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Abstract We exploited organic photo-redox-cata-
lyzed atom transfer radical polymerization (O-ATRP)
to synthesize a thermo-responsive polymer with a
narrow molecular weight distribution. Poly(methyl
methacrylate) (PMMA) chains were polymerized
from a hydroxypropyl cellulose (HPC)-based mac-
roinitiator using metal-free O-ATRP under visi-
ble-light irradiation. This O-ATRP is mediated by
1,2,3,5-tetrakis  (carbazol-9-yl)-4,6-dicyanobenzene
(4CzIPN), a photoredox catalyst with a substantial
excited-state reduction potential, low cost, and ease
of preparation. The synthesis of a series of PMMA-
grafted HPC (PMMA-g-HPC) was characterized by
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various analytical methods, including FTIR spectros-
copy, NMR spectroscopy, TGA, and GPC analysis.
The lower critical solution temperature (LCST) of
the polymers was determined by measuring the trans-
mittance of the polymer solution as a function of the
temperature at various pH values. Consequently, we
expanded the LCST window of the HPC-based poly-
mers and generated the opposite pH dependency of
the LCST by forming PMMA-g-HPCs. Our “graft-
ing-from” synthetic approach and thermo-responsive
polymers, which are controllable in full range of
physiological conditions, are promising in a variety
of biological, electronics, and biosensor applications,
particularly in drug delivery systems.

Keywords Thermo-responsive polymers -
Organic photoredox-catalyzed atom transfer radical
polymerization (O-ATRP) - Atom transfer radical
polymerization (ATRP) - Hydroxypropyl cellulose
(HPC) - LCST

Introduction

Smart polymer-based systems capable of experi-
encing modifications in response to various stim-
uli are of particular interest (Cobo et al. 2015; Jia
et al. 2022). Smart polymers/stimuli-responsive
polymers are at the forefront of various technolo-
gies because they show an active response to every
small stimulus, resulting in large alterations in their
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microstructure, as well as physiological and chemi-
cal properties (Park et al. 2018). Smart polymers
can be graft copolymers, homopolymers, or block
copolymers, depending on their topology (Sikdar
et al. 2021). The graft modification of stimulus-
responsive materials is appealing for the fabrication
of smart polymers (Jana and Uchman 2020; Kang
et al. 2013). Different biomacromolecules, including
dextran, keratin, cellulose and its derivatives, have
been used as the backbones for the synthesis of this
type of smart polymers (Cobo et al. 2015; Garcia-Val-
dez et al. 2018). Cellulose and its derivatives are the
most abundant polysaccharides and are mostly used
as important sustainable raw materials (Yuan et al.
2012). Furthermore, cellulose has several appealing
features including renewability, biocompatibility, and
abundant availability in nature (Droguet et al. 2022).
Hydroxypropyl cellulose (HPC), an important deriva-
tive of cellulose, is non-toxic, water-soluble, and has
significant thermo-responsive properties, making it
an attractive candidate for various biological applica-
tions (Arredondo et al. 2020; Barty-King et al. 2021;
Hatton et al. 2017). The barrier of the lower critical
solution temperature (LCST) of 4045 °C, which
falls outside the range of the physiological tempera-
ture (25-38 °C), hinders HPC from functioning as an
important biomaterial (Rwei and Nguyen 2015). The
LCST of HPC has been attempted to be regulated
to the physiological temperature range or even to
the body temperature via graft modification of HPC
(Kedzior et al. 2019; Weilenborn and Braunschweig
2019). Many synthetic thermoresponsive polymers
have been identified and extensively studied, includ-
ing poly(methyl methacrylate)-b-poly(N-isopropyl
acrylamide) (PMMA-b-PNIPAM) (Ko et al. 2020),
oligo(ethylene glycol) methyl ether methacrylate
(OEGMA) and poly(ethylene glycol) (Porsch et al.
2011), poly(methyl methacrylate)-b-poly(N-isopro-
pylacrylamide-co-Nacryloxysuccinimide) (PMMA-b-
P(NIPAAm-co-NAS) block copolymer (Chang et al.
2011), hydroxypropyl cellulose acrylic acid (HPC-
AA) (Bai et al. 2012), and hydroxypropy!l cellulose-
g-poly(4-vinylpyridine) (HPC-g-P4VP) (Ma et al.
2010).

