#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Synthesis and properties of a stimulus-responsive
block polymery

i ") Check for updates ‘

Cite this: RSC Adv., 2020, 10, 28541
s .
B. Wang“® and F. Q. Liu

In this study, the synthesis of small molecules and use of an improved “"one-pot” method to synthesize the
reversible addition—fragmentation chain transfer polymerization (RAFT) reagents have been reported. By
comparing with the RAFT reagents synthesized by the traditional “step-by-step” method, it was observed
that the reagents synthesized by the two methods had the same structure, however, the improved “one-
pot” preparation method results in a significantly higher vyield. Subsequently, two different
macromolecular CTA segments (PVP-CTA-PVP and PDMAEMA-CTA-PDMAEMA) were prepared by RAFT
polymerization, followed by the synthesis of the block polymer PDMAEMA-b-PVP-CTA-PVP-b-
PDMAEMA. Through FITR, NMR, GPC and DLS analysis of the block polymer, it was observed that the
isotacticity gradually became dominant as the degree of polymerization increased. Further, using NMR
spectroscopy to study the effect of pH on the block polymer, the ionization degree of the synthesized
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1. Introduction

Living polymerization developed nearly six decades back, has
generated significant opportunities for polymer design." The
original concept and definition of active polymerization was put
forward by Szwarc.”* It has been found that the group transfer
polymerization has the characteristics of living polymerization,
thus, further expanding to the concept of living polymerization.
Living/controlled polymerization refers to the polymerization
reaction which is macroscopically similar to living polymeriza-
tion, however, cannot actually exclude the chain transfer and
chain termination completely.® In the mid-1980s, Australian
Federal Institute of Science and Industry (CSIRO) employed
a macromonomer as chain transfer agent in free radical poly-
merization and named it addition-fragmentation chain trans-
fer (AFCT).® In 1998, dithioester was used as reagent in living
free radical polymerization.” At the same time, Rhodia also
developed a new synthesis method, where xanthate is used as
CTA to control the polymerization of various block polymers.
This technology was named as macromolecular design by inter-
change of xanthates (MADIX).® In 1999, Chong, Y. K. et al. first
proposed reversible addition-fragmentation chain transfer
(RAFT) polymerization and its principle.” Since then, RAFT
method has seen a vigorous development.
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proved that the synthesized polymers exhibit significant prospects in the medical application.

At present, the methods of free radical living/controlled
polymerization mainly include atom transfer radical polymeri-
zation (ATRP),' nitroxide mediated polymerization (NMP)"* and
RAFT (including MADIX/RAFT)."”** Compared with other poly-
merization methods, RAFT has the advantages of convenient
preparation and inexpensive raw materials, along with appli-
cability for polymerization of various monomers, including
(meth)acrylate,'®”  styrene,’*  methacrylamide,®  vinyl
acetate,**** etc. Moreover, compared with ATRP** and NMP,>*?¢
the addition of excessive initiator in RAFT does not affect the
polymerization performance. In addition to common bulk and
solution polymerization, RAFT can also be applied for poly-
merization in miniemulsion,' suspension” and other special
reaction conditions.”® Using RAFT to synthesize the functional
materials,”**?**° such as the environmentally sensitive poly-
mers, has become a topic of intense research interest.

Environmentally sensitive polymers, on changing the
aqueous solution external environment such as temperature,
pressure, pH, CO,, etc.,>*** usually transform the proportion of
their hydrophilic-hydrophobic segments, thus, spontaneously
assembling into different aggregated forms. These changes
impact the macroscopic properties of the material. This
behavior enables the use of the temperature-sensitive polymer
aqueous solutions in medical treatment such as drug release,
gene loading, etc.,*”® especially in the treatment of tumors.*” As
the microenvironment (pH, temperature, etc.) near the tumor is
different from the normal human tissue,*® the unique proper-
ties of the temperature-sensitive water-soluble polymers result
in an enormous application potential for tumor treatment.***°

