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This study explores the synthesis of dual pH- and thermo-responsive poly(N-vinylcaprolactam)-grafted-
hydroxypropyl cellulose (PNVCL-g-HPC) polymers via visible-light-driven, metal-free organocatalyzed
atom transfer radical polymerization (O-ATRP). Three distinct PNVCL-g-HPC polymers were prepared
with controlled molecular weights and narrow dispersity indexes by grafting PNVCL chains onto a cell-
ulose-based macroinitiator. The polymerization was facilitated by 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicya-
nobenzene, a photoredox catalyst that effectively uses visible light to start the polymerization. The resulting
polymers were characterized using FT-IR spectroscopy, NMR spectroscopy, GPC, and TGA. By analyzing
the transmittance of the PNVCL-g-HPC polymers as a function of temperature over a range of pH values
(3-12), the lower critical solution temperature (LCST) of the polymers was determined. We successfully
tuned the LCST of these polymers to a physiological range (25-38 °C) by adjusting the HPC and PNVCL
monomer ratios. Notably, the HNC-18 polymer exhibited an LCST of approximately 37.2 °C, making it suit-
able for biological applications. These polymers, with adjustable LCSTs, hold promise for diverse appli-
cations in electronics, biosensors, pharmaceuticals, biomedical fields, and drug delivery systems.
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Hydroxypropyl cellulose (HPC) is derived from the natural
polysaccharide cellulose by introducing hydroxypropyl groups,

1. Introduction

The capacity of stimuli-responsive polymers to undergo precise
and regulated changes in response to environmental variations
has attracted a lot of attention in recent years." These
materials can reversibly change their properties when sub-
jected to external factors such as temperature, pH, light, and
electric or magnetic fields.” The versatility and adaptability of
stimuli-responsive polymers provide substantial benefits
across a range of industries, notably in cosmetics and pharma-
ceuticals.® With increasing awareness about sustainability and
a shift towards vegetarianism, there is a growing interest in
developing cellulose-based stimuli-responsive polymers.”™*
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which replace certain hydroxyl groups of cellulose, thereby
forming hydrophobic propylene oxide groups.® It is highly
effective as emulsifiers in cosmetic formulations and as floccu-
lants in pharmaceutical applications. As a result, HPC has been
investigated as a primary backbone for thermoresponsive graft
copolymers in various fields.”®™® However, the utility of HPC as
a vital biomaterial is limited by its lower critical solution temp-
erature (LCST) of 40 to 45 °C. This LCST range poses challenges
for applications within the physiological temperature range of
25 to 38 °C, despite the possibility of altering the LCST through
pH adjustments or salt additions.®*'* Another approach to
modify the LCST of HPC involves grafting it with different
monomers, which can either raise or lower the LCST based on
the specific reaction conditions. This modification enables HPC
to operate within the physiological temperature range, enhan-
cing its potential as a thermoresponsive platform."?
Poly(N-vinylcaprolactam) (PNVCL), a well-studied thermo-
responsive polymer, has LCST between 25 and 50 °C.
Generally, PNVCL shows its LCST very close to physiological
temperature, which makes it a useful material for biomedical
applications.”® ™ The molecular weight of the polymer, the
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concentration of the polymer solution, and the existence of
any additives can all affect the precise LCST. Additionally, for
copolymers, LCST is also dependent on the chemical
composition."®’” When synthesizing PNVCL, precise control
over the dispersity index and molecular weight is essential
since these parameters influence its LCST, which is essential
for its usefulness in a variety of applications. The combination
of biocompatibility, molecular interactions, and minimal tox-
icity makes PNVCL a promising material for numerous bio-
medical applications. Polymers containing PNVCL segments
are particularly noteworthy for their potential in biomedical
and pharmaceutical fields due to their biodegradability and
biocompatibility.">'® As a result, PNVCL is an excellent choice
for grafting onto HPC to adjust its LCST.

Grafting polymers onto a cellulose backbone can be carried
out through a variety of techniques, such as atom transfer
radical polymerization (ATRP), ring-opening polymerization,
nitroxide-mediated polymerization (NMP), free radical
polymerization, reversible deactivation radical polymerization
(RDRP), and ring-opening polymerization.'**' Among these,
ATRP is renowned for its ability to produce cellulose-based
graft polymers with precise and well-defined structures.’>***

However, a major concern with ATRP, like other chemical
processes, is the presence of transition metals in the final pro-
ducts, which can have significant environmental impacts if
not properly managed. This issue has prompted the develop-
ment of more environmentally friendly alternatives, such as
metal-free organic photoredox catalysts and organocatalyzed
polymerizations.>* Contamination of synthesized polymers
with transition metals poses a significant public health risk if
they are not thoroughly removed during purification. Even in
low concentrations, these metals can disrupt various biological
processes in the human body, such as oxidation, protein acti-
vation, and metabolic regulation.>* >’

To mitigate the issues associated with conventional ATRP,
sustainable and environmentally friendly alternatives like
visible light-mediated, metal-free organocatalyzed ATRP
(O-ATRP) can be employed for the synthesis of biocompatible
and thermoresponsive polymers, especially those with LCST in
the physiological temperature range. O-ATRP effectively
addresses polymer toxicity concerns and is a cost-efficient
method for producing polymers with a low dispersity index
(P), controlled chain-end functionalities, and well-defined
architectures which is essential for fine-tuning the LCST in
PNVCL-based polymers.

