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Poly(N-isopropylacrylamide) (PNIPA) is a typical example of a 
temperature-responsive polymer with a lower critical solution 
temperature (LCST) in aqueous solutions about 32 °C.1 This 
value is relatively close to physiological temperature and can be 
adjusted by copolymerization with either hydrophilic or 
hydrophobic monomers.2 Temperature-responsive properties of 
NIPA-based polymers provide their wide application in 
biomedicine and drug delivery systems.3

NIPA-based copolymers are synthesized via radical 
polymerization, which can be performed in organic, aqueous or 
aqueous-organic media.4 However, biomedical applications 
impose limitations on the purity of the polymers used. Therefore, 
polymerization processes in aqueous media are of particular 
interest, following the trend towards green chemistry.5,6 Due to the 
low value of the LCST of aqueous PNIPA solutions, homogeneous 
or heterogeneous (co)polymerization of NIPA can be realized in 
aqueous media. Homogeneous NIPA radical polymerization 
proceeds below the LCST; however, when it is conducted below 
30 °C, the temperature control is difficult, resulting in the 
formation of PNIPA with a broad molecular weight distribution 
(MWD).7 Above the LCST, heterogeneous polymerization of 
NIPA occurs, resulting in the formation of macro- or microgels 
due to intense chain transfer reaction to polymer.8 

The reversible activation–deactivation radical polymerization 
(RDRP) can solve this problem due to the ability to convert 
reversibly propagating radicals into dormant species, thus 
decreasing the concentration of the former. Activation of dormant 
species and their further propagation can provide the formation of 
the polymer with a controlled molecular weight (MW) and a 
narrow MWD even in heterogeneous polymerization. Moreover, 
if the RDRP of NIPA starts from a macroinitiator soluble in 

aqueous solution at reaction temperature, then the formation of 
block copolymers self-assembled in core–shell particles during 
the synthesis is expected.9 Among other RDRP techniques, RAFT 
polymerization is a versatile technique to produce polymers with 
precise architecture under rather mild conditions.10 It has been 
already used to synthesize PNIPA-based polymers. However, the 
polymerization was performed mostly in organic solvents or in 
aqueous solutions below the LCST.11–18 In a few cases it was 
performed above the LCST to synthesize microgels.8,19–21

In the present paper, we report on the synthesis of linear 
thermo-responsive NIPA-based polymers via the RAFT 
technique in aqueous solutions above the LCST of PNIPA, and 
study their stimuli-responsive properties. The following 
polymers were synthesized: (1) NIPA homopolymer, (2) block 
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have been synthesized via aqueous reversible addition–
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above the lower critical solution temperature of poly(N-
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copolymers of NIPA and hydrophilic polyethylene glycol, and 
(3) random copolymers of NIPA and cationic 2-dimethyl
aminoethyl methacrylate (DMAEMA) with variable molar 
percentage of DMAEMA units. 

(Co)polymerization of NIPA was performed in water at 
mNIPA/mwater = 1 : 5 wt/wt at 60 °C using 4-{[(2-carboxyethylthio)-
carbonothioyl]thio}-4-cyanopentanoic acid (TC), poly(ethylene 
glycol) O-methyl ether O'-(4-cyano-4-{[(methylthio)carbono
thioyl]thio}pentanoate) (PEG1, Mn = 5400), and poly(ethylene 
glycol)   O-methyl   ether   O'-{4-cyano-4-[(phenylcarbonothioyl)
thio]pentanoate} (PEG2, Mn = 2000) as RAFT agents.
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RAFT homopolymerization of NIPA was performed at a 
[TC]/[PSA] ratio of 6.3. After one hour of the polymerization, 
the reaction mixture changed from transparent to an opalescent 
state, then acquired a milky consistency, and the polymer 
partially separated into a distinct phase. However, a narrow 
MWD of PNIPA [Figure 1(a), curve 1, and Table 1) suggests that 
the RAFT mechanism was kept and the chain transfer to the 
polymer was suppressed. Cooling the reaction mixture from 
60 °C to room temperature caused the solution to become clear 
and transparent. Similar trends were observed for RAFT 
copolymerization of NIPA and DMAEMA in the presence of TC 
[Figure 1(b)]. However, with an increase in the molar fraction of 
DMAEMA (from 3.7 to 68.6 mol%), the conversion of mono
mers decreased (see Table 1) and it did not exceed 10% for 
RAFT homopolymerization of pure DMAEMA.

