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ABSTRACT: Sum-frequency generation vibrational spectroscopy was used to study the molecular structure of
surface-grafted poly(N-isopropylacrylamide) (PNIPAM) in air and in D2O. It was found that the side chains of
the PNIPAM were nearly standing at the air/PNIPAM interface, owing to the hydrophobic nature of the isopropyl
groups. Total internal reflection geometry was employed to obtain SFG spectra of the D2O/PNIPAM interface.
When the water temperature was increased, red shifts of the SFG peaks were observed. This can be explained by
the dehydration of the alkyl groups at the water interface. From the quantitative analysis of the molecular orientation,
restructuring of the main chain due to the dehydration occurs at the water/PNIPAM interface is suggested.

Introduction

Thermoresponsive polymers may undergo soluble-insoluble
transition when the temperature of the polymer solution is at
the lower critical solution temperature (LCST). For example,
poly(N-isopropylacrylamide) (PNIPAM) shows a phase separa-
tion at around 32°C. PNIPAM has hydrophilic groups as well
as hydrophobic groups, thus both hydrophilic and hydrophobic
interactions are considered to be an important role in the
thermoshrinking transition. This transition, when it occurs in
solution, is referred to as a coil-to-globule transition and takes
place over a narrow range of temperature. Recently, PNIPAM
has received growing interest as an intelligent polymer in
biotechnology,1 because of its thermoresponsive function. When
this polymer is grafted onto a solid substrate, the surface shows
temperature-dependent properties, such as wettability and cell
adhesion behavior.2,3 The thermoresponsive surfaces have been
successfully used to make a new system for the recovery of
cells from tissue culture substrata without the need for pro-
teolytic enzymes.3

The investigations of the phase transition behavior of the
PNIPAM have mostly employed bulk polymer in aqueous
solution.4-6 However, the detailed study of the molecular
structural informations at the water/PNIPAM interface are still
limited. In this paper, we report infrared-visible sum-frequency
generation vibrational spectroscopy (SFG) on the PNIPAM
surface and water interface to study the thermally induced
transition of the PNIPAM interfaces. Since SFG is a second-
order nonlinear optical process, it is forbidden in media with
inversion symmetry under the electric dipole approximation, but
it is allowed where the inversion symmetry is broken.7 A
resonant enhancement in the SFG signal intensity is detected
when the infrared beam frequency matches the molecular
vibrational frequency. Because of its surface and interface
sensitivity, SFG is a powerful tool for studying surfaces and
interfaces. Recently, SFG has been applied to surface study,8-10

the determination of the alignment of surface polymeric
chains,11-13 the study of the chemical composition of a surface,

and for processing induced molecular structural changes at the
interface.14-16 Recently, Cheng and co-workers reported the use
of the SFG and AFM techniques to probe the thermoresponsible
behavior of the water/PNIPAM interface.17 However, they have
not tried to extract from the spectra detailed information about
interfacial structures. We report here on the molecular restruc-
turing behavior of the grafted-PNIPAM at water interfaces, with
emphasis on extracting detailed information from the SFG
measurements. The results indicate that the main chain of the
PNIPAM reorients by increasing the water temperature. We also
observe the hydration-induced blue-shifts of the SFG peaks at
the water/PNIPAM interface.

Theory

Vibrational Sum Frequency Generation.In SFG, a pulsed
visible beamωVIS and a pulsed tunable IR beamωIR are spatially
and temporally overlapped on an area of the interface being
probed. If the molecules at the interface are noncentrosymmetric,
this overlapping results in the emission of a light at a sum
frequencyωSF ) ωVIS + ωIR.