This method is especially advantageous for producing poly-
mers with LCST values within the physiological range, making
them highly desirable for biomedical applications.’
Furthermore, O-ATRP can be considered a green synthetic
process by utilizing visible light from natural daylight or
energy-efficient LEDs to activate the organic photoredox cata-
lyst. The use of organic photoredox catalysts in place of metal-
based catalysts in ATRP method ensures a cleaner and more
sustainable approach to polymer synthesis.?®

Matyjaszewski et al. were pioneers in demonstrating the
effectiveness of phenyl phenothiazine and related organic

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

analogs in catalyzing the O-ATRP process.”® Building on this
foundation, Miyake et al. advanced the field by developing
various organic photoredox catalysts for O-ATRP.*° In our own
research, we contributed to the field by establishing a design
principle for creating diverse organic photoredox catalysts.>*
Following this approach, we selected 1,2,3,5-tetrakis(carbazol-
9-yl)-4,6-dicyanobenzene (4CzIPN) as the organic photoredox
catalyst for O-ATRP in our subsequent study, where it was used
to synthesize thermoresponsive polymers.’

In this investigation, we developed cellulose-based PNVCL-
g-HPC polymers with dual-stimuli responsiveness using the
O-ATRP technique. We synthesized three distinct polymers
with varying molar ratios of HPC to N-vinylcaprolactam
(NVCL), designated as HNC-06, HNC-12, and HNC-18. Initially,
2-bromopropionyl bromide and HPC were reacted to prepare a
macroinitiator. This macroinitiator then underwent O-ATRP
with NVCL, facilitated by blue light irradiation using 4CzIPN
as a catalyst. To our knowledge, this represents the first syn-
thesis of such dual-stimuli-responsive PNVCL-g-HPC polymers
using O-ATRP.

The LCSTs of the synthesized polymers were determined by
assessing their transmittance as a function of temperature. We
explored the impact of different pH conditions on LCST and
successfully expanded the LCST range of HPC-based thermo-
responsive polymers to align with physiological temperatures
of 25-38 °C. Furthermore, we achieved a reverse pH depen-
dency in LCST, providing enhanced versatility and control over
these thermo-responsive polymers. The advancement of nonio-
nic, thermo-responsive cellulose-based polymers with tunable
properties across a broad range of physiological conditions
offers promising applications in areas such as electronics, bio-
sensors, cosmetics, textiles, and particularly in drug delivery
systems.

2. Experimental section
2.1. Materials

Hydroxypropyl cellulose (HPC) was used with a molecular
weight of 180456 g mol™', as provided by Carbosynth, UK.
N-Vinylcarpolactam  (NVCL, 99.0%), 2-Bromopropionyl
bromide (98%), hydrochloric acid (HCl, 37%), sodium hydrox-
ide (NaOH, 99.2%) anhydrous dichloromethane (DCM,
99.8%), and dimethylformamide (DMF, 99.5%) were pur-
chased from Sigma-Aldrich. While the photoredox catalyst
1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN) was
synthesized using our previous reported method.*’

2.2. Synthesis of hydroxypropyl cellulose macroinitiator
(HPC-I)

Prior to synthesizing stimuli-responsive polymers through
O-ATRP, a macroinitiator was prepared following a previously
reported method.>*! For this purpose, HPC (1.22 g) and DCM
(140 mL) were stirred overnight to prepare a homogeneous
solution. Subsequently, the reaction mixture was cooled to
5-10 °C using an ice bath, followed by the gradual addition of
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2-bromopropionyl bromide (93 mg, 0.4 mmol) dissolved in
20 mL of anhydrous DCM. The mixture was then allowed to
stir at ambient temperature (~25 °C) for 24 hours. Afterwards,
the reaction mixture was allowed to stand for one hour, result-
ing in formation of precipitates which were separated by cen-
trifugation (4000 rpm, Gf). The crude product underwent two
washes with methanol and was then dried at 50 °C for a dur-
ation of 6 hours.

