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Double thermoresponsive graft copolymers with
different chain ends: feasible precursors for
covalently crosslinked hydrogelsT

*ab

Jingcong Xu 2 ? and Volker Abetz
The tailored synthesis of graft copolymers from acrylic and methacrylic monomers can be accomplished
solely through photoiniferter reversible addition—fragmentation chain transfer (RAFT) polymerization.
Samples with poly[oligo(ethylene glycol) methacrylate] (POEGMA) backbones synthesized under green
light irradiation and poly(N-isopropylacrylamide) (PNIPAM) side chains growing under blue light
irradiation are presented. As monitored by temperature-dependent dynamic light scattering (DLS)
measurements and temperature-variable nuclear magnetic (NMR) spectroscopy, the
architecture of the graft copolymers allows unique two-step lower critical solution temperature (LCST)

resonance

transitions in aqueous solutions. Meanwhile, different end-groups introduced by the corresponding RAFT
agents affect the detailed thermoresponsive behavior remarkably. This RAFT strategy shows more
advantages when the multiple trithiocarbonate groups are converted into thiol reactive pyridyl disulfide
(PDS) groups via a facile post-polymerization modification. The PDS-terminated graft copolymer can
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Introduction

Thermoresponsive polymers can reversibly change their solu-
bility in specific solvents in response to temperature changes.
Thermoresponsive homopolymers with a lower critical solution
temperature (LCST) in water turn from a hydrophilic into a
hydrophobic state once the solutions are heated beyond their
cloud points (or phase transition temperatures) (Tpr). When
two blocks of LCST polymers are coupled together, double
thermoresponsiveness can be expected when the concentra-
tions meet the critical aggregation concentration.' To date, a
variety of linear block copolymers with two LCST-type Tpr have
been reported. Their potential applications in biomedical areas
were highlighted in recent reviews.*® In contrast to linear
architectures, multi-thermoresponsive graft copolymers
remained sparsely investigated, which is surprising as graft
copolymers with stimuli-responsive backbones or side chains
usually show unique self-assembling behavior and rheological
properties in water due to their confined structures and addi-
tional intramolecular interactions.”® In this contribution, we
present double thermoresponsive graft copolymers with
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then be regarded as a usable precursor for various applications, such as thermoresponsive hydrogels.

poly[oligo(ethylene glycol) methacrylate] (POEGMA) as their
backbones and poly(N-isopropylacrylamide) (PNIPAM) as the
side chains. As POEGMA and PNIPAM are both commonly used
LCST polymers with wide applications in biomedical areas,”™*®
the study of the thermoresponsiveness of their graft copolymers
is particularly appealing.

The development of different reversible deactivation radical
polymerization (RDRP) techniques provides facile and versatile
routes for the synthesis of graft copolymers.'”'®* However, the
polymerization often requires the combination of two RDRP
methods, like reversible addition—fragmentation chain trans-
fer (RAFT) polymerization and atom transfer radical polymer-
ization (ATRP)."®?° These methods could lead to laborious
synthetic and purification steps. Recently, photoiniferter polymer-
ization was found to be a more efficient route for the preparation of
polymers with graft or brush structures.” " In 2018, a catalyst-free
photoiniferter RAFT polymerization that was selectively initiated by
two kinds of visible light irradiation was introduced for the pre-
paration of graft copolymers.®® In that study, methyl methacrylate
(backbone) was polymerized via photoiniferter RAFT under green
light irradiation, while N,N-dimethylacrylamide (side chains)
was polymerized under blue light irradiation. The same two-step
synthetic route could also be applied to our work. As
shown in Scheme 1, the copolymerization of OEGMA and the RAFT
inimer, 2-(2-(n-butyltrithiocarbonate)propionate)ethyl methacrylate
(BTPEMA), was performed in the first step. The polymerization
was mediated either by 2-cyano-2-propyl dodecyl trithiocarbonate
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Scheme 1 Synthetic route for graft copolymers, and used monomers and
RAFT agents in this study.