RSC Adv, 2020, 10, 28541-28549 | 28541


http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra05343k&domain=pdf&date_stamp=2020-08-01
http://orcid.org/0000-0002-6744-0110
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra05343k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010048

Open Access Article. Published on 04 August 2020. Downloaded on 1/11/2026 3:14:15 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

1.24

1.0

i

I

930 \
1169‘ 737
844

0.8 4

0.6

Transmittance

0.4 4

0.24

3471

/

2054 /
1671

0.0

1428
—=s
1500

¥ T € T ¥ T Y T L) T ¥ T
4000 3500 3000 2500 2000 1000 500

Wavenumber(cm™)

Fig. 1 Infrared spectra of the macromolecular CTA.

Though RAFT is applicable for polymerization of a wide
range of monomers, however, in order to achieve the effec-
tively controlled polymerization, suitable RAFT reagents
should be carefully selected for monomers with different
activities. PDMAEMA exhibits excellent temperature, pH and
ion sensitivity as well as antibacterial properties, however,
PDMAEMA is usually used together with other materials.
Poly(N-vinyl pyrrolidone) (PNVP) is a polymer with a wide
range of applications. Due to its biocompatibility, biodegrad-
ability, low toxicity and compounding ability, it can be used in
cosmetics, pharmaceuticals and biomedicine.** However,
there are only a few reports on PVP by RAFT, and the research
on the synthesis of PVP-b-PDMAEMA block polymer by RAFT is
almost inexistent. The complex preparation steps and low
yield of low molecular chain transfer agents limit the practical
application of RAFT.

Table 1 Analysis of the infrared spectra of the small molecule CTA
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In this study, a “one-pot” method was used to synthesize the
small molecule chain transfer agents. Compared with the
traditional “step-by-step” method, the yield was observed to be
significantly improved, and the process required a small extent
of post-processing. In addition, the developed transfer agent
was used for the first time to synthesize PDMAEMA-h-PVP-CTA-
PVP-b-PDMAEMA. The corresponding characterization
confirmed that the synthesized block polymer had the dual
sensitivity of pH and temperature, thus, exhibiting the potential
of application in medical treatment.

2. Results and discussion
2.1. Small molecule CTA

The analysis of small molecules CTA is shown in ESIL.t

2.2. Macromolecular CTA-PVP

2.2.1 Infrared characterization. The infrared characteriza-
tion of the macromolecular CTA is shown in Fig. 1, and Table 1.
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Fig. 2 'H NMRspectra of the macro-CTAS50.
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Table 2 Analysis of the 'H NMR spectra of the macro-CTA50
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Fig. 3 'H NMR spectra of the CTA, macro-CTA50 and macro-
CTA200.

The observed peaks in Table 1 confirmed that the macro-CTA
was successfully synthesized.

2.2.2 'H NMR spectrum. The "H NMR spectra of the CTA
macro-pvp50 is presented in Fig. 2, with the analysis shown in

Hydrogen proton absorption of the terminal methyl group

Hydrogen proton absorption of the methylene group connecting phenyl
Hydrogen proton absorption of the methylene group connecting methyl groups
Hydrogen proton absorption of the last methyl group of the pyrrolidone backbone
Hydrogen proton absorption of the methylene group in pyrrolidone backbone
Hydrogen proton absorption peak of methylene group in pyrrolidone ring

Table 2. The spectra of the CTA macro-CTA50 and macro-
CTA200 are shown in Fig. 3. With the reaction progress after
the addition of pyrrolidone, the hydrogen proton absorption
peak corresponding to the last methyl group of the phenyl
group at 7.29 ppm shifts to a lower value of 7.06 ppm. As the
amount of pyrrolidone is increased, the hydrogen proton
absorption peak at 7.06 ppm is observed to gradually disappear.
At the same time, the hydrogen proton resonance correspond-
ing to the methylene group attached to the methyl group in
—-OCH,-CH3; at 4.69 ppm, 4.66 ppm, 4.64 ppm and 4.62 ppm are
observed to disappear. The peak at 4.34 ppm, corresponding to
the proton of the methylene group attached to the phenyl group
in 1,4-phenylene(methylene)bis(ethylxanthate), is noted to shift
to a lower value, thus, also indicating the intervention of pyr-
rolidone. These observed findings demonstrated the successful
synthesis of the macromolecular CTA.

