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Abstract: Different polymerization techniques of poly(N-vinyl caprolactam) (PNVCL) have been reported including the
photo polymerization via ultraviolet (UV). However, photo polymerization of PNVCL via UV-C (wavelength of 254 nm)
has not been reported. In this study, N-vinyl caprolactam was polymerized via UV-C irradiation at different time periods.
Fouirer transform infrared spectroscopy (FTIR) analysis showed that the PNVCL has been successfully synthesized via
the photo polymerization method. The optimum conversion time was found as about 70 min and the conversion was
found as 71.2%. Gels displayed different swelling behavior at temperatures above and below lower critical solution tem-
perature (LCST), and swelling analysis, dynamic light scattering (DLS) and differential scanning calorimetry (DSC) were
performed to investigate the phase change behavior. It was observed that LCST of the synthesized gels occurs between
31 and 35 °C determined by DSC analysis, which is also consistent with DLS and swelling analysis results. In conclusion,
a facile and short time period polymerization technique is reported via use of UV-C photo polymerization technique.
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solution temperature.

Introduction

The production and development of polymeric systems that
can be tuned according to environmental requirements have
been of interest to materials science researchers in recent years.
It is an area that has emerged in recent years and has a supra-
disciplinary position. Polymers, which are called “smart” or
stimuli-responsive”, can respond to small changes in their
environment by making a significant change in their micro-
structure properties.! Stimuli-responsive polymers are becom-
ing increasingly interesting as scientists learn about the
chemistry and triggers that cause conformational changes in
material structures and develop ways to exploit and control
them.? The new smart materials can chemically formulate that
detect certain environmental changes and adjust predictably,
making them useful tools.” The stimuli of smart polymers are
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classified as; a) physical, i.e. temperature, electric or magnetic
fields, mechanical stress; and ii) chemical, i.e. pH, ionic fac-
tors, chemicals, biological agents.* Currently, temperature and
pH-sensitive/responsive systems are attracting research focus
because of varying purposes for example a disease could be
perceptible using temperature and pH response.’
Stimuli-responsive polymers are frequently used owing to
their unique properties and their structure that can be tuned by
environmental conditions and it has many other application
areas where biotechnology,’ sensors,” chemical valves,®
enzymes’ and cell immobilization'® are some of the focusing
areas.''? Smart polymers could also be used as drug capsules
when they exhibit biodegradation and biocompatibility."
Poly(N-isopropylacrylamide) (PNIPAM) and poly(NV,N-dieth-
ylacrylamide) (PDEAM) are known to be the most studied
thermo-responsive polymers'* and poly(N-vinyl caprolactam)
(PNVCL) is a well-known thermo-responsive polymer."” As
mentioned before, unique features of PNVCL that are nonionic
and nontoxic nature, solubility in water and organics, thermal
responsiveness and biocompatibility for biomedical applica-
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tions'®%°

makes it research focused polymer.

N-vinyl caprolactam (NVCL) monomer has amphiphilicity
due to hydrophilic carboxylic and amide groups (lactam ring)
with also hydrophobic carbon-carbon backbone chains. The
lactam ring is very precious when it is the repeating group of
PNVCL due to only then the thermoresponsive mechanism
could have occurred. When the polymerization occurred with
repeating lactam ring, the aqueous solution of PNVCL has a
lower critical solution temperature (LCST) within the tem-
perature range of 32-34 °C. Due to these properties, it is used
in many applications such as drug delivery systems, muscle
implantation, and biosynthetic organ development.'®*

NVCL could be polymerized to form PNVCL via many

techniques such as gamma irradiation,'®*

5.16,22

photopolymeriza-
tion, and radical mechanism. Photopolymerization
method is used in many applications such as curing adhesives,
printing inks, photoresists, and coatings on various materials*
and has advantages compared to other types of polymerization
techniques. Gamma irradiation and free radical polymerization
of PVNCL have been carried out within previous studies of
the former research group. Ultraviolet, which (UV) is a type
of electromagnetic radiation with wavelength from 10 nm
and UV-C, which is a type of ultraviolet radiation (100—
280 nm) has not been reported in the literature.'™*! In the lit-
erature, several polymerization types have prepared with former
studies but their reaction times are very high and this could
lead to different economic and production cost problems.***

