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Thermosensitive polymeric materials based on copolymers of oligo(ethylene glycol) methacrylates are
attracting significant attention in various materials sectors. The preparation of their thermosensitive
microgels/nanogels via the aqueous dispersion polymerization process is, however, limited by low
monomer loading and thus low solid content of the final colloids. Moreover, the preparation of
nanogels by reversible addition-fragmentation chain transfer (RAFT) mediated dispersion
polymerization has been further hampered by the poor RAFT control of the polymerization process. In
this article, we report the development of thermosensitive copolymers based on poly(2-methoxyethyl
acrylate-co-poly(ethylene glycol) methyl ether acrylate) (P(MEA-co-PEGA)) and their use for nanogel
synthesis by RAFT dispersion polymerization in water. The thermosensitive copolymers exhibited
sharp thermal transitions upon increasing thee temperature above their lower critical solution
temperature. The use of MEA as the majority comonomer and poly(N,N'-dimethylacrylamide) as the
RAFT agent and stabilizer for the synthesis of nanogels allowed monomer loadings of up to 20%,
which significantly improved the solid content of the dispersion polymerization system. Moreover, the
dispersion copolymerization of MEA with PEGA was under excellent RAFT control up to complete
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monomer conversion. The synthesized nanogels showed an unprecedented linear relationship between

nanogel size and temperature, suggesting expanded applications of such responsive polymeric

materials.

Introduction

Smart or responsive polymeric materials’? have been playing an
important role in the development of advanced technologies
including actuators and sensors,>5 shape memory devices,®’
switchable surfaces,®'® tissue engineering scaffolds,'*? drug/
protein/gene delivery vectors,'*™' reaction vessels and catalysts,'®
and optical and electronic devices."”™" Among them, thermo-
sensitive polymers?*?! are a common class of responsive materials
that change their solution properties in response to the variation
in temperature, which is a convenient stimulus to apply externally.
Indeed, various types of thermosensitive polymers have been
developed thus far with the most prominent example being poly
(N-isopropylacrylamide) (PNIPAM), which has a lower critical
solution temperature (LCST) around 32 °C.?! PNIPAMs have
been widely used in biologically relevant areas because their LCST
is around body temperature and is relatively insensitive to the
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variation in molecular weight and electrolyte concentration.
However, several drawbacks of PNIPAMs have limited their
further applications, which include hysteresis upon cooling from
above the LCST, possible hydrogen-bonding interaction with
proteins and toxicity of its monomer. Therefore, significant
current research is devoted to the pursuit of PNIPAM alternatives
that can maintain their favourable properties but minimize their
drawbacks.?>?* One of such emerging materials is copolymers
based on oligo(ethylene glycol) methacrylates (OEGMAs),>%7
and recent years have witnessed increasing study and their
application in diverse materials arenas.?** The current intensive
interest in OEGMA copolymers originates from several attractive
features such as biocompatibility, complete reversibility of
thermal transition, adjustable LCST, and antifouling properties
at temperatures lower than the LCST.*7

The thermosensitivity of polymers can be exploited for the
preparation of responsive microgels and nanogels.*® As ther-
mosensitive OEGMA copolymers are gaining popularity in
materials science, their use in the preparation of microgels and
nanogels has also been studied.*” Hu and co-workers® reported
the first preparation of microgels by free-radical precipitation
polymerization in water of 2-(2-methoxyethoxy)ethyl methacry-
late (MEOzMA) and OEGMA (OEGMA475 or OEGMA300, for
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M, = 475 or 300), which they subsequently assembled into
photonic hydrogels.>! Later, the same group reported the prep-
aration of core-shell microgels based on OEGMAs via seeded
precipitation polymerization.>* Recently, Zhou and co-workers
studied the possibility of drug release from such microgels.>* The
preparation of microgels of OEGMAs using controlled radical
polymerization techniques has also been reported. In mini-
emulsion using anisole as the organic phase and via activators
generated by electron transfer for atom transfer radical poly-
merization (AGET ATRP), Matyjaszewski and co-workers
reported the preparation of microgels of MEO,MA loaded with
magnetic nanoparticles and microgels of tunable LCST based on
copolymers of MEO,MA and OEGMA.**** On extending
reversible addition-fragmentation chain transfer (RAFT) medi-
ated aqueous precipitation/dispersion polymerization for the
synthesis core-shell nanogels,’**” our group has reported the
preparation of core-shell nanogels based on copolymers of
MEO,;MA and OEGMA475.%® The shell polymers consisted of
either linear poly(ethylene glycol) (PEG) or graft poly-
OEGMA 75, and the core polymers consisted of copolymers of
MEO,;MA and OEGMA,;5 of varied molar ratios, which were
cross-linked by poly(ethylene glycol) dimethacrylate (M, = 750).
The nanogels with graft polyOEGMA,;s as the shell polymer
exhibited enhanced stability during freeze-thawing process and
in biologically relevant solutions such as 1.5 M NaCl, 1% bovine
serum albumin and 100% fetal bovine serum. Also the nanogels
exhibited excellent biocompatibility through cell viability studies.

