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In the present study, the chemical structure of thermoresponsive copper-doped
poly(N-isopropylacrylamide) thin films was investigated. The polymer thin films were
deposited by spin-coating from a solution containing the polymer on silicon windows.
Spin-coating was carried out at certain conditions yielding films of nanometric-scale thick-
ness (170-250 mn). Thermal transitions such as low critical solution temperature (LCST)
and glass transition temperature (T,) of polymer samples with respect to copper concentra-
tions were studied by the differential scanning calorimetry (DSC) technique. Thermograms
show that thermal transitions shift to higher temperatures after doping polymer with Cu™>.
Heat capacity (Cp, JIg.°C) also increases as the concentration of Cu*? increases. Fourier
transform-infiared (FT-IR) spectrum of pure poly(N-isopropylacrylamide) film exhibits
several characteristic stretching bands attributed to V,; (NH), amide I (C=0), and amide
II (C-N) respectively. The infi-ared spectrum of the covresponding Cu>-doped polymer thin
films showed a significant shift in the characteristic bands compared to that of pure polymer,
indicating a strong interaction between Cu'? and poly(N-isopropylacrylamide). The
UV-visible spectrum of Cu">-doped poly( N-isopropylacrylamide) shows the creation of a
new band positions at 276 nm and 278 nm. These bands are absent in the pure polymer spec-
trum, indicating a complex formation between Cu™? and poly( N-isopropylacrylamide). Coil
to swollen aggregate formation was investigated by using the tapping mode atomic force
microscopy (AFM) technique. Addition of copper ions to the polymer shows a clear change
in the morphology of the polymer thin films compared to the morphology of pure
poly(N-isopropylacrylamide) prepared with water as solvent, resulting in clusters that
approach single nanoparticle behavior.
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INTRODUCTION

Poly(N-isopropylacrylamide) (PNIPAM) is one of the most stimuli-responsive
polymers.[ It has a lower critical solution temperature (LCST) in water at approxi-
mately 32°C.['?! PNIPAM has a great potential for applications in biomedical
fields,” > switches,[! and immobilization of enzymes.!”!

PNIPAM chains have a hydrophobic group on the backbone structure. In
water solution and below the LCST, the polymer chains are hydrated by the water
molecules and form a swollen structure. As the temperature increases above the
LCST, hydrogen bonds between the amide groups and the water molecules are
suppressed, inducing collapse of the chains.®! Clusters will be precipitated and
formed out of the solution in nanometer-scale size.!”! This effect of PNIPAM-coated
surface on substrates offers the ability to control important interfacial phenomena
such as wetting,[lo‘”] fluid flows,'? adhesion,!'¥! and the reversible adsorption of
biomolecules as a function of temperature.!'¥

Different techniques were reported for the preparation of thin PNIPAM films:
plasma polymerization,™ solution casting,'® layer-by-layer deposition,!”-!¥!
self-assembled monolayers,"'” spin-coating,?**!! and dip-coating.*? Spin-coating
is an interesting technique commonly used to deposit thin polymer films onto sub-
strates in many fields of polymer preparation and is suited to control film thickness
over a wide range. Spin-coating has been applied in many fields of fabrication, such
as dielectric layers for microcircuit fabrication®’! and antireflection coatings.*¥
Within the present work we apply the spin-coating technique, which is infrequently
used for the preparation of PNIPAM thin films.

The Cu (II) ion introduces more packing efficiency to the host, which in turn
influences the thermal properties and the morphology of the formed polymer film.
The aim of the present work is to study the thermal and surface properties of
Cu-doped PNIPAM by using differential scanning calorimetry (DSC) and
atomic force microscopy (AFM). Moreover, the complex formation was character-
ized by using Fourier transform-infrared (FT-IR) and ultraviolet-visible (UV-vis)
techniques.

As a result of FT-IR and UV-visible spectroscopy, it was found that
PNIPAM could coordinate with Cu*? and form the complexes of PNIPAM-Cu™*?

at different concentrations. DSC results showed a significant change in the lower
critical solution temperature and degree of crystallinity of PNIPAM. Surface
characterization of PNIPAM and PNIPAM-Cu'? complexes was carried out by
using AFM, and the result showed that the surface features of pure PNIPAM
below the LCST were significantly different from the surface features of
PNIPAM with Cu"? complexes by the formation of clusters when water is used
as solvent.