2.3. Synthesis of poly(N-vinylcarpolactam)-g-hydroxypropyl
cellulose polymers

Three different polymers, denoted HNC-06, HNC-12, and
HNC-18, were synthesized through visible light-driven O-ATRP,
catalyzed by (Scheme 1). The polymers were different from
each other in their compositions, as reflected by the varying
molar ratios of HPC to NVCL. HNC-06, HNC-12, and HNC-18
were prepared with molar ratios of 94:06, 88:12, and 82:18
respectively, corresponding to the feeding ratio of HPC to
NVCL utilized in the synthesis reaction. Identical synthetic
procedures were employed for the preparation of all these
three polymers, with the synthesis of HNC-18 serving as an
illustrative example. A 225 mg of the macroinitiator was intro-
duced into a dried glass reactor along with 2 mL of anhydrous
DMF. Once the macroinitiator was fully dissolved in DMF,
2 mL of NVCL and 20 mg of 4CzIPN were added to the reaction
mixture. Following the addition of the reagents, nitrogen gas
was bubbled through the reaction mixture for 30 minutes to
eliminate air. Then, the polymerization was initiated by expos-
ing the reaction mixture to blue visible light for 12 hours at
approximately 25-30 °C while maintaining a closed system.
Subsequently, the polymer was isolated from the reaction
mixture by precipitating it in 50 mL of methanol. The resulting
solid was filtered off and then subjected to vacuum drying to
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Scheme 1 (a) Preparation of PNVCL-g-HPCs polymer. (b) The O-ATRP
mechanism.
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remove any residual solvent and separate low molecular weight
PNVCL residues.

2.4. Characterization

Fourier transform infrared (FT-IR) spectroscopy was used to
characterize the chemical structure of HPC, macroinitiator
(HPC-1) and the synthesized polymers using a Bruker Equinox
55 FT-IR spectrometer. The FT-IR spectra were acquired over a
spectral range of 4000 to 400 cm™". To prepare the samples for
analysis, potassium bromide (KBr) pellets were utilized. Proton
nuclear magnetic resonance (1H NMR) spectroscopy was
employed to elucidate the molecular structure of the syn-
thesized polymers using a Bruker ARX 400 MHz spectrometer
operating at a frequency of 400 MHz. The NMR measurements
were performed at a constant temperature of 25 °C, using
chloroform-d; (CDCl;) and deuterated dimethyl sulfoxide
(DMSO-dg) as suitable solvents for the macroinitiator and poly-
mers, respectively. To analyze the molecular weight and disper-
sity index (D) of the synthesized polymers, gel permeation
chromatography (GPC) was employed. The process involved
using a 1200-series precision pump for sample delivery, a
1200-series diode array detector for concentration measure-
ments, and a 1250-series evaporative light scattering detector
for molecular weight analysis. Polymethyl methacrylate
(PMMA) standards were employed to calibrate by Gel per-
meation Chromatographic system, ensuring accurate mole-
cular weight measurements. A Mettler Toledo 822 thermo-
gravimetric analyzer was used to assess the thermal stability of
the polymers. The analysis was conducted with a continuous
nitrogen atmosphere, heating the samples at a rate of 10 °C
per minute from ambient temperature up to 600 °C. The lower
critical solution temperatures (LCSTs) of the PNVCL-g-HPCs
polymer samples were determined by the transmittance
method. To explore the temperature-dependent characteristics
of the HNC-06, HNC-12 and HNC-18 polymers, their aqueous
solutions were analyzed for transmittance. This analysis was
conducted at a concentration of 10 mg mL™" using a UV/vis
spectrophotometer  (Shimadzu  UV-2401PC)  specifically
measuring the transmittance at a wavelength of 550 nm. The
pH values of the HNC-06, HNC-12 and HNC-18 aqueous solu-
tions were modified by adding HCl and NaOH. The LCST is
determined as the temperature where the transmittance
reduces by 50%. UV/Vis spectrophotometer (Shimadzu
UV-2401PC) was used to measure the optical densities (OD) of
all polymer solutions at a concentration of 10 mg mL™". The
assessments were carried out by gradually elevating the temp-
erature from 25 °C to 65 °C, employing a heating rate of 10 °C
min~'. Measurements were taken at a wavelength of 550 nm
throughout this temperature range. Dynamic light scattering
(DLS) experiments were performed at a scattering angle of 90°
using a commercial spectrometer (ALV/SP-150). Prior to
measurement, the polymer solutions were filtered through a
Millipore Millex-FH nylon filter (0.40 pm). The hydrodynamic
radius (Ry) was calculated by fitting the correlation function
using the CONTIN program. Each sample was equilibrated for
45 minutes at the specified temperature before analysis.

This journal is © The Royal Society of Chemistry 2024
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3. Results and discussion
3.1. Synthesis of macroinitiator (HPC-1)

Scheme 1(a and b) illustrates the preparation of HPC-1, the
PNVCL-g-HPC polymers, and the O-ATRP mechanism. The
initial step involved the preparation of a hydroxypropyl cell-
ulose-based macroinitiator (HPC-1). This was achieved
through esterification of the hydroxyl groups present on the
cellulose backbone with 2-Bromopropionyl bromide. While in
second step, this macroinitiator was used to graft NVCL mono-
mers on cellulose backbone via O-ATRP using 4CzIPN as
photoredox catalyst, resulting in the synthesis of PNVCL-g-
HPCs polymers.