The SFG experiments probe the nonlinear susceptibilityø(2)

and signal intensity can be expressed asI ∝ |ø(2)|2. The second-
order nonlinear susceptibilityø(2) represents a third-order tensor
quantity which is described as the sum of non-resonant term
øNR

(2) and a resonant termøR
(2). If the IR frequency is near

vibrational resonance,ø(2) can be written as

whereAq, ωq, andΓq are the strength, resonant frequency, and
damping coefficient of vibrational modeq, respectively. The
different components of the susceptibility tensor can be deduced
by measuring the SFG spectra using different combinations of
input and output beam polarizations. In this paper, SSP, SPS,
and PPP are the three polarization combinations of interest,
where S and P refer to light polarized in the plane of the
interface and normal to the plane of interface, respectively. The
polarization combination is abbreviated in the order such as SSP
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for S-polarized SFG, S-polarized visible, and P-polarized IR
pulses. Expressions for the peak strengths of these polarization
combinations are given as follows:18

whereΘSF, ΘVIS, andΘIR are the reflection angles of the sum
frequency, visible, and IR pulses, respectively.Lij are Fresnel
factors that describe the interfacial electric fields.

The orientation analysis of functional groups can be deter-
mined by using the oscillator strengthAq in eq 1. To perform
the orientation analysis of the head groups of the side chain,
we treat it to the similar manner as in the case of the SFG studies
of leucine and 2-propanol.19,20The orientation of the isopropyl
groups can be described by three angles,θ, ψ, andφ, as shown
in Figure 1, when we use the coordinate system for the
-C(CH3)2 groups (C2V symmetry).21,22In this work, we assume
the two methyl groups can rotate freely. Then, we found a1 and
b1 vibrations for the symmetric stretch, and a1, b1, and b2
vibrations for the asymmetric stretch. Here, the descriptions a
and b denote the symmetric and the asymmetric modes with
respect to thez-axis, and the subscripts 1 and 2 denote the in-
plane and out-of-plane modes. Using this transformation, the
hyperpolarizability tensor componentsâijk for the isopropyl
group can be written in terms of the angle between two methyl
groups 2R. For the symmetric stretch and the asymmetric stretch,
âijk for the isopropyl group can be written as follows:

a1 symmetric stretch

b1 symmetric stretch

a1 asymmetric stretch

b1 asymmetric stretch

b2 asymmetric stretch

In this work, the bond angle between two methyl groups is
assumed to be fixed at 110°.

Next, we have to transform allâijks to the laboratory
coordinate (X, Y, Z) system. In this experiment, PNIPAM surface
is azimuthally isotropic, therefore,φ is uniformly distributed
from 0 to 2π. Then, only 7 out of 27 components of the
macroscopic hyperpolarizabilitiesøIJK

(2) are nonvanishing and
only 4 are independent, namely,øZZZ, øXXZ ) øYYZ, øXZX ) øYZY,
andøZXX ) øZYY. Then we have to transform the hyperpolariz-
ability componentsâijk of isopropyl group fixed coordinates
(x, y, z) to the laboratory coordinates (X, Y, Z). Each component
in eqs 5-9 is substituted into the transformation table of ref 21
to obtain the relationship of the macroscopic hyperpolarizability
tensor elements represented by (θ, ψ, φ), defined in Figure 1.
The transformations are as follows.

Symmetric stretch:
a1 vibration

b1 vibration

Figure 1. Geometry that defines the orientational angles,θ, ψ, andφ
of the isopropyl groups of PNIPAM. The (a, b, c) axis is for methyl
group fixed coordinates and (x, y, z) axis is for isopropyl fixed
coordinates. The symbolsθ, ψ, andφ represent the tilt angle, the twist
angle about thez-axis, and the azimuthal angle about theZ-axis,
respectively.

Aq,SSP) LYY(ωSF)LYY(ωVIS)LZZ(ωIR) sin ΘIRøXXZ (2)

Aq,SPS) LYY(ωSF)LZZ(ωVIS)LYY(ωIR) sin ΘVISøYZY (3)

Aq,PPP)
-LXX(ωSF)LXX(ωVIS)LZZ(ωIR) cosΘSF cosΘVISsin ΘIRøXXZ

-LXX(ωSF)LZZ(ωVIS)LXX(ωIR) cosΘSF sin ΘVIScosΘIRøXZX

+ LZZ(ωSF)LXX(ωVIS)LXX(ωIR) sin ΘSFcosΘVIScosΘIRøZXX

+ LZZ(ωSF)LZZ(ωVIS)LZZ(ωIR) sin ΘSFsin ΘVISsin ΘIRøZZZ

(4)

