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’ INTRODUCTION

Stimuli-responsive polymers are materials that show poten-
tial for well-designed surfaces and interfaces for a wide range of
applications frommedicine1 to nanotechnology.2,3 Response to
different physical factors in these materials are known, for
instance, response to pH,4 magnetic field5 or to temperature6

changes. Poly(N-isopropylacrylamide) (PNIPAM) is a widely
studied thermo sensitive polymer.7�20 This polymer in water
exhibits a reversible21 phase transition at a lower critical
solution temperature (LCST). The solution behavior of PNI-
PAM has been investigated by a variety of experimental
techniques in the dilute and concentrated regimes. The LCST
of PNIPAM in water is approximately at 32 �C which is close to
human body temperature, which makes PNIPAM an attractive
temperature-sensitive polymer for the study of biomedical
applications.22 Recently poly(N-isopropylacrylamide)-grafted
hyaluronan (PNIPAM�HA) and PNIPAM-grafted gelatin
(PNIPAM�gelatin), which exhibit sol-to-gel transformation
at physiological temperature, were applied as tissue adhesion
prevention material and hemostatic aid, respectively.23

The temperature-dependent change in the conformation of
PNIPAM chains reflects changes in polymer/water interactions.
At lower temperatures, intermolecular hydrogen bonds between
solvent water and polar groups of PNIPAM keep the polymer
soluble. At higher temperature above the LCST the hydrogen
bonds break, and hydrophobic associations between the collapsed

polymer chains take place. Several models have been described to
account for the coil-to-globule transition of PNIPAM inwater and
the complex water/PNIPAM phase diagram.24�26 It has recently
been stressed that PNIPAM is never completely hydrophobic.27

In fact, as mentioned by the author, PNIPAM is not completely
hydrophilic—it has hydrophilic and hydrophobic domains above
and below the LCST. Like amphiphilic proteins and surfactants,
oxygen and nitrogen rich domains of PNIPAM are hydrophilic
above and below the LCST. Similarly the isopropyl groups and
the polymethylene backbones are hydrophobic above and below
the LCST.

It is therefore clear that even if the polymer is not completely
hydrophilic or hydrophobic, it shows an overall hydrophilic/
hydrophobic nature across LCST in water due to the nature of
intramolecular interaction. However, from both fundamental as
well as application point of view it is important to understand
whether intramolecular force or the molecule substrate interac-
tion would play a dominant role if the polymer at a particular
morphology (hydrophilic or hydrophobic) is allowed to interact
with a hydrophobic/hydrophilic substrate. Motivated by the
above question here we have studied self-assembled PNIPAM
films on hydrophilic and hydrophobic substrates. Our observation
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ABSTRACT: Studies of self-assembled PNIPAM films on
hydrophilic and hydrophobic substrates that are grown below
and above lower critical solution temperature (LCST) have
been performed to understand the role of intramolecular and
polymer�substrate interactions in self-assembly using near
edge X-ray absorption fine structure (NEXAFS) spectroscopy,
atomic-force microscopic (AFM) and density functional theory
(DFT). The NEXAFS spectra suggest that the polymer chains
are oriented similarly on hydrophilic as well as hydrophobic
substrate although the chains were having different morphologies in the solution, whereas, AFM studies shows that the morphology
of the polymer chains on the two substrates are widely different. NEXAFS absorption spectra for free molecule and that with effects
of substrate were calculated using DFT. The results show that on hydrophobic substrate polymer�substrate interaction is stronger
as compared to that with hydrophilic one, however, for both cases this interaction plays dominant role over the intramolecular
interaction for the orientation of the chains on the substrate. Matching of the calculated and experimental NEXAFS spectra shows
on both types of substrates only a fraction of the attached molecules are oriented. Effect of external force on polymer substrate
attachment was studied with the spin-coated films on hydrophilic substrate. Our results show that in this case substrate attachment
plays an important role unlike the case of self-assembly on hydrophilic substrate, where the polymer�substrate interaction is weak.
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shows the substrate�polymer interaction plays a dominant role
as compared to the intramolecular interaction when the polymer
molecules self-assemble on Si substrate.