Even with the aforementioned success in the preparation of
microgels and nanogels based on polymers of MEO,MA or
copolymers of MEO,MA with OEGMA, several limitations
associated with each synthetic method can be identified. In the
microgel synthesis by AGET ATRP miniemulsion, an organic
phase had to be used.>*** Although the (co)polymers MEO,MA
and OEGMA exhibited sharp LCST transitions in water, the
phase transitions of the corresponding microgels were broader.*
Provided that the molecular weights of the copolymers synthe-
sized in AGET ATRP miniemulsion were well controlled with
low polydispersities, the broadening in the phase transitions of
the corresponding microgels may be due to the restriction in the
polymer freedom and the crowding of such graft polymers in the
networks. In the microgel synthesis by free-radical precipitation
polymerization, although the microgels were highly mono-
disperse, the solids content was only = 2% w/v.5° This situation
also applies to the core-shell nanogels synthesized by RAFT
mediated dispersion polymerization in which the monomer
loading was restricted to ~2% w/v, although a total solid content
of up to 5% w/v could be achieved with the macromolecular
chain transfer agent (Macro-CTA) included.*® This low solid
content is exerted by the poor solubility of MEO,MA in water.
In the latter two cases,>®*® the phase transitions were significantly
broad, even broader than that for microgels synthesized in
a miniemulsion by AGET ATRP.>* For the microgels synthe-
sized by free-radical precipitation polymerization,>*5? the broad
phase transition was attributed to the broad distribution of
molecular weight as expected for polymers synthesized by
traditional free-radical polymerization. The broadening in the
phase transition for the nanogels synthesized by RAFT-mediated
dispersion polymerization was, however, unexpected, which
might be attributed to both the relatively poor control of the

molecular weight distribution and the network restriction of the
graft type polymers.® The relatively poor RAFT control in
the dispersion polymerization of MEO,MA and OEGMA may
be ascribed to 1) the methacrylate type of the monomers, which
can be difficult to control by the RAFT dispersion polymeriza-
tion process, and 2) the steric effect of both the monomers with
various side chain lengths and the graft shell polymer, which
restricts the entry of the monomers or monomeric/oligomeric
radical species into the nanogels.

In order to solve these problems, it is crucial to develop new
thermosensitive copolymers that are structurally similar to the
MEO,MA and OEGMA copolymers such that the associated
desirable properties can be retained but their nanogels can be
synthesized at higher solid content and their dispersion poly-
merization can be controlled by the RAFT process. We have
recently found that 2-methoxyethyl acrylate (MEA) is highly
soluble in water but its polymer PMEA is not.>® Successful
RAFT-mediated aqueous dispersion polymerization has been
established with monomer loading up to 25% w/v and solid
content up to 32% w/v, in which the polymerization process was
under excellent RAFT control and polymers with low poly-
dispersity indices were produced.® Although PMEA is not water
soluble, it should still possess a certain degree of polarity since
MEA is highly soluble in water and very polar. Indeed, PMEA
has been used as a hemocompatible material due to the forma-
tion of a layer of freezing bound water to the polymer surface.5*!
It is known that by adjusting the subtle balance between the
hydrophilicity and hydrophobicity of polymers through copo-
lymerization of judiciously selected comonomers, thermosensi-
tive copolymers of adjustable LCST can be produced depending
on the constitution and composition of the copolymers. We
therefore anticipate that copolymerization of MEA with oligo
(ethylene glycol) methyl ether acrylate (OEGA) should produce
a set of thermosensitive copolymers that are similar in structure
and properties to the MEO,MA and OEGMA copolymers. Of
particularly important is that the use of MEA as the majority
comonomer is expected to produce nanogels at high solid content
because of its high water solubility. Furthermore, MEA has
a smaller side chain than MEO,MA and is therefore expected to
have a smaller steric hindrance to enter the nanogels for RAFT
dispersion polymerization. Previously, thermosensitive copoly-
mers of 2-(2-ethoxyethoxy)ethyl acrylate and OEGA (M, = 454)
were reported.®> However, our own experience indicated that
2-(2-ethoxyethoxy)ethyl acrylate has an even lower water solu-
bility than MEO,MA and thus is not suitable for the preparation
of nanogels at high solids content. Steinhauer and co-workers®?
reported the copolymerization of MEA with 2-hydroxyethyl
acrylate via RAFT to produce thermosensitive copolymers but
their use in the preparation of nanogels was not demonstrated.
Very recently, Lavigueur and co-workers prepared thermo-
sensitive copolymers of MEA with methoxy ethoxy ethyl acrylate
using ATRP, which were then conjugated to green fluorescent
protein to make thermosensitive giant biohybrid amphiphiles.®*
Because methoxy ethoxy ethyl acrylate is only one ethylene
glycol unit longer than MEA, the LCST range of their copoly-
mers should be narrower than that would be expected for
copolymers of MEA and OEGA with longer side chains.
Therefore, we decided to investigate the thermosensitivity of
copolymers of MEA and OEGA and their use in the synthesis of
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nanogels via RAFT-mediated aqueous dispersion polymeriza-
tion aiming at developing a new platform for thermosensitive
polymeric materials.