With the use of PEG1 or PEG2 as RAFT agents, the formation 
of the diblock copolymer PEG-b-PNIPA is expected (Scheme 1). 
The propagating radicals of PNIPA· formed due to PSA initiation 
reaction with the macroRAFT agent PEG–SC(=S)S–Z, resulting 
in the release of propagating radicals PEG· and formation of a 
macroRAFT agent PNIPA–SC(=S)S–Z. Radicals PEG· then 
reinitiate the polymerization of the NIPA monomer. In subsequent 
stages, new propagating radicals PEG–PNIPA· interact with the 
initial or newly formed macroRAFT agents, leading to the 
formation of block copolymers with terminal dithiocarbonyl 
groups PEG–PNIPA–SC(=S)–Z. The key step in this process, 
ensuring the growth of MWs of block copolymers, is the 
reaction  between radicals PEG–PNIPA· and the macroRAFT 
agent PEG–PNIPA–SC(=S)–Z. Side reactions are shown as 

stages (5) and (6), and lead to the formation of the homopolymer 
PNIPA–SC(=S)–Z (see Scheme 1).

According to SEC data, the products of block copolymerization 
are characterized by higher MWs than initial macroRAFT agents 
while the traces of initial PEG1 and PEG2 are absent, confirming 
the formation of PEG-b-PNIPA block copolymers [see 
Figure 1(a), curves 2 and 3; Table 1]. However, under the chosen 
conditions, RAFT polymerization is complicated by the 
separation of the polymer into a different phase. In this case, the 
hydrophilic PEG block is still soluble in water at 60 °C, while 
the growing PNIPA block loses its solubility. After reaching the 
critical length of the PNIPA block copolymer, the block 
copolymer self-assembles into micelles or aggregates with a 
core–shell structure (PEG is a shell-forming block, PNIPA is a 
core-forming block) in accordance with RAFT polymerization-
induced self-assembly (PISA) mechanism (Figure 2).17 Further 
polymerization of the NIPA monomer occurs inside these 
particles, providing the formation of a well-defined block 
copolymer. The control of the MWD of the block copolymer 
diminishes with decreasing MW of the PEG block due to 
difficulties in the stabilization of block copolymer particles.

(a) (b) 1

1

PEG2
PEG1

4

5
3

3 2

2

103 103 104 105104 105 106

MW MW

Figure  1  MWD of polymers synthesized at 60 oC in aqueous solution at 
[RAFT]/[PSA] = 10: (a) PNIPA; (1) TC, (2) PEG1, and (3) PEG2; 
(b) copolymers of NIPA and DMAEMA, fDMAEMA = (1) 68.6, (2) 42.0, (3) 
19.5, (4) 9.4, and (5) 3.7 mol%.

Table  1  Molecular weight characteristics of NIPA-based polymers. 

Polymer
RAFT 
agent

fDMAEMA
a/

mol%
Mn

b Ð
Conver-
sion (%)

PNIPA TC   0 13200 1.25 >99
PEG1-b-PNIPA PEG1   0 21500 1.13 >99
PEG2-b-PNIPA PEG2   0 17000 2.0 >99
Copoly(NIPA/DMAEMA) TC 68.6   1600 1.06   20.4
Copoly(NIPA/DMAEMA) TC 42.0   1640 1.03   27.7
Copoly(NIPA/DMAEMA) TC 19.5   2000 1.18   35.3
Copoly(NIPA/DMAEMA) TC   9.4   6000 1.12   50.8
Copoly(NIPA/DMAEMA) TC   3.7 13600 1.42   83.6

a fDMAEMA is the molar content of DMAEMA in the monomer feed. b Mn is 
number-average molecular weight.
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Scheme 1 Mechanism of the formation of the PEG-b-PNIPA diblock 
copolymer in the course of RAFT polymerization of NIPA in the presence 
of the macroRAFT agent PEG–SC(=S)S–Z.
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The copolymer composition was confirmed by 1H NMR 
spectroscopy. The signals corresponding to ethylene glycol and 
NIPA monomer units are observed in the 1H NMR spectrum [see 
Online Supplementary Materials, Figure S1(a)]. The signals at 
dH 7.16 (br. s, 1H, NH), 3.83 (s, 1H, CHMe2), 1.94 (s, 1H, CH), 
1.43(s, 2 H, CH2), and 1.03 (s, 6 H, 2 × CH3) correspond to the 
protons for the PNIPA block, while the signals at dH 3.49 (s, 4 H, 
OCH2CH2O) correspond to the protons for the PEG block. In the 
1H NMR spectrum of copolymers of NIPA and DMAEMA the 
signals referred to both monomer units are observed [Figure 
S1(b)]: dH 6–7 (br.m, 1H, NH), 4.02 (2 H, CH2O and 1H, 
CHMe2), 2.34 (2 H, CH2N), 2.16 [6 H, N(CH3)2], 1.84 (2 H, 
CH2), 1.36 (1H, CH), and 1.15 (3 H, CH3 and 6 H, 2 × CH3). 
However, some of DMAEMA units contain protonated nitrogen, 
which is manifested in the appearance of signals in the region of 
3.55–3.8 ppm corresponding to the protons located next to a 
charged nitrogen atom (6 H, N+Me2 and 2 H, CH2N+). 