In this study, UV-C irradiation was used to polymerize the
NVCL. It is worth to mention, although there are studies avail-
able in the literature that reports UV polymerization of the
NVCL,” the photopolymerization via UV-C has not been car-
ried out to our best knowledge. In addition, with usage of pho-
topolymerization, the use of chemicals for the polymerization
could be minimized and this would end up with an envi-
ronmentally friendly approach. Also, during the study, the
effect of the crosslinking agent was evaluated, and mechanical
tests were done to confirm the change in the polymeric struc-
ture due to the presence of the crosslinking agent. Thermal
characterization tests were used to determine the thermal prop-
erties of the polymerized gels and homopolymers. Moreover,
two modes (namely time scan mode and temperature scan
mode) of differential scanning calorimetry (DSC) tests were
conducted to have a detailed understanding of polymerization
characterization. During time scan mode, the polymerization
carried out in the DSC pan while determining the thermal
parameters of polymerization reactions. Also, the dynamic

light scattering technique was employed to determine both par-
ticle size distribution and thermal response that causes a
change in the particle size of the polymer.

Experimental

Materials. N-vinyl caprolactam (NVCL), 1-hydroxycyclo-
hexylphenylketone (Irgacure® 184) and ethylene glycol
dimethacrylate (EGDMA) was obtained from Sigma Aldrich (US),
and these chemicals were used without any further treatment.

Synthesis and Characterization of Homopolymers and
Gels by Photo Polymerization Method. Initially, NVCL
monomer was kept in a water bath for approximately 60 min
at 70 °C before its use. The PNVCL polymer was obtained in
two ways that are (a) with and (b) without the presence of
EGDMA crosslinking agent thus two types of polymers were
synthesized (a) homopolymer that has no crosslinking agent,
and (b) gel that has a crosslinking agent. The recipe used for
the polymerization process is given in Table 1. The com-
ponents of the recipe transferred into a 50 mL beaker with the
monomer in aqueous form. The content of the beaker was
stirred using a magnetic stirrer at 50 °C for 75 min until the
solution is homogeneous. 1 mL solution was put into the cylin-
drical-shaped polydimethylsiloxane (PDMS, silicone) moulds
of 23.85 mm in diameter and 1.90 mm of thickness. Pho-
topolymerization was carried out in a UVP 1000CL UV cab-
inet with UV-C light source having a 254 nm wavelength. The
irradiation flux was 0.7 W.m2nm™ according to the producer
instructions. The irradiations were carried out for the periods
of 15, 30, 50, 70, 90 and 120 min. At the end of each period
of irradiation, the polymer synthesized (either homopolymer or
gel) were removed from the PDMS moulds with no shape dis-
tortion during removal. The gels obtained were kept in diethyl
ether solution for 24 h and purified from the residual non-
reacted monomers. Finally, the gels were dried in an oven for
24 h until reaching a constant weight. The synthesized poly-
mers (homopolymers and gels) were subjected to character-
ization and the other tests.

Table 1. Composition of PNVCL Containing 1-Hydroxy-
cyclohexylphenylketone and EGDMA

Polymer NVCL  Irgacure® 184 EGDMA
Y (%) (%) (%)
Homopolymer (PNVCL) 99 1 R
PNVCL 08.35 0.98 067

(Gel, 3 D Network)
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Percentage of gelation for the gels synthesized was found
using eq. (1) where W}, is dried gel weight (g) and W is initial
monomer weight in grams.

% Gelation = (%) x 100 (1)

Water absorption of PNVCL was determined for different
periods of 15, 30, 45, 60, 90, 120, 180, 240, 300 and 360 min
at room temperature and also at different temperatures of 5, 10,
15, 20, 30, 40, 50, 60, 70, and 75 °C for a constant 15 min
period in water. Water absorption tests of crosslinked PNVCL
polymers were performed in a water bath containing 5 L of
distilled water.

The percent water absorption was found using eq. (2)'*°
where Wy is swelled gel weight (g) and W}, is dried gel weight
in grams.