2.3. Block polymer (PDMAEMA-b-PVP-CTA-PVP-b-
PDMAEMA)

2.3.1 'H NMR spectrum of the block polymer. The "H NMR
spectra of the block polymer are presented in Fig. 4. Based on
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Fig. 4 H NMR spectra of the block polymer.
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Fig. 5 The change of pH of aqueous solution with the addition of
NaOD.

the computer simulation data and the "H NMR spectra, it can be
observed that the tacticity can be determined by the position of
the peak of b’ in PDMAEMA. Moreover, the approximate ratio of
the two components can also be calculated. The signal at
4.10 ppm represents the peak of the methylene group adjacent
to the carboxylate group of the DMAEMA monomer unit. The
peak at 3.20 ppm corresponds to the nitrogen atom in the NVP
monomer unit adjacent to the methylene group of lactam. From
the "H NMR spectrum, the length of the repeating unit of the
PDMAEMA unit is observed to be ~194, which is consistent with
the expectation from the synthesis method and almost identical
to the GPC data.

'"H NMR was used to study the PDMAEMA blocks with
different chain lengths. The peaks at 0.9 ppm, 1.1 ppm and
1.3 ppm demonstrate that the isotactic structure gradually
acquired the dominant position within the syndiotactic, atactic
and isotactic morphologies of the molecule on increasing the
degree of polymerization.

2.3.2 Study on sensitivity of pH. The sensitivity of the
macromolecular CTA and block polymers to pH was further
evaluated. It can be approximately obtained from the equation
pH = —Ig[H'] and approximate concentration treatment in the
low concentration solution as:

1)

pH:14+lg( (p x x x wt%) )

M (NaOD)(v + x)

where p is the density of NaOD at the current concentration and
v is the volume (ml) of the starting liquid. The volume (ul) of x-
doped sodium hydroxide (30 wt%) can be derived from the
NaOH concentration. For this, a certain volume of deionized
water was taken, to which different amounts of NaOD were
added, followed by the pH measurement. The results are shown
in Fig. 5. It can be observed that the pH of the solution in the
low concentration zone is slightly higher than the theoretical
value calculated using the relation (1). In the high concentration
zone, the measured pH of the solution is noted to be slightly
lower than the theoretical value. Based on this theory, the
relation (1) is used to fit the change in pH by adding the acidic
DCI solution, thus, enabling the study of the effect of pH on the
polymer.
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Fig. 6 H NMR spectra of the PDMAEMA under different pH
conditions.

The 'H NMR spectra of PDMAEMA under different pH
conditions is shown in Fig. 6 (the peak position is shown on the
full spectra, and the peak area is shown on the part spectra). Om
increasing the pH value, the acid-base change in the solution is
observed to have a significant influence on each peak, with the
chemical shifts of the polymer moving to the higher values and
the line width becoming wider. The pH of the system can affect
the chemical environment around the various groups contained
in the polymer. For instance, as the pH increases, the degree of
protonation of the tertiary amine groups decreases rapidly,
thereby, significantly impairing the ability to attract the elec-
trons. This results in an increase in the shielding effect of the
surrounding protons and the movement of the chemical shift to
the higher values. At the same time, the interaction between the
molecular chain and water molecules is destroyed, thus, the
main chain tends to undergo self-assembly. It enhances the
mutual shielding effect, and the corresponding attribution
peaks almost disappear in comparison. The effect of the

6 8 10 12
pH

Fig. 7 Chemical shift of the long side chain CHsz proton of the
PDMAEMA segment as a function of the pH value.