Results and discussion
Synthesis and characterization of thermosensitive copolymers

A series of thermosentitive copolymers of MEA with poly
(ethylene glycol) methyl ether acrylate (PEGA, M, = 480) was
synthesized by RAFT using benzyl ethyl trithiocarbonate as the
chain transfer agent (CTA) and AIBN as the initiator at 70 °C in
DMF (Scheme 1). The molar ratio of MEA and PEGA was
varied from 9 : 1 to 7 : 3 to adjust the LCST of the copolymers.
In order to gain more information on the copolymerization
kinetics, homopolymerization of MEA and PEGA was also
performed. For all homopolymers and copolymers, the target
degree of polymerization (DP) was ~100 and the conversion of
monomers was above 90% (Table 1). The composition of the
polymers was characterized by '"H NMR (Fig. S1t) and the
macromolecular characteristics were characterized by gel
permeation chromatography (GPC).

Fig. 1 shows the polymerization kinetics of homopolymeriza-
tion of MEA and PEGA and copolymerization of MEA with
PEGA at molar ratios of 90 : 10 and 70 : 30. In all cases, the
monomer conversion increases very rapidly within 1 h and the
polymerization essentially levels off after 2 h.

The homopolymerization of MEA is faster than that of
PEGA. The polymerization of MEA is under excellent RAFT
control as evidenced by the symmetric and monomodal GPC
chromatograms up to high monomer conversion (94%), low
polydispersity index (1.15) and the linear increment of M, with
conversion (Fig. 2 and 3). The homopolymerization of PEGA is
also under good RAFT control with monomer conversion up to
60% since its GPC chromatogram at this point is symmetric and
the polydispersity index is low (1.22). However, its GPC chro-
matograms become increasingly unsymmetric above 60%
monomer conversion and the polydispersity index correspond-
ingly increases to 1.46 at 92% conversion, although a reasonably
good linearity between M, and monomer conversion is still
observed over the entire range of monomer conversion (Fig. 2
and 3). Because PEGA monomer has a relatively long side chain
and the polymer is a comb or graft conformation, as the poly-
merization continues and the molecular weight increases, the
steric congestion at the polymer end becomes increasingly
significant, preventing further addition of monomers, resulting in
the off-optimal behaviour of the RAFT process. The higher-
molecular-weight shoulders for PEGA homopolymers above
60% monomer conversion may possibly come from two sources.
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Scheme 1 Synthesis of thermosenstitive copolymers of MEA with
PEGA

One is bimolecular termination and the other is transfer to chain.
Given the high steric congestion at the polymer end at high
monomer conversion, the former is less likely to occur. One of
the major side reactions in controlled radical polymerization
of acrylate is transfer to chain,®*” which leads to the formation
of branched polymers with higher molecular weight. It should be
noted that for similar absolute molecular weight, branched
structure has smaller molecular weight (more compact structure).
However, transfer to chain reaction may add more than one
polymer chains to an existing one, and therefore chain transfer
leads to higher molecular weight. Transfer to solvent (DMF) is
less likely to occur since transfer to solvent should lead to a lower
molecular weight. Analysis of In(My/M) vs. time indicated
reduced polymerization rate at high monomer conversion
possibly due to radical transfer reactions (Fig S37). Since both
further addition of monomer and bimolecular termination
become difficult at high monomer conversion, the possibility of
transfer to chain becomes significant and should be the main
reason for the broadening in the GPC chromatograms of
PPEGA.

For the copolymerizations, MEA was used as the majority
monomer and PEGA content was increased up to 30 mol%.
Although homopolymerization of PEGA is slower than that of
MEA, the copolymerization rate of MEA with PEGA is,
however, the same regardless of the molar ratio difference
(Fig. 1). This can be explained on the basis of the low content of
PEGA in the copolymers; the random copolymerization of low
molar fraction of PEGA with MEA alleviates the steric
constraint that is present in PEGA homopolymer and thus
PEGA can be incorporated at essentially the same rate as MEA.
If this is true, it is expected that increasing PEGA molar fraction
will gradually increase the steric hindrance for incorporation of
PEGA into the copolymers, which will consequently become
gradually less well-controlled by the RAFT process. Indeed,
examination of the GPC chromatograms of the copolymers at
high monomer conversions indicates that the higher-molecular-
weight shoulder for P(MEA;o-co-PEGA;j) is slightly more
prominent than that for PIMEAge-co-PEGA 1), and copolymers
with increasing PEGA molar fraction also show higher poly-
dispersity index (Table 1). In addition, all the copolymers
produced have low polydispersity indices (=1.25) at high
monomer conversions (92-97%) and a fairly good linear rela-
tionship between M, and monomer conversion (Fig. 2).