’SAMPLE PREPARATION

Organic films of PNIPAM (Aldrich, molecular weight, Mn

20 000�25 000) were prepared by adsorbing on hydrophilic and
hydrophobic silicon substrates at temperatures below and above the
lower critical solution temperature (LCST). Silicon substrates were
made hydrophilic according to RCA cleaning procedure by boiling the
substrate in a solution of ammonium hydroxide (Merck, 98%), hydrogen
peroxide (Merck, 98%), and Milli-Q water (H2O/NH4OH/H2O2 =
2/1/1 by volume) for 10 ( 1 min. Hydrophobic substrates were
prepared by etching the native oxide by dilute (10%) hydrofluoric acid
(HF) for 3 min. This procedure makes the silicon H-terminated and
produces the hydrophobic surfaces. Freshly cleaned substrates were
immersed into beakers containing different aqueous PNIPAM solutions
of concentration 1 mg/mL for about 2 h. The coated substrates were
then dipped in clean water for 1 h to remove any loosely bound entity
followed by drying in air. Two samples were prepared by adsorption at
temperature 8 �C (below LCST) in a refrigerator on hydrophilic
(sample 1) and hydrophobic (sample 2) silicon substrate. Above LCST,
another two samples were prepared at 60 �C in an oven on hydrophilic
(sample 3) and hydrophobic (sample 4) silicon substrates. For both
cases the PNIPAM solutions were prepared and maintained at the
desired temperatures before the freshly prepared substrates were dipped
in them. Thickness of all the films were measured by using AFM scans
across cut marks on the samples. The thickness of the films on HF
treated substrates are 5.4 ( 1 nm (8 �C) and 12.6 ( 1 nm (60 �C),
whereas the films on the RCA treated samples ware very thin and the
thickness was not measurable by this technique. Two spin-coated
PNIPAM samples on hydrophilic substrates with thickness around
30 nm were also prepared from solutions of concentration 5 and
15 mg/mL referred to as sample 5 and 6 respectively.

’EXPERIMENTAL SECTION

All the sample characterization was performed at the National
Synchrotron Radiation Research Center (NSRRC), Taiwan. Atomic
force microscope (AFM) imaging was carried out at room temperature
and ambient condition with a Veeco Innova Scanning ProbeMicroscope
operated in tapping mode. X-ray photoemission spectroscopy (XPS)
spectra were acquired with a SPEC PHOBIOS 150 electron energy
analyzer mounted in a mu-metal surface science chamber inWide-Range
beamline (BL24A) of NSRRC. Near-edge X-ray absorption fine struc-
ture (NEXAFS) spectroscopy was performed at room temperature with
a home-built partial electron yield (PEY) detector constructed with a
microchannel plate in conjunction with three meshes for voltage-biasing
purpose. The retarding voltages are chosen to allow Auger electrons of
interest to be registered in the microchannel plate. For the three
absorption edges of PNIPAM investigated here, the retarding potentials
are set at �150, �300, and �400 V for carbon, nitrogen, and oxygen
edges, respectively. The polarization dependence of NEXAFS were
obtained by varying the X-ray incident direction between normal
incidence (θ = 90�) and glancing incidence (θ = 20�). Different data
were collected from different positions on the sample surface to
minimize the effect of beam damage. Time-varying incident photon
flux (Imesh) was monitored with a gold mesh. Spectra were first
normalized to flux variation by dividing the sample current with the
corresponding mesh current, the so-called Imesh normalization. How-
ever, for carbon NEXAFS data, due to the presence of carbons in the
beamline optical components and gold mesh, a second normalization
was required. The Isample(pω) was normalized to the drain current from
a clean gold sample (IAu(pω), featuring an unstructured absorption

cross section28,29 in the energy range of interest) as follows, A(pω) =
(Isample(pω,t)/Imesh(pω,t))� (Imesh(pω,t0)/Imesh(pω,t0)), where t and t0

represent the two different times when the sample and the clean gold
were measured, respectively. It needs to be stressed that, during various
stages of spectrum normalization, a careful alignment of photon energy
scale among different runs must be ensured, or else the spurious features
would emerge.