âxxz) -2(âaac - âccc)(cosR - cos3 R) + 2âaaccosR

âyyz) 2âaaccosR

âzzz) 2(âaac - âccc)(cosR - cos3 R) + 2âaaccosR (5)

âzxx) -2(âaac - âccc)(cosR - cos3 R)

âxzx) -2(âaac - âccc)(cosR - cos3 R) (6)

âxxz) -2âcaa(cosR - cos3 R)

âyyz) 0

âzzz) 2âcaa(cosR - cos3 R) (7)

âzxx) -âcaa(cosR - 2 cos3 R)

âxzx) -âcaa(cosR - 2 cos3 R) (8)

âzyy) âcaacosR

âyzy) âcaacosR (9)

øXZX ) øZXX ) (1/2)(âaac - âccc)[(cosR - cos3 R) ×
(3 + cos 2ψ) - 2 cosR](cosθ - cos3 θ)

øXXZ ) øYYZ) (1/2)(âaac - âccc){[(cosR - cos3 R) ×
(3 + cos 2ψ) - 2 cosR](cosθ - cos3 θ) -

2(cosR - cos3 R) cosθ} + 2âaaccosR cosθ

øYZY) øZYY) (1/2)(âaac - âccc)[(cosR - cos3 R)(3 +

cos 2ψ) - 2 cosR](cosθ - cos3 θ)

øZZZ ) (1/2)(âaac - âccc)[(cosR - cos3 R)(1 + cos 2ψ)

(cosθ - cos3 θ) + 2 cos3 R cos3 θ] (10)
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Asymmetric stretch:
a1 vibration

b1 vibration

b2 vibration

In these equations, we edited out the number density of the
detected moleculesN. From the SFG spectra, since the sym-
metric and the asymmetric CH3 resonances are degenerate, we
take the sum of these equations. Note, these equations include
the angleR, but its value is assumed to be a constant. For
simplicity, we shall assumeδ-function distributions for bothθ
andψ. In order to determine bothθ andψ, we have to assume
the ratio ofR ) âaac/âccc. It is known thatR has to be in the
range of about 1.66 to 4.0 for methyl group.18,23 Thus, we

assumeR) 2.1, which is close to acetone (R) 1.9) and DMSO
(R ) 2.3).24,25

Experimental Section

Chemicals.All reagents, unless otherwise noted, were purchased
from Wako Chemicals Japan, and were used without further
purification. Anhydrous dichloromethane and anhydrous DMF were
of organic synthesis grade, and others except acetone (>99%) were
of special grade (>99.5%). NIPAM was purified by recrystallization
from methanol twice. Aminopropyltriethoxysilane (APTES) was
purchased from Shinetsu Silicone Chemicals, Japan.

Preparation of the Substrate and Grafted-PNIPAM. The IR
grade fused quartz plates (Pier-Optics) were cleaned by sonication
in acetone, ethanol containing 10 wt % KOH, and deionized water
three times. Then the substrates were dried in vacuum for 1 h at
room temperature. Amino group was introduced on the quartz
surfaces by immersing the quartz plate into toluene solution of 1
wt % of APTES. The quartz plates were the rinsed with toluene
and aged in an oven at 120° for 30 min. 2-Chloropropionyl chloride
(0.15 g, 1.2 mmol), propionyl chloride (0.66 g, 7.1 mmol), and
triethylamine (0.84 g, 8.3 mmol) were mixed in 20 mL of
dichloromethane. The APTES treated quartz substrates were
submerged in this solution for 2 h atroom temperature. After being
rinsed with ethanol, the substrates were immersed in the solution
of 4 mL of DMF containingN-isopropylacrylamide (1.83 g, 16.2
mmol). The solution was purged with nitrogen flow, and then a 1
mL aqueous solution of CuCl (40 mg, 0.4 mmol) and tris[2-
(dimethylamino)ethyl]amine (0.11 mL) was added to the DMF
solution. After 2 h the fused quartz substrates were rinsed with
methanol and dried under a stream of nitrogen. The IR grade fused
quartz equatorial prism (Pier-Optics) was chemically modified with
PNIPAM in a similar manner.