Poly(methyl methacrylate) is one of the most inves-
tigated polymers because of its stability, low cost, low
optical loss in the visible spectrum, and ability to
sense chemicals, which was also studied by employ-
ing its optical, electrical, and microgravimetric
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properties. Poly(methyl methacrylate) (PMMA) is a
promising thermoresponsive polymer for use in sen-
sors, analytical separation, pneumatic actuators, and
optical and conductive devices. They can also be used
for biomedical purposes, polymer electrolytes, and
drug delivery systems (Saad et al. 2020).

The grafting of various synthetic thermorespon-
sive polymers on a cellulose backbone using several
conventional techniques has been investigated com-
prehensively (Wohlhauser et al. 2018; Zhang et al.
2017). These techniques include reversible deactiva-
tion radical polymerization (RDRP), ring-opening
polymerization, free radical polymerization, nitrox-
ide-mediated polymerization (NMP), reversible addi-
tion-fragmentation chain transfer (RAFT) polymeri-
zation, atom transfer radical polymerization (ATRP),
(Chen et al. 2016; Parkatzidis et al. 2020), and sur-
face initiated ATRP (SI-ATRP), (Huang et al. 2015;
Lacerda et al. 2013; Morandi et al. 2009; Tu et al.
2019; Yi et al. 2008). The majority of the employed
techniques are based on free-radical polymerization
processes, in which free-radical sites are synthesized
along the cellulose backbone through chemical or
irradiation means (Chen et al. 2016). The polymer
chain grows from these radical sites using a “grafting-
from” technique in the presence of vinyl monomers.
Among these techniques, ATRP has been extensively
used for controllable graft copolymerization of vari-
ous vinyl monomers onto the cellulose backbone and
derivatives of cellulose (Larsson et al. 2015). ATRP
has become one of the most powerful techniques for
precision polymer synthesis for a variety of industrial
applications, such as cosmetics, detergents, paints,
surfactants, coatings, adhesives, inkjet printing, and
drug delivery systems (Kaldéus et al. 2019; Maty-
jaszewski 2018).

ATRP has traditionally depended on transition-
metal-based catalysts to mediate its mechanism,
which affords a polymer with a controlled molecular
weight (MW), low Dispersity index (P), and con-
trolled end-group functionality. However, transition
metal contaminants remain permanently in synthe-
sized polymeric products, limiting their applica-
tions in electronics and biomedical fields (Treat et al.
2014). To reduce these transition metal residues in
the final polymers, purification is required, which
can increase the cost of the process. The elimina-
tion of these transition metals is required for suitable
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microelectronics and biomedical applications (Maty-
jaszewski and Tsarevsky 2014).

To address the major issues associated with con-
ventional ATRP, organic photoredox-catalyzed atom
transfer radical polymerization (O-ATRP) under vis-
ible light irradiation has been developed for the syn-
thesis of metal-free polymers, gradually replacing
conventional ATRP-based transition metal catalysts
(de Avila Gongalves et al. 2021; Discekici et al. 2017,
Miyake and Theriot 2014). Numerous investigations
have been conducted on the O-ATRP employing
organic photoredox catalysts. Matyjaszewski et al.
first showed that phenyl phenothiazine analogs are
very effective organic photoredox catalysts (OPCs)
for the O-ATRP of methyl methacrylate (MMA)
(Pan et al. 2016). Miyake et al. also developed vari-
ous organic photoredox catalysts (perylene and diaryl
dihydrophenazines) for O-ATRP (Theriot et al. 2016).
Similarly, in our previous study, we reported further
advancements in O-ATRP by formulating a design
principle for the development of various organic pho-
toredox catalysts (Singh et al. 2018).