This journal is © The Royal Society of Chemistry 2020
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protonation process of the tertiary amine group on the line
width is observed to include the following aspects:

(1) The increase in the degree of protonation enhances the
interaction between the polymer and D,O solution, thus,
improving the mobility of the segment and narrowing the line
width;

(2) After protonation, the mutual repulsion between the
same charges causes the polymer chains to become dispersed.
Thus, the space of mutual movement becomes limited, and the
whole system becomes rigid, thereby widening the line width;

(3) In general, although there is a mutual repulsion between
the molecular chains after protonation, however, the movement
space is not limited (the interaction with the solvent is
enhanced, and the tendency of self-assembly is weakened).
Thus, the molecular chain mobility is enhanced, and the
mutual interference is reduced, thereby narrowing the line
width.

Therefore, as the pH decreases, the molecular chain is
almost completely protonated instead of the partial protonation
originally. Also, the molecular chain structure tends to be
single, thus, the molecular chain becomes narrow. It can be
seen from Fig. 6 that as the pH decreases, the peaks corre-
sponding to the polymer are significantly narrowed. Thus, as
the pH value of the system is reduced, the mutual repulsion
between the protonated polymers does not significantly affect
the mobility of the polymer segments.

The effect of different pH values on D,0O solution of triblock
polymer is the same as that of PDMAEMA D,O solution. The
introduction of PVP chains leads to stronger interaction
between block polymer and D,O solution in acidic conditions,
and the molecular chains changes from partially protonated to
protonated.

Fig. 7 presents the chemical shift of the long side chain CH;
proton (i.e., ¢') of the PDMAEMA segment as a function of the
pH value. The triblock polymer, dissolved in water, exhibits
a pH of ~7.4 at a concentration of about 0.25 g L™, which is
consistent with the human body's pH, however, it was slightly
higher than value reported in the literature. It may be due to the
strong interaction between the PVP segment and water mole-
cules, which destroys the aggregation tendency of PDMAEMA,
thus, resulting in a slight increment in ionization and pH.

The Henderson-Hasselbalch equation is shown as:

pK. = pH + Iga/(1 — a)] (2)

According to eqn (2), as the pH of the system increases, the
ionization degree « of the polymer gradually decreases. From
the chemical shift of the long side chain CH; proton of
PDMAEMA between pH = 4 and pH = 11, it can be seen that the
chemical shifts gradually move to the higher values, which
indicates that the relative change in the chemical shift directly
reflects the degree of protonation of the polymer. The reason for
no change in the chemical shift at pH <4 and pH > 11 is the pK,
value of PDMAEMA of ~7.3.*> Although the PVP segment is
introduced, it has a little impact on the pK, value of the whole
segment. Therefore, the equation can be used to estimate the
ionization degree « of about 99.96% at pH < 4. As the pH is

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 GPC test of the macro-CTA and block polymer.

reduced further, the protonation degree of the segment does
not change significantly. Similarly, for pH > 11, the ionization
degree reduces to 0.002%, and the deprotonation behavior of
the segment does not affect the overall chemical shift, thus,
leading to no obvious changes. In addition, as the pH increases,
the peak of the short side chain CHj; is noted to be small and
insignificant. As the pH gradually decreases, the integrated area
of the peak gradually increases. It can be inferred that the
PDMAEMA segment aggregates into the nucleus as the pH
increases, and the nature and state of the solution changes
accordingly. At this stage, the solution apparently changes from
clear to turbid, with an obvious phase change behavior. In
addition to the change in the chemical shift, the long side chain
CH; proton (i.e., ¢') of the PDMAEMA segment exhibits a large
decrease in the peak area, leading to eventual disappearance.
Two main reasons for this behavior can be the following: firstly,
as PVP is highly hydrophilic, its segments are aggregated on the
outside after PDMAEME self-assembly of PDMAEME. However,
the PVP segments can still bring out a small number of the
PDMAEMA segments, and the peak of the short side chain CH;
does not disappear completely. Secondly, the long side chain is
hydrophilic, even if the PDMAEMA segment is completely
deprotonated into a self-assembled structure. Thus, the inner
and outer hydrophilic long side chains of the core shell can still
interact with the water molecules.