DSC allows the LCST and the degree of crystallinity to be obtained. The
peak area was proportional to the enthalpy change in the polymer, and the
enthalpy change was related to the amount of crystalline materials present, thus
allowing an estimation of the degree of crystallinity. In order to calculate the
crystallinity, the enthalpy of fusion for the 100% crystalline material must be
known.*”!
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EXPERIMENTAL SECTION
Materials and Methods

Poly(N-isopropyl acrylamide), copper chloride hexahydrate (CuCl,-6H>0),
and absolute ethanol 99% were purchased from Sigma-Aldrich Co. The average
molecular weight of PNIPAM is 20-25 KDa. The chemical structure of PNIPAM
is shown in Scheme 1. PNIPAM was prepared onto the silicon window through
the spin-coating process. For the preparation of 1% (wt/wt) PNIPAM polymer
solution, 0.01 g of polymer was dissolved in 1 mL solvent (water or ethanol). Differ-
ent concentrations of copper solution were prepared. Gradual addition of copper
solution to polymer was carried out to obtain 1%, 2.5%, 5%, 7.5%, and 10% wt/wt
wt PNIPAM-Cu "2 complex formations.

The spin-coating parameters—spin speeds, spin time, and solution concentra-
tions—were controlled to obtain a desired PNIPAM film thickness (250-320 nm).
Different concentrations of PNIPAM-Cu™? complexes were prepared (1%, 2.5%,
5%, 1.5%, and 10% wt/wt) and stirred overnight. The solutions were centrifuged
for 3h at 7500 rpm. Thin films were prepared by using the spin-coating method on
silicon windows as substrates; the coating was accelerated to 6500 rpm with a time
of 40s to get a thin film of desired thickness. The coated films were dried at 25°C
for 1h to complete removal of solvents.

The silicon window with radius of 1.2cm is covered completely with the
polymer solution. Film thickness is calculated from the density of the solution and
the weight of the thin films. The range thickness of sample films can be easily
calculated and has been found to be on the nanometric scale.

Instruments

The FT-IR spectra of thin film samples were recorded with a Bruker IFS66/S
spectrophotometer.

The NanoDrop ND-1000 spectrophotometer was used to perform the UV-vis
spectra. A 1 uL sample was pipetted onto the end of a fiber optic cable (the receiving
fiber). A second fiber optic cable (the source fiber) was then brought into contact
with the liquid sample, causing the liquid to bridge the gap between the fiber optic
ends. Reproducibility was checked for all the samples and no significant differences
were observed.

ECH,—CHY,
C=0
\H
CH,4

o

Scheme 1. Chemical structure of PNIPAM.
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A scanning atomic force microscope (AFM) and software designed by
Nanotech Electronica Company (Madrid, Spain) were used for topographical inves-
tigation.”® A SiN tip with a resonance frequency in the range of 190-325KHz and
force constant in the range of 5.5-22.5N/m with tip diameter of 10 nm was used as
the AFM probe. Tips were purchased from NT-MDT Company (Russia).

Chemat-Technology Spin-Coater KW-4A was used to prepare thin films in the
range of nanometric scale thickness.

Thermogram and percent crystallinity of sample thin films samples were
obtained by Jade Differential Scanning Calorimetry from PerkinElmer Co.

RESULTS AND DISCUSSION

Figures 1 and 2 represent the FT-IR spectra of the samples in water and EtOH
solvent respectively. Table 1 shows the position of the characteristic bands of
PNIPAM and Cu'?-doped PNIPAM in water and ethanol as solvents at different
concentrations.

The FT-IR spectrum of pure PNIPAM exhibits three characteristic stretching
bands appearing at 3298, 1649, and 1540 cm ™', which have been attributed to V,q
(NH stretching), amide 1 (C=0), and amide II (N-H bending) respectively. These
vibrations can be influenced by Cu™? doped in the polymer.