(CPDTC) or 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]penta-
noic acid (CDTPA). These two RAFT agents with distinct R-groups
can both provide good control for the polymerization of methacry-
lates under green light irradiation (515 nm).>>*> BTPEMA, on the
other hand, shows no absorption in the green light region, prevent-
ing the photolysis of the trithiocarbonate (TTC) pendant groups
(marked in lilac). In addition, the fragmentation to secondary
carbon radical R-groups is not favored in the RAFT pre-
equilibrium step (ie., in the chain transfer process).”> BTPEMA
thus made no contribution to the radical propagation under green
light, enabling the achievement of linear statistical copolymers
P(OEGMA-stat-BTPEMA) that bore different functions at o-
terminals. In the second synthetic step, all the TTC-groups along
the chain could be activated by blue light irradiation (467 nm). They
served as branching points from which PNIPAM side chains grew
simultaneously under good control. The aim of using two different
RAFT agents in the first step was to examine the influence of end-
group on the thermoresponsive behavior of polymers in aqueous
solutions. Previously, it was reported that the functionality at the
chain end of linear LCST polymers sometimes affects the self-
assembly of chains to a great extent.’* In this work, it was
discovered that it plays a crucial role in the synthesized graft
copolymers as well. The intriguing self-assembling behaviors of
different samples in dilute solutions will be discussed in the
following section.

Besides the convenient accessibility, another compelling
advantage of the graft copolymers fabricated solely through
the photoiniferter RAFT approach is that all the TTC-groups
can undergo various kinds of modifications. In the past dec-
ades, abundant processes have been developed to remove the
thiocarbonylthio moieties of polymers synthesized by RAFT
polymerization for various purposes.’*™*° The TTC-group can
be converted to thiol functionality when reacting with suitable
primary amines.*® By treating the RAFT-synthesized polymers
with an amine and 2,2’-dithiodipyridine (DTP) simultaneously,
stable pyridyl disulfide (PDS)-terminated polymers can be gen-
erated directly. In the field of polymer therapeutics, the PDS-
group is known for its thiol reactivity under mild
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conditions.*'™** Thus, the PDS-functionalized polymers have
an enormous potential for further modifications according to
specific applications. Herein, we present exemplarily an eftfi-
cient way to afford a covalently crosslinked hydrogel from PDS-
terminated graft polymers.

Experimental

Materials

CPDTC (aber, 97%), CDTPA (aber, 97%), DTP (TCI, 98%), 2,2'-
(ethylenedioxy)diethanethiol (EDT, Sigma Aldrich, 95%), hex-
ylamine (Sigma Aldrich, 99%). BTPEMA was synthesized
according to the literature.>® All the solvents were used as
received. OEGMA (Sigma Aldrich, M,, = 300 Da) was passed
through activated basic alumina prior to the polymerizations.
NIPAM (TCI, 98%) was recrystallized twice from n-hexane and
stored at —30 °C.

Procedure for the polymerization of backbones

In a typical photoiniferter RAFT polymerization of P(OEGMA-
stat-BTPEMA), OEGMA, BTPEMA and RAFT agent ([OEGMA]/
[BTPEMA]/[CPDTC or CDTPA] = 390/10/1) were dissolved in 1,4-
dioxane in a polymerization vial. Dimethylformamide (DMF)
was added as an internal standard for calculation of conver-
sion. The total solid (RAFT agent plus the monomers) concen-
tration was kept at 20% (w/w). The polymerization vial was
purged with nitrogen for 15 min and the reaction was subse-
quently carried out at 70 °C under green light irradiation
(515 nm) of 1.13 mW cm 2. After 3 h, the polymerization was
stopped by exposing the mixture to air and cooling with an ice
bath. Conversion was determined by nuclear magnetic reso-
nance (NMR) spectroscopy. The polymer was then purified
through precipitation in an excess amount of n-hexane three
times. The purified product was dried in vacuo at 40 °C for 24 h.

Procedure for the polymerization of POEGMA-g-PNIPAM graft
copolymers

In a typical photoiniferter RAFT polymerization of POEGMA-g-
PNIPAM, NIPAM and the POEGMA backbone ([NIPAM]/
[P(OEGMA-stat-BTPEMA)] = 560/1, [NIPAM]/[TTC] = 80/1) were
dissolved in 1,4-dioxane in a polymerization vial. DMF was then
added as an internal standard for calculation of conversion.
The total solid (P(OEGMA-stat-BTPEMA) plus NIPAM) concen-
tration was kept at 15% (w/w). The polymerization vial was
purged with nitrogen for 15 min and the reaction was subse-
quently carried out at 70 °C under blue light irradiation
(467 nm) of 3.86 mW cm ™ >. After 4 h, the polymerization was
stopped by exposing the mixture to air and cooling with an ice
bath. Conversion was determined by NMR. The polymer was
then purified through precipitation in an excess amount of
diethyl ether three times. The purified product was dried
in vacuo at room temperature for 24 h. For the kinetic study,
aliquots of the reaction mixture were taken at specific moments
during the polymerization and directly diluted with deuterated
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chloroform to determine monomer conversions through 'H-
NMR spectra.