’COMPUTATIONAL METHODS

The equilibrium geometry and X-ray absorption spectra (C and N 1s)
of the molecule were calculated by DFT with the computer code
STOBE30 The effect of the substrate was included through a cluster
consisting of 1 central Si atom surrounded by 4 SiH units. A gradient
corrected RPBE exchange/correlation functional was applied.31,32 To
calculate the equilibrium geometry and the X-ray absorption spectra, we
used all-electron triple-ζ valence plus polarization (TZVP) atomic
Gaussian basis sets for carbon, nitrogen, oxygen and silicon centers, while
the hydrogen basis sets were chosen to be of the double-ζ (DZVP) type.33

The starting geometries for the optimization procedure was obtained
using ACD/ChemSketch (http://acdlabs.com/products/draw_nom/
draw/chemsketch/) and Vega ZZ (http://www.ddl.unimi.it/). To calcu-
late X-ray absorption spectra, the Slater transition state method was
applied.34,35 In this case the optimized geometry obtained from the
geometry optimization calculation was kept fixed and polarization and
angle dependent absorption spectra were calculated. In order to obtain an
improved representation of relaxation effects in the inner orbitals, the
ionized center was described by using the IGLO-III basis.36 A diffuse even-
tempered augmentation basis set was finally included at the excitation
center to account for transitions to unbound resonances. The NEXAFS
spectra were generated through a Gaussian convolution of the discrete
spectra with varying broadenings. For an energy range 9�10 eV near the
ionization threshold the broadening (FWHM) was set to 1.0 eV and for
the remaining part of the spectrum the FWHM was linearly increased up
to 20 eV with energy.

’RESULTS AND DISCUSSION

In Figure 1, the AFM images of the samples prepared by
adsorption on hydrophilic and hydrophobic substrates at low and
high temperatures are shown. It can be observed from the images
that on hydrophilic substrate the coverage is low (film thickness
cannot be measured, as mentioned before) and the polymer
molecules form isolated clusters whereas on the hydrophobic
substrate chain-like elongated structures are formed. While
maintaining the morphology, the coverage was found to increase
at higher temperature for both substrates. This behavior of self-
assembly indicates that the nature of the substrate plays themajor
role in determining themorphology of the polymermolecules on
the surface.

Below the LCST, the polymer is hydrophilic, and by the
general notion, we believe it is likely that it would be more
attracted on a hydrophilic substrate at this stage; however, what
we observe is different, even at this stage the polymer prefers
hydrophobic substrate over hydrophilic one. It appears that
although the chain morphology in the solution at lower tem-
perature is different compared to that of higher, this does not
influence the nature of the self-assembled structure. Very low
coverage on hydrophilic substrate in both temperatures suggests
that when interacting with a substrate, PNIPAM prefers a
hydrophobic surface over a hydrophilic one ignoring its own
internal morphology or philicity in water.

In Figure 2, we have shown the XPS survey scan spectrum for a
PNIPAM sample (sample 3). The spectrum shows that the
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sample is clean and atomic concentrations agree well with the
chemical compositions of the material. Oxygen data are not
shown as it is present on the substrate surface also.

It is noteworthy that the NEXAFS spectra for samples
prepared at high and low temperature do not show any qualita-
tive difference. Therefore, in Figure 3 we have shown theC andN
K-edge NEXAFS spectra for samples 3 and 4, prepared at higher
temperature and sample 6 (spin-coated) for the two different
orientations of the electric field vector with respect to the surface.
The difference in spectra for different orientations of the field
vector is a clear indication that the polymer molecules are
oriented on the surface in a specific manner. The main features
of the C K-edge spectra for all the samples are the following.
When the electric field was aligned parallel to the film surface the
intensity of the sharp π* transition at about 288.5 eV for all the
samples was found to be higher in comparison to that of the
perpendicular orientation of the field. A small peak at low energy
around 285 eV in C K-edge spectra was attributed to the
radiation damage effect of the samples because its intensity
increases with the prolonged X-ray exposure. For N K-edge,
the N�H σ bond which has a π-like character due to the
orientation of the lone electron pair in the nitrogen atom, exhibits
a π-like sharp σ* transition around 401.5 eV. This transition
shows higher intensity compared to broad C�N σ* transition
when the electric field is parallel to the surface for all the samples.
However, a careful observation to the C�N σ* transition peak
indicates that there is a clear difference in the nature of this peak
between the films that are self-assembled on hydrophilic and
hydrophobic substrate (Figure 3, parts a and b). In case of