% Water absorption = (Wgz — Wp)/Wp 2)

Cloud point of homopolymer was determined. For that pur-
pose, homopolymer (non-crosslinked polymer) was dissolved
in 25 mL of distilled water and mixture was transferred to test
tube. The tube was placed in the water bath with a starting
temperature of 23 °C. Colour changes of the solution at tem-
peratures of 25, 28, 36 and 41 °C were observed.

Fourier transform infrared spectrometer (FTIR) analysis of
gels was carried out using a Perkin Elmer mark FTIR between
the frequency of 450 to 4000 cm™. The particle size distri-
bution of the homopolymer PNVCL was determined via Mal-
vern mark Zetasizer Nano ZS model equipment. PNVCL was
dissolved in distilled water to form 1% by weight PNVCL
solution and the tests were carried out. Particle size distribution
for the gels was not carried out since the gels have, by the the-
ory, infinite molecular weight. Morphological characteristics of
the polymers (homopolymer and gel) were determined via
Zeiss mark Supra 55 model SEM equipment with a voltage of
10-15 kV and the samples were coated with Pt before the anal-
ysis. Perkin Elmer mark DSC 4000 model DSC equipment
was used for the DSC tests to investigate the thermal properties
of monomer, polymer and the gelation process. Two modes of
scanning were used namely; time scan and temperature scan
modes. For time scan mode, DSC thermograms were taken at
a constant temperature of 70 °C. The purpose of this analysis
was to investigate the gelation process that was carried out in
the DSC pan at a constant temperature of 70 °C. Also, the
phase transition temperature of the NVCL monomer was
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determined with the DSC equipment at heat rates of 0.5 °C/
min and 1 °C/min. Dynamic mechanical analysis (DMA) tests
were carried out for the polymers using a Perkin Elmer mark
Pyris Diamond Model DMA equipment and tests were carried
out at 1 Hz frequency in tension mode with 5 °C/min heat rate
between 20 °C and 200 °C. Mechanical tests were carried out
using a Shimadzu mark AG-X model equipment according to
ASTM D638 standard. Mechanical properties of the synthe-
sized polymers were obtained.

Results and Discussion

Gel Content Determination. Figure 1 shows that the gel
content and the appearance of the prepared polymers. The
maximum percentage of gelation for the gels obtained by UV-
C polymerization was 71.2% and this conversion was obtained
at 70 min. Low standard derivation values indicate that high
repeatability could be achieved. With this polymerization tech-
nique, the polymerization times are very few compared to other
PNVCL studies. Different polymerization of PNVCL studies is
compared in Table 2. Close results between homopolymer and
crosslinked gel showed that the crosslinking reaction did not
affect the gel content of the final material. UV irradiation is
advantageous than the other polymerization methods because
gels/polymers were obtained without any solvent content and
a high conversion rate was obtained in a relatively short period.

®
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Figure 1. Percentage gelation depending on period of UV-C irra-
diation and appearance of gels synthesised (a) and (b) coin shaped;
(c) cylindirical shaped.
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Table 2. Comprasion of Reaction Times for Polymerization of
PNVCL according to Different Studies

Group Re'flction Polymer.ization
time technique
Jiang et al* 20h, 6h RAFT, ATRP
Montes et al.” 4h Gamma rays
Kermagoret et al.®® 55h OMRP
Tang et al”’ 12h ATRP
Cortez-Lemus et al.®® 24 h Chain transfer
Morfin-Gutiérrez et al.”’ 24 h Radical polymerization
Current study I.1h UV-C irradiation

Cloud Point Determination. Cloud point analysis was used
to observe the color change at temperatures above and below
LCST of the polymer. Homopolymer was dissolved in a
25 mL of distilled water and mixture was transferred into a
glass tube. The tube was placed in a water bath with a starting
temperature of 23 °C. Color changes at temperatures of 25, 28,
36 and 41 °C were observed. The appearance of PNVCL solu-
tion below and above LCST is given in Figure 2.