Procedure for the post-polymerization modification of graft
copolymers

POEGMA-g-PNIPAM (M, = 93.1 kDa, 7 TTC-functions per
chain) (210 mg, 0.016 mmol TTC-functions) and DTP
(173 mg, 50-fold molar excess with respect to TTC) was dissolved
in 4 mL 1,4-dioxane. The solution was purged with nitrogen for
15 min to remove oxygen. Afterwards, 0.1 mL of the hexylamine
solution (0.1 mL hexylamine dilute in 2 mL 1,4-dioxane) (2.5-fold
molar excess with respect to TTC) was added under the protection of
nitrogen. The reaction mixture stayed yellow and was stirred over-
night at room temperature. After precipitation in diethyl ether
(4 times), a white PDS-functionalized polymer, POEGMA-g-
PNIPAM-PDS, was recovered.

Procedure for hydrogel preparation

POEGMA-g-PNIPAM-PDS (M, = 92.8 kDa, 7 PDS-functions per
chain) (162 mg, 0.012 mmol PDS-functions) was dissolved in 0.4 mL
DMF in a glass vial. Afterwards, 0.02 mL of the EDT solution (0.1 mL
EDT dilute in 2 mL DMF) (0.011 mmol thiol-functions) was added
quickly. After shaking for seconds, the reaction mixture turned
uniformly yellow immediately. In a few minutes, a free-standing gel
with yellow color could be observed. The vial was then put aside at
room temperature for 30 min to allow further gelation. Afterwards,
the gel was immersed in tetrahydrofuran (THF) to remove the
crosslinker, uncrosslinked polymer chains, DMF and other small
molecules. When the gel became colorless, the residual THF was
allowed to evaporate at room temperature. Finally, the gel was dried
in vacuo.

Analytics

Nuclear magnetic resonance (NMR) spectroscopy. Standard
"H-NMR spectra were recorded with a BRUKER AVANCE 11 400
MHz instrument at a temperature of 300 K. For temperature-
variable "H-NMR spectra, 2 mg sample were dissolved in 0.7 mL
D,0. The spectra were measured with an increment of 10 °C
and normalized by the integrated intensity of the solvent peak.

Size exclusion chromatography (SEC). For the statistical
copolymers of OEGMA and BTPEMA, THF was used as the
mobile phase with a flow rate of 1.0 mL min~" at 30 °C. The
measurements were conducted on an AGILENT 1260 INFINITY
system containing PSS SDV separation columns and a refractive
index (RI) detector. For the graft copolymers, N,N-
dimethylacetamide (DMAc) with 0.1 M LiCl was used as the
eluent at a flow rate of 1.0 mL min~'. The measurements were
performed with PSS GRAM columns at a temperature of 50 °C.
For the determination of molecular weights and dispersities of
the polymers, the SEC systems were calibrated with narrowly
distributed poly(methyl methacrylate) (PMMA) standards.

Ultraviolet-visible (UV-vis) spectroscopy. The UV-vis spectra
were recorded with a spectrophotometer UV5 from METTLER
TOLEDO at room temperature.

Dynamic light scattering (DLS) measurements. The aqueous
solutions were prepared by stirring the samples in Milli-Q®
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water for 24 h before the measurements. The measurements
were performed by using an ALV/CGS-3 Compact Goniometer-
System with an ALV/LSE-5004 Multiple Tau Digital Correlator
and a Nd:YAG laser (532 nm, 400 mW). The measuring angle
was 90° for all measurements. The duration of every measure-
ment was 60 s. The viscosity and refractive index of water at
each temperature were automatically corrected in the ALV
Digital Correlator Software 3.0. The solution in a glass vial
was put into a toluene bath. The temperature step of heating
and cooling processes was controlled at 1 °C by a Julabo F25
thermostat, whose temperature accuracy was set to 1 °C. The
DLS results were evaluated by using a program written by Felix
Lauterbach based on a cumulant approach.*®

Static light scattering (SLS) measurements. The same instru-
ment was used for DLS and SLS measurements. The aqueous
solution was filtered through a microporous (200 nm) regener-
ated cellulose filter prior to the measurement. The range of the
measuring angles was from 30° to 150°. The weight average
molecular weight (,,) was estimated through the partial Zimm
analysis (see eqn (S8), ESIf) in the software ALVStat. The
aggregation number (N,g,) of the formed micelles above Tpr
was estimated as My, ago/ My, uni, Where My, .op and M, un; are the
weight average molecular weights of the micelles and the
unimers, respectively.

