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Abstract: Poly (N-isopropylacrylamide) (NIPA)-Graphene oxide (GO) composites were
polymerized radically with various contents of GO solution. The gelation process was
performed by Steady State Fluorescence Spectroscopy. The results of gelation were
modelled by Percolation and Classical Model, respectively. Our results show that the
critical exponent of gel fraction that agrees with percolation model till 25 pL content of
the GO solution. On the other hand, the optical energy band gap of the NIPA-GO
composite was decided by using UV spectrophotometry from the absorbance
measurement in the range of 200-800 nm. The effect of graphene oxide dopant on the
gap has been examined for NIPA-GO composites. In conclusion, their gelation process
and optical energy band gap behavior were investigated and correlated to the GO content
in the composites.
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INTRODUCTION

Graphene oxide (GO) is a carbon-based material in two dimensions (2D) and has
hydrophilic oxygenated functional groups including hydroxyl (-OH), epoxy (-C-O-C-),
carbonyl (-C=0), and carboxyl (-COOH) groups (1). These groups also enable GO to be
functionalized through covalent approaches (2). GO shows some heterogeneous optical
transition and nonlinear dynamics because of its characteristic hybrid structure, in which
the sp? carbon nanoislands are isolated by the sp3 carbon matrix (3). In parallel with
developments from the basic scientific perspective, many applications of GO have been
proposed and are currently being explored. Thus, it can be used as a super capacitor, gas
sensor, drug delivery system, and nano-electronic device (2-4), and also presents the

behavior of high strength, and thermal stability (5).

Poly (N-isopropylacrylamide) (NIPA) is well known as a temperature-sensitive gel (6)
which is chosen and studied for various technological applications. NIPA structures with
graphene oxide was prepared by click chemistry and RAFT polymerization (7). The
swelling of stimuli-responsive polymers grafted of graphene oxide was performed for
controlled drug release by changing temperature (8). And also, pH effect on the polyvinyl
alcohol- graphene oxide was studied for the release performance (9). GO in the PVA-GO
network behaves as a crosslinker and the network in the acid can be performed as a pH
controlled drug. As a thermoresponsive hydrogel, NIPA contained graphene was prepared
by frontal polymerization (10). The rheological and swelling properties were mentioned
by SEM and Raman spectroscopy. On the other hand, NIPA grafted various graphene
contents were produced to investigate the effect of thermoresponsive properties (11).
When the temperature increases, the morphological properties were changed between 33
and 40 °C. NIPA in aqueous solution was grafted by graphene oxide to be characterized
by rheological experiments (12). The study includes the comparison of the behavior of
PNI-GO and PNI-RGO (Reduced graphene oxide) composites. NIPA- GO (GPNM) hybrids
were designed for both hydrophilic and hydrophobic drugs in aqueous medium, and
investigated the origin of the enhanced fluorescence property (13). Previously, we
studied the gelation of polyacrylamide (PAAm)-NIPA (14), PAAm-kC (kappa-carrageenan)
(15), PAAM-MWCNT (multiwalled carbon nanotubes) (16), PAAM-GO (17). The

universality of them was modelled by using Classical and Percolation theory.
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In this article, graphene oxide (GO) has been wused to prepare poly(N-
isopropylacrylamide) (NIPA)-GO composites with improvement to the universality on the
gelation of the composite by a free radical copolymerization with various GO contents in
the range between 0-35 uL. Steady-State Fluorescence Spectroscopy was performed for
the gelation process of NIPA-GO composites. The gelation and its weight average degree
of polymerization were monitored and tested as a function of GO contents. The critical
exponent, B near the percolation threshold was calculated. And also, optical energy band

gap was calculated from absorption spectrum fitting method (ASF).

MATERIALS AND METHODS

NIPA- GO composites were designed by using 1 M NIPA (N-isopropylacrylamide) with
changing amounts of GO (Graphene Oxide) respectively; 0, 5, 15, 25, 30, and 35 puL
were used at room temperature. GO was purchased from Graphenea (Spain). Its
concentration is 4 mg/mL and is dispersed in 250 mL of water. The purity of commercial
GO is higher than 95% (wt). The absorbance and SEM images of GO are given in Figure
1(a) and (b), respectively (18). The composite was copolymerized radically including
0.011 g of NIPA, 0.020 g of N, N'-methylenebisacrylamide (BIS, Merck), 0.016 g of
ammonium persulfate (APS, Merck), and 6 pL of tetramethylethylenediamine (TEMED,
Merck) were dissolved in 10 mL of distilled water (pH 6.5). The chemicals are given in
Figure 2. GO was added to the solution just before the addition of TEMED. A Perkin-Elmer
model LS-55 spectrometer, and UV spectrophotometry was performed in the gelation
process. During the gelation experiment, the composite for each sample was at 90°
position and was excited by 340 nm and the behavior of scattering at 340 nm, emission
at 427 nm and 512 nm of light intensities were monitored as a function of time, and also
optical band gap measurement by UV spectrophotometry was performed for each

concentration.
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Figure 1. (Top) Absorbance of GO and (bottom) SEM images of GO (16).
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Figure 2. Chemicals of the composite in the experiment.
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RESULTS AND DISCUSSION

The fluorescence spectra of the behavior of pyranine in the composite by changing time
for 15 yL GO content are shown in Figure 3(a). At the beginning of the gelation, the
wavelength at 512 nm-peak is at the maximum, which shows the free pyranine in the

composite.