In this study, we developed a metal-free O-ATRP
for PMMA-grafted HPC (PMMA-g-HPC) with low
b. O-ATRP using the HPC-based macroinitiator was
carried out in the presence of 4CzIPN photoredox
catalyst under visible-light irradiation. To assess the
thermo-responsivity of the synthesized polymers, the
LCST was determined by measuring the transmit-
tance of the polymer solution as a function of tem-
perature at different pH values. Grafting PMMAs
onto HPC induced significant changes in the LCST
and pH dependency. By tuning the MW of the grafted
PMMA, the thermo-responsivity of PMMA-g-HPC
was controlled over a full range of physiological con-
ditions. To the best of our knowledge, O-ATRP has
not been previously employed for the synthesis of
such polymers, and the thermoresponsive behavior of
PMMA-g-HPC has not been studied before.

Experimental

Materials

Hydroxypropyl cellulose (HPC) was purchased from
carbosynth, UK (Mw=180,456 gmol~! according

to manufacturer), 2-Bromopropionyl bromide (97%)
was purchased from Alfa Aesar and used as received.

Methyl methacrylate (MMA, 99.0%) was purchased
from Daejung, Dimethyl formamide (DMF, 99.8%)
from RCI Labscan, Thailand, Dichloromethane
(DCM, 99%) were purchased from Sigma Aldrich
and used as received. 1,2,3,5-tetrakis(carbazol-9-yl)-
4,6-dicyanobenzene (4CzIPN) was prepared using a
reported method (Singh et al. 2018).

Synthesis of macroinitiators

The macroinitiator (HPC-Br) is prepared according to
a reported procedure (Rahimian et al. 2015), as shown
in Scheme la. HPC (2.456 g) was dissolved in 280
mL of anhydrous dichloromethane in a round bot-
tom flask with continuous stirring overnight. Then,
the solution was cooled to 0-5 °C in an ice bath and
2-Bromopropionyl bromide (186 mg, 0.8 mmol) solu-
tion in dichloromethane (40 mL) was added dropwise
over 20 min. The reaction mixture was then stirred at
room temperature (25 °C) for 24 h. Then, 20 mL of
distilled water was added to the flask, and the mixture
was allowed to stand until a sticky white solid mate-
rial was obtained, which was filtered and dried under
vacuum.

Synthesis of thermoresponsive polymers
(PMMA-g-HPC)

Three different thermoresponsive polymers, denoted
CP-06, CP-08, and CP-12, are synthesized via visible-
light-driven O-ATRP in the presence of an organic pho-
toredox catalyst, as shown in Scheme 1a. All these pol-
ymers differed in the molar ratios of HPC and PMMA.
For instance, 94:06 (HPC: MMA), 92:08 (HPC:
MMA), and 88:12 (HPC: MMA) were the molar ratios
used to prepare CP-06, CP-08, and CP-12, respectively,
based on the feeding ratio of monomer/macroinitia-
tor for the reaction. Moreover, all these polymers were
prepared using the same method, and the synthesis of
CP-12 is discussed here as an example. The macroiniti-
ator (225 mg) and anhydrous DMF (2 mL) were placed
in a dried glass vial equipped with a stirring bar and a
nitrogen inlet/outlet. After complete dissolution of the
macroinitiator in DMF, MMA (1 mL) and 4CzIPN as
an organic photoredox catalyst (10 mg) were added to
the reaction mixture. Subsequently, the reaction mix-
ture was bubbled with N, for 30 min. Further, polymer-
ization was carried out for 6 h under blue light at room
temperature in a closed system. The resulting polymer
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product was precipitated in methanol (50 mL), filtered,
and vacuum-dried separating residues including low
molecular weight of free PMMA. The properties of the
prepared polymers were compared with those of neat
HPC, which is termed HPC-0 in this study.