3.2. Synthesis of PNVCL-g-HPCs polymers

Three different polymers (HNC-06, HNC-12, and HNC-18) were
synthesized using NVCL monomer and HPC-1 via O-ATRP
(Scheme 1). During O-ATRP, the 4CzIPN catalyst absorbs blue
light, transitioning to an excited state. The excited catalyst
then participates in an oxidation process, reducing HPC-1 and
producing a bromide anion, a propagating radical (Pn’), and a
radical cation. The propagating radical subsequently initiates
the polymerization process, leading to the formation of
polymers.

After the initiation phase, polymer chains extend through
the stepwise incorporation of monomers. Concurrently, a de-
activation process converts the growing polymer chains into a
dormant state, while also restoring the catalyst to its original
form, thus completing the cycle of O-ATRP. The detailed
mechanism underlying O-ATRP has been extensively explored
and reported in the literature.****3?

3.3. Structural analysis of HPC-1 and polymers

The synthesis of HPC-1 and polymers was verified using a
combination of analytical techniques, including FT-IR, 'H
NMR spectroscopy, TGA, and GPC.

3.3.1. FT-IR spectroscopy. The FT-IR spectrum of HPC-1
(Fig. 1b) shows a distinct peak at 1734 cm™, which is attribu-
ted to the ester carbonyl groups. This peak is not observed in
the spectrum of HPC (Fig. 1a). Additionally, the broad peak
associated with the hydroxyl groups of cellulose, was typically
observed around 3400 cm™'. Apart from this distinguishing
feature, the remaining absorption bands of HPC-1 closely
resemble those of HPC, indicating a high degree of similarity
in their overall chemical composition. These FT-IR spectral
changes provided evidence for the synthesis of cellulose based
macroinitiator with ester functionalities.

The structure of the prepared polymers was also analyzed
by FT-IR spectroscopy. Fig. 1(c) presents the spectrum of
HNC-18 as a representative example. This spectrum revealed
the presence of both the amide carbonyl group 1637 cm™" and
the carbonyl group of ester linkage at 1720 cm ™. Notably, this
amide carbonyl peak was absent in the FT-IR spectrum of
HPC-1. While, both these peaks at 1637 and 1720 cm™" were
absent in HPC. The presence of these distinct peaks in the
HNC-18 spectrum serves as evidence for the successful grafting

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 FT-IR spectra of (a) HPC, (b) HPC-1, and (c) PNVCL-g-HPC.

of PNVCL chains onto the HPC surface. These findings align
well with those reported in earlier studies.>>*

3.3.2. NMR spectroscopy. The structures of HPC, HPC-1,
and PNVCL-g-HPC polymers were further investigated using "H
NMR spectroscopy (Fig. 2a—c). Fig. 2 (spectrum a) presents the
'H NMR spectrum of HPC, where the resonance peak at
1.04 ppm (peak a) is attributed to the methyl group of propy-
loxy side chains in HPC. In the "H NMR spectrum of HPC-1
(spectrum b), a resonance peak at 1.15 ppm (peak a) can be
attributed to the methyl groups of the propyloxy side chains.

Notably, the NMR spectrum of HPC-1 exhibits a broad reso-
nance peak at 1.83 ppm (peak b) which confirms the success-
ful attachment of the initiator to HPC. This signal is not
present in the spectrum of HPC. Furthermore, the '"H NMR
spectrum of HPC-1 indicates a broad signal at 5.32 ppm (peak
¢), corresponding to methine protons. This peak is also not
present in the spectrum of HPC. This spectrum provides

S e
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Fig. 2 'H NMR spectra of (a) HPC, (b) HPC-1, and (c) PNVCL-g-HPC.
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further confirmation of the successful esterification of hydro-
xypropyl cellulose. These findings align with previously
reported data in the literature, further validating the structure
of HPC-1.>>%°

Using 'H NMR spectroscopy, the structural characteristics
of the polymers were also investigated. Fig. 2 (spectrum c)
depicts the "H NMR spectrum of HNC-18 as a representative
example. In this spectrum, the peak at 1.1 ppm (peak a) is
attributed to the methyl group protons of the HPC backbone,
and this peak was also present in spectra a and b. In the spec-
trum of HNC-18, a resonance peak at 3.8 ppm (peak b) corres-
ponds to the methylene group of the vinyl component, while a
methine group appears at 5.3 ppm (peak c). Resonance peaks
between 3.2-3.6 ppm (peaks d, e, and f) are associated with
the methylene protons of the caprolactam ring. The distinct
signals observed at positions b-f in the "H NMR spectrum of
PNVCL-g-HPC can be attributed to the protons of the PNVCL
side chains. This correlation between the "H NMR signals and
the PNVCL structure provides further evidence of the success-
ful grafting of PNVCL chains onto the HPC surface.