Turbidity measurements. The temperature dependence of
the transmittance of the sample solutions was measured on the
spectrophotometer UV5 at 500 nm. The samples were dissolved
in Milli-Q® water. The solutions were heated with a tempera-
ture step of 1 °C under the control of a thermostat accessory
CuveT (METTLER TOLEDO).

Macroscopic test on thermoresponsiveness of hydrogel. A
piece of hydrogel sample was immersed in deionized water
overnight at room temperature before the test. The swollen
sample in a Petri dish was placed on a warm hot plate (60 °C)
for 10 min and a photo was taken. Afterwards, the hot plate was
removed again.

Determination of swelling ratios. The temperature depen-
dence of the swelling ratio was determined gravimetrically. The
hydrogel sample was immersed in deionized water overnight at
room temperature before tests. The swollen sample was then
immersed in water at the target temperatures for 30 min. The
surface of the wet sample was carefully dried with a soft
precision wipe. The swelling ratio was determined as follows:

Swelling ratio = (W, — Wq)/Wy,

where W; represents the weight of the swollen hydrogel at the
target temperature and Wy denotes the weight of the dry
sample.

Results and discussion

Polymerization of the graft copolymers

As mentioned before, the two RAFT agents, CPDTC and CDTPA
(Scheme 1), were used to synthesize the backbones of graft
copolymers. After the first synthetic step under the green light,

This journal is © The Royal Society of Chemistry 2022
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two statistical copolymers, P(O,45Bs) and P(O,34B)-COOH,
were yielded. For the nomenclature of the samples, “O” and
“B” stand for OEGMA and BTPEMA, respectively. The sub-
scripts denote the number of the respective monomers in the
statistical copolymers based on conversions. The degree of
polymerization (DP) is the sum of subscripts. In comparison
with the homopolymer POEGMA (PO,;,~COOH), the statistical
copolymers exhibit similar number average molecular weights
(My sec) and dispersities (D) (Table 1). The relatively narrow
monomodal molecular weight distributions shown in Fig. 1a
suggest successful polymerizations of linear backbones. The
similar molar ratios between OEGMA and BTPEMA in the
copolymers (OEGMA/BTPEMA [mol]) confirm that the average
number of BTPEMA units per chain of the two samples were
comparable, i.e., the average number of branching points per
backbone were comparable. It can be calculated that both
samples own not only one TTC-function at the w-terminal,
but also six pendant ones along every chain.

The PNIPAM side chains, as shown in Scheme 1, were
synthesized via blue light irradiation. The DP of PNIPAM per
side chain was controlled at about 40 for each polymerization.
Kinetic studies were performed during two typical chain exten-
sions (see Fig. S8, ESIT). It is obvious that the rate of chain
extension was higher from the backbone P(O,3,B¢)-COOH than
from the homopolymer PO,;,-COOH, which makes sense as
more TTC-groups (branching points) could be initiated in the
backbone by blue light irradiation, leading to a higher radical
concentration. Therefore, graft copolymers instead of linear
block copolymers result from the statistical copolymers.

Eventually, two samples with PNIPAM side chains,
PO,45(PNyo); and PO,34(PN,43);,-COOH, were obtained from
P(0,45B¢) and P(0O,34B¢)-COOH, respectively. For the nomen-
clature of the graft copolymers, “(PN,,),;”” means that from the 7
TTC-functions (including those from “B”) of every chain, 7
PNIPAM segments with a DP of “m” were synthesized. The 'H-
NMR results reveal that the molar ratios between OEGMA and
NIPAM (OEGMA/NIPAM [mol]) in these two graft copolymers
are nearly identical and agree well with the theoretical values
(Table 1). According to the results of SEC analysis, these two

Table 1 Analytical results of the polymers

OEGMA/

Sample BTPE OEGMA/ o My m? My suc®
name* MA’[mol] NIPAM’[mol] [%] [kDa] [kDa] B°
PO,3,~COOH — — 60 70.6 38.8 1.30
P(0,45B5) 39/1 — 63 75.9 41.3 1.37
P(0,34B6)-COOH  41/1 — 60 72.8 41.6 1.31
PO,45(PNy); 39/1 45/55 50 107.3 96.2  1.47
PO,34(PNy;),— 4111 45/55 54 106.9 87.6 1.42
COOH