hydrophilic substrate there are two major peaks with the one at
lower energy being higher in intensity whereas on hydrophobic
substrate this region shows three clear peaks with increasing
intensity with energy. Furthermore, it is curious to note that the
N K-edge spectra for the spin coated sample shown in Figure 3c,
which was spun on a hydrophilic silicon substrate, shows similar
behavior that was observed for self-assembled films on hydro-
phobic substrate.

In Figure 4, we have shown the O�K edge spectra of high
temperature sample at two different field orientations as a typical
case. It may be noted that the variation of the spectra with respect
to the electric field orientation is similar in nature to those of

Figure 2. XPS survey scan for adsorbed sample on hydrophilic substrate
(sample 3).

Figure 1. AFM images of samples prepared by adsorption at 8 �C on (a) hydrophilic substrate and (b) on hydrophobic substrate; samples adsorbed at
temperature 60 �C on (c) hydrophilic and (d) on hydrophobic substrates. The line profiles are shown at the inset of the corresponding figure.



5753 dx.doi.org/10.1021/ma200614w |Macromolecules 2011, 44, 5750–5757

Macromolecules ARTICLE

carbon and nitrogen spectra. However, the absorption band from
the oxides on the silicon surface appears close to the σ*

transitions of the polymer as shown in the figure. Therefore,
no conclusion was drawn from the O K-edge data.

It may be noted that the morphology of the polymer chains in
water are different below and above the LCST. Below LCST, the
chains are soluble and extended whereas above LCST they are
insoluble and globular in nature. The NEXAFS spectra indicate
that although the polymer chains were having different morphol-
ogies in the solution, they are oriented in a similar fashion on
hydrophilic as well as hydrophobic substrate. This indicates that
the substrate�polymer interaction plays a dominant role as
compared to the intramolecular interaction when the polymer
molecules self-assemble on Si substrate. However the difference
in the AFM data for the self-assembly on two substrates indicates
that there is some salient difference between the two cases. The
NEXAFS results suggest that the planar CONH parts of the
polymer chains are oriented in out-of-plane direction perpendi-
cular to the substrate surface. It may be speculated that both
H-terminated hydrophobic as well as OH-terminated hydrophi-
lic substrates may take part in hydrogen bonding or dipole type

Figure 3. Representative C and N K-edge NEXAFS spectra for samples prepared by (a) adsorption on hydrophilic and (b) hydrophobic substrates and
(c) spin-coating on hydrophilic substrate for the two different X-ray incident angles. Normal incidence (θ = 90�) and glancing incidence (θ = 20�)
indicates parallel and nearly perpendicular orientations of the electric field vector with respect to the sample surface, respectively. All spectra are
normalized to the height of the first sharp peak (instead of same edge-jump) for clarity of discussion.

Figure 4. Typical O K-edge NEXAFS spectra for adsorbed sample on
hydrophobic substrate. X-ray spectrum of the native oxide present on
the substrate surface is shown by the solid blue line.
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interaction with the oxygen or the nitrogen atoms of the CONH
groups in the polymer side chains. Therefore, it is likely that the
CONH group can have different orientations with respect to the
substrate, in other words, either the oxygen or the nitrogen atom
may have closer proximity to the substrate. There is another
possibility of orientation in which both oxygen and nitrogen
atoms are at similar distances from the substrate, in which case
the CONH plane should lie parallel to the substrate. However,
the experimental observations do not support the latter possibi-
lity as a major event.

’CALCULATIONS

In order to substantiate the experimental findings and to
understand the situation in a better way, we have performed
theoretical investigations. It has been observed from the calcula-
tion that when the electric field direction is made perpendicular
to the CONH plane the CdO π* and N�H σ* transitions
become pronounced whereas these peaks reduce substantially
when the field direction is parallel to the plane as shown in
Figure 5. However, for the polymer samples it is unlikely that all
the CONH groups will be aligned in a particular direction as
there is entanglement of the chains. It is possible that some part

of the polymer chain in the films would have random orientation
with respect to the field direction. Therefore, the resultant
spectrum should be a weighted average of the aligned and
randomly oriented molecules.