It is well known that some polymers have a phase separation
when the temperature exceeds a definite value, causing shrink-
age. This temperature is defined as the LCST.” The gels
exhibit a shrink behavior via heating due to the hydrophobic-
hydrophilic balance within the polymer chains. Due to an
increase in temperature, the entropy of tensile force moving
between hydrophobic groups increases, thus these hydrophobic
interactions become dominant at the temperatures higher than
the critical solution temperature resulting in a shrinkage of the
polymer chain.>’ While there is no change in the appearance of
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Figure 2. PNVCL solution below and above LCST (a) solution at
25 °C; (b) solution at 36 °C; (c) solution at 41 °C.

the gels at 25 and 28 °C that is below the lower critical solution
temperature, there was a blurred appearance that is gradually
increasing at temperatures between 36 to 41 °C. In other
words, the temperature is above the LCST temperature at this
point.

Water Absorption of Gels. Figure 3 shows the water absorp-
tion of the gels for different periods and different temperatures
within the range of 5 to 75 °C. The percentage of water absorp-
tion after keeping the samples in distilled water for 15 min at
each temperature was calculated. The increased water absorp-
tion after prolonged periods shows that the decrement in swell-
ing ratio could be bigger and it can lead to sharp LCST values.
Crosslinked gels exhibited different properties at the tem-
peratures below and above the LCST regarding water absorp-
tion. Figure 3 shows a gradual decrease in swelling ratio due
to the predominance of the hydrophobic property of the poly-
mer at the temperatures above the LCST. It has been found that
the swelling ratio is higher at temperatures below the LCST
since the hydrophilic properties of the polymer are dominant.

251 (b)

201

154

Water Absorption (%)

Temperature (°C)

Figure 3. Change in the percentage of water absorption of crosslinked gels at (a) room temperature; (b) different temperatures.
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FTIR Analysis of Gels. FTIR characterization was per-
formed to determine the changes in the structure of crosslinked
polymers and homopolymers. FTIR spectra of the homopoly-
mer and crosslinked gels are given in Figure 4. Besides FTIR
analysis has been carried out on whether the PNVCL synthesis
can be achieved successfully by examining the functional
groups in the structure of the material.

The peaks observed approximately at 1650 and 1620 cm™
for the spectrum of the NVCL monomer show characteristic
C=0 (amide I) and C=C (vinyl band) stretching vibrations,
respectively. The peaks assigned to -CH= and CH,= are
observed at 3000 cm™.'*'® The presence of a single peak of
C=0 at 1610 cm™ in the gel and the absence of C=C bond
indicate that the polymerization occurs via the vinyl group.
The peak at 1770 cm™ is the because of the crosslinking
between polymer chains. C=0 stretching band belongs to
EGDMA in crosslinked gels observed at 1728 cm™. The bands
at about 1419, 1440, and 1482 cm' (triplet) are due to the char-
acteristic vibrations of the lactam ring."* The peak intensity
increase in this range shows that the crosslinking reactions
occurred in the polymer chain successfully.

Temperature Effect on the Particle Size of Gels. Dynamic
light scattering equipment (DLS) was used to determine the
LCST value of synthesized homopolymer. The homopolymer
was completely soluble in water while the crosslinked gel was
completely insoluble, and it was not convenient to determine
the LCST value for the gel synthesized due to the theoretical
knowledge that the gels have infinite chain length. In DLS
analysis, water was used as a solvent to form a solution. In this
regard, 1% (w/w) of the polymer was added to 99% (w/w) dis-
tilled water, and the solution was centrifuged at 2000 rpm for
2 h. The effect of the medium temperature on the particle size
of the colloidal homopolymer in the prepared solution is
shown in Figure 5. As can be seen from Figure 5, the medium
temperature considerably effects the hydrodynamic diameter
of the homopolymer. Essentially, this is a result because the
homopolymer’s swelling/de-swelling as the medium tempera-
ture changes due to the interactions between hydrophilic (car-
boxylic and amide groups) and hydrophobic groups (carbon-
carbon backbone) in the NVCL structure. DLS analysis results
demonstrated that the hydrodynamic diameter of the
homopolymer decreased with the increment of a medium tem-
perature. Moreover, it was significantly decreased within the
range of 30-35°C, which was an expected result due to the
LCST value of PNVCL.

