calculated in the Onsager model is coincident
with that without solvation model, as written in Table 2.
Hydration of the amide group has more significant influence
on the amide I and II bands than on bands because of vibrations
of alkyl chains. Upon the hydration, the amide I and II bands
arising from the intramolecular hydrogen bond shift distinctly
to a lower frequency and a higher frequency, respectively. In
contrast, corresponding bands due to the free CdO and N-H
groups show only a slight change with the hydration.

Discussion

1. Intramolecular Hydrogen-Bonding of PNiPA. In the
observed spectra of PNiPA in an aqueous solution, the amide I
and II bands are separated by about 62 cm-1. It can be seen
from Figure 9 that only the dimer 1 and 4 model can reproduce
this degree of band separation. Other models shows that amide
I and amide II bands are separated by more than 180 cm-1.
Thus, we can exclude unambiguously other models. It has been
well investigated by light scattering studies that the main chain
of PNiPA has no stereoregularity.17,18 Therefore, almost all of
the conformations shown in Figure 8 may be allowed as real
local conformations for PNiPA. However, a comparison between
the experimental results and the simulated IR spectra suggests
that only dimers 1 and 4 hold the important structural features
as the local conformations.

It is very likely that the band near 1624 cm-1 is due to the
intramolecular CdO‚‚‚H-N hydrogen bond and the band at
1653 cm-1 arises from the free CdO group. Thus, it seems
that almost neighboring amide groups form the intramolecular
hydrogen bonds below theθ temperature and that some of the
hydrogen bonds are broken during the coil-globule transition.

The amide II corresponding to the amide I band at 1653 cm-1

band may be observed near 1517 cm-1 in Figure 5.
The temperature profile ofR1562(23.7,T) is different from

those ofR1653(23.7,T) andR1624(23.7,T) as shown in Figure 6.
That is to say, the thermal changes in the band shape of amide
I and II have an asynchronicity.R1562(23.7,T) decreases gradually
even below theθ temperature, whereasR1624(23.7,T) shows no
variation below theθ temperature. If the band shape in the amide
I and II regions was influenced only by the intramolecular
hydrogen bonds, both of them would be synchronous. The
profile of R1562(23.7,T) seems to be similar to the temperature
variation of the gyration radius of PNiPA.17,18As is well-known,
the gyration radius of PNiPA becomes small gradually below
the θ temperature, and then shows an abrupt change in the
vicinity of the transition temperature. The thermal response of
the amide II band may include the information not only about
the changes in the intramolecular hydrogen bond, but also about
conformational changes in the main chain. It is likely because
the amide II mode contains the contribution from the C-N
stretching mode and the simulation study reveals that the C-N
stretching mode is influenced by the conformational changes
in the main chain of PNiPA. This may be the reason the
temperature-dependent change in the amide II band differs
slightly from that in the amide I band.

2. Hydration. Many authors reported about the hydration
around the polymer segments of PNiPA20,23-26 because coil-
globule transitions of polymers have been explained by changes
in the interactions between polymer segments and solvent
molecules. That is to say, the dehydration of the polymer chain
above the transition temperature induces the segmental interac-
tions of the polymer to be attractive and to collapse the coiled
polymer chain into a globular conformation. However, it is not
easy to discuss directly the effects of hydration on the IR spectra
in the present state. If the low frequency of the amide I band
(1624 cm-1) for the aqueous solution were due to the hydration
of the amide group, the strong hydration should be considered.
The hydration model in the DFT calculation with the Onsager
model could not reproduce a large shift of the band arising from
the free CdO group. To explore the hydration on the polymer
segment by means of the IR spectroscopy, a more realistic model
for hydration and more detailed experimental data may be
needed.

3. Conformational Changes in the Main Chain of PNiPA.
The simulation study reveals that the amide III bands are quite
sensitive to the conformational changes in the main chain of
PNiPA. One can distinguish between the gauche and trans
conformations as the local conformation in the main chain using
the amide III bands when the amide groups form the intramo-
lecular hydrogen bond. The structural difference between dimers
1 and 4 lies in the conformation of the main chain: the main
chain of the dimer 1 model assumes a trans conformation,
whereas that of the dimer 4 model takes a gauche conformation.
Although the simulated IR spectra of these dimer models are
very similar to each other in the amide I and II regions, distinct
spectral changes are observed in the amide III region. As shown
in Figure 9, the frequencies of amide III bands vary clearly when
the conformation of the main chain alters from gauche to trans.
On the other hand, the intensity ratio of the bands at 1173 and
1155 cm-1 changes during the transition (Figure 7) without the
wavenumber shift of these bands. Comparison between the
experimental results and the spectral simulation suggests that
the bands at 1173 and 1155 cm-1 contain the contribution from
the trans and gauche conformations, respectively. Therefore, it
is likely that the population of these local conformations varies
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during the coil-globule transition. That is, the gauche confor-
mation decreases and/or the trans conformation increases when
PNiPA change into the globule state.

It is worth noting that above theθ temperature the population
of the more stable trans conformation increases and that of the
less stable gauche conformation decreases against the Boltz-
mann’s distribution low. Although this is a curious point to
discuss, we have no experimental or theoretical explanation in
the present state. The following reason may be considered. First,
the local conformation is influenced from the stabilization of
the whole chain of PNiPA. In other words, the long-range
interaction affects the short-range interaction. Second, the
stabilization of the local conformation may be susceptible to
the solvent around the amide group in terms of not only polarity
but also hydration.

Conclusion

The present study has investigated the short-range interaction
in the PNiPA aqueous solution mainly due to the hydrogen
bonding between neighboring amide groups by use of ATR/IR
spectroscopy and DFT calculation. The temperature-dependent
IR study of the PNiPA aqueous solution has revealed that the
microenvironment around the amide groups is changed dramati-
cally during the coil-globule transition. Below theθ temper-
ature, the unimodal peaks are observed at 1624 (amide I region)
and 1562 cm-1 (amide II region), respectively. Above theθ
temperature, the new peak appears at 1653 cm-1 abruptly in
the amide I region, and the amide II band shows a gradual
upward shift by ca. 6 cm-1. The relative intensity of the band
at 1173 cm-1 is weaker than that of 1155 cm-1 at lower
temperatures, and then it becomes stronger during the coil-
globule transition of PNiPA. The simulation study by DFT
calculation suggests that the neighboring amide groups form
an intramolecular hydrogen bond (CdO‚‚‚H-N), which causes
a distinct downward shift of the amide I band and an upward
shift of the amide II bands. It has also been implied from the
DFT calculation that the conformation changes in the main chain
cause variations in the amide III bands (1130-1180 cm-1).
Considering both the experimental results and simulations, it
has been suggested that some of the intramolecular hydrogen
bonds of neighboring amide groups are broken and the popula-
tions of the gauche conformation in the polymer chain decreases
during the coil-globule transition of PNiPA.
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