Characterization and methods

FTIR spectra were recorded on a Bruker-Equinox
55 FTIR spectrometer using KBr pellets in the range
4000—400 cm™~!. Proton nuclear magnetic resonance
spectra ("H NMR) were recorded on a Bruker ARX
400 MHz spectrometer. The structures of the polymers
were characterized using DMSO as a solvent. Gel per-
meation chromatography (GPC) analysis was used
to determine the molecular weight and P of the syn-
thesized polymers using a 1200-inch series precision
pump, 1200-inch series diode array detector and 1250-
inch evaporative light scattering detector. The system
was calibrated using polymethyl methacrylate (PMMA)
standards. Thermogravimetric analysis (TGA) was per-
formed using a Mettler Toledo 822 instrument. The
LCST of the PMMA-g-HPC samples was measured
using transmittance method. The thermoresponsive
behavior of all polymers (HPC-0, CP-06, CP-08, and
CP-12) was assessed by measuring the transmittance of
the aqueous solutions (20 mg/mL) at a wavelength of
550 nm using a UV/Vis spectrophotometer (Shimadzu
UV-2401PC), and the transmittance of the copolymer
solutions as a function of temperature and pH was
investigated in the temperature range of 20-70 °C. The
pH of the aqueous solutions of all the polymers was
adjusted by adding NaOH and HCI. The temperature at
which 50% of the transmittance decreased was taken as
the lower critical solution temperature (LCST). Simi-
larly, the optical density (OD) of all the polymeric solu-
tions (20 mg/mL) was measured at 550 nm by varying
the temperature range from 20 to 70 °C at a heating
rate of 5 °C/min using a UV/Visible spectrophotometer
(Shimadzu UV-2401PC).

Results and discussion
Synthesis of macroinitiator
The synthesis of PMMA-g-HPC based thermorespon-

sive polymers is depicted in Scheme la. In this pro-
cess, a macroinitiator (HPC-Br) was initially prepared
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by the reaction of HPC and 2-Bromopropionyl bro-
mide. The structure of the prepared HPC-Br was
evaluated using FTIR spectroscopy. The FTIR spectra
of the monomer (HPC-O) and HPC-Br are shown in
Fig. 1A. In case of HPC-0, the broad absorption band
at 3460 cm™! was attributed to the stretching vibra-
tions of the hydroxyl group of cellulose. The absorp-
tion bands at 2993 and 2819 cm™' were assigned to
the C-H asymmetric and symmetric stretching vibra-
tions of the methyl and methylene groups, respec-
tively. As clear from FTIR spectrum of macroinitiator
in the Fig. 1A (spectrum b), the absorption band at
1741 cm™! was assigned to the stretching vibration of
the carbonyl groups in the ester, and this absorption
band is absent in the spectrum of HPC-0. The struc-
ture of the synthesized HPC-Br was also evaluated
using NMR spectroscopy. In the 'HNMR spectrum
of the macroinitiator, a broad signal at 2.8 ppm (for
one proton) is attributed to the proton of the methine
group carrying the bromo group, shown as signal “c”
in Fig. 1B. Furthermore, a resonance signal at 1.85
ppm (signal b) can be assigned to the methyl group of
HPC backbone. Similarly, the methyl group of bromo-
methine resonated at 1.25 ppm (signal a). Moreover,
by comparing the integral area of the signal for the
methyl group of HPC backbone at about 1.25 ppm to
that of the methyl proton of the 2-Bromopropionyl
bromide group at around 1.85 ppm, the concentration
of Br in term of degree of substitution was estimated
to be 0.7, these results are in good agreement with
previously published literature (Jin et al. 2013). In
comparison, the NMR spectrum of HPC-0, reported
elsewhere (Ci et al. 2017), does not have the peak “a”
and “c” present at 1.25 ppm and 2.8 ppm in the NMR
spectrum of macroinitiator.

Synthesis of PMMA-g-HPC polymers via O-ATRP

Three different thermoresponsive polymers (CP-
06, CP-08, and CP-12) were prepared using MMA
monomer and HPC-Br as macroinitiator via visible-
light-mediated O-ATRP in the presence of 4CzIPN
as a photoredox catalyst (Scheme 1a). Their synthe-
sis has already been discussed above. The mecha-
nism of O-ATRP is shown in Scheme 1b. O-ATRP
is a versatile and efficient technique that harnesses
the required energy from the visible light in the pres-
ence of a photoredox catalyst to initiate the controlled
radical polymerization. In this mechanism, 4CzIPN
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Fig. 1 A FTIR spectra of (a) HPC-0, (b) HPC-Br. B '"H NMR spectrum of HPC-Br.