“ Subscripts following O, B and N denote DP of different monomers
based on conversion; for graft copolymers, subscripts following the
parentheses denote the number of PNIPAM segments per chain. ?
Molar ratio between monomers in products calculated from 'H-NMR
spectra (see Fig. S4-S7, ESI). © Monomer conversion calculated from "H-
NMR spectra with reference signal of DMF. ¢ Number average molecu-
lar weight calculated from monomer conversion. ¢ Determined by SEC
in THF or DMAc relative to PMMA standards.
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Elution volume [mL]

Fig. 1 SEC curves of (a) linear polymers measured with THF as the mobile
phase and (b) graft copolymers measured with DMAc as the mobile phase.

graft copolymers also have similar molecular weights (Fig. 1b),
enabling further investigations on the influence of the end-

group.

Thermoresponsive behavior in dilute aqueous solutions

The dilute aqueous solutions (¢ = 0.1% [w/w]) of two linear
backbone samples were first prepared for temperature-
dependent DLS measurements. The results of both samples
exhibit reversible LCST transitions with minor hysteresis dur-
ing heating and cooling (Fig. 2a and b). The LCST-type Tpr of
P(0,45B6) and P(0,34B¢)-COOH, which are determined as the
onset of the increase in the hydrodynamic radius (Ry) during
heating, are 59 °C and 60 °C, respectively. The ignorable
difference between Tpy corresponds well to our expectation,
considering their similar M, szc and D. However, it is quite
surprising that there is a huge difference in their detailed self-
assembling behaviors in water. While both backbones could be
dissolved in water in the form of unimers with Ry < 10 nm
below Tpr, the sizes of formed aggregates above Tpy differed
remarkably.

In the case of P(O,45Bs) (Fig. 2a), the polymer chains became
hydrophobic and started to agglomerate at Tpy. The Ry of the
particles increased to approximately 800 nm at 62 °C and
remained relatively constant at higher temperatures. For
P(0,34B)-COOH (Fig. 2b), the polymeric aggregates also
started growing at Tpr, yet the growth ceased already when Ry
was only around 200 nm. To elucidate this difference reason-
ably, the mechanism behind the LCST transition of POEGMA

Soft Matter, 2022,18, 2082-2091 | 2085
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Fig. 2 Evolution of Ry of (a) P(O245Bg) or (b) P(O234B¢)-COOH in dilute agueous solutions during heating (red dots) and cooling (blue dots) monitored
by DLS; (c) assumed self-assembling processes of P(O245B6) and P(O,34B5)-COOH chains at different stages (BTPEMA and the oxyethylene brushes are

not shown in the illustrations for simplicity).

must be taken into account. A molecule of homo-POEGMA can
basically be divided into two parts: the coiled backbone-like
hydrophobic moiety and the pendant oxyethylene brushes. As
shown in Fig. 2c, the solubility of the polymers in water below
Tpr results from the hydration shell formed via the hydrogen
bonds between water molecules and the ether oxygen groups of
the brushes (brushes are not shown for simplicity). During
heating the hydrogen bonds can be disrupted, causing the
conformational changes of the oxyethylene brushes and the
dehydration of the chains. According to previous research,*’
the conformation of the coiled hydrophobic moiety of POEGMA
barely changes during the dehydration process. Additionally,
the ether oxygen groups of the distorted brushes are still
exposed to water molecules to some extent. Therefore, the large
aggregates during the LCST transition are mainly formed by the
“hydrogen bond bridges” among multiple chains and their
structures should be relatively loose. The DLS result of
P(0,45B¢) corresponds well to the mechanism. However, the
self-assembling behavior of P(O,34B¢)-COOH could be dis-
turbed by the carboxyl group which is also supposed to be
surrounded by a hydration shell in water.*® This extra hydration
shell might not be significantly affected by the LCST transition,
and the carboxyl group could stay hydrated during the whole
heating process. The bulky hydration shell at the chain end
could then hinder the bridging between chains, leading to a

2086 | Soft Matter, 2022,18, 2082-2091

smaller size of the aggregates. When heating the P(O,34B¢)-
COOH solution higher than 63 °C, “hydrogen bond bridges”
were shortened and water was expelled from the loose aggre-
gates, as reflected by the decrease in Ry;.*” Moreover, the coiled
hydrophobic moiety could start collapsing slowly at higher
temperatures due to weak van der Waals interactions.””*® In
principle, the decrease in Ry following the rapid phase transi-
tion should also be observed in the P(O,45B6) solution. The
absence of the contraction of P(O,45Bs) aggregates could be
owing to the compensation from more continuously bound free
chains.

