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ABSTRACT: A type of thermosensitive ionic microgel was
successfully prepared via the simultaneous quaternized cross-
linking reaction during the surfactant-free emulsion copoly-
merization of N-isopropylacrylamide (NIPAm) as the main
monomer and 1-vinylimidazole or 4-vinylpyridine as the
comonomer. 1,4-Dibromobutane and 1,6-dibromohexane
were used as the halogenated compounds to quaternize the
tertiary amine in the comonomer, leading to the formation of a
cross-linking network and thermosensitive ionic microgels.
The sizes, morphologies, and properties of the obtained ionic
microgels were systematically investigated by using trans-
mission electron microscopy (TEM), dynamic and static light
scattering (DLS and SLS), electrophoretic light scattering
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(ELS), thermogravimetric analyses (TGA), and UV—visible spectroscopy. The obtained ionic microgels were spherical in shape
with narrow size distribution. These ionic microgels exhibited thermosensitive behavior and a unique feature of poly(ionic liquid)
in aqueous solutions, of which the counteranions of the microgels could be changed by anion exchange reaction with BF,K or
lithium trifluoromethyl sulfonate (PFM-Li). After the anion exchange reaction, the ionic microgels were stable in aqueous
solution and could be well dispersed in the solvents with different polarities, depending on the type of counteranion. The sizes
and thermosensitive behavior of the ionic microgels could be well tuned by controlling the quaternization extent, the type of
comonomer, halogenated compounds, and counteranions. The ionic microgels showed superior swelling properties in aqueous
solution. Furthermore, these ionic microgels also showed capabilities to encapsulate and release the anionic dyes, like methyl

orange, in aqueous solutions.
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1. INTRODUCTION

Ionic liquids (ILs), which are organic salts having low melting
temperature, such as ethylammonium nitrate, tetraalkylammo-
nium chlorocuprate, and tetra-n-hexylammonium benzoate,
have attracted significant research interest." > These ionic
liquids have the ability to dissolve a wide range of organic and
ionic compounds. Many efforts have been directed at the usage
of ionic liquids as green solvents for various polymerization
systems.* In the past few years, ILs have also been used as
monomers to synthesize polymeric ionic liquids (PILs), which
are described as a novel class of materials combining the
properties of ILs and the specificities of polymers.>~" The
reported typical PILs were polymers with cations such as
imidazolium, pyrrolidonium, and pyridinium and anions such as
tetrafluoroborate, hexafluorophosphate, and triflates.® In
analogy to the case of ILs, PILs can be applied in many
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different technological fields, such as polymer electrolytes for
electrochemical devices,” "> materials science,"**® analytical
chemistry,16 biotechnology,17 catalysts,ls’lg and surface sci-
ence.”””" The most notable feature of PILs is the strong
influence of the nature of the counteranion on their solubility.
This is particularly evident in the case of cationic PILs with
different counteranions and their solubility in different solvents.
There are two general approaches for fabricating PILs.**>**
One approach was pioneered by Ohno et al.”** A variety of IL
monomers were first synthesized by anion exchange reaction of
a cationic 1-vinyl-3-alkyl imidazolium halide-type monomer
with different counteranions, and the PILs were then prepared
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Scheme 1. Synthesis of Thermosensitive Ionic Microgels via Quaternized Cross-Linking Reaction and Their Properties of
Anion Exchange and Encapsulation/Release of Anionic Dyes in Water
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by the direct polymerization of each different IL monomer. The
other approach was to first polymerize the imidazolium
monomer and then carry out the anion exchange reaction
after the polymerization.® Because of their characteristic change
in physicochemical properties such as solubility, hydrophilicity,
or volume change induced by the anion exchange reaction, PILs
have been applied to the design of new ion-sensitive smart
materials, such as the hydrophilic/hydrophobic switchable
surfaces based on PIL polymer brushes,**** ion-sensitive
micelles,***” optical sensors based on photonic crystals,***
and reversible porous polymers.>® For example, Yuan et al.*®
reported the synthesis of poly(ionic liquid) (PIL) nanoparticles
grafted with a poly(N-isopropylacrylamide) (PNIPAm) brush
shell, which showed responsiveness to changes of temperature
and ionic strength in aqueous solution. The assembly
properties, thermal phase behavior, and microdynamics of
poly(N-isopropylacrylamide)-b-poly(1-butyl-3-vinylimidazo-
lium bromide) [poly(NIPAM-b-BVImBr)] micelles in aqueous
solution were investigated by combined techniques of dynamic
light scattering (DLS), turbidity measurements, and FTIR
spectroscopy.27