absorbs visible light in its ground state and is trans-
ferred to the excited state. This photoexcited species
can reduce the macroinitiator by an oxidative process,
leading to the formation of propagating radical (Pn.),
bromide anion, and a radical cation. Afterwards, the
polymer chains are propagated in a controlled way by
the addition of the monomers. The deactivation pro-
cess also runs side by side which can bring the prop-
agating polymer chains to dormant phase, and the
catalyst to the ground state, leading to the completion
of the O-ATRP cycle. The mechanism of O-ATRP is
well established and reported in a number of stud-
ies (Pan et al. 2016; Singh et al. 2018; Theriot et al.
2016).

The structures of PMMA-g-HPC polymers were
evaluated by FTIR spectroscopy. As an example,
the FTIR spectrum of CP-12 is given in the Fig. 2A
where the absorption band of the carbonyl group
was observed at 1734 cm™! that was not observed
in HPC-0 FTIR spectrum. It may indicate that the
PMMA chains were successfully grafted onto the
surface of hydroxypropyl cellulose. Similarly, the
structures of the synthesized polymers were also
confirmed using NMR spectroscopy, and 'HNMR

spectra of CP-12 is given in the Fig. 2B as an exam-
ple. In this 'THNMR spectrum, the broad signal at
2.8 ppm disappeared which was present in the
'"HNMR spectrum of macroinitiator, which con-
firmed the conversion of the macroinitiator to the
CP-12 polymer. Furthermore, the CP-12 polymer
had a distinct chemical shift at 3.44 ppm that repre-
sents the three protons of OCH; of PMMA chains.
Signals from HPC backbone of HPC grafted poly-
mers are always very weak, in Fig. 2B the weak
signals appearing below 2 ppm can be attributed
to HPC backbone (Bagheri and Pourmirzaei 2013).
While, the resonance peak above 7 ppm might be
due to some unknown impurities. These results
confirmed the successful grafting of PMMA chains
onto the hydroxypropyl cellulose backbone.

GPC analysis

The molecular weight and B of HPC-0, CP-06,
CP-08, and CP-12 were investigated by GPC analy-
sis. The chromatograms of all polymers are shown
in Fig. 2C, while the molecular weight and b val-
ues are given in Table 1. It is clear from the data
that all the synthesized polymers have a narrow D,

@ Springer
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1.2 in case of CP-06 while 1.1 in the case of CP-08
and CP-12, even at very high molecular weight val-
ues. Thus, it can be concluded that O-ATRP can
be useful for preparing metal-contamination-free
monodisperse polymers with a narrow D. Moreover,
the hydrodynamic volume (Vh) of HPC-0, CP-06,
CP-08, and CP-12 was calculated by Mark-Hou-
wink equation and are presented in Table 1 (Kasaai
2008).

It is clear from these values that PMMA-g-HPC
polymers have higher hydrodynamic volume than
HPC-0, and in case of PMMA-g-HPC this value
increases with increase in molecular weight of the
polymer.

The kinetics of MMA polymerization on cellulose
was also investigated using GPC analysis, CP-12 was
used for the kinetic studies. Figure 3a displays a semi-
logarithmic plot of MMA monomer conversion ver-
sus reaction time, whereas M, and M, are the initial
concentration and the concentration of the monomer
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at the specific time. A linear variation in In([M]/
[M],) was observed from the start of polymeriza-
tion to about three hours of the reaction time, which
exhibited the first order kinetics during this time
period. Afterwards, a small curvature in the graph
showed deviation from the linear behavior. This could
be due to the polar solvent (DMF) employed or a
decrease in radical concentration, which would result
in a partial termination of living free radicals. Moreo-
ver, the apparent propagatlon rate constant (k,,,) was
determined to be 0.03 h™! using following equation
(Dupayage et al. 2011);

In M1, = (kg,, X 1) 1)
[M]t app

A slight variation in molecular weight and molec-
ular weight distribution of PMMA side chains is
depicted in Fig. 3b which further confirmed the
polymerization kinetics. For this purpose, the CP-12
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Table 1 M, and Dispersity index (P), and hydrodynamic vol-
ume (Vh) of HPC-0, CP-06, CP-08 and CP-12.