PNIPA and both block copolymers have comparable values of 
the MWs, so they should have similar values of the average 
hydrodynamic radii (Rh) before cloud point. Indeed, using the 
dynamic light scattering method (DLS), Rh values were found to 
be equal to 2.7 ± 0.2, 3.5 ± 0.3, and 2.4 ± 0.2 nm for PNIPA, 
PEG1-b-PNIPA, and PEG2-b-PNIPA, respectively. Rough 
estimates of the mean-square distance between the chain ends 
<h2>1/2 = n1/2l (n is the number of monomer units and  
l = 0.25 nm is the length of the monomer unit) give the values 
of  3.1–4.5 nm and the radius of gyration  
<Rg

2 >1/2 = (<h2>/6)1/2 ~ 1.3–1.9 nm. So, for all the polymers the 
observed values of Rh are close to the estimated value of <Rg

2 >1/2, 
and the conformational behavior of polymers in aqueous 
solutions is similar before cloud point. The similar trend is 
observed for copolymers of NIPA with DMAEMA. As an 
example, at room temperature, Rh of copolymers with 
fDMAEMA = 3.7–9.4 mol% in the dilute aqueous solutions is 
2–4 nm depending on the pH of the solution.

Upon heating, PNIPA demonstrates temperature-responsive 
properties. Cloud point temperatures (Tcp) of PNIPA and its 
block copolymers with PEG were determined from the 
temperature dependences of scattering intensity as the half-
width of a sharp increase in the scattered light intensity 
determined by dynamic light scattering (DLS). The Tcp for 
PNIPA with terminal hydrophilic groups derived from the initial 
RAFT agent, TC, is 35.0 ± 0.5 °C, and the transition from 
transparent to turbid solution occurs at a narrow temperature 
range DTcp = 4 °C (Figure 3, curve 1). Previously, we have found 
that Tcp for PNIPA containing hydrophobic terminal groups with 
Mn ~ 6–7 kDa was about 31–32 °C, while DTcp was ~8–11 °C.10 
The value of Tcp for PNIPA is known to be sensitive to the 
presence of hydrophilic groups as well.18 Thus, it may be 
supposed that hydrophilic terminal groups of PNIPA of a 
relatively low MW may affect Tcp of the polymer. 

The incorporation of the PEG block changes temperature-
responsive behavior of PNIPA drastically. These blocks have 
similar lengths of the PNIPA block, while the length of the PEG 
block is different. In case of a longer PEG block, PEG1-b-
PNIPA, which contains 44 mol% of NIPA units according to 
1H NMR spectroscopy, Tcp was not detected even upon heating 
at 65 °C (Figure 3, curve 2). In case of PEG2-b-PNIPA, 
containing 86 mol% of NIPA units with a shorter PEG block, the 

Tcp is slightly higher than for pure PNIPA, i.e. 36.2 °C, while the 
temperature range of the transition is much broader, DTcp = 12 °C 
(Figure 3, curve 3). This difference may come from the ability of 
the block copolymer to self-assemble into micelles or aggregates, 
which is in agreement with the temperature changes of Rh of 
PNIPA and both block copolymers (Figure 4). We observed 
similar patterns in our previous studies of aqueous solutions of 
block copolymers PNIPA-b-poly(1-vinylimidazole) during their 
self-assembling at various pH values.18 Comparing number-
averaged distributions of hydrodynamic radius Rh observed at 
different temperatures for PNIPA [Figure 4(a)] and block 
copolymers [Figure 4(b),(c)], it may be concluded that upon 
heating, both block copolymers formed micelles with Rh about 
13 nm for PEG1-b-PNIPA and 7 nm for PEG2-b-PNIPA. 
However, a shorter block of PEG compared to PNIPA in PEG2-
b-PNIPA cannot provide the aggregative stability of the particle’s 
dispersion. This leads to phase separation, which is observed 
above ~50 °C. 