Microgels™® > are three-dimensional cross-linked polymeric
colloidal particles. Early in 1986, Pelton and Chibante®" first
reported the preparation of monodispersed PNIPAm microgels
by surfactant-free emulsion polymerization (SFEP) at elevated
temperature (>SS °C). PNIPAm is a thermosensitive polymer
in aqueous solution, which exhibits a low critical solution
temperature (LCST) at ~32 °C.*° As a result, PNIPAm is
hydrophilic and soluble in aqueous solution at temperature
below its LCST and becomes hydrophobic and insoluble and
forms aggregates in aqueous solution above its LCST. By
choosing suitable monomers and comonomers, the obtained
microgels could respond to various external stimuli, namely,
changes in temperature, pH, ionic strength, or others.>
Because of the unique properties of microgels, numerous
investigations have been focused not only on the preparation
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and physical properties of various microgel systems and the
development of new methods for microgel fabrication but also
on the exploration of their potential applications as controlled-
release systems, in catalysis, in separation technology, as
nanoreators, as enzyme immobilization biosensors, and as
surface coatings, etc S34HS760

Among the responsive microgels reported in the literature,
the microgels, which have ionic liquid moieties in the cross-
linking network, are scarcely explored. Such ionic microgels
may possess the characteristics of PILs besides the general
properties of microgels. The synergetic properties of PILs and
microgels might render them new functionalities and hence
broaden their application potentials. However, there were only
a few reports about the preparation of gels or microgels
involving ILs or PILs. Winterton et al.’" reported the synthesis
of cross-linked polymer—ionic liquid composite materials by in
situ polymerization of vinyl monomers with divinylbenzene
(DVB) as the cross-linking agent in ionic liquids (ILs). The
obtained composite materials could be suitable for evaluation in
catalytic membranes.®" Muldoon and Gordon'® reported the
gel-type polymer beads made entirely from the IL monomer, 1-
butyl-3-vinylimidazolium bis(trifluoromethylsulfonyl)imide
([bvim][T£,N]), by the suspension polymerization with a
dicationic salt, 1,8-di(vinylimidazolium)-octane bis-
[ (triftuoromethyl)sulfonyl] amide ([Cg(vim),][Tf,N]), as the
cross-linker. The obtained polymer beads could swell in
ketones, short-chain alcohols, and polar aprotic solvents.'®
They also demonstrated that such polymer beads could have
potential applications as catalyst support.'® Mecerreyes et al."”
reported a new type of PIL microgel prepared by the
concentrated emulsion polymerization of the ionic liquid
monomer, 1-vinyl-3-ethylimidazolium bromide (ViEtIm*Br~),
with N,N-dimethylenebisacrylamide (BIS) as the cross-linking
agent. However, the concentrated emulsion polymerization led
to the microgels with a large size and a broad size distribution
ranging from 0.5 to 20 um."” The obtained microgels having a
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Table 1. Preparation Conditions and Results of Thermosensitive Ionic Microgels

comonomer cross-linking agent (mmol) SLS DLS TEM
sample NIPAm VIM 4VP 4 ¢ swelling ratio
codes (mmol) (mmol) (mmol)  1,4-dibromobutane 1,6-dibromohexane (nm)  (nm) PDI® R/R, D (nm) (Vas/ Vo)
PNI4-1# 0.2 0.1 269 344 0.04 0.78 436 + 33 37
PNI4-2# 0.3 0.075 246 471 0.16 0.52 579 £ 23 468
PNI4-3# 0.3 0.1 244 382 0.25 0.64 491 + 28 137
PNI4-4# 0.3 0.15 230 307 0.13 0.75 413 + 23 9
PNI4-5# 0.4 0.1 284 459 0.08 0.62 541 + 36 247
PNI4-6# 0.3 0.3 / 180 0.01 / 320 + 16 7
PNI6-1# 0.2 0.1 239 270 0.14 0.89 420 £ 17 57
PNI6-2# 0.3 0.075 264 461 0.09 0.57 481 + 36 816
PNI6-3# 3 0.3 0.1 218 383 0.12 0.57 517 + 22 380
PNI6-4# 0.3 0.15 170 211 0.18 0.81 347 + 21 186
PNI6-5# 0.4 0.1 265 460 0.21 0.58 408 + 28 3490
PNI6-6# 0.3 0.3 / 188 0.10 / 388 + 20 176
PNP4-1# 0.2 0.1 179 241 0.12 0.74 458 + 21 26
PNP4-2# 0.3 0.075 139 202 0.01 0.69 338 £ 14 10
PNP4-3# 0.3 0.1 103 175 0.05 0.59 253 £ 12 8
PNP4-44# 0.3 0.15 92 164 0.11 0.56 207 £ 9 6
PNP4-5# 0.4 0.1 83 162 0.14 0.51 201 £ 1§ S
PNP4-6# 0.3 0.3 / 124 0.18 / 217 + 13 S