Sample M,, (g mol™ D) b Vh (mL/mol)
HPC-0 180,456 1.8 1.61x10°
CP-06 230,725 1.2 2.16x10°
CP-08 252,620 1.1 2.40x10°
CP-12 291,075 1.1 2.85x10°

Reaction conditions: Synthesis of polymers was carried out
in an inert atmosphere of nitrogen at 25 °C under the irra-
diation of 23 W, 455 nm blue LEDs (5 mW cm™2). Molar of
HPC: PMMA for each polymer is given in the Table, whereas
225 mg of macroinitiator were used in each case

M,, Number average molecular weight; D, Dispersity index;
Vh, Hydrodynamic volume

0.20

(Nada and Hassan 2000). TGA analyses of HPC-0,
a macroinitiator, and synthesized polymers were car-
ried out under an inert atmosphere of nitrogen. The
thermal stabilities of macroinitiators HPC-0, CP-06,
CP-08, and CP-12 were evaluated in terms of Ts, T,
Ts, and R, which are defined in Table 2. Figure 4
displays the thermograms of all samples. As is clear
from the thermogram, HPC-0 was degraded in a sin-
gle step with a value of T5,=375 °C. In the case of
the macroinitiator, the thermal stability was consid-
erably decreased (T5,=276 °C); however, decom-
position still occurred in one step. The reason for
the reduced thermal stability of the macroinitiator is
the presence of bromoalkyl units, which lead to the
removal of HBr upon heating in the TGA analysis
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Fig. 3 a Monomer consumption vs. reaction time b Variation
in (B) and Mn of PMMA side chains (obtained via hydrolysis
of PMMA-g-HPC) versus monomer conversion ¢ GPC traces

was hydrolyzed to obtain PMMA side chains, GPC
traces of PMMA side chains withdrawn from the
reaction mixture at various time intervals is given in
Fig. 3c. Moreover, during the polymerization process,
the D reduced while the average molecular weight
(Mn) of PMMA increased with increase in monomer
conversion, as shown in Table 1. In conclusion, the
ATRP was a well-controlled process and these results
are consistent with previous studies (Chun-Xiang
et al. 2009; Singh et al. 2018).

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed
to investigate the thermal characteristics of the syn-
thesized polymers. It was previously established that
the thermal stability of cellulose and its derivatives
is significantly influenced by the substituent groups
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Table 2 TGA analysis of macroinitiator, HPC-0, CP-06,

CP-08, and CP-12

Samples Ts(°C) T;p(°C) Ts50(°C) Ry (%)
Macroinitiator 256 265 276 24
HPC-0 330 350 375 31
CP-06 267 277 386 19
CP-08 276 287 403 22
CP-12 290 305 422 23

Ts, T)(, and Ts, denote temperatures at which 5, 10, and 50%
weight loss occur. Ry is the residual mass at 600 °C

(Oestmark et al. 2007). In case of CP-12, the thermal
degradation occurs in two steps, as shown in Fig. 4.
The initial small weight loss can be attributed to the
removal of trapped moisture at approximately 100 °C.
The first degradation step ranged from 281 to 315 °C.
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The second degradation step started at approximately
400 °C and continued until 470 °C. In CP-12, the
value of Ts, was 422 °C, which is higher than the
Tsq values of HPC-0 and the macroinitiator due to
chain extension in the final polymer. Similarly, CP-12
exhibited a lower Ry, value than HPC-0 and the mac-
roinitiator did. The thermal stabilities of CP-06 and
CP-08 demonstrate a similar trend to that of CP-12,
as shown in Fig. 4; Table 2. From these data, it can be
concluded that the thermal stability of the polymers
was quite different from that of HPC-0 and the mac-
roinitiator, which in turn confirmed the successful
synthesis of the polymers.