The presence of cationic DMAEMA units in the polymer 
chain endows the NIPA copolymer with pH sensitive properties.22 
As was shown above, the increase in molar content of DMAEMA 
in the monomer feed leads to a decrease in the monomer 
conversion. Thus, we have studied double stimuli-sensitive 
properties of the samples obtained at high conversions from the 
monomer feed with fDMAEMA = 3.7 (Copolymer 1) and 9.4 mol% 
(Copolymer 2). Figure 5 illustrates the typical double-sensitive 
behavior of the copolymer of PNIPA and DMAEMA. At pH 10, 
DMAEMA units become hydrophobic and Tcp measure by 
turbidimetry shifts to lower temperatures (see Figure 5, curve 1), 
while at pH 4, DMAEMA units are charged and hydrophilic, and 

Figure  2  Schematic presentation of the RAFT PISA mechanism.
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Figure  3  Dependence of scattered light intensity on temperature of 
(1) PNIPA, (2) PEG1-b-PNIPA, and (3) PEG2-b-PNIPA aqueous solutions 
measured at an angle of 90°.
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the copolymer loses its temperature-sensitivity (curve 3). The 
intermediate case is the aqueous solution of the copolymer, 
which contains both charged and uncharged units of DMAEMA 
(curve 2). The Tcp values depend on both the DMAEMA content 
and pH, which is typical for the copolymers of NIPA and 
DMAEMA (Table 2). 

The interesting feature of the studied systems is the formation 
of the copolymer with partly charged DMAEMA units (according 
to 1H NMR data) resulting in the growth of the hydrophilicity of 
the copolymer. Thus, for copolymer Copolymer 2 it leads to the 
higher values of Tcp when comparing to pure PNIPA even at 
pH 10.

Summarizing, we have synthesized well-defined NIPA-based 
polymers in aqueous solutions above the LCST of pristine 
PNIPA through the RAFT polymerization. The main advantage 
of this approach is the suppression of the chain transfer to 
polymer, which leads to uncontrolled polymer cross-linking. The 
synthesized polymers exhibit typical stimuli-responsive 
properties in aqueous solutions.

This study was supported by the Russian Science Foundation 
(grant no. 24-45-10012).
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in the online version at doi: 10.71267/mencom.7545.

References
1	 A. Halperin, M. Kröger and F. M. Winnik, Angew. Chem., Int. Ed., 2015, 

54, 15342; https://doi.org/10.1002/anie.201506663.
2	 R. Hoogenboom, in Smart Polymers and their Applications, 

eds. M. R. Aguilar and J. S. Román, Woodhead Publishing, 2014, 
pp. 15–44; https://doi.org/10.1533/9780857097026.1.15.

  3	 W. He, Y. Ma, X. Gao, X. Wang, X. Dai and J. Song, J. Phys.: Conf. Ser., 
2020, 1676, 012063; https://doi.org/10.1088/1742-6596/1676/1/012063. 

  4	 H. Tokuyama, N. Ishihara and S. Sakohara, Eur. Polym. J., 2007, 43, 
4975; https://doi.org/10.1016/j.eurpolymj.2007.09.016.

  5	 P. Anastas and N. Eghbali, Chem. Soc. Rev., 2010, 39, 301; https://doi.
org/10.1039/B918763B.

  6	 O. Arzhakova, M. S. Arzhakov, E. R. Badamshina, E. Bryuzgina, 
E.  Bryuzgin, A. V. Bystrova, G. Vaganov, V. V. Vasilevskaya, 
A. Yu. Vdovichenko, M. O. Gallyamov, R. A. Gumerov, A. L. Didenko, 
V. Zefirov, S. Karpov, P. V. Komarov, V. Kulichikhin, S. A. Kurochkin, 
S. V. Larin, A. Ya. Malkin, S. Milenin, A. M. Muzafarov, V. Molchanov, 
A. V. Navrotskiy, I. A. Novakov, E. F. Panarin, I. G. Panova, 
I.  I.  Potemkin, V. M. Svetlichny, N. Sedush, O. A. Serenko, 
S.  A.  Uspenskii, O. E. Philippova, A. R. Khokhlov, S. N. Chvalun, 
S. S. Sheiko, A. Shibaev, I. Elmanovich, V. E. Yudin, A. Yakimansky and 
A. A. Yaroslavov, Russ. Chem. Rev., 2022, 91, RCR5062; https://doi.
org/10.57634/RCR5062.