DSC Test Results. Phase transition temperature (LCST) of
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Figure 4. FTIR spectrums of the synthesized gel and homopolymer.
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Figure 5. Effect of the medium temperature on the particle size of
the colloidal homopolymer.

NVCL was determined via DSC tests and the resulting ther-
mograms are given in Figure 6(a) where an exothermic peak is
observed ascribed to the phase transition temperature of the
NVCL. It is worth stating that the left side of the peak given
in Figure 6(a) is different from the right side of the peak
which was rather a straight line. This was probably because
of the thermal responsiveness of the monomer molecules that
occur at the same temperature, while the critical solution
state reached is affected by the transient (rather non-homo-
geneous) heat transfer to the DSC pan that results with a time
delay to reach a homogeneous temperature within the material
matrix.

The breakage of hydrogen bond, polymer chain movement,
and conformational restructuration as well as the rearrange-
ment of water molecules around the polymeric chains occurs
as an endothermic process, while hydrogen bond formation
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Figure 6. DSC thermograms of the monomer NVCL (a) for the purpose of LCST determination with temperature scan mode; (b) for inves-
tigation of crosslinking reaction within the DSC pan with time scan mode at 70 °C constant temperature.

and the collapse of hydrophobic groups proceed in an exo-
thermic manner.*> At the peaks in Figure 6(a) correspond to the
collapse of hydrophobic groups that cause a phase separation
in the NVCL. The exothermic heat flow corresponds to
entropy-driven phase separation for the NVCL monomer. The
exothermic phase transition shows that the entropy increases,
and the system becomes less ordered that results with the exo-
thermic heat release by the system at the specified temperature
range. Thus, the entropy change (AS) and enthalpy change
(AH) is negative for the phase separation of the NVCL.

In addition, the heat rate during the DSC tests was an
important parameter for determining the phase transition tem-
perature. The peak has the range of 31-35 °C for the case of
heat rate of 0.5 °C/min whereas the peak has the range of 35-
39°C for the case of heat rate of 1°C/min. These observed
peaks correspond to LCST of the monomer NVCL. The
slower heat transfer rate (0.5 °C/min) results with a rather
homogeneous temperature distribution in the DSC pan that
results with more realistic data for the LCST range. The LCST
found from cloud point analysis and DSC tests were com-
patible with each other.

The isothermal (time scan) mode of DSC was carried out
and the polymerization was carried out in the DSC pan for two
cases (i) without, and (ii) with the presence of a crosslinking
agent. The resulting thermograms are given in Figure 6(b). An
exothermic peak was observed for the case of polymerization
with the presence of a crosslinking agent (gel synthesis) within
a short period of time while this was not the situation for the
case of polymerization reaction without a crosslinking agent
(homopolymer synthesis).

AG=AH - TAS 3)

|AH] > |TAS] 0)

The time scan (isothermal) mode of DSC has shown an exo-
thermic peak that means the crosslinking reaction occurred in
the DSC pan and the peak gives the value of energy released
during the crosslinking reaction of the NVCL. Since the
enthalpy change (AH) and the entropy change (AS) are both
negative and thermodynamically favorability of the cross-
linking reaction depends certainly on the temperature of the
system. The change in Gibbs free energy (AG) is given in eq.
(3) should be negative in order to have a spontaneous reaction.
The polymerization reaction is enthalpy-driven because the
exothermic reaction is dominant over the decrease in entropy
as given in eq. (4). That is the exothermic heat flow cor-
responds to enthalpy driven polymerization of the NVCL
monomer. The exothermic peak is due to a decrease in the
entropy resulting from a more ordered system that ends up
with an exothermic reaction by the system during the polym-
erization and crosslinking of the NVCL to synthesize the
PNVCL gels.

DMA Test Results. DMA is an effective way to investigate
how the viscoelastic behavior of materials changes as a func-
tion of a medium temperature. In DMA analysis, storage mod-
ulus (E'), loss modulus (E"), and tand parameters are
examined. £’ gives information about how much energy stored
in the polymer matrix and the rigidity of the polymer. As can
be seen in Figure 7, the E' was found as 270 MPa at about 16.5
°C. On the other hand, the E” refers to the capability of poly-
mers to dissipate its energy. The E” was determined as about
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Figure 7. DMA test results of (a) storage modulus; (b) loss modulus; (c) tand.