In summary, the combined results from FT-IR and '"H NMR
spectroscopy confirm the structural integrity of HPC, HPC-1,
and the synthesized polymer (HNC-18), demonstrating the suc-
cessful synthesis of the HNC-18 polymer.

3.4. Gel permeation chromatography (GPC)

The molecular weight and dispersity index (D) of HNC-06,
HNC-12, HNC-18, and HPC were determined using GPC. The
resulting chromatograms are presented in Fig. 3, while Table 1
summarizes the molecular weight and D values. Notably, all
the polymers exhibited a narrow b, with values of 1.4 for
HNC-06, 1.3 for HNC-12, and 1.1 for HNC-18, even at higher
molecular weights. These findings show the effectiveness of

——HNC-18
——HNC-12

’
5 10 15 20 25
Retention time (Min.)

Fig. 3 GPC Chromatograms of HPC, HNC-06, HNC-12, and HNC-18
polymers.
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HNC-06, HNC-12, and HNC-18

polymers

Sample M, (g mol™) (D) Vi (mL mol™)
HPC 180000 1.8 1.61 x 10°
HNC-06 261 000 1.4 2.18 x 10°
HNC-12 280000 1.3 2.45 x 10°
HNC-18 308 000 1.1 2.86 x 10°

M,, = number average molecular weight, V;, = hydrodynamic volume,
= polydispersity index.

the O-ATRP technique in producing polymers with high mole-
cular weight, a narrow D, and devoid of metal contamination.

Additionally, Mark-Houwink equation was used to deter-
mine the hydrodynamic volume (V},) of HNC-06, HNC-12, and
HNC-18, and HPC,® the obtained data is shown in Table 1.
GPC analysis revealed that PNVCL-g-HPCs polymers possess a
higher hydrodynamic volume than HPC. Furthermore, a posi-
tive correlation was observed between the hydrodynamic
volume of PNVCL-g-HPC and the molecular weight of
polymers.

3.5. Investigation of polymerization kinetics

GPC analysis was employed to investigate polymerization kine-
tics, with HNC-18 serving as the model system for kinetic
studies. The semilogarithmic plot in Fig. 4 depicts the conver-
sion of monomer as a function of time. The initial monomer
concentration is denoted by M,, while M, represents the
monomer concentration at a specific time. A linear relation-
ship is observed in the plot of In([M]y/[M]) vs. time in
Fig. 4(a), particularly during the initial phase of polymeriz-
ation up to approximately six hours. This linear trend suggests
that first-order kinetics govern the polymerization process
during this time frame.?”*® Beyond the initial linear phase,
the graph in Fig. 4(a) exhibits a slight curvature, suggesting a
shift away from the previously linear trend. This shift might be
due to factors such as the use of a polar solvent like DMF or
reduced radical concentration, resulting in termination of
active free radicals.*>*°

Fig. 4(b) depicts the correlation between the (D) and M,, of
PNVCL side chains, which were produced by hydrolyzing
PNVCL-g-HPC, as a function of monomer conversion. The
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(a) Semilogarithmic kinetic plot of consumption of monomer

versus polymerization time. (b) Changes in B (M,,/M,) and M,, of NVCL
side chains with respect to monomer conversion.
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molecular weights of these PNVCL chains exhibited a linear
relationship with monomer conversion, indicating a controlled
polymerization process. Fig. 4(b) further illustrates that the
molecular weights of the polymers obtained from GPC
measurements closely matched the theoretical values. This
further confirms that the polymerization was well-controlled
and living.?

3.6. Thermogravimetric analysis

The thermal characteristics of HPC, HPC-1, PNVCL, HNC-06,
HNC-12, and HNC-18 were assessed through thermo-
gravimetric analysis. Fig. 5 displays the thermograms for these
materials, while Table 2 presents data on thermal stability,
including Ts, Ty, Ts0, and Reoo. The TGA thermogram reveals
that HPC undergoes a one-step degradation process with a Ts,
value of 365 °C. In contrast, HPC-1 exhibits reduced thermal
stability (T5o = 329 °C) compared to HPC. This decreased
thermal stability of HPC-1 is attributed to the presence of bro-
moalkyl groups, which release hydrogen bromide upon
heating during TGA analysis.>>*! In the case of PNVCL-g-HPC
polymers, the thermal degradation of HNC-18 manifests as a
two-stage process. The initial weight loss, occurring around
100 °C, is likely due to the removal of residual moisture. The
first stage of degradation occurs between 358 °C and 414 °C,

Sample Weight (%)

401 —HPC1
——PNVCL
——HPC

201 —HNC-06
——HNC-12

" . I-'L\C-ls

T T T T Y T v T Y T :
0 100 200 300 400 500 600 700
Temperature (°C)

Fig.5 TGA of HPC, HPC-1, PNVCL, HNC-06, HNC-12, HNC-18
polymers.