Contact Angle and FT-IR Measurement.Contact angles of
water on the surfaces of PNIPAM grafted substrates were measured
directly by video recording of a water droplet deposited on the
substrates by using a precise temperature control stage. Transmis-
sion infrared measurements were carried out at a 4 cm-1 resolution
using a Fourier transform IR spectrometer (Infinity, Mattson).

SFG Measurement.In IR-visible SFG experiments, a mode-
locked Nd:YAG laser (PL2143D, EKSPLA) of 1064 nm with a
pulse width of 20 ps and a repetition rate of 10 Hz was employed
as a master light source. The detailed experimental setup has been
described previously.26 Briefly, a tunable IR beam was generated
by an AgGaS2 crystal by difference frequency mixing of the
fundamental of the Nd:YAG laser with the output of an optical
parametric oscillator/amplifier (OPO/OPA) system (PG401 VIR/
DFG, EKSPLA). The OPO/OPA system employs a LiB3O5 crystal,
which was pumped by the third harmonic of the Nd:YAG laser.
The visible and IR beams were overlapped at a sample surface and
their incidence angles were 70° and 50°, respectively. The pulse
energy and the spot size of the tunable IR beam were 0.3 mJ and
0.5 mm (in diameter). The spectral resolution of the IR beam was
6 cm-1. The SF output signal was filtered with a holographic notch
filter and a monochromator (MS257, Oriel) and then detected by a
photomultiplier tube (Hamamatsu, R649). Data were collected with
3 cm-1 increments in the region from 2750 to 3050 cm-1, and the
data were averaged over 200 laser shots. The SFG spectra were
normalized for infrared and visible intensity variations.

In the case of the SFG measurements for water/PNIPAM
interface, a geometry that almost enables total internal reflection
of the green light was employed by using an equatorial fused quartz
prism, as shown in Figure 2. The SFG output is enhanced by 1 to
2 orders of magnitude when the incidence angle of the input beam
is close to the critical angle for total internal reflection.27-29

Results and Discussions

Characterization of the PNIPAM Grafted Surface. First,
we characterized the PNIPAM grafted films by transmission
FT-IR. Figure 3 shows the IR spectra of the film on the fused
quartz and the spin-casted PNIPAM homopolymer film over

øXZX ) øZXX ) -(âaac - âccc)(cosR - cos3 R) ×
[cosθ - (cosθ - cos3 θ)(1 + cos 2ψ)]

øXXZ ) øYYZ) (âaac - âccc)(cosR - cos3 R) ×
(cosθ - cos3 θ)(1 + cos 2ψ)

øYZY) øZYY) -(âaac - âccc)(cosR - cos3 R) ×
[cosθ - (cosθ - cos3 θ)(1 + cos 2ψ)]

øZZZ ) -2(âaac - âccc)(cosR - cos3 R) ×
(cosθ - cos3 θ)(1 + cos 2ψ) (11)

øXZX ) øZXX ) (1/2)âcaa(cosR - cos3 R) ×
(cosθ - cos3 θ)(3 + cos 2ψ)

øXXZ ) øYYZ) -âcaa(cosR - cos3 R)[cosθ - (1/2)×
(cosθ - cos3 θ)(3 + cos 2ψ)]

øYZY) øZYY) (1/2)âcaa(cosR - cos3 R) ×
(cosθ - cos3 θ)(3 + cos 2ψ)

øZZZ ) âcaa(cosR - cos3 R) ×
[cosθ - 3 cos3 θ + (cosθ - cos3 θ) cos 2ψ] (12)

øXZX ) øZXX ) -(1/2)âcaa(cosR - 2 cos3 R) ×
[cosθ - (cosθ - cos3 θ)(1 + cos 2ψ)]

øXXZ ) øYYZ) (1/2)âcaa(cosR - 2 cos3 R) ×
[cosθ - (cosθ - cos3 θ)(1 + cos 2ψ)]

øYZY) øZYY) -(1/2)âcaa(cosR - 2 cos3 R) ×
[cosθ - (cosθ - cos3 θ)(1 + cos 2ψ)]

øZZZ ) -âcaa(cosR - 2 cos3 R)(cosθ - cos3 θ) ×
(1 + cos 2ψ) (13)

øXZX ) øZXX )