It can be concluded that the NMR analysis can effectively
characterize the pH-sensitive behavior of a substance, along
with temperature sensitivity. As the pH of the system decreases,
the degree of protonation of the tertiary amine group in the
polymer increases. Thus, the mobility of the PDMAEMA
segment in the polymer increases significantly. This destabi-
lizes the hydrophilic-hydrophobic balance of the system, and
the polymer undergoes significant changes in the hydrophilic-
hydrophobic behavior. At the same time, due to the initial
tumor stage and differentiation, the pH value is 5.0-6.5, which
is lower than the pH value of the normal human tissues.*”” With
respect to the pH sensitivity of the polymer, comparing the
degree of polymer ionization in the normal human tissue

RSC Adv, 2020, 10, 28541-28549 | 28545
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Fig.9 Photos of PDMAEMA;g4-PVPg;-PDMAEMA; 64 (0.4 mg ml™, pH
= 7.5) changing at room temperature and 65 °C.

environments and tumor, it can be calculated that the degree of
ionization of the polymer in the normal human tissues is
55.73% as compared to 86.32-99.50% for the tumor. Thus, it is
confirmed that the block polymer has potential applications in
the treatment of cancer, along with other medical aspects.**™*°

2.3.3 GPC test. GPC tests were carried out on macro-CTA
and block polymers, as shown in Fig. 8. It can be observed
that the polymers exhibit single peaks and smooth curves with
good, thus, proving that the segment lengths in each polymer
are close. At the same time, an obvious difference between the
two peaks is noted, which proves that the molecular weight of
the material increases after the re-reaction. Based on the soft-
ware analysis, the M,, M,, and M, of the macro-CTA are
~19 600 g mol !, 22 800 g mol ' and 26 100 g mol '. The
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Fig. 10 Hydrodynamic diameter of block polymer aqueous solution
changing with time at 40 °C.
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Table 3 d}, and change in polydispersity with time at 40 °C

Time (min) 0 10 20 30 40
dy (nm) 96.7 105.1 114.1 123.8 126.7
Polydispersity 0.504 0.172 0.125 0.113 0.075
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Intensity
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20 T T T
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Diameter(nm)

T M T
50 100 300

Fig. 11 Hydrodynamic diameter of block polymer aqueous solution
changing with time at 50 °C.

polymer dispersity index (PDI, M,,/M,) is 1.164, based on the
calculation results. It confirmed that the polymerization pro-
ceeded with the living route, with effective molecular weight
control. Similarly, M,,, M,, and M, of the block polymer obtained
in a different reaction are ~39 800 g mol *, 50 000 g mol " and
59 100 g mol *, with the calculated PDI of 1.257. As the PDI of
the polymers is less than 1.5, it confirms the living polymeri-
zation in both cases. The PDI of the block polymer is noted to be
slightly larger than the macro-CTA, which may be due to the
excessive molecular weight and decreased living polymerization
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Fig. 12 Hydrodynamic diameter of block polymer aqueous solution
changing with temperature.
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Table 4 dy and change in polydispersity with time at 50 °C

Time (min) 0 10 20 30 40
dy (nm) 126.0 131.6 139.4 153.3 161.8
Polydispersity 0.236 0.157 0.065 0.077 0.031

ability during the later stages of polymerization. However, it is
still obvious that the chain transfer agent can be used to carry
out the living polymerization of PVP and PDMAEMA.

2.3.4 DLS test. The aqueous solution of the block polymer
exhibits not only the pH sensitivity, but also the temperature
sensitivity. The temperature sensitivity of the polymer solution
was analyzed through the macroscopic phenomena, as shown
in Fig. 9. The block polymer was dissolved in THF and dialyzed
with deionized water (pH = 6.9) for 72 h to prepare a solution
with a mass concentration of 0.5 mg ml~". The solution was
filtered through a 1 pm filter membrane and subsequently
tested for the particle size at 20 °C, 30 °C, 40 °C and 50 °C. The
results indicated no effective hydrodynamic diameter (dy) at
20 °C and 30 °C. As the temperature is increased to 40 °C, the dy
of the micelles gradually increases and the polydispersity of the
micelles gradually decreases with time (Fig. 10 and Table 3). The
reason for the observed behavior is the good solubility of the
block polymer with the water phase, thus, forming a homoge-
neous solution at the low temperature. As the temperature rises
to 40 °C, the solubility of the PDMAEMA segments in the
polymer deteriorates, thus, forming the hydrophilic-hydro-
phobic block copolymers. The aggregation tendency of the
hydrophobic segments and dissolution tendency of the hydro-
philic segments lead to the spontaneous formation of micelles
in the aqueous solution. The micelles are not stable at the initial
stage of formation, thus, the dispersion coefficient is observed
to be large. With time, the micelles with a larger diameter are