With the set of well-defined copolymers of similar DP being
successfully synthesized, their thermal transitions were charac-
terized in water at a concentration of 1 wt% (Fig. 4). All the
copolymers display sharp response to temperature change upon
heating through their LCST. The LCST of the copolymers
increases with increasing molar fraction of the more hydrophilic
monomer PEGA, as expected. A linear relationship is observed
between the LCST and PEGA molar fraction. From the fitted
line, it can be easily calculated that 14% PEGA incorporation
will bring the LCST of the copolymer to the body temperature
(37 °C). A convenient temperature range (from room tempera-
ture to 65 °C) can be realized by incorporation of less than
30 mol% PEGA, at which point the synthesis of the copolymer is
still under good RAFT control. Therefore, this set of thermo-
sensitive copolymers based on MEA and PEGA should nicely
complement the copolymers based on MEO,MA and OEGMA
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Table 1 Synthetic conditions and results of homopolymers and thermosensitive copolymers.”

MEA  PEGA  Time(h)  Conv. (%)’ M, (theoretical)® M, (GPC)¥  M./M,(GPC)?  LCST (°C)*

PMEAy; 103 0 3 94 13 000 24 000 1.15

P(MEAgg-co-PEGA ) 93 10 3 92 15 000 30 000 1.15 29
P(MEAgs-co-PEGA ) 88 16 6 95 18 000 26 000 1.23 40
P(MEA5-co-PEGA 5) 83 20 5 92 19 000 33 000 1.19 48
P(MEA75-co-PEGA,s) 78 26 6 97 21 000 29 000 1.24 57
P(MEAg-co-PEGA ) 72 32 3 97 23 000 31 000 1.25 64
PPEGAy, 0 105 3.5 92 44 000 41 000 1.46

“ Target DP = ~100 (the target MEA and PEGA are listed as molar ratios), [CTA] = 29 mM, AIBN : CTA = 0.2 : 1, 70 °C. ®* Monomer conversion
determined by 'H NMR. ¢ Theoretical molecular weight of homopolymers = (target DP x monomer conversion) X Myonomer T McTa; theoretical
molecular weight of copolymers = (target DPyjga X monomer conversion) X Myga + (target DPppga X monomer conversion) X Mpgga + Mcta.
4 Molecular weight determined by GPC (DMF, PMMA). ¢ The temperature at 50% transmittance of the thermal transition was taken as the LCST.
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Fig. 1 Polymerization kinetics of homopolymerization of MEA
and PEGA and their copolymerization. [CTA] = 29 mM in DMF,
[CTA] : [AIBN] : [monomer] = 1 : 0.2 : 100, 70 °C.

developed by Lutz and Hoth.?® More importantly and particu-
larly relevant to the following work is the high water solubility of
MEA, in contrast to the poor solubility of MEO,MA, which
makes MEA ideal for the preparation of thermosensitive nano-
gels by aqueous dispersion copolymerization with PEGA.

RAFT dispersion polymerization for the synthesis of nanogels

Nanogel synthesis by RAFT-mediated heterogeneous polymer-
ization allows facile control of molecular weight/polydispersity,
the localization of functionality and a significant degree of
architectural design.*®* For example, Lu and co-workers devel-
oped a novel methodology for the production of hollow nanogels
(nanocapsules) by the combination of RAFT with inverse min-
iemulsion.®® Later, Wang and co-workers nicely extended Lu’s
approach to synthesize cross-linked hollow nanogels.® In both
cases, polymers with low polydispersity were produced, charac-
teristic of the RAFT control.®*% We® and others™7> have
been working on RAFT-mediated dispersion polymerization in
water for the synthesis of nanogels. We have also recently
demonstrated the efficient and versatile synthesis of core-cross-
linked star polymers with low polydispersity in RAFT-mediated
dispersion and emulsion polymerizations.”® This strategy
combines polymerization and self assembly of the in situ
produced responsive block copolymers in one pot and produces
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Fig. 2 Molecular weight (A) and polydispersity index (B) revolution
with monomer conversion of MEA and PEGA homopolymers and their
copolymers. [CTA] = 29 mM in DMF, [CTA]: [AIBN] : [monomer] =
1:0.2:100, 70 °C.

defined nanogels or star polymers. Through the macro-CTA
design, the corresponding functional groups can be transferred
to the nanogel’s core and/or shell, providing convenient handles
for installing active agents for biomedical applications.*’

With the development of well-defined thermosensitive copol-
ymers of MEA with PEGA, we further examined their use for the
preparation of thermosensitive nanogels by RAFT dispersion
polymerization in water. The use of MEA as the majority
comonomer is expected to significantly improve the solid content
since MEA is highly soluble in water, which is in stark contrast to
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Fig. 3 GPC chromatograms at different polymerization times for
the synthesis of PMEA97 (A), PPEGA97 (B), P(MEAgs-CD-PEGAlo)
(C), and P(MEA7p-co-PEGA3;) (D). [CTA] = 29 mM in DMEF,
[CTA]: [AIBN] : [monomer] = 1:0.2: 100, 70 °C.
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Fig.4 Thermal transitions of the copolymers measured by turbidimetry
with 1 wt% polymer in water (A) and dependence of LCST of the
copolymers on PEGA molar fraction (B).

the nanogel synthesis using MEO,MA as the majority como-
nomer.*® Since the RAFT dispersion copolymerization of
MEO,MA with OEGMA showed relatively poor RAFT control,
it is also interesting to see whether dispersion copolymerization
of MEA with PEGA could be controlled by the RAFT process.