During the gelation process, the wavelengths behave to increase to the 427 nm-peak,
and decrease to the 512 nm-peak, and also the short wavelength at 380 nm shifting
through 427 nm which gives the information about the interaction between the
monomer, GO and pyranine as defined in the previous studies (14-17, 19). Because
pyranine is a fluorescent probe and its photophysical properties are well characterized
and can be bound to polymeric structure because of having three functional groups (20).

While polymerization, its three functional groups can bind to the polymeric system.

Since the wavelengths shift from 380 nm to 427 nm as shown in Figure 3(b) because of
the binding of SOs3” groups on pyranine to protonated amide groups on the NIPA
electrostatically and binding -OH groups in pyranine to a vinyl group on the NIPA

covalently, NIPA polymer chains grow (21).
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Figure 3. (a) The fluorescence and (b) absorbance spectra of the NIPA- 15 pL of GO
composites for a given reaction time during the gelation process, respectively.

Figure 4 shows the behavior of the free pyranines referring to I fee at 512nm peak in the
composite versus time for 15 yL and 30 pL of GO contents, respectively. As seen in
Figure 4, the intensity of the free pyranines at 512 nm first decreased and then increased
until some point, and then descended at the end of the reaction for GO contents.
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Figure 4 The intensity at 512 nm variations of free pyranine for 15 pL and 30 L of GO
contents, versus gelation time, respectively.

Figure 5 presents the behavior of bonded pyranine at 427 nm peak with respect to the
time for 15 pL and 30 pL of GO contents. When Icoss refers for bonding between pyranine
and monomers of NIPA shifting from 380 to 427 nm, the polymerization has been
realized. Thus, the fluorescence spectra were monitored in the large periods of time in

Figure 5. These data are used to decide the critical behavior of the gelation as shown in

Figure 6.
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Figure 5. The fluorescence intensities at 427 nm variations of the pyranine, bonded to
the NIPA for 15 pL and 30 pL of GO contents versus gelation time, respectively.
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The assumption of gelation theory is given by the conversion factor, p, which decides the
behavior of gelation process by changing temperature, concentration of monomers, and
time (22-24). When the temperature and concentration are kept constant, then p will be
directly proportional to the reaction time, t. This proportionality can be assumed that in

the critical region. Therefore, |p — pc| is linearly proportional to |t — tc| (25- 26).

The fluorescence intensities in Figure 3 give the information about the weight average
degree of polymerization and the growing gel fraction for below and above the gel point,
respectively. It can be proven by using a Stauffer type argument under the assumption
that the monomers occupy the sites of an imaginary periodic lattice (22-24). Therefore,
the fluorescence intensity, I, measures the weight average degree of polymers or

average cluster size below tc as given in Eq.1.
1 < .
On the other hand, if the intensity from finite clusters distributed through the infinite

network I (in EQ.2) is subtracted from the maximum fluorescence intensity,

I o DP =C_(t —t}f t>Le (Eq. 2)
ct w c

Then, the corrected intensity Ims measures only the gel fraction G, the fraction of the

monomers that belong to the macroscopic network above tc as given in Eq.3.

I, OCG:B(t_t )H t >t (Eq. 3)
ct c

C*, C, and B are the critical amplitudes in Equations 1-3. The ratio C/C* has different
values for mean-field versus percolation as discussed by Stauffer (22) and Aharony (27).

The estimated values for C/C* are given in Table 1.

Table 1. The ratio C/C* values by Stauffer (22) and Aharony (27).

Classical Percolation
Direct ¢ Yeexp=1.840 and y=1.7 and B Series and
expansion Beexp = 0.52 = 0.4 Montecarlo
c/Ct 1 1/2.7 1/3.5 1/4.3 1/10
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Figure 6. Intensity at 427 nm versus during gelation of the composite gel of NIPA-15 pL
of GO. The curve depicted by squares represents the mirror symmetry Ims of the intensity
according to the axis perpendicular to time axis at t = te.