For calculation of absorption spectra on hydrophilic substrate,
a hydrogen-terminated monomer unit was taken. The effect of
hydrophilic substrate was introduced through a weakly interact-
ing cluster of five Si atoms where four outer atoms have dangling
OH groups. The geometry optimization calculation shows that in
one possible configuration hydrogen bonding with bond dis-
tances of 1.81 Å between the oxygen atom of the molecule and a
hydrogen atom of the OH group of the substrate is likely to occur
as shown in Figure 6a. In this configuration the CONHplane is at
an oblique direction to the surface. However, another possible
configuration as shown in Figure 6b is obtained where the
molecule does not show affinity toward the substrate, rather it
tend to deviate away from the surface. It was interesting to note
that none of these configurations could generate the observed
NEXAFS spectra correctly.

The segregated clusters on the hydrophilic substrate observed
from AFM suggest that the configuration shown in Figure 6b is
more likely in these films. However, although configuration
shown in Figure 6a is not preferred in this case, it is responsible

Figure 5. Effect of electric field orientation with respect to CONH plane as obtained from X-ray absorption spectra (XAS) calculations at (a) C K-edge
and (b) N K-edge on free PNIPAM molecule containing three monomer units. The inset shows the different orientations of the electric field
considered37 for the calculations.

Figure 6. Geometry-optimized molecular models for samples grown on hydrophilic substrate. Atomic distances between the oxygen and nitrogen
atoms and the surface hydrogen atoms are indicated. The plane in the figures indicates the position of silicon surface. Color code: hydrogen (white),
carbon (gray), oxygen (red), nitrogen (small blue), and silicon (large blue).
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for the attachment of the chains to the substrate. Combining the
AFM observation and the calculated configurations it may be
assumed that only a few segments of the chains interact with the
substrate and the rest majority remains free in this case. With this
model in mind, calculations were attempted with free polymer
molecules and a reasonably good agreement between the theo-
retical absorption spectra and experimental data was observed
when the polymer chain in the calculation was modeled with

three monomer units. It was interesting to note that the CONH
plane orients nearly parallel to each other for the three units in
the optimized geometry. This indicates that if one segment is
oriented to the substrate in a manner shown in Figure 6a several
following segments will be aligned in a similar way. It can be
understood from the calculated configurations that all the
molecules are unlikely to be oriented in a particular direction.
We observed that a combination of 25% oriented and 75%
random molecules was in good agreement with experimental
data. In Figure 7, we have shown the comparison between the
experimental data for sample 3 grown on hydrophilic substrate
with the calculated absorption spectra. It may be noted from the
figure that matching between the theoretical and experimental
results are much better in case of nitrogen (Figure 7b) as
compared to carbon (Figure 7a). This may be explained in terms
of the fact that there is only one nitrogen atom per monomer unit
of the polymer and all the contribution to the spectrum are due to
this atom.

Therefore, correct modeling of this single atom in the
calculation is expected to reproduce the NEXAFS data correctly.
On the other hand there are six carbon atoms in a monomer unit,
and the NEXAFS data are a sum of contributions from all of
them. As the orientation of a specific atom is important for the
absorption calculation, we have taken only three atoms (one in
the CONH unit and other two adjacent to it) that are likely to
form a planar structure in the calculation. Themismatch between
the calculation and the experimental data for carbon (Figure 7a)
are possibly due to exclusion of contribution of the other three
carbon atoms due to their unknown orientation.

It has been mentioned earlier that the chain-like structures
observed in AFM for films deposited on hydrophobic substrate
was due to strong substrate polymer interaction. Therefore, for
the calculation of the absorption spectra for films on hydro-
phobic substrate, the effect of hydrogen passivated silicon surface
was introduced. The effect of hydrophobic substrate was intro-
duced through a cluster of five Si atoms with four outer atoms
having dangling H atoms. The molecular models optimized by
the calculation are shown schematically in Figure 8. It can be
observed from Figure 8a that the CONH plane is standing
vertically on the SiH surface with the oxygen atom pointing
downward between the three surface hydrogen atoms. The
atomic distances between the oxygen atom and the surface

Figure 7. Comparison between the experimental data for sample 3 on
hydrophilic substrate with the calculated absorption spectra: (a) C�K
edge; (b) N�K edge. A chain of three monomer units terminated with
hydrogen atoms was used for the calculation.