In the RAFT dispersion copolymerization (Scheme 2), poly(X,
N'-dimethylacrylamide) (PDMA) was used as the Macro-CTA,

which was synthesized at 61% monomer conversion to ensure
a high degree of CTA end function. The theoretical M, of
PDMA was 5 k as calculated from the monomer conversion
determined by '"H NMR, and the GPC M, was 8 k and M, /M,
was 1.10. PDMA was previously demonstrated to be an efficient
Macro-CTA in the RAFT control of acrylics in emulsion poly-
merization of butyl acrylate,” and dispersion polymerization of
N-isopropylacrylamide®>s” and  N,N’-diethylacrylamide.”®"*
Therefore, the synthesized PDMA with low polydispersity is well
positioned for the RAFT dispersion copolymerization of MEA
with PEGA. Significantly, the total monomer content was
controlled =10% w/v, which is much higher than the ~2% w/v
monomer content in the case of dispersion copolymerization of
MEO,MA with OEGMA. In nanogel synthesis poly(ethylene
glycol) diacrylate (PEGDA, M,, = 258) was used as the cross-
linker and 2,2'-azobis(2-methylpropionamidine) dihydrochioride
(V-50) was used as the initiator. The molar ratio of PDMA:
PEGDA was controlled at a constant value of 1 : 3. The molar
ratio of PDMA:V-50 was controlled at 1:0.05, which was
designed to minimize side reactions such as transfer to chain in
the polymerization of acrylate.%6-6”

The dispersion copolymerization kinetics without PEGDA
cross-linker is illustrated in Fig. 5A for two copolymerization
systems with the molar ratio of MEA : PEGA being 90 : 10 and
85 : 15, respectively. As can be seen, the polymerization rate is
fairly fast with over 90% monomer conversion being achieved
within 2 h, considering that a low concentration of V-50 was
used. The polymerization kinetics are essentially the same for the
two systems regardless of the different comonomer molar ratios,
which is consistent with the results of homogeneous copoly-
merization in DMF. As shown in Fig. 5B, the M, of the
produced block copolymer PDMA-b-P(MEA-co-PEGA) evolves
linearly with increasing monomer conversion up to almost
complete monomer consumption, and the polydispersity index
(M/M,) of the block copolymer remains below 1.15. GPC
chromatograms (Fig. 6) show a clear shift to higher molecular
weight side with increasing polymerization time and thus
increasing monomer conversion. The PDMA macro-CTA is
highly efficient for the RAFT dispersion copolymerization of
MEA with PEGA, which is almost completely consumed with 30
min, thus suggesting excellent blocking efficiency under disper-
sion polymerization conditions. Although the M,/M, of all the
produced block copolymers is lower than 1.15, there is an
obvious shoulder at the higher-molecular-weight side of all the
chromatograms regardless of monomer conversion, and the
shoulder is increasingly pronounced with increasing monomer
conversion. This can be mainly attributed to transfer to chain,

y Y2
szrsj/*/@ °’2 °’2 TP m
s _ + O, o, § ——  nanogel
o7N g ’S Js 70°C.HO
%zo
\
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PDMA, Macro-CTA % o 0
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Scheme 2 Synthesis of thermosensitive nanogels of MEA and PEGA
using PDMA macro-CTA in water.
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Fig. 5 (A) Polymerization kinetics and (B) evolution of molecular
weights and polydispersity indices of PDMA-b-P(MEA-co-PEGA),
synthesized by dispersion copolymerization of MEA with PEGA using
PDMA Macro-CTA in water. Monomer content = 10% (w/v), [macro-
CTA]: [MEA + PEGA]: [V-50] = 1:100: 0.05, 70 °C.

which is related to reaction conditions such as temperature and
radical concentration. Previously in the RAFT dispersion poly-
merization of MEA, we found that such higher-molecular-weight
shoulders could be minimized by using a low ratio (0.02, relative
to macro-CTA) of a redox initiator couple and a low polymeri-
zation temperature (30 °C).5® However, in the current dispersion
copolymerization system where the thermosensitive copolymers
need to collapse to form particles, a relatively high temperature
(70 °C) is necessary for the successful formation of nanogels,
which can lead to a higher degree of transfer to polymer. Indeed,
analysis of In(My/M) vs. time indicated reduced polymerization
rate at high monomer conversion (Fig. S4t), though dispersion
polymerization is more complex than solution polymerization.
Through optimization of polymerization, 0.05 equivalent V-50
seemed to be optimal in terms that a reasonably fast polymeri-
zation rate and a relatively small shoulder on the chromatograms
could be obtained.