(1/2)âcaacosR[cosθ - (cosθ - cos3 θ)(1 - cos 2ψ)]

øXXZ ) øYYZ)

-(1/2)âcaacosR(cosθ - cos3 θ)(1 - cos 2ψ)

øYZY) øZYY)

(1/2)âcaacosR[cosθ - (cosθ - cos3 θ)(1 - cos 2ψ)]

øZZZ ) âcaacosR(cosθ - cos3 θ)(1 - cos 2ψ) (14)
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the range of 2500 to 4000 cm-1. The IR spectrum of the grafted
PNIPAM films is very similar to that of the PNIPAM ho-
mopolymer, and is almost identical with published results of
PNIPAM films.30,31 The peaks at 2970 and 2882 cm-1 are
assigned to the antisymmetric and the symmetric CH stretch of
the methyl groups, respectively.30,31 The peak at 2939 cm-1 is
due to the antisymmetric CH stretch of the methylene of the
polymer backbone.30 The broad feature around 3300 cm-1 is
assigned to the NH stretch.

In order to evaluate the surface wettability of the grafted-
PNIPAM, we measured water contact angle. At the substrate
temperature of 14°C, the water contact angle was about 53°,
and it increased to 72° at 34 °C and 74° at 50 °C. Similar
measurements taken on untreated fused quartz showed no
change in the contact angles over the same temperature range.
At room temperature, the PNIPAM swells in water to create a
hydrophilic surface. Above LCST, the water is expelled, the
polymer collapses, and the surface becomes less hydrophilic.
Therefore, the surface wettability change with temperature
confirms the thermoresponsive behavior of graft-PNIPAM.

PNIPAM Surface in Air. In Figure 4, we show the SFG
spectra in the SSP, PPP, and SPS polarization combinations
for the PNIPAM grafted on fused quartz substrate measured in
air at room temperature. All the spectra are fitted by eq 1 with
Aq, Γq, andωq that are allowed to vary to obtain best fits. The
results are summarized in Table 1. The SSP SFG spectrum of
the PNIPAM-grafted surface is almost identical to that of the
PNIPAM spin-casted film in air (see Supporting Information).
The peaks observed at 2871 and 2975 cm-1 are assigned to the
symmetric and the asymmetric stretch of the CH3 of isopropyl
groups, respectively.31 The peak at 2940 cm-1 may be derived
from both the Fermi resonance of symmetric CH3 and the
methylene antisymmetric stretch.31,32 The shoulder at around
2850 cm-1 is due to the symmetric stretch of the CH2 group of

the main chain.31,32The weak SFG signal from the main chain
must be due to the fact that the most of the PNIPAM surface is
covered with the side chain. The small feature at 2910 cm-1 is
assigned to the CH stretch of the methine group.20,32 The
observation of the strong CH3 stretch peak together with the
weak CH2 peak indicates the presence of the ordered isopropyl
groups tilting toward the surface normal in the ambient
condition. Because of the hydrophobic property of the isopropyl
end groups, the side chains tend to align in air with isopropyl
groups pointing toward the air. A quantitative analysis of the
peak strengths for the CH3 can reveal the orientation of the
isopropyl groups, as described in the theory section. In air
atmosphere, the polar tilt angleθ of the isopropyl groups is
about 40( 3°, with the twist anglesψ of about 10( 10°. This
indicates that the side chains of the PNIPAM are nearly standing
upright at the air/PNIPAM interface. Because of the hydropho-
bicity of the isopropyl termini, it is reasonable to think that the
isopropyl groups are pointing toward the air.