  7	 V. I. Lozynsky, E. V. Kalinina, O. I. Putilina, V. K. Kulakova, 
E. A. Kurskaya, A. S. Dubovik and V. Y. Grinberg, Polym. Sci., Ser. A, 
2002, 44, 1122.

  8	 J. Gao and B. J. Frisken, Langmuir, 2003, 19, 5217; https://doi.
org/10.1021/la034207s.

  9	 S. Sugihara, A. Blanazs, S. P. Armes, A. J. Ryan and A. L. Lewis, J. Am. 
Chem. Soc., 2011, 133, 15707; https://doi.org/10.1021/ja205887v.

10	 RAFT Polymerization: Methods, Synthesis, Applications, eds. G. Moad 
and E. Rizzardo, Wiley, Weinheim, 2022; https://doi.org/10.1002/ 
9783527821358.

11	 B. Luan, B. W. Muir, J. Zhu and X. Hao, RSC Adv., 2016, 6, 89925; 
https://doi.org/10.1039/C6RA22722H.

12	 D. Li, X. Qian, R. Huang and C. Li, J. Polym. Res., 2023,  30, 155; 
https://doi.org/10.1007/s10965-023-03541-9. 

13	 A. J. Convertine, B. S. Lokitz, Yu. Vasileva, L. J. Myrick, C. W. Scales, 
A. B. Lowe and C. L. McCormick, Macromolecules, 2006, 39, 1724; 
https://doi.org/10.1021/ma0523419.

14	 A. J. Convertine, N. Ayres, C. W. Scales, A. B. Lowe and 
C.  L.  McCormick, Biomacromolecules, 2004, 5, 4, 1177; https://doi.
org/10.1021/bm049825h.

15	 J. Bigot, D. Fournier, J. Lyskawa, T. Marmin, F. Cazaux, G. Cooke and 
P. Woisel, Polym. Chem., 2010, 1, 1024; https://doi.org/10.1039/
C0PY00085J.

16	 X. Wang, S. Li, Y. Su, F. Huo and W. Zhang, J. Polym. Sci., Part 1: 
Polym. Chem., 2013, 51, 2188; https://doi.org/10.1002/pola.26599.

17	 N. S. Serkhacheva, N. I. Prokopov, E. A. Lysenko, E. Yu. Kozhunova 
and E. V. Chernikova, Polymers, 2024, 16, 1408; https://doi.org/10.3390/
polym16101408. 

18	 E. Yu. Kozhunova, A. V. Plutalova, A. V. Sybatchin, A. V. Chertovich 

and E. V. Chernikova, Int. J. Mol. Sci., 2023, 24, 879; https://doi.org/ 
10.3390/ijms24010879. 

19	 L. Hou, K. Ma, Z. An and P. Wu, Macromolecules, 2014, 47, 1144; 
https://doi.org/10.1021/ma4021906. 

20	 Y. Li, Z. Ye, L. Shen, Y. Xu, A. Zhu, P. Wu and Z. An, Macromolecules, 
2016, 49, 3038; https://doi.org/10.1021/acs.macromol.5b02538. 

21	 M. D. Morales-Moctezuma and S. G. Spain, Polym. Chem., 2021, 12, 
4696; https://doi.org/10.1039/d1py00396h. 

22	 C.-F. J. Kuo, C.-J. Mei, C.-C. Huang, X.-T. Lin, T.-Y. Wu, H. F. Darge, 
S.-Y. Lin and H.-C. Tsai, Eur. Polym. J., 2023, 195, 112238; https://doi.
org/10.1016/j.eurpolymj.2023.112238.

Received: 19th June 2024; Com. 24/7545 

30
0

0.4

0.8

1.2

A

40 50 60
T/°C

3

2

1

Figure  5  Turbidimetric curves for sample Copolymer 1 at (1) pH 10, at  
(2) its own pH, and at (3) pH 4.

Table  2  The values of Tcp for copolymers of NIPA and DMAEMA at 
various pH.

Copolymer fDMAEMA (mol%) Conditions Tcp /oC

Copolymer 2 9.4 Buffer, pH 4 >85

Copolymer 2 9.4 Water   45

Copolymer 2 9.4 Buffer, pH 10   41

Copolymer 1 3.7 Buffer, pH 4 >65

Copolymer 1 3.7 Water   34

Copolymer 1 3.7 Buffer, pH 10   30
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