Having established that the aqueous dispersion copolymeri-
zation of MEA with PEGA was under good RAFT control, we
further studied the production of nanogels via dispersion copo-
lymerization in the presence of PEGDA cross-linker (Scheme 2).
For these experiments, the molar ratio of PDMA : PEGDA was
controlled to be 1 : 3, while the molar ratio of MEA/PEGA, the
DP, the monomer content and thus the final solids content were
systematically varied in order to produce nanogels with adjust-
able size at highest possible solid content (Table 2). The

A
——Macro-CTA
——30 min, 55%
—1h, 82%
—2h,90%
—3h, 93%
5h, 96%

r T T T T

28 30 32 34 36

Elution time (min)

——Macro-CTA
——30 min, 48%
—>50 min, 70%,
—2h, 87%

—3.2h,93%
—5h, 94%

28 30 32 34 36
Elution time (min)

Fig. 6 GPC chromatograms of (A) PDMA-b-P(MEAg,-co-PEGA ()
and (B) PDMA-b-P(MEAgs-co-PEGA | 5) polymers at different monomer
conversions, synthesized by dispersion copolymerization of MEA with
PEGA using PDMA macro-CTA in water. Monomer content = 10%
(w/v), [macro-CTA] : [MEA + PEGA]: [V-50] = 1:100: 0.05, 70 °C.

composition of the nanogels was analyzed by 'H NMR
(Fig. S27). The diameter of the nanogels synthesized under such
conditions ranges from 30 to 100 nm as determined by dynamic
light scattering (DLS), and atomic force microscopy (AFM)
image (Fig. 7A) confirms that spherical nanoparticles are formed
and reflects the polydispersity determined by DLS. Transmission
electron microscopy (TEM) (Fig. S5f) was also performed,
though imaging of such soft nanogels is typically a challenging
task. Most of the nanogels exhibit reduction in diameter upon
temperature change from 20 °C to 60 °C except one case (entry 4,
Table 2), which is due to the relatively low DP (80) of the ther-
mosensitive block. Most of the nanogels show excellent colloidal
stability except two examples (entries 3 and 11, Table 2) that
display bimodal size distribution at 60 °C. At monomer loading
of 10% but increasing the DP from 100 (entries 1-3, Table 2), 120
(entry 5, Table 2), 150 (entry 6, Table 2), to 200 (entries 7-9,
Table 2), defined nanogels are produced except the case for entry
7 in Table 2, which actually forms a gel. When maintaining DP =
100 and molar ratio of MEA : PEGA = 85 : 15 but increasing the
monomer loading from 10% to 30% (entries 2 and 10-12, Table
2), a gel is obtained at 30% while in all the other cases nanogels
are produced. Similarly, when maintaining DP = 200 and molar
ratio of MEA : PEGA = 85: 15 but increasing the monomer
loading from 10% to 25% (entries 8 and 13-15, Table 2), nanogels
are only produced at 10% and 15% with a semi-gel and a gel
produced at 20% and 25%, respectively. Through optimization of
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Table 2 Synthetic conditions and results of nanogels produced by RAFT dispersion copolymerization of MEA with PEGA in the presence of

PEGDA.“

Macro-CTA MEA PEGA PEGDA  Monomer (%)°  Solid (%)° Conv. (%)? Dy (nm), PDI at 20 °C¢ Dy, (nm), PDI at 60 °C*
1 1 90 10 3 10 12.5 98 42, 0.05 36, 0.09
2 1 85 15 3 10 12.3 98 33,0.13 29, 0.24 )
3 1 80 20 3 10 12.1 96 37,0.17 15 (92.8%), 5560 (7.2%)/
4 1 68 12 3 10 12.9 97 28,0.17 31, 0.27
5 1 102 18 3 10 11.8 98 39,0.11 30, 0.18
6 1 127.5 225 3 10 11.4 97 45,0.12 34, 0.08
7 1 180 20 3 10 11.0 gel — —
8 1 170 30 3 10 10.9 91 35,0.21¢ —
9 1 160 40 3 10 10.8 95 57,0.23% —
10 1 85 15 3 20 24.5 100 37,0.10 31, 0.08 )
11 85 15 3 25 30.6 100 46, 0.20 29 (97.6%), 5560 (2.4%)
12 1 85 15 3 30 36.8 gel — —
13 1 170 30 3 15 16.7 100 99, 0.18 83,0.19
14 1 170 30 3 20 223 semi-gel — —
15 1 170 30 3 25 27.9 gel — —

“0.05 equivalent V-50, 70 °C, 5 h. The feed of macro-CTA, MEA, PEGA, and PEGDA are listed in molar ratios. ® Monomer (MEA + PEGA +
PEGDA) weight/water volume. ¢ Solid weight/water volume. ¢ Monomer conversion determined by '"H NMR. ¢ Hydrodynamic diameter and PDI
determined by dynamic light scattering (DLS) at different temperatures.” Bimodal distribution of particle size with peak values listed. ¢ Determined

by DLS at 25 °C.

90:10 = 170:30

0.95 y=1.09-0.0048 x, R =-0.993

y=1.08-0.0059 x, R =-0.988

B
. "

> 9 075 .