Table 2 TGA analysis of HPC, HPC-1, HNC-06, HNC-12, and HNC-18

Samples Ts (°C) T10 (°C) Ts0 (°C) R0 (%)
HPC 325 343 365 16.2
HPC-1 112 213 329 21.6
PNVCL 221 296 438 6.2
HNC-06 344 361 470 6.4
HNC-12 364 378 485 6.9
HNC-18 388 392 503 7.8

Ts, T1o, and Ts, are the temperatures at which 5%, 10%, and 50%
weight loss occur. Rggo displays the residual mass at 600 °C.
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while the second stage initiates at approximately 482 °C and
persists until 503 °C. Significantly, HNC-18 has a T, value of
503 °C, surpassing the Ts, values observed for HPC and
HPC-1. This enhanced thermal stability can be primarily
attributed to the chain extension that occurs during the syn-
thesis of the final polymer. Additionally, HNC-18 also shows a
higher Reoo value compared to HPC and HPC-1. The thermal
stabilities of HNC-06 and HNC-12, as observed in Fig. 5,
exhibit a similar pattern.

As a control experiment, we assessed the thermal stability
of the homopolymer N-vinyl caprolactam (PNVCL). As shown
in Table 2 and Fig. 5, PNVCL exhibited a T, value of 438 °C
with a multistep degradation pattern, which differs from those
observed for HPC, HPC-1, HNC-06, HNC-12, and HNC-18.

Thus, HNC-06, HNC-12, and HNC-18 have higher T;, values
than HPC and HPC-1. These results reveal that HNC-06,
HNC-12, and HNC-18 polymers have been successfully syn-
thesized, exhibiting a different thermal stability compared to
HPC and HPC-1.

3.7. Investigation of pH- and thermo-responsive behavior

The pH- and thermo-responsive behavior of HPC, HNC-06,
HNC-12, and HNC-18 polymers in an aqueous solution was
determined by exploring their LCSTs. The LCSTs of these poly-
mers were investigated using the transmittance method. In
Fig. 6(a), we present the changes in transmittance observed in
the HNC-18 aqueous solution when subjected to variations in
temperature and pH. Meanwhile, Fig. 6(b) highlights the
relationship between pH and LCST. Fig. 6(a) illustrates a
decrease in the LCST of HNC-18 with rising pH levels.
Additionally, the polymer solutions exhibited a reduction in
transmittance to around 55% and 25% at pH values of 3.0 and
4.5, respectively (Fig. 6a), some polymer chains have the ability
to self-assemble, which explains this behavior.” PNVCL is
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Fig. 6 (a and c) Temperature-dependent transmittance of HNC-18 and
HPC at different pH levels, (b and d) LCST of HNC-18 and HPC plotted
against different pH values.
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acknowledged for its propensity to undergo protonation when
exposed to an acidic solution. This protonation effect elevates
electrostatic repulsion, consequently hindering the process of
phase separation.*>** Likewise, as shown in Fig. 6(b), it is
evident that the LCST decreased from 47.3 to 37.2 °C as the
pH of the solution was increased from 3.0 to 12.0, attributable
to the grafting of PNVCL chains onto HPC. These outcomes
highlight the direct correlation between the LCST of HNC-18
and the pH of the polymer solution. Consequently, the
HNC-18 polymer exhibited dual pH and temperature-respon-
sive characteristics in aqueous environments. These findings
align well with earlier research in this area.**™*® In order to
assess the properties of the polymers, we investigated how the
LCST of HPC responded to variations in both temperature and
pH, as depicted in Fig. 6(c and d). As Fig. 6(d) clearly illus-
trates, an elevation in pH led to an increase in the LCST for
HPC, in contrast to HNC-18, where LCST increases by increas-
ing pH. This behavior can be attributed to the disruption of
hydrogen bonds between HPC and water molecules.*” Similarly,
the reason behind the lower LCST of HNC-18 when compared
to HPC can be traced to the formation of hydrogen bonds
between HPC (hydrogen bond donor) and PNVCL (acting as
hydrogen bond acceptors). These results signify that the bio-
compatible HNC-18, which responds to dual stimuli, possesses
an LCST of 37.2 °C, well-aligned with the physiological tempera-
ture range of 25-38 °C. Consequently, HNC-18 exhibits con-
siderable potential for a wide array of applications, including
biomedical engineering, biosensors, drug delivery system.

Similar findings were observed for HNC-06 and HNC-12, as
illustrated in Fig. 7, where an increase in pH led to a reduction
in the LCST of these polymers. Fig. 7 demonstrates that at a
pH of 12.0, the LCST values were 41.5 °C for HNC-06 and
39.4 °C for HNC-12.