The thermoresponsive behaviors of the polymers

The thermoresponsive behaviors of HPC-0, CP-06,
CP-08, and CP-12 in aqueous solutions were inves-
tigated. The transmittance of the CP-12 aqueous
solution as a function of the temperature at differ-
ent pH values and the LCST as a function of the
pH are shown in Fig. 5a, b respectively. As obvi-
ous from the Fig. 5a, the LCST of CP-12 moved
to a lower temperature as the pH of the solutions
increased. Furthermore, the transmittance of the poly-
mer solutions decreased to approximately 80% and
75% at low pH values of 3.5 and 5.0, respectively,
as shown in Fig. 5a. This can be attributed to some
fraction of self-assembled polymer chains (Ma et al.
2010a, b). It is well established that, in an acidic

aqueous solution, PMMA chains of PMMA-g-HPC
can be protonated, which can enhance the electro-
static forces of repulsion, which in turn can inhibit
phase separation(Mabhltig et al. 2003). Similarly, it is
obvious from Fig. 5b that grafting of PMMA chains
on HPC decreased the LCST from 44.3 to 36.7 °C
when the pH was increased from 3.5 to 12.1. This is
consistent with previously published literature (Zhang
et al. 2021). To evaluate these properties, the ther-
moresponsive behavior of HPC-0, as a function of
temperature at different pH values, was also inves-
tigated, as shown in Fig. 5c. While Fig. 5d exhibits
the dependence of LCST on pH values for HPC-0.
The obtained results revealed that a decrease in pH
shifted the LCST of HPC-0 to a lower temperature,
which can be attributed to the formation of hydro-
phobic aggregates originating from the disruption of
hydrogen bonds between water molecules and HPC
(Bai et al. 2022; Bonetti et al. 2021). The decreased
LCST of CP-12 compared to that of HPC-0 is asso-
ciated with hydrogen bond formation between the
hydrogen bond donor (HPC) and ester groups of
PMMA (hydrogen bond acceptor). It can be inferred
that CP-12 exhibited LCST behavior at approximately
36.7 °C that falls in the physiological temperature
range (25-38 °C), making it suitable for in vivo drug
delivery systems.

In the case of CP-06 and CP-08, similar effects
were observed, i.e., by increasing the pH, the LCST
of the polymer decreased. It was found that at
pH-12.1, LCST was 42.3 °C and 39.8 °C for CP-06
and CP-08, respectively, as shown in Fig. 6. Over-
all, the different LCST trend between the HPC and
PMMA-g-HPC series depending on pH was sum-
marized in Scheme 2. The LCST of HPC in basic
solution is relatively higher than LCST in acidic
solution, whereas the LCST of PMMA-g-HPC is
relatively higher in acidic rather than in basic solu-
tion. The effect is further illustrated in Scheme 2b,
at a temperature below the LCST, PMMA-g-HPC
is soluble in the solvent. The polymer chains are
hydrated and interact with the solvent molecules,
maintaining a homogeneous solution. This is
because the hydroxypropyl cellulose component
forms hydrogen bonds with the solvent, promoting
solvation. As the temperature exceeds the LCST,
the polymer-solvent interactions weaken, and the
balance between the polymer-solvent and poly-
mer-polymer interactions shifts. This results in the
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aggregation or phase separation of PMMA-g-HPC.
The lower LCST of PMMA-g-HPC as compare to
HPC can be explained on the bases of dominant
hydrophobic behavior of polymer when PMMA was
grafted on HPC. The grafted PMMA chains also
acted as spacers and pushed HPC chains apart from
each other, which further decreased the hydrophilic
interactions. These findings are in good agreement
with previously published literature (Shao et al.
2011).