1 20 30 40  s0 60

0 Temperature (°C)

5.00 um 10.00 x 10.00 um 00

Fig. 7 (A) AFM micrograph of nanogel (entry 3, Table 2); (B) depen-
dence of normalized Dy, on temperature for nanogels synthesized with the
molar ratio of MEA:PEGA being 90 : 10 and 170 : 30.

experimental conditions, thermosensitive nanogels with excellent
stability can be produced at 20% monomer loading and 24.5%
total solid content, which are reasonably high values for aqueous
dispersion polymerization systems and represent an order of
magnitude improvement in comparison with nanogel synthesis
using MEO,MA-based polymers.

From Table 2 we can see that most of the nanogels display
a temperature-induced diameter reduction when raising the
temperature from 20 °C to 60 °C. Fig. 7B illustrates the size
dependence on temperature for two selected nanogel samples with
MEA/PEGA ratios of 90 : 10 and 170 : 30, respectively. In stark
contrast to the sharp thermal transitions of the corresponding
copolymers of POIMEA-co-PEGA), these nanogels display a rather
continuous diameter change upon raising temperature. For the
microgels of MEO,MA-based polymers prepared by traditional
radical polymerization, Hu and co-workers* found that the phase
transition of the microgels were broader than the LCST transition
of the corresponding copolymers synthesized by ATRP,* and
they concluded that the broadening in microgel phase transition
was due to the broadening in the molecular weight distribution in
traditional free radical process. Indeed, several studies have
indicated that the LCST of thermosensitive polymers is dependent
on the molecular weight of narrow dispersity polymers synthe-
sized by controlled radical polymerization.?®’>7¢ In microgels of

MEO,MA-based polymers synthesized by ATRP miniemulsion,
although the phase transition is still broader than the LCST
transition of the corresponding copolymers, defined phase tran-
sitions well correlated to the LCST of the same copolymer
composition can be identified. Our RAFT dispersion copoly-
merization of MEA and PEGA has been demonstrated to have
fairly good control over the molecular weight distribution with
M.,/ M, smaller than 1.15. Therefore, the continuous reduction in
size of these nanogels cannot be explained by broadening in
molecular weight distribution. We further performed linear
analysis for the thermal profiles of the nanogels and found that
a reasonably good linear relationship can be obtained for both
nanogels over a temperature range of 20-60 °C. Recently, Jiang
and co-workers reported a linear relationship of the temperature-
dependent photoluminescence of Eu(iir) phthalate coordinated to
the PNIPAM shell of polystyrene-co-PNIPA (core)}—PNIPAM
(shell) nanoparticles over the temperature range of 10-50 °C,
which is different to the discontinuous thermal transition of the
corresponding nanoparticles without Eu(m) phthalate.””
However, to the best of our knowledge, linear dependence of
thermal transition of nanogels/microgels alone has not been
reported. At the current stage, the exact mechanism of the linear
response of our nanogels is not clear. The unexpected linear
response of the nanogels is, however, very interesting in that it
compensates the discontinuous thermal transitions of most of the
nanogels currently studied and may find application in areas that
require linear transitions with temperature.

Conclusions

We have developed thermosensitive copolymers of P(MEA-co-
PEGA) that have tunable LCST. Using MEA as the majority
comonomer, the solid content of RAFT dispersion copolymeri-
zation system has been significantly improved to 24.5%,
compared to the only several percents in the nanogel synthesis
using MEO,MA as the majority monomer. The dispersion
copolymerization of MEA with PEGA showed excellent RAFT

This journal is © The Royal Society of Chemistry 2011
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control up to 100% monomer conversion using PDMA as both
the RAFT agent and the stabilizer. The synthesized nanogels are
in the range of 30-100 nm and exhibited good stability. The
diameter of the nanogels exhibits an unexpected linear depen-
dence on temperature over a broad range.

Experimental
Materials

2-Methoxyethyl acrylate (MEA, 98%), poly(ethylene glycol)
methyl ether acrylate (PEGA, M, = 480), poly(ethylene glycol)
diacrylate (PEGDA, M, = 258), and 2.2-azobis(2-methyl-
propionamidine) dihydrochloride (V-50, 97%) were purchased
from Sigma-Aldrich. N,N’-Dimethylacrylamide (98%) was
purchased from J&K. N,N'-Dimethylformamide (DMF, 99.5+%),
tetrahydrofuran (THF, 99+%), diethyl ether anhydrous (99.7+%),
2,2’-azobis(2-methylpropionitrile) (AIBN, CP) were purchased
from Sinopharm Chemical Reagent Co. Ltd. AIBN was recrys-
tallized from methanol twice. All monomers were passed through
a column of Al,O3 to remove the inhibitor before use.