Figure 8. Geometry-optimized molecular models for samples grown on hydrophobic substrate. Atomic distances between the oxygen and nitrogen
atoms and the surface hydrogen atoms are indicated. The plane in the figures indicates the position of silicon surface. Color code: same as Figure 6.



5756 dx.doi.org/10.1021/ma200614w |Macromolecules 2011, 44, 5750–5757

Macromolecules ARTICLE

hydrogen atoms observed from the geometry optimization
calculation were 3.15, 2.85, and 3.17 Å, which indicate that these
are van der Waals type bonds.38

It has been observed that the spectra gives the characteristic
four-peak structure as observed in the experiment only when the
effect of substrate is included in the calculation as shown in
Figure 9. Another probable configuration as shown in Figure 8b
was also obtained. In this case the CONH plane was parallel to
the surface. It is believed that in the actual situation configuration
of Figure 8a was more probable compared to that of Figure 8b
along with the random ones. Similar to the hydrophilic case, we

have calculated the NEXAFS spectra with a combination of 25%
oriented with configuration of Figure 8a and 75% of random coils
and observed a reasonable agreement with the data. In Figure 10,
we have presented the experimental and calculated NEXAFS
spectra for films on hydrophobic substrate.

The spin-coated samples were prepared on hydrophilic sub-
strates. From general notion it is expected that the absorption
spectra for spin-coated samples should match with those of the
films adsorbed on hydrophilic substrate (samples 1 and 3).
However, the data shown in Figure 2 appear to have more
resemblance with those of adsorbed films on hydrophobic
substrate (samples 2 and 4). It may be noted that for adsorption
process the polymer chains are free to self-assemble on the
substrate according to the mutual interaction between them
whereas for spin-coating the polymer molecules are somewhat
forced to settle on the substrate. For this reason a better quality
film is obtained on hydrophilic substrate by spin-coating as
compared to adsorption. Absence of this force in the calculation
for spin-coated films therefore leads to incorrect geometry
optimization and transition cross-section calculations. As a
consequence, NEXAFS spectra could not be calculated to
suitably match the experimental data for spin-coated films.
Nevertheless, the similarity of the data for the spin-coated films
with the calculated spectra for adsorbed films on hydrophobic
substrates clearly indicates that strong interaction between the
substrate and the polymer molecules are present in this case.

’CONCLUSION

In conclusion, we have studied self-assembled PNIPAM films
on hydrophilic and hydrophobic substrates. The initial morphol-
ogy of the polymer chains during self-assembly was controlled by
maintaining the solution temperature below and above LCST.
Below LCST, the chains are soluble and extended whereas above
LCST they are insoluble and globular in nature. The NEXAFS
spectra indicate that the polymer chains are oriented similarly on
hydrophilic as well as hydrophobic substrate although the chains
were having different morphologies in the solution at different
temperatures. This indicates that the substrate�polymer interac-
tion plays a dominant role as compared to the intramolecular
interaction when the polymer molecules self-assemble on Si
substrate. Although NEXAFS data suggest similar morphology
on the substrate for both types of surfaces, AFM studies suggest
that the morphology of the polymer chains was widely different on
hydrophilic substrate compared to the hydrophobic ones. To
address these apparent disagreement absorption spectra was
calculated using density functional theory. The results show that
on hydrophobic substrate polymer�substrate interaction was
stronger as compared to that with hydrophilic substrate. However,
on both substrates a combination of about 25% oriented
and 75% random molecules are found to reproduce the experi-
mental data well. Effect of external force during polymer substrate
attachment spin-coated films on hydrophilic substrate were
also studied. Our results show that although in case of self-
assembly on hydrophilic substrate the polymer�substrate inter-
action was weak, in case of spin-coated films this interaction plays a
dominant role.
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