View Article Online

RSC Advances

continuously reduced due to the release of the water phase,
while the micelles with a smaller diameter are continuously
combined with each other, thus, finally forming the more stable
micelles with balanced aggregation and dissolution. Fig. 11
shows the results of test at 50 °C. The same trend as the analysis
at 40 °C is observed (Table 4). On increasing the temperature,
the dy; of the micelles becomes large, which might be due to the
effect of temperature on the hydrophilicity of the block
polymers.

In order to further confirm the observed trend, the analysis
was carried out at 45 °C and 70 °C, and the results are shown in
Fig. 12. It is observed that the dy of the material gradually
increases with temperature, which proves that the temperature
has a more obvious effect on the hydrophilicity of the material.
Moreover, it is also possible that on increasing the temperature,
the pH of the aqueous solution decreases, along with the
hydrophobic ability of the PDMAEMA chain segments
combined with protons, thereby, resulting in an increase in the
micelle diameter. In order to verify this conjecture, a small
amount of alkali was added to the sample at 70 °C to observe the
micelle change. The hydrodynamic diameter was observed to
reach ~40 nm. This shows that the temperature and pH value
exhibit a certain influence on the material, and the influence of
the pH value is consistent with the findings from the nuclear
magnetic resonance analysis.

2.3.5 TEM test. In order to further analyze the hydrophi-
licity and hydrophobicity of the polymer, the block polymer was
dissolved in a small amount of THF. A small amount of water
was subsequently added, followed by stirring. The solution was
swiftly dropped on a copper mesh (45 °C) for TEM analysis. The
TEM results are shown in Fig. 13. It can be seen from Fig. 13(a)
that the block polymer is uniformly distributed in the solution,
with a uniform micelle size and optimal dispersibility. As seen
from Fig. 13(b), the micelles in the solution have a spherical
shell structure, thus, the two mutually soluble liquids are
separated, with the spheres hollow from inside. It proved that

Fig. 13 TEM of block polymers: (a) overall effect of 10 microns. (b) Enlarged view of parts.

This journal is © The Royal Society of Chemistry 2020
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the synthesized block polymer had an excellent hydrophilicity
and lipophilicity.

The temperature sensitivity test carried out using laser
scattering and transmission electron microscopy revealed that
the LCST of the block polymer is not only related to the
composition chain length of the block polymer, but also the
concentration and pH. The observed multiple sensitivity
significantly enhances the potential applications of the devel-
oped polymers.

3. Conclusions

PDMAEMA exhibits excellent temperature, pH and ion sensi-
tivity as well as antibacterial characteristics. However, the
application of the pure PDMAEMA is rare, and RAFT controlled
polymerization of the polymer has rarely been reported. In this
study, high-yield RAFT reagents have been synthesized by using
a “one-pot” method, with subsequent synthesis of the synthetic
block polymers (PDMAEMA-b-PVP-CTA-PVP-b-PDMAEMA). The
results of the FITR, NMR and GPC analysis showed that the
block polymers with different molecular weights were success-
fully synthesized. It was observed for the first time that as the
degree of polymerization increased, the isotacticity gradually
started to dominate. In addition, the further characterization by
NMR established the effect of pH on PDMAEMA and block
polymers. Further analysis of the developed products using DLS
and TEM indicated that the block polymer had dual sensitivity
for pH and temperature, with potential applications in medical
field, especially cancer treatment.
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