55.7 MPa at around 16.5 °C. The alpha relaxation peak, which
is the first peak seen on the tand curve, represents the glass
transition temperature (7,). 7, is known as the temperature
limit at which the polymers lose its glassy properties and
begins to acquire viscous properties and is a unique feature for
polymers. From the DMA test results, the 7, peak was observed
at 62.6 °C that means the 7, is higher than the human phys-
iological temperature. It is well known that the higher the 7,
means the higher the mechanical properties of the polymer. 7,
could be tailorable by means of the content of the crosslinking
agent, the increase in the crosslinking agent content would
increase the 7, to a certain extent.

Mechanical Test Results. The characterization of the
mechanical properties of the responsive polymers allows an
idea of the potential application areas of the polymers. In par-
ticular, the mechanical strength of the responsive polymers to
be used in drug delivery systems is desired to be stable
throughout the release process. In this regard, mechanical
analyses of both the homopolymer and the crosslinked gels
were performed. Samples were prepared according to ASTM
D638, type IV standard, and were tested at a crosshead dis-
placement rate of 0.5 mm/min. The obtained mechanical prop-
erties of samples are summarized in Table 3. The tensile tests
showed that the crosslinked gels have higher mechanical prop-
erties compared to non-crosslinked PNVCL. Mechanical prop-
erties have shown the increase with the presence of a cross-
linking agent.

Table 3. Tensile Test Results

Stress at break Strain at break Elastic modulus

(MPa) (%) (MPa)
3D Gel 11.7 3.1 441.8
Homopolymer 7.0 3.1 295.1

Zay, Al4548 A15, 20213

Morphology of Gels. SEM imaging was performed to
investigate the surface morphology of homopolymer and
crosslinked gels obtained by photopolymerization. Figure 8
shows SEM images of homopolymer and crosslinked gels with
magnifications of 7.5x10* times. SEM scans shown that the
small particles were present on the surface of the gels. More-

(NT- 3300V SnsiA-S1) Opevoser M9P7 ||
Moge BUKE Woo 1 mm Dot W Aag %%

Figure 8. SEM images of (a) homopolymer; (b) crosslinked gels
with magnifications of 75.
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over, it was observed that the homopolymer has a smooth sur-
face compared to the crosslinked gels, which was an expected
outcome. During cross-linking reactions, undesirable side reac-
tions may occur or non-crosslinking moiety may accumulate
on the surface of the material.

Conclusions

Photopolymerization via UV-C is an effective way of syn-
thesizing both homopolymers and gels. The maximum per-
centage of gelation for the gels obtained by UV-C polymerization
was 71.2% at 70 min. It is understood from the FTIR spectra
of the gels synthesized under optimum conditions, that
PNVCL synthesis has been successful. Phase changes in gels
with the change of ambient temperature were investigated by
cloud point, water absorption, DLS, and DSC analysis. It has
been observed that the water absorption is low due to the
hydrophobic nature of the polymer at the temperatures above
the LCST. As the temperature is above the LCST, water mol-
ecules are scaled down and out by the hydrophobic segments
in the polymer chains. This has caused the polymer to collapse
and to appear in a globular form. When the effect of tem-
perature change on the particle size of gels is examined, it can
be concluded from DLS analysis that the gel starts to shrink in
30-35 °C range and the particle size decreases. The phase tran-
sition temperature of NVCL was determined from the DSC
analysis. The effect of the crosslinking agent was seen from
the DSC thermograms. In addition, it was determined that the
glass transition temperature (7,) of the crosslinked gels was
approximately 62.6 °C obtained from the DMA test. Mechan-
ical tests showed that the final flexural strength was 5.7 MPa
and the elastic modulus was 34.9 MPa. It was observed that
the presence of cross-linker significantly increased the
mechanical properties of the gels. Consequently, it has been
concluded that gels that are synthesized quickly and easily
using the UV-C photopolymerization technique are highly sen-
sitive to temperature change.
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