Through the comparison of these results, it can be found
that the end-group plays an important role in the thermore-
sponsive behaviors of the POEGMA backbones. Subsequently,
the aqueous solutions of two different graft copolymers were
analyzed by DLS measurements. The end-group again made an
immense difference in the sizes of polymeric aggregates at high
temperatures.

The DLS result of the PO,3,(PN,3),~COOH solution (¢ = 0.1%
[w/w]) is easier to interpret (Fig. 3a). All the obtained intensity
correlation functions could be fitted by using the standard
cumulant approach (see eqn (S9), ESIt). Apparently, a reversible
two-step LCST transition occurred during the measurement. It
is well-known that homopolymers of PNIPAM possess an LCST-
type Tpr of about 32 °C.>° Therefore, the PNIPAM side chains

This journal is © The Royal Society of Chemistry 2022
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are, most likely, responsible for the first increase in Ry at 30 °C
during heating. Above the first Tpy, the side chains turned
hydrophobic and are expected to form cores of the micelles.
However, the Ry of the micelles between 30 °C and 50 °C
(region IT) was still less than 14 nm. Such a compact dimension
can be legitimately explained from two perspectives. First,
while the side chains combined together in the core, the
hydrophilic backbones consisting of POEGMA were folded on
the periphery so that flower-like micelles with thin shells were
generated in this temperature region (Fig. 3b).°"*> The strong
intramolecular interaction may have limited the N,z of the
macromolecules in a micelle.® In addition, the hydrated
carboxyl groups remaining outside could prevent the formation
of larger aggregates. To estimate the N,,, of these compact
micelles, SLS measurements were conducted with the same
concentration at 25 °C and 40 °C (below and above the first
Tpr). After fitting the SLS data by the partial Zimm approach
(see Fig. S9, ESI{), the N, was calculated to be about 2.4,
which is indeed quite low and in accordance with the DLS
result. Regarding the second LCST transition, the Tpr of the
POEGMA backbone was lowered to about 45 °C, indicating
enhanced polymer-polymer interactions due to the higher
density of the chains in the shells. Different from the cases of
the statistical copolymers, a slight precontraction (decrease in
Ry) before the second LCST transition can be observed in
region II during heating, corresponding to the dehydration
process inside the shells of the amphiphilic micelles. Next, a

This journal is © The Royal Society of Chemistry 2022

rapid agglomeration of the micelles occurred based on the
mechanism explained in Fig. 2c. Yet, the Ry of less than 20 nm
at about 55 °C was still relatively small, which can also be
attributed to the bulky hydration shells around the carboxyl
groups. Above 55 °C (region III), a gradual decrease in Ry took
place but was less evident than that of P(O,3,Bs)-COOH at high
temperatures. The reason could be that the micelles were
already relatively dense due to the precontraction before aggre-
gation. The more elaborate CONTIN analysis on the DLS data at
three representative temperatures shown in Fig. 4a confirms
the two-step LCST transition and the compact sizes of the
particles.

As for PO,,5(PNy)5, its DLS result was more complicated to
evaluate. The measurement was initially also performed at a
concentration of 0.1% (w/w). However, it was difficult to fit the
intensity correlation functions reasonably well through the
cumulant approach. Excessively large aggregates could be
formed in the solution at high temperatures. To avoid such
aggregations, the concentration was lowered to 0.05% (w/w).
The result of the DLS measurement is shown in Fig. 3c. Below
the Tpr (region I) from PNIPAM, the DLS data could still be well
fitted through the standard cumulant approach, implying that
all the polymer chains were dissolved in the form of unimers
like PO,34(PN,3),~COOH. For the data obtained between 32 °C
and 48 °C (region II) (exemplarily shown in Fig. S10, ESIY),
however, it was more suitable to fit them by the sum of two
exponential decay functions (see eqn (S11), ESIf),>* which
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Fig. 4 Intensity-weighted size distributions of the particles formed by
(@) PO,34(PN43),—COOH or (b) PO245(PN4o); at representative tempera-
tures obtained by CONTIN analysis on DLS data.