To determine the intensity It in Egs. 2 and 3, we first choose the parts of the intensity-
time curves up to the gel points, then the mirror symmetry Ims of these parts according

to the axis perpendicular to the time axis at the gel point were multiplied by the ratio

c~/C*, so that Ict=C—+Ims. Thus, the intensity from the clusters above the gel point is
C

calculated as It = (C7/C*) Ims. I'=Ict monitors the growing gel fraction for t > t.. The
intensity from the lower part of the symmetry axis monitors the average cluster size for t
< tc. Figure 6 shows that Ims and the fluorescence intensity at 427 nm. Using Eq. 3, and
the values for tc summarized in Table 2. g exponents as a function of various GO contents

for 1 M NIPA were calculated as a given in Table 2.
Figure 7 shows the log-log plots of the intensity versus time data above the gel point for

15 uL GO, where the slope produced the gel fraction exponent, g values for C/C* =0.1
which are listed in Table 2 for changing GO in the NIPA-GO composites, respectively.
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Figure 7. Double logarithmic plot of the intensity I versus time curves above t.for 15 pL
of GO contents. The g exponent was determined from the slope of the straight line

(where C/C*=0.1).

Table 2. Experimental measured parameters for NIPA-GO composites.

NIPA GO(pL) t(s) B Eg(eV)
0 620 0.98 1,02
5 700 0.55 2,37
M 15 1180 0.44 2,90
25 1280 0.56 2,91
30 980 0.94 2,93
35 1040 0.85 3,04

As given in Table 2, the gel fraction exponent,3, was agreed with the percolation for

below 30 pL of GO content. On the other hand, the classical result was observed above

30 pL of GO content.

On the other hand, optical energy band gap is another important optical parameter of the

composites doped by nanomaterials. The gap of the composite can be estimated for

utilization of this composite in applications such as optical sensors, solar cells etc. The

resulting absorbance spectrum obtained on NIPA- 15 uL of GO composite between 400-

700 nm is shown in Figure 8.
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Figure 8. The absorbance of composite of NIPA- 15 pL of GO between 400- 700 nm.

Figure 9 shows that optical energy band gap was calculated from the absorption
spectrum fitting method (ASF) (28-29) of NIPA - 5 pL and 15 pL of GO composites,
respectively. The spectral data recorded showed the strong cut off wavelength, where the
absorbance value is minimum. The optical energy band gap was decided from Eq. 4, and

are given in Table II.

he (Eq. 4)

where h is Planck’s constant (Joules.sec), and c is the speed of light (m/s), A is cut-off

wavelength (m), and 1 eV=1.6*10"1° Joules as a conversion factor, respectively.

5ul GO

0,8 X 5Spl GO Slope Data
- ——-15plGo

— 0,6 ~
g O 15pl GO Slope Data
= 0,4 -

0,2 -

0 e L T P S
400 500 600 700

Figure 9. Optical energy band gap was calculated from the absorbance graph of NIPA - 5
ML and 15 pL of GO composite, respectively.
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CONCLUSION

In this work, NIPA-GO composite was obtained by free radical copolymerization. The
gelation and optical energy band gap were performed by Fluorescence and UV
spectrophotometry, respectively. Firstly, the critical exponents, g for C./C+= 0.1 were
calculated from percolation and classical theory. The copolymerization kinetics obey the
percolation picture for below 30 uL of GO content, and agree with classical theory above
30 pL of GO content. Lastly, the absorption spectrum fitting method (ASF) was
mentioned to estimate the optical energy band gap for the composite. The optical energy
band gap of the composite increases with increasing GO content and the composite
behaves as a semiconductor. Thus, it was found that even small amounts of GO strongly

influence the optical behavior of the NIPA-GO composite.
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Tiirkce Oz ve Anahtar Kelimeler

NIPA-GO Kompozitlerinin Optik Ozellikleri Uzerine Grafen Oksidin
Etkisi

Gllsen Akin Evingulr

Oz: Poli(N-izopropilakrilamid) (NIPA)-Grafen oksit (GO) kompozitleri gesitli GO gozeltileri
icerigi ile radikal olarak polimerlestiriimistir. Jellesme slireci Durgun Hal Floresans
Spektroskopisi ile gergeklestiriimistir. Jellesme sonuglar sirasiyla sizma ve klasik modelle
aciklanmistir. Sonuclarimiza gére GO ¢ozeltisinin 25 pL icerigine kadar sizma modeline
uyan jel kisminin kritik bir 6rnedi ortaya konmustur. Dider taraftan, NIPA-GO
kompozitinin optik enerji bant araligi, 200-800 nm araliginda sogurma Olgimlerinden UV
spektrofotometrisi ile tespit edilmistir. Grafen oksit katkisinin enerji araligi Gzerindeki
etkisi NIPA-GO kompozitleri igin incelenmistir. Sonug olarak, kompozit malzemelerin
jellesme slireci ve optik enerji aralii davranisi incelenmis ve kompozitlerdeki GO igerigi
ile iliskilendirilmistir.

Anahtar kelimeler: Grafen oksit; NIPA; jellesme; optik bant araligi.

Sunulma: 22 Agustos 2016. Diizeltme: 23 Eylil 2016. Kabul: 30 Eylil 2016.
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