“Measured at 25 °C. “PDI = polydispersity index of the thermosensitive ionic microgels measured by DLS.

bromide anion could be dispersed in water and methanol
(MeOH). After anion exchange reaction, the microgels bearing
hydrophobic counterions such as CF;SO;~, (CF;S0;),N~, and
(CF;CF,S0,),N~ could swell in nonpolar solvents such as
acetone and tetrahydrofuran (THF). Furthermore, the micro-
gels showed a larger size after anion exchange than the
precursor microgels with a bromide anion.'” Such PIL
microgels showed good thermal stability and could be used
as glucose biosensors.'” Xiong et al.”>~** reported the synthesis
of cross-linked polymeric nanoparticles (CLPNs) by radical
copolymerization of monomers of ILs such as 4-vinylbenzyl-
triphenylphosphorous chloride and 4-vinylbenzyl-tributylphos-
phorous chloride and the cross-linking agents of ethylene glycol
dimethacrylate (EGDMA), DVB, or 1,4-butanediyl-3,3'-bis-1-
vinylimidazolium halides in selective solvents. The obtained
CLPNs had the mean diameter range of 10—100 nm with a
broad size distribution.®*~%*

In the present work, a one-pot route was reported to
synthesize a new type of thermosensitive ionic microgel with a
narrow size distribution and unique feature of PILs. N-
Isopropylacrylamide was used as the main monomer to offer
the resultant microgel’s thermosensitive character. 1-Vinyl-
imidazole (VIM) or 4-vinylpyridine (4VP) was chosen as the
comonomer. Such comonomers had tertiary amines, which
could be quaternized by the halogenated compounds. 1,4-
Dibromobutane and 1,6-dibromohexane were then used as the
halogenated compounds to quaternize the tertiary amines in
the comonomers, leading to the formation of the cross-linking
network and thermosensitive ionic microgels with ionic liquid
moieties, as illustrated in Scheme 1. Three series of
thermosensitive ionic microgels, p(N-isopropylacrylamide-co-
1-vinylimidazole)/1,6-dibromohexane microgels [P(NIPAm-co-
VIM)/1,6-dibromohexane, PNI6], p(N-isopropylacrylamide-co-
1-vinylimidazole)/1,4-dibromobutane microgels [P(NIPAm-co-
VIM)/1,4-dibromobutane, PNI4], and p(N-isopropylacryla-
mide-co-4-vinylpyridine)/1,4-dibromobutane microgels [P-
(NIPAm-c0-4VP)/1,4-dibromobutane, PNP4], were thus ob-
tained. These ionic microgels contained imidazolium or
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pyridinium moieties with bromide ions as the counterions.
The ionic microgels exhibited thermosensitive behavior and the
unique feature of poly(ionic liquids) in aqueous solutions, of
which the counteranions of the microgels could be changed by
an anion exchange reaction with BF,K or lithium trifluor-
omethyl sulfonate (PFM-Li). Transmission electron micros-
copy (TEM), dynamic and static light scattering (DLS and
SLS), electrophoretic light scattering (ELS), thermogravimetric
analyses (TGA), and UV—visible spectroscopy were employed
to systematically investigate the sizes, morphologies, and
properties of the obtained ionic microgels. The sizes and
thermosensitive behavior of the obtained ionic microgels could
be tuned by varying the quaternization extent, comonomers,
and halogenated compounds as well as the counteranions.

2. EXPERIMENTAL SECTION

2.1. Chemical and Materials. 4-Vinylpyridine (4VP) and 14-
dibromobutane were distilled under vacuum before being used. N-
Isopropylacrylamide (NIPAm), 1-vinylimidazole (VIM), 1,6-dibromo-
hexane, BF,K, lithium trifluoromethyl sulfonate (PFM-Li), 2,2'-
azobis(2-methylpropionamidine) dihydrochloride (AIBA), a,a’-azo-
diisobutyronitrile (AIBN), ethanediol bis(2-bromoacetate), potassium
peroxodisulfate (KPS), N,N,N’,N’-tetramethylethylenediamine
(TEMED), AgNO;, ferric ammonium alum (NH,Fe(SO,),-12H,0),
NH,SCN, methyl orange (MO), NaCl, 1,4-dioxane, methanol,
acetone, and tetrahydrofuran were used as received without further
purification.