Fig. 8 indicates the changes in hydrodynamic radius (R}) of
HNC-18 with temperature at various pH values. Dynamic Light
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Fig. 7 (a and c¢) HNC-06 and HNC-12 transmittance as a function of
temperature at various pH levels. The LCST of HNC-06 and HNC-12 in
relation to pH is shown in (b and d).
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Fig. 8 Variations in hydrodynamic radius (R),) of HNC-18 in an aqueous
solution with temperature and pH.

Scattering (DLS) experiments were used to measure the hydro-
dynamic radius of the polymers. For this purpose, an aqueous
solution of HNC-18 polymer with a concentration of 2 mg
mL~! was used to measure Ry,. Fig. 8 shows that at a pH of 3.0,
the initial R, value did not change significantly when the
temperature was raised from 25 °C to around 43 °C. After that,
the Ry, value gradually increased. The same trend was observed
at pH values of 4.5, 7.5, 10.5, and 12.0, where the Rj value
initially remained almost the same and then increased
sharply. This sharp increase in R;, was observed at tempera-
tures of 42, 40, 39, and 37 °C at pH values of 4.5, 7.5, 10.5, and
12.0, respectively. Interestingly, both R, and LCST showed
similar responses to changes in pH and temperature, indicat-
ing that these two properties are complementary.

Fig. 9 presents the optical densities of HPC, HNC-06,
HNC-12, and HNC-18 polymers, recorded at 550 nm while

2.0

—a—HNC-18

Optical Density (550 nm)

0.0 T T T T Ll
25 30 35 40 45 50 55 60 65

Temperature (°C)

Fig. 9 Optical density of HPC, HNC-06, HNC-12 and HNC-18 polymers
in an aqueous solution.
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their aqueous solutions were heated from 25 to 65 °C. HPC
shows very small value of optical density, around 0.188, from
25 to 43.8 °C, indicating maximum solubility in water within
this temperature range. This behavior is because HPC exhibits
LCST behavior in water. Below its LCST, HPC is typically
soluble in water, forming a homogeneous solution. However,
by increasing the temperature from 43.8 to 65 °C, HPC
becomes insoluble, and its optical density increases from
0.188 to 1.3. When the temperature surpasses the LCST of
HPC, the polymer chains undergo a phase transition, leading
to the formation of a separate phase, often appearing as
cloudy or gel-like precipitates in the solution. The reason for
this phase separation is that the interactions between the
polymer and the water molecules alter considerably above the
LCST, causing the HPC molecules to preferentially interact
with each other rather than staying dispersed in the water.?

For HNC-06, the optical density remained consistent at 0.87
until reaching 41.5 °C, beyond which it escalated to 1.4 at
65 °C. This observed shift suggests that heating the solution
beyond 41.5 °C prompts the polymer to exhibit a tendency to
form aggregates. This behavior is attributed to the presence of
PNVCL segments within the polymer, serving as hydrophobic
components in an aqueous solution, leading to aggregation.

At 65 °C, HNC-12 demonstrated an optical density of 1.58,
maintaining a consistent value of 0.185 between 25 and
39.4 °C. Similarly, HNC-18 indicated an optical density of 0.87
from 25 to 37.2 °C, which increased as the temperature rose
from 37.2 to 65 °C, reaching a value of 1.8 at 65 °C. However,
above their LCST, HNC-06, HNC-12, and HNC-18 polymers
became insoluble and formed aggregates due to the hydro-
phobic PNVCL segments, finally undergoing a phase transition.

The increased optical density at elevated temperatures is
due to the dehydration of HPC components, which enhances
hydrophobic interactions between the PNVCL segments. As
the temperature increases, water molecules bound to the
hydrophilic groups in HPC are expelled, resulting in a loss of
solubility. The dehydrated HPC segments expose their hydro-
phobic core, triggering the aggregation of polymer chains.
PNVCL, a thermoresponsive polymer, undergoes an LCST tran-
sition, where above the LCST, the PNVCL segments become
hydrophobic, leading to phase separation and aggregation.
This aggregation enhances the hydrophobic interactions
between the polymer chains, contributing to the observed
increase in optical density. These results align well with the
previous studies.'>*¥*

Finally, increasing the contents of hydrophobic PNVCL seg-
ments in HNC-06, HNC-12, and HNC-18 resulted in two
observed trends. The first trend was an increased optical
density of the polymers, due to enhanced self-association and
light scattering at higher temperatures caused by the aggrega-
tion of PNVCL domains. The second trend was a reduction in
LCST, implying a weakened interaction between the water
molecules and polymer due to the presence of hydrophobic
PNVCL segments. Additionally, the data clearly demonstrate a
strong relationship between the optical density and the
thermoresponsive properties of the polymers.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