Figure 7 shows the optical density of HPC-0,
CP-06, CP-08 and CP-12 measured at 550 nm by
heating the solutions from 20 to 70 °C. HPC-0
has a negligible optical density (0.095 from 20
to 44.3 °C), which shows the high solubility of

@ Springer

HPC-0 in water within this temperature range.
However, when the temperature was raised from
44.3 to 70 °C, HPC-0 became insoluble, and its
optical density was enhanced to 1.17. The tempera-
ture after which the polymer becomes hydrophobic
and insoluble in water is termed its LCST point;
therefore, the LCST of HPC-0 is 44.3 °C (Chiang
2016). The insolubility of all polymers above their
LCST was due to the phase transition phenomenon
that resulted in the formation of precipitates. This
is in good agreement with previous literature (Chi-
ang 2016). While CP-06 displayed an optical den-
sity of 0.097, which remained constant till 42.3 °C
and then increased to 1.50 at 70 °C, which indi-
cates that the solution heated above 42.3 °C makes
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the polymer insoluble in an aqueous solution. Sim-
ilarly, CP-08 showed an optical density of 1.58 at
70 °C, while its value remained almost constant at
0.097 from 20 to 39.8 °C. Likewise, CP-12 exhib-
ited an optical density of 0.098 from 20 to 36.7 °C
and then its value increased as the temperature
increased from 36.7 to 70 °C. At 70 °C, it had a
value of 1.72. This increase in the optical density
at higher temperatures can be attributed to the
dehydration of the hydroxypropyl cellulose units,
resulting in increased hydrophobic interactions
among the PMMA segments (Wei et al. 2006). It is
well reported that the incorporation of hydropho-
bic segments in the polymer backbone results in a

decrease in the LCST (Park et al. 2022). Thus, in
CP-06, CP-08, and CP-12, the hydrophobic PMMA
segments are increased compared to HPC-0, result-
ing in an increased optical density and a decrease
in the LCST value. Therefore, these temperature-
driven changes in the optical density of the poly-
meric solutions are related to the increase in the
hydrophobic PMMA segments. In addition, as evi-
dent from the above data, the optical density and
thermoresponsive behavior of all the polymers
complement each other.

Moreover, a comparative study of synthesis
of thermoresponsive polymers in our study and
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the previously published literature is given in the
Table 3.

Conclusion

To summarize, under visible-light irradiation and
with 4CzIPN serving as the photoredox catalyst,
metal-free PMMA-g-HPC with a narrow P was
successfully synthesized through O-ATRP. In this
approach, HPC was first converted into a macroini-
tiator by reacting with 2-bromopropionyl bromide.
Then, this macroinitiator was utilized for grafting
PMMA chains on HPC via O-ATRP, leading to the
synthesis of thermoresponsive polymers, which were
thoroughly characterized by FTIR, NMR, TGA, and
GPC. The thermo-responsive properties of these
polymers in aqueous solutions were investigated
by measuring the LCST of the polymers as a func-
tion of temperature at different pH values. The LCST
of PMMA-g-HPC decreased from 44.3 to 36.7 °C,
when the pH increased from 3.5 to 12.1 in the case
of CP-12, which has the highest MW for grafting
PMMA, whereas pristine HPC increases its LCST
from 41.6 to 44.3 °C with increasing pH value from
3.5 to 12.1. The MW of grafted PMMA influenced
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the trend and degree of pH dependency of the LCST
of HPC derivatives. We anticipate that the synthe-
sized metal-free, thermo-responsive polymer in a
wide pH range is promising for a range of biological,
electrical, and biosensor applications, especially in
drug delivery systems.
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Table 3 A comparison of our data with the previously prepared cellulose based grafted polymers

Sr.No  Polymer Mn b LCST (°C) References

1 HPC-g-P(NIPAAm)  4.06x10*-7.18x10*  1.8-1.9 33.3-34.7 Xu et al. (2010)

2 PMMA-g-PTh 22,864 1.68 LCST was not measured ~ Massoumi and Jaymand (2016)
3 PMMA-PFPMA, 22,100-36,100 1.45-1.98  LCST was not measured  Zhang et al. (2012)

4 PMMA-b-PNIPAM 41,000 13 LCST was not measured Ko et al. (2020)

5 BiB-CNCs 5300-46,500 1.07-1.10  LCST was not measured ~ Hatton et al. (2017)

6 PDMAEMA 2500-8600 1.1-1.2 LCST was not measured  Arredondo et al. (2020)

7 HPC-g-PMMA 291,075 1.1 36.7 This work
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