Characterization

NMR spectra were collected on a Bruker AV 500 MHz spec-
trometer and chemical shifts were reported using the solvent
residue as the reference. Gel permeation chromatography (GPC)
was performed on a Waters Alliance €2695 GPC system, equip-
ped with a styragel guard column, a Waters styragel HR3
(molecular weight range 5.0 x 10>-3.0 x 10%), a Waters styragel
HR4 (molecular weight range 5.0 x 10°-6.0 x 10°), and a Waters
styragel HR5 (molecular weight range 5.0 x 10“4.0 x 10°).
Detection was performed on a 2414 refractometer using DMF
(HPLC grade, containing 0.1 mg mL~" LiBr) as the eluent at
a flow rate of 0.8 mL min~'. The temperature of the columns was
set at 65 °C and the temperature of the refractometer was set at
45 °C. Analysis of molecular weight and polydispersity index of
polymers was performed using Empower 2 software against
PMMA standard (molecular weight range 2.4 x 10~1.0 x 109).
LCST measurements were conducted by turbidimetry on
a Hitachi U-3010 UV-vis spectrometer, and the temperature was
varied at one degree internals. Nanoparticle sizing was analyzed
using dynamic light scattering (DLS) on a Malvern ZS90.
Atomic force microscopy (AFM) was performed on a Shimadzu
SPM-9600 in the tapping mode. Transmission electron micros-
copy (TEM) was performed on a JEOL 200CX electron micro-
scope operating at 200 kV.

Synthesis of thermosenstitive copolymers

Thermosensitive copolymers, P(MEA-co-PEGA)s, were synthe-
sized by RAFT copolymerization of MEA and PEGA of varied
molar ratios in DMF at 70 °C. The concentration of chain
transfer agent (CTA) was 29 mM, and the molar ratio of AIBN/
CTA was 0.2. The target degree of polymerization (DP) was
~103-106, and the actual DP of all thermosensitive copolymers
was around 100. An exemplary synthesis of the copolymers is
given for P(MEAge-co-PEGA o). CTA benzyl ethyl trithiocar-
bonate™ (66.4 mg, 0.29 mmol), MEA (3.60 g, 27.70 mmol),
PEGA (1.47 g, 3.10 mmol), and 1,3,5-trioxane (0.28 g,

3.08 mmol, internal standard) were dissolved in 10 mL of DMF.
The solution was degassed with nitrogen at 0 °C for 40 min
before immersion into a preheated oil bath at 70 °C. After the
temperature was stabilized, a degassed solution of AIBN
(10.1 mg, 0.062 mmol) in DMF was injected via a microsyringe.
Aliquots were sampled at predetermined time intervals for
polymerization kinetics study. The conversion of monomers was
calculated to be 92% for 3 h polymerization by comparing the
vinyl signals of the monomers at 6.40, 6.18 and 5.98 ppm with
the signal of 1,3,5-trioxane at 5.16 ppm. M, = 15000 (NMR),
M, = 30000 (GPC), M /M, = 1.15 (GPC).

Synthesis of poly(/V,/V-dimethylacrylamide) (PDMA) macro-
CTA

Benzyl ethyl trithiocarbonate (1.008 g, 4.41 mmol), N,N'-dime-
thylacrylamide (35.0 g, 0.35 mol), and 1,3,5-trioxane (7.0 g,
77.78 mmol, internal standard) were dissolved in DMF (70 mL).
The solution was degassed with nitrogen at 0 °C for 30 min
before immersion into a preheated oil bath at 70 °C. After the
temperature was stabilized, a degassed AIBN DMF solution
(20 uL, 14.5 mg, 0.088 mmol) was injected via a microsyringe.
The polymerization was conducted for 4 h and was stopped at
61% monomer conversion as determined by 'H NMR. The
polymerization was quenched by immersing the polymerization
flask into an ice/water bath and exposing to air. The solution was
diluted and the polymer was precipitated into ethyl ether. The
polymer was collected by centrifugation and purified one more
time by precipitation of the polymer THF solution into ethyl
ether. After drying under vacuum, 19.0 g of a yellow solid was
obtained in 53% yield. M, = 5000 (‘"H NMR), M,, = 8000 (GPC),
MM, = 1.10.

RAFT dispersion polymerization

RAFT dispersion polymerization of MEA and PEGA of varied
molar ratios was carried out in water at 70 °C using PDMA
macro-CTA either in the absence or in the presence of the cross-
linker PEGDA for block copolymer or nanogel synthesis,
respectively. The molar ratios of V-50/macro-CTA and PEGDA/
macro-CTA were controlled at 0.05 : 1 and 3 : 1, respectively. The
target DPs were 80, 100, 120, 150, and 200. A typical dispersion
polymerization with a target DP of 85 for MEA and a target DP of
15 for PEGA is as follows. Macro-CTA (0.106 g, 0.021 mmol),
MEA (0.232 g, 1.79 mmol), and PEGA (0.151 g, 0.32 mmol) were
dissolved in 4 mL of water. The solution was degassed with
nitrogen at 0 °C for at least 40 min before immersion into a pre-
heated oil bath at 70 °C. After the temperature was stabilized,
a degassed solution of V-50 (0.3 mg, 1.1 umol) was injected via
a microsyringe. The polymerization was allowed to continue
under protection of nitrogen. Aliquots were withdrawn at pre-
determined time intervals and were quenched in iced water. The
conversion of monomers was calculated by comparing the vinyl
signals of the monomers at 6.35, 6.10 and 5.88 ppm with the ester
methylene group signals at 4.23 ppm.
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