In the present work, the thermosensitive behavior of
PNVCL-g-HPC polymers is tuned by varying the polymer con-
centration. The effect of polymer concentration in an aqueous
solution on thermoresponsive behavior is investigated using
HNC-18 polymer concentrations ranging from 2.0 to 9.5 mg
mL™". To calculate the LCST, light transmittance at 550 nm is
measured as a function of temperature (Fig. 10). Consistent
with expectations, the LCST of HNC-18 was observed to
decrease from 37.8 °C to 35.2 °C as the polymer concentration
rose from 2.0 to 9.5 mg mL~', indicating a concentration-
dependent change in LCST. This trend illustrates how the
phase transition temperature of HNC-18 in aqueous solutions
diminishes with increasing polymer concentration, aligning
with established principles of LCST behavior in dilute solu-
tions as documented in prior studies.'®*®** This principle
suggests that at lower polymer concentrations, strong hydro-
gen-bonding interactions between water molecules and
polymer chains are promoted. In this case, more thermal
energy is required to break the hydrogen bonds, leading to an
increase in LCST. However, at higher polymer concentrations,
weaker hydrogen-bonding interactions between water mole-
cules and polymer chains are promoted. Consequently, less
thermal energy is required to disrupt the hydrogen bonds, ulti-
mately leading to a decrease in LCST. These results are consist-
ent with previous studies.”*”

The thermosensitive behavior of PNVCL-g-HPC polymer was
also tuned by varying the length of the hydrophobic PNVCL
block chain. Fig. 11 illustrates how the molecular weight of the
PNVCL block influences the LCST. The LCST values were
found to be approximately 42 °C, 39 °C, and 37 °C for HNC-06,
HNC-12, and HNC-18, respectively. Given that PNVCL is inher-
ently hydrophobic, the PNVCL-g-HPC polymers exhibit
reduced hydrophilicity compared to the HPC homopolymer.
Consequently, the HNC-18 polymer, which has a longer
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Z 40-
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Fig. 10 The effect of concentration of PNVCL-g-HPC polymer on
LCST.
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Fig. 11 Influence of block length and balance between hydrophobic
and hydrophilic segments on the LCST for HNC-06, HNC-12, and
HNC-18 polymers.

PNVCL segment, shows lower hydrophilicity than HNC-06 and
HNC-12, resulting in lower LCST values, as anticipated.>*

In HNC-18, HPC behaves as a hydrophilic polymer in
aqueous solution at temperatures below its LCST, meaning it
is soluble in water and interacts favorably with water mole-
cules. At temperatures above its LCST, HPC becomes hydro-
phobic or water-insoluble because the hydrogen bonds
between the HPC chains and water molecules become less
stable at higher temperatures, causing the HPC chains to
aggregate. The hydrophilicity of HPC is due to hydrogen
bonding with water molecules, which helps to keep the HPC
chains dispersed in water. The hydrophobicity of HPC at temp-
eratures above its LCST is due to the weakening of these hydro-
gen bonds, resulting in aggregation.'®>’

PNVCL is a polymer that can exhibit both hydrophilic and
hydrophobic properties depending on temperature. It contains
hydrophilic amide groups and hydrophobic carbon-carbon
backbones. At temperatures below its LCST, PNVCL tends to
be hydrophilic, meaning it has an affinity for water and can
dissolve or swell in aqueous solutions. However, as the temp-
erature increases beyond the LCST, the polymer undergoes a
phase transition and becomes hydrophobic, repelling water
and losing its solubility in aqueous solutions. Thus, hydro-
phobic behavior dominates compared to its hydrophilic
behavior.

Similarly, the HNC-12 polymer, with a longer PNVCL block
length than HNC-06, is less hydrophilic, resulting in a lower
LCST value. These findings are consistent with earlier
research.'®>*® This observation suggests that by adjusting
the balance between hydrophilicity and hydrophobicity, it is
possible to regulate the phase transition temperature of these
polymers to fit within the desired range. This property is often
exploited in various applications, including food additives,
pharmaceuticals, cosmetics, and especially biomedical appli-
cations to control the release of drugs.
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4. Conclusions

This study successfully synthesized and characterized dual pH-
and thermo-responsive PNVCL-g-HPC polymers using metal-
free, visible-light-driven organocatalyzed atom transfer radical
polymerization (O-ATRP) with 4CzIPN as the photoredox cata-
lyst. Comprehensive analyses, including FT-IR, NMR, TGA, and
GPC, validated the high quality and successful synthesis of
these polymers. We addressed the challenge of high LCST in
HPC-based polymers by tuning the composition ratios of HPC
and PNVCL monomers, achieving precise control over the
LCST. Specifically, the LCST of the HNC-18 polymer was
reduced from 43.8 °C to 37.2 °C as pH increased from 3.0 to
12.0. This reduction in LCST demonstrates the effectiveness of
our approach and the potential of PNVCL-g-HPC polymers for
applications requiring precise thermal responsiveness. The
ability to tailor the LCST of these polymers opens new oppor-
tunities for their use in various advanced fields, including
electronics, biosensors, pharmaceuticals, biomedical engineer-
ing, and drug delivery systems. The efficiency and versatility of
the synthesized polymers underscore their promise for diverse
technological applications.
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