Water)PNIPAM Interface. Total internal reflection (TIR)
geometry was used to obtain SFG spectra of the water/PNIPAM
interface. Because SFG depends on the local electric field, the
signal from the interface is enhanced by proper selection of the
incident angle and refractive index of the prism material. In
view of the Fresnel enhancements due to the TIR of the visible
light and the refractive index of PNIPAM (∼1.47),34. SFG
signals are almost exclusively produced at the water/PNIPAM
interface. In Figure 5, we show the SFG spectra of D2O/
PNIPAM interface taken at the water temperatures of 20 and
50 °C. In both temperatures, thanks to the TIR geometry, we
can obtain the SFG spectra with good resolution. The SFG
intensities are slightly different for below and above LCST. We
believe that the difference in intensities of the SFG signals is
mainly caused by the disordering of the polymer chain owing
to the high solubility of the PNIPAM at the temperature below
LCST. From the SFG spectra, in addition to the signals derived
from isopropyl groups, we can also observe the SFG peaks
derived from the CH2 groups of the main chain. Below LCST,
the peaks observed at 2884 and 2985 cm-1 originate from the

Figure 2. Schematic illustration of the experimental geometry of D2O/
PNIPAM interface.

Figure 3. Transmission FT-IR spectra of the PNIPAM-grafted fused
quartz and of the PNIPAM spin-casted film.

Figure 4. SSP, PPP, and SPS SFG spectra of the grafted-PNIPAM
surface in air. The solid lines are the calculated fits to the data.

Table 1. Peak Assignments and the Parameters Computed from the
Data Fitting of Figure 3

ωq (cm-1) Γ (cm-1) AqSSP AqPPP AqSPS assignments refs

2850 12 0.85 0.42 -0.02 s-CH2 17, 20, 30-33
2871 16 7.95 2.16 -0.2 s-CH3 17, 20, 30-33
2910 14 1.5 1.44 -0.1 CH 20, 33
2940 14 5.3 1.34 -0.3 as-CH2 and

s-CH3 FR
17, 20

2975 14 1.1 6.5 -4.63 as-CH3 17,20, 30-33
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symmetric and the asymmetric stretch of the CH3 of isopropyl
groups, respectively. The peak at 2910 cm-1 is assigned to the
CH stretch of the methine group. The peak at 2948 cm-1 is
derived from the Fermi resonance of symmetric CH3, which is
much weaker in intensity than that in the air/PNIPAM interface.
Since the Fermi resonance is assigned to the overtone bands of
the CH3 bending modes with the intensity borrowed from the
methyl symmetric stretch band, it should be very sensitive to
the interfacial structure.35. The peaks at 2857 and 2934 cm-1

are due to the symmetric and the asymmetric stretch of the CH2

group of the main chain, respectively. SFG resonance observed
below 2800 cm-1 is caused by the OD stretch of D2O (see
Figure S3 of Supporting Information). We also observe the SFG
signal above 3000 cm-1, which must be caused by the OH
stretch, which must be originated from the residual OH of the
quartz interface. The intensity of the-OD resonance is
significant increased by the elevating the temperature, possibly
due to the change to the hydrophobic nature of the PNIPAM
interface. Existence of the SFG peaks derived from the isopropyl
groups at 20°C indicates that the net orientational order of the
hydrophobic termini is remained at the water/PNIPAM interface
even below LCST. As seen, there is an abrupt shift of these
bands toward lower frequencies upon heating. It should be noted
that the peak shift caused by the heating in TIR geometry does
not mean the changes in the refractive indices due to the

reorientation of the PNIPAM at the water interface. The red-
shift upon heating is also observed in the air-PNIPAM interface
(see Supporting Information). IR experiments were suggested
that the C-H stretching bands of alkyl groups undergo a blue
shift when the alkyl group interacts with water.32-38 The peak
positions of the IR bands attributed to the symmetric (3 cm-1)
and the asymmetric CH3 (10 cm-1), CH (7 cm-1), and the
asymmetric CH2 (7 cm-1) show red-shifts upon heating. The
blue shifts of the C-H stretching bands are in marked contrast
to the red shift of an N-H and O-H stretching bands upon the
formation of the hydrogen bond. In the C-H‚‚‚OH2 interaction,
the exchange force is slightly larger than the forces for
elongating of the hydrogen bonds. Therefore, below LCST, the
hydrophobic isopropyl groups are interacting with surrounding
water molecules. Above LCST, the red-shifts of the C-H bands
are indicative of the dehydration of the alkyl groups at the water/
PNIPAM interface.