The results indicate that there is an interaction between PNIPAM and Cu™>,
leading to a decrease in the electron density of nitrogen and oxygen atoms. The
interaction between Cu™> and PNIPAM appears through the frequency shift of
V.s (NH), amide I, and amide II peak positions of pure PNIPAM film. The intensity

W
N SN

'NH Streching Amidel Amide Il
M_u—‘\/w‘\fﬂ

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)

Figure 1. FT-IR spectra of PNIPAM-Cu(II) doped in water solvent at different concentrations: 1%, 2.5%,
5%, 1.5%, and 10%, a—e respectively.
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Figure 2. FT-IR spectra of (a) pure PNIPAM film in EtOH solution and (b)—(f) PNIPAM-Cu"? complex
films at 1%, 2.5%, 5%, 7.5%, and 10% (wt/wt) respectively.

of the amide I, which is centered at 1649 cm™", is due to C=0 stretching vibration,

which is quite sensitive to hydrogen bonding.!”® The interaction between Cu*? and
PNIPAM reduces the strength of hydrogen bonding, which causes a decrease in the
magnitude of the dipole moment change and results in a less intense carbonyl
band.®” The position of amide I and amide II bands can change with the variation
of the conformation of PNIPAM chains in different solvents."!

UV-visible spectroscopy provides an accurate and simple method for determin-
ing geometry around the transition metal ion in the formation of the polymer
complexes.*!

The optical absorption spectra of PNIPAM and Cu*? solutions in water sol-
vent are shown in Figures 3 and 4, respectively. The UV-vis spectrum of PNIPAM
exhibits maximum absorption (4.x) at 228 nm corresponding to = and # electron
transition localized on C=0 group of PNIPAM. The A.x of Cu™ solution appears
at 270 nm. However, in Figure 5, UV-visible results of PNIPAM-Cu™? exhibited an
electronic spectrum that differed from the spectrum of both pure polymer and metal

Table I. Characteristic bands of PNIPAM and Cu>-doped PNIPAM at different concentrations

Band position

V.s NH Amide 1 Amide II

Sample (a) (b) (a) (b) (a) (b)
PNIPAM 3298 1649 1540
PNIPAM-Cu*? 1% 3302 3297 1648 1650 1541 1515
PNIPAM-Cu™? 2.5% 3306 3294 1648 1648 1543 1519
PNIPAM-Cu*? 5% 3308 3305 1647 1655 1543 1508
PNIPAM-Cu™*? 7.5% 3313 3311 1644 1655 1546 1511
PNIPAM-Cu*? 10% 3314 3315 1642 1655 1548 1524

(a) Represents the spectra in EtOH solvent.
(b) Represents the spectra in Water solvent.
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Figure 3. UV visible spectra of PNIPAM solution in water solvent.

solution at different concentrations. The formation of additional new bands at
276 nm and 278 nm confirms the complex formation. The results in EtOH solvent
are similar to the results with water solvent.

DSC measurements were performed using PerkinElmer DSC equipment.
Samples of about Smg, with aluminum pans, nitrogen flow, and a scan rate of
10°C/min were used. The results reported here corresponded to the first heating scan
obtained by Cheng et al.*”!

0.20
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2
=1
_"Q" 0.104
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<
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Figure 4. UV-visible spectra of Cu™ solution in water solvent.
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Figure 5. UV-visible spectra of PNIPAM-Cu™? at a, 1%; b, 2.5%; ¢, 5%; d, 7.5%; and e, 10% concen-
tration.

PNIPAM has a glass transition temperature (T,) of 136.9°C.1*? Table II
reports the thermal peak positions of pure PNIPAM and the PNIPAM-Cu*? film
complexes. Pure PNIPAM film has a low critical solution temperature of 31.2°C
and glass transition temperature of 136°C, while the PNIPAM-Cu™ at 5% and
10% shifted in LCST to 32.1°C and 33.8°C respectively, as shown in Figure 6.
The enthalpy changes also decreased with increasing Cu™*? concentrations.