means that two particle species emerged when the side chains
became hydrophobic. The Ry of the smaller species in Fig. 3c
and the micelles of PO,34(PN,43),~COOH in region II were alike.
With the help of the CONTIN analysis, the size distributions of
the particles formed at representative temperatures were calcu-
lated. As presented in Fig. 4b, a bimodal size distribution was
measured in the solution at 40 °C. Considering that the
scattering intensity is proportional to Ry®, the smaller species
still dominated in the solution, which means that the N,g, of
most micelles was limited by the intramolecular interaction.
The formation of larger aggregates (Ry; > 1000 nm) could result
from the hydrophobic end-group. Unlike that of POy3,(PNy3),—~
COOH, the o-terminal of PO,,5(PN,,), could not separate all the
particles. The flower-like micelles thus had the chance to link
with each other through the hydrophobic interaction between
the PNIPAM cores (Fig. 3d). The formation of large aggregates
became inevitable despite a lower concentration (0.05% [w/w]).
In temperature region II (Fig. 3c), it is also worth noticing that
the Ry of both particle species started falling off when the
solution was heated to 43 °C, indicating the dehydration of the
looped POEGMA chains. When the balance between hydrophi-
lic and hydrophobic interactions was disrupted at the second
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Tpr, numerous micelles could agglomerate together to form
larger clusters in the absence of carboxyl groups and the small
particles disappeared. After reaching its maximum value in
region III, the Ry of the clusters tended to decrease gradually
with the increasing temperature, which resembles the behavior
of PO,34(PN,3);,~COOH. After heating, the solution was cooled
to room temperature (25 °C). Although the temperature step
was controlled at 1 °C by the thermostat during the whole
measurement, the cooling rate was almost twice as fast as the
heating rate. Besides, no stirring was allowed for the DLS
measurements. It was, therefore, reasonable that the LCST
transitions involving the hydrophobic particles with complex
structures were not completely reversible. Nevertheless, the
chains could still be fully redissolved at room temperature.
Apart from the DLS measurements, the temperature-variable
"H-NMR spectra of the graft copolymers in D,O also confirm
the profound influence of the end-group. Fig. 5a and b show
the characteristic peaks belonging to POEGMA backbones and
PNIPAM side chains at different temperatures. The decline of
the signal of PNIPAM at 35 °C was most significant in both
samples, revealing the main driving force of the first LCST
transition. At 40 °C, the signal of PNIPAM became hardly
detectable. Interestingly, from the spectra at 55 °C, it can be
noted that the signal of POEGMA in PO,,5(PN,); was much
flatter than that in PO,34(PN,;3),-COOH, suggesting a higher
degree of phase separation of PO,,5(PN,), at this temperature.
This difference is in good agreement with the DLS results.

iy
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Fig. 5 Normalized  temperature-variable ~ H-NMR  spectra  of
(@) PO,34(PN43)7,—COOH and (b) PO545(PN4g); measured in D,O; (c) left:
temperature dependence of the transmittance measured for the aqueous
solutions of PO,34(PN43),—COOH (0.1% [w/w]) and PO,45(PN4p); (0.05%
[w/w]); right: enlarged image of the measurements.
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Furthermore, the temperature dependence of the transmit-
tance of the sample solutions is plotted in Fig. 5c. Apparently,
the PO,45(PN,); solution became much more turbid at high
temperatures even with a lower concentration. Through the
enlarged image of the results, a slight drop of the transmittance
can be noticed for both samples at around 35 °C. The second
drop of the transmittance of PO,,5(PN,o); solution starting at
about 43 °C was drastic, while the change of turbidity of
PO,34(PN,3),~COOH solution in the rest of the heating process
was still very small. Although the random error of the measure-
ment caused some fluctuations, the result of PO,3,(PNy3),-
COOH still shows a two-step transition roughly.

All these results above demonstrate that both graft copoly-
mers display a two-step LCST transition originating from
POEGMA and PNIPAM. Without the carboxyl groups at the
chain end, significantly larger particles arise at high
temperatures.