Using the ratios of the fitted peak strengths, we can evaluate
the values ofθ andψ at the water/PNIPAM interfaces. Below
LCST, the orientational anglesθ andψ of the isopropyl groups
are about 45( 5° and 15( 15°, respectively. Above LCST,θ
is about 43( 3° and ψ, 10 ( 10°. The orientation of the
isopropyl groups does not show significant differences in the
angles for below and above LCST. It should be noticed that
we assume theδ-function distribution for bothθ andψ in this
analysis, because the surface coverage of isopropyl groups is
unknown. This analysis does not mean the different orientational
distribution of the isopropyl groups between below and above
LCST.39,40 We also examine the orientation of the main chain
from the intensities of the symmetric and asymmetric CH2 at
PNIPAM/D2O interfaces. From the quantitative analysis, we see
the orientation of the main chain is drastically changes depend-
ing upon the water temperature. Below LCST,θ of the CH2 is
about 41°, andψ, about 60°. On the other hand, above LCST,
θ and ψ of the CH2 are about 50° and 0°, respectively. The
significant changes in the orientation angles of the main chain
must be caused by the shrinking of the main chain due to
dehydration. From the IR spectroscopic studies, it is reported
that, below LCST, hydrated PNIPAM chains take a random coil
configuration in an aqueous environment, and amide groups of
PNIPAM are bound to water through a hydrogen-bond.6,32

As the solution temperature increases, the intensity of the
CdO‚‚‚H2O (D2O) bonded peak is decreased, and instead, the
formation of the CdO‚‚‚N-H hydrogen-bond between neigh-
boring amide groups along the polymer chain is accelerated.32

That is, dehydration of the main chain leads to the contraction
of intra- and interchain hydrogen-bonding, which induces the
coil-globule transition. The formation of the intra- and inter-
chain hydrogen-bonding would modify the orientation of the
main chain. Therefore, we conclude that the restructuring of
the main chain due to the dehydration occurs at the water/
PNIPAM interface at the LCST of the PNIPAM.

Table 2. Parameters Computed from the Data Fitting of Figure 5

20 °C (<LCST) 50°C (>LCST)

ωq Γ AqSSP AqPPP AqSPS ωq Γ AqSSP AqPPP AqSPS assignments

2700 50 -11.0 27.6 5.0 2700 50 -14.0 43.5 16.8 -OD
2857 10 -0.55 0.69 -0.07 2857 10 -0.42 0.95 -0.16 s-CH2

2884 10 -1.3 1.71 -0.15 2881 10 -0.99 2.1 -0.08 s-CH3

2910 12 0.89 1.39 0.44 2903 12 0.60 1.3 0.49 CH
2934 12 -0.2 0.75 0.85 2927 12 -1.40 2.1 0.86 as-CH2

2948 6 -0.79 1.0 -0.28 2948 6 -0.77 1.1 -0.15 s-CH3 FR
2985 6 -0.08 1.4 -1.04 2975 6 -0.37 2.2 -2.12 as-CH3

3180 180 -54.0 28.1 -1.5 3180 180 -56 29 -2.6 -OH

Figure 5. SSP, PPP, and SPS SFG spectra of the D2O/PNIPAM
interfaces. The solid lines are the calculated fits to the data.
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Conclusions

We have studied the molecular structures of PNIPAM grafted
on the fused quartz at air/PNIPAM and D2O/PNIPAM inter-
faces. The polarization dependence of the peak intensities of
the symmetric and asymmetric stretch of methyl groups were
used to deduce the orientation of the side chain of the graft-
PNIPAM interfaces. It was found that the side chains of the
PNIPAM were nearly standing upright at air/NIPAM interface,
owing to the hydrophobic nature of the isopropyl groups. At
the PNIPAM/D2O interface, the SFG signal intensities are
changed depending on the water temperature, which is caused
by the disordering of the polymer chain owing to the changes
of the solubility of the PNIPAM. When the water temperature
is increased, red-shifts of the SFG peaks due to the dehydration
of the alkyl group are observed. This result indicates that the
C-H groups interact with water below LCST. From the
quantitative analysis of the molecular orientation, restructuring
of the main chain due to the dehydration at the water/PNIPAM
interface are suggested. This examination of the C-H stretch
region by using SFG shows promising results in that we detect
rearrangements of the PNIPAM grafted interface at the molec-
ular level.
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