Figure 7 shows a significant shift in glass transition temperature at 5% and 10%
to 138°C and 139°C. This shift is due to a type of interaction that occurs between the
hydrophilic part of PNIPAM and Cu ' metal ions. The heat capacity of PNIPAM
film increased as the concentration of Cu™ increased.

AFM analysis was performed on the Cu'*-doped PNIPAM thin films
adsorbed onto silicon substrates for both solvents, water and ethanol. As can be seen
in the AFM images in Figure 8 and in the case of water as solvent, there is a signifi-
cant difference in the morphology of the film when Cu™? is added to the PNIPAM.
As the Cu concentration increases, the probed surface shows that aggregates are
formed and are more pronounced with the concentration increase of Cu™?, as shown
in Figures 8(a) and (b), to transform into nanoparticle-like behavior at higher Cu

Table II. Thermal peak positions of DSC samples

Peak position” Peak position”
Sample LCST (°C) AH (J/g) T, (°C) Cp (J/2)
PNIPAM 31.5 2.06 132.8 0.455
PNIPAM-Cu*? 5% 31.8 2.80 134 0.536

PNIPAM-Cu*? 10% 323 3.7 137.6 0.605
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Figure 6. DSC thermogram of (a) PNIPAM, (b) PNIPAM-Cu™*? (5%), (c) PNIPAM-Cu*? (10%).

concentration. The roughness of the surface increases as well. Representative
behavior of the increase in roughness is shown in Figure 8(d), (e), and (f), which
are the height cross sections of the AFM images shown in the row above. Figure 9
reveals the effect of ethanol for the high concentration of 20% to 15% of Cu. In the
case of ethanol as solvent, AFM images show that the effect of copper is not the
same when water is used as solvent (see Figure 9). As the concentration of Cu
increases, no aggregates are formed. The cross section of the image in Figure 9(a)

Heat Flow (myy)
H
=~} = ~

endo

127 130 135 140 145 150 155 160
Temperature (°C)

Figure 7. T, of (a) PNIPAM thin film 1% (wt/wt), (b) PNIPAM-Cu*? at 5%, (c) PNIPAM-Cu*? at 10%.
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Figure 8. AFM images of the deposited copper-doped poly (N-isopropylacrylamide) thin films on silicon
substrates for different concentrations of copper. The polymer is dissolved in water. (a) 1% of Cu*?, (b)
7.5% of Cu*?, (c) 20% of Cu*. Figures (d), (e), and (f) correspond to the cross-sectional lines for images
(a), (b), and (c) in the row above.

is given in Figure 9(b). More data are available for more concentrations, showing the
same result for water and ethanol solvents.

Furthermore, current (I) and voltage (V) measurements were performed on the
different surfaces with different concentrations of Cu for conductivity investigation.
I-V analysis was carried out using the AFM system. Figure 10 shows the I-V curve
taken for PNIPAM doped with 20% of Cu™, indicating the high presence of the
metal in the polymer. The I-V curve shows diode-like behavior. No such behavior

X[oum)

Figure 9. (a) AFM images of the deposited copper-doped poly (N-isopropylacrylamide) thin films on
silicon substrates for a concentration of 15% copper. The deposited film polymer was dissolved in ethanol.
(b) Cross section from AFM image of (a) showing the heights of the formed film.
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Figure 10. I-V measurement for the Cu-doped PNIPAM with a concentration of 20% of Cu.

has been observed for the surfaces deposited from the ethanol solvent at all
concentrations of Cu™? or even at low concentration of Cu™? when water was used
as solvent.

CONCLUSION

PNIPAM doped with Cu*? films were investigated by FT-IR, UV-visible
spectroscopy, and DSC. The morphological features of the sample thin films were
determined by using AFM. The effect of Cu™ on the hydrophilic side group in
the PNIPAM backbone is significant. The thermal properties of PNIPAM (LCST
and T,) were improved to some extent with the addition of copper ions. The surface
roughness changes as the concentration of copper increases in water solvent. Forma-
tion of clusters approaches nanoparticle-like behavior upon copper doping with high
concentrations. These results open PNIPAM to wider applications in nanotechnol-
ogy than previously known.
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