Modification of end-group

In this section, the end-group modification aiming for further
chemical crosslinking is discussed. In order to minimize side
reactions, a well-defined graft copolymer PO,,5(PN3,), without
carboxyl groups was prepared. According to the DLS result in
Fig. S11 (ESIT) and Fig. 3¢, PO,;4(PN3,); and PO,,5(PNyg); show
a similar two-step LCST transition in water. The major differ-
ence is that the first LCST transition of PO,,5(PN3,), occurred at
a higher temperature, which can be ascribed to the shorter
PNIPAM side chains, ie, the weaker polymer—polymer
interaction.”® After confirming the reproducibility of the LCST
transitions, the subjected to chemical
modification.

In the presence of excess DTP and hexylamine, the TTC-
groups could be replaced by PDS-groups. The modified sample,
PO,,3(PN3,),-PDS, was first characterized by SEC and UV—vis
spectroscopy (Fig. 6). The molecular distribution is slightly
broadened after modification, which could be due to the
groups during the
aminolysis.”® Since the oxidation just produces disulfide and
the goal of the modification was chemical crosslinking, the
impact of this side reaction is trivial in this work. In Fig. 6b, the
absorbance of TTC-groups at about 308 nm disappears after
modification, manifesting nearly complete removal of TTC-
groups.

polymer was

undesired oxidation between thiol

Crosslinking of the graft copolymer

Since the thiol reactive PDS-groups can react with thiol groups
at ambient temperature without any catalysts, a dithiol based
crosslinker, EDT, was used to obtain a covalently crosslinked
hydrogel (Scheme 2).

Fig. 7a shows the procedure for the preparation of a poly-
meric gel briefly. The yellow color of the gel caused by the small
molecule, 2-mercaptopyridine, released after crosslinking
proved a successful reaction between PDS- and thiol groups.
Ultimately, a colorless free-standing gel was formed after
purification. After removing the organic solvents, the thermo-
responsiveness of the POEGMA-PNIPAM hydrogel was visually
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Fig. 6 (a) SEC curves measured before aminolysis and after aminolysis
with DTP; (b) UV—vis spectra measured before and after aminolysis in 1,4-
dioxane.
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Scheme 2 Schematic illustration for chemical crosslinking of POEGMA-
g-PNIPAM-PDS with the crosslinker, EDT.

tested (Fig. 7b). The hydrogel was fully swollen and transparent
at room temperature. At 60 °C, water was squeezed out of the
network drastically and the hydrogel became opaque. Once it
was allowed to cool down, the hydrogel regained its
transparency.

The swelling ratios of the hydrogel at different temperatures
were also determined quantitatively by gravimetry. Because the
intensive shrinkage at a high temperature could cause splits in
the sample and affect the result, the highest target temperature
was lower than 50 °C. As depicted in Fig. 8, the swelling ratio of
the hydrogel started to decline below 33 °C, which is lower than
the Tpr of PNIPAM before crosslinking. This could be correlated
with the high local concentration of chains within the network.
Moreover, the network had a more confined and complex
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Fig. 7 (a) General procedure for the preparation of POEGMA-PNIPAM
hydrogel; (b) macroscopic test on the thermoresponsiveness of the
hydrogel.
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Fig. 8 Temperature dependence of the swelling ratio of the hydrogel
sample.

internal structure than the free polymer chains. After the
contraction of PNIPAM chains, the density of POEGMA chains
became even higher, which could lead to a huge decrease in the
Tpr- The phase transitions of PNIPAM and POEGMA could be
overlapped. It was thus difficult to distinguish the LCSTs of
POEGMA and PNIPAM. Instead, the hydrogel kept shrinking
within a relatively broad temperature range.

Conclusions

In conclusion, two well-defined graft copolymers differing
merely in the end-group were synthesized by sequentially
switching the wavelengths of the light source for photoiniferter
RAFT polymerization. Both polymers exhibit a two-step LCST
transition in water originating from the backbone and the side
chains. However, the sizes of their aggregates formed above
each LCST-type Tpr are significantly different. Without the
carboxyl group at the o-terminal, polymeric aggregates with
larger Ry were detected by DLS measurements. Furthermore,
multiple TTC-groups along the polymer chains were success-
fully converted into thiol reactive PDS-groups after polymeriza-
tion by aminolysis in the presence of DTP, enabling simple
chemical crosslinking at room temperature without other addi-
tives. The obtained thermoresponsive hydrogel may have
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potential in various fields of applications, like controlled drug
release in biomedical applications. Apart from the reaction
with a crosslinker, it is also possible to use the reactive thiol
groups for attachment of other functional molecules like
enzymes which are then shielded or unshielded from sub-
strates as a function of temperature.
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