2.2. Fabrication of the Thermosensitive lonic Microgels. The
thermosensitive jonic microgels were prepared via the simultaneous
quaternized cross-linking reaction during the surfactant-free emulsion
copolymerization (SFEP) of N-isopropylacrylamide (NIPAm) as the
main monomer and 1-vinylimidazole (VIM) or 4-vinylpyridine (4VP)
as the comonomer in the presence of 1,4-dibromobutane or 1,6-
dibromohexane. Given amounts of NIPAm, VIM (or 4VP), and 1,4
dibromobutane (or 1,6-dibromohexane) were added into 45 mL of
deionized water at 70 °C under vigorous stirring. Oxygen was
eliminated by bubbling nitrogen through the reaction solution for 20
min. Afterward, 5 mL of AIBA aqueous solution (S mg/mL) was
added into the solution to initiate the polymerization. The reaction
was then kept at 70 °C for 6 h. The resultant microgels were purified
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Table 2. Feed Compositions and Results of the P(NIPAm-co-VIM)/1,6-Dibromohexane Microgels before and after Anion

Exchange Reaction

sample code microgels salts feed ratio”
PNI6-2# PNI6-2# / /
PNI6-2#—BEF,-1 BE,K 2:1
PNI6-2#—BF,2 22
PNI6-2#—BF,-3 2:3
PNI6—2#- P;M-l PNI6-2# PEM-Li 2:1
PNI6-2#— PFM-2 2:2
PNI6-2#— PFM-3 2:3
PNIG-4#—BF, PTG BEK 2:3
PNI6-4#—PFM PFM-Li 2:3

DLS TEM
SLS R, (nm)” R, (nm)® PDI¢ R /Ry, D (nm)
264 461 0.09 0.57 481 + 36
258 438 0.01 0.59 606 + 26
280 421 0.09 0.67 609 + 25
252 358 0.05 0.70 607 + 18
255 440 0.04 0.58 539 + 15
254 419 0.05 0.61 587 + 33
239 393 0.20 0.61 706 + 23
/ / / / /
/ / / / /

“Molar ratio of quaternized imidazole moieties in microgels to the salts added. “Measured at 25 °C. “PDI = polydispersity index of the ionic

microgels measured by DLS.

by dialysis against deionized water with a molecular-weight-cutoff
(MWCO) of 14 000 dialysis tube for 3 days. Three series of microgels
were prepared with fixed NIPAm concentration and various
comonomers and halogenated compounds, as listed in Table 1.
P(N-isopropylacrylamide-co-1-vinylimidazole)/1,6-dibromohexane mi-
crogels [P(NIPAm-co-VIM)/1,6-dibromohexane], P(N-isopropylacry-
lamide-co-1-vinylimidazole)/1,4-dibromobutane microgels [P-
(NIPAm-co-VIM)/1,4-dibromobutane], and P(N-isopropylacryla-
mide-co-4-vinylpyridine)/1,4-dibromobutane microgels [P(NIPAm-
0-4VP)/1,4-dibromobutane] were coded as PNI6, PNI4, and PNP4,
respectively.

To check the formation mechanism of the obtained ionic microgels,
the variations of the hydrodynamic size and size distribution of
microgels with sample code of PNI4-4# were monitored by DLS via
direct sampling of product at different polymerization times.

To further study the formation mechanism of the ionic microgels,
the fabrication of microgels was also attempted at room temperature.
NIPAm (0.2264 g), VIM (27 uL), 1,6-dibromohexane (23 uL), and
KPS (0.01 g) were added into 45 mL of deionized water at 25 °C
under vigorous stirring. Oxygen was eliminated by bubbling nitrogen
through the reaction solution for 20 min. Afterward, S mL of TEMED
aqueous solution (2 yL/mL) was added into the solution to initiate
the polymerization. The reaction was then kept at 25 °C for 4 days.
The feed ratio was the same as that of PNI6-4# microgels. The
variation of the hydrodynamic size and size distribution of samples
were again monitored by dynamic light scattering (DLS) via direct
sampling of product at different polymerization times. The resultant
samples were purified by dialysis against deionized water with a
molecular-weight-cutoff (MWCO) of 3500 dialysis tube for 3 days and
then subjected to freeze-drying.

2.3. Synthesis of Linear Copolymer. The linear copolymer of
poly(N-isopropylacrylamide-co-1-vinylimidazole) [P(NIPAm-co-
VIM)] was synthesized by free radical copolymerization of NIPAm
and VIM. Briefly, NIPAm (1.5 g) and VIM (0.18 mL) were first
dissolved in 1,4-dioxane (18 mL) in a three-neck flask with a magnetic
stir bar. AIBN (0.036 g) was then dissolved in this mixture. Afterward,
the mixture was degassed by bubbling with nitrogen for 20 min and
then placed in an oil bath with preset temperature at 70 °C. The
polymerization was allowed to proceed for 24 h. The reaction was then
stopped, and the mixture was concentrated with a rotary evaporator
until the solution volume was reduced to be approximately 1/4 of the
initial volume. The resultant copolymer was then precipitated into cold
diethyl ether. The precipitate was dissolved in ethanol and again
precipitated by cold diethyl ether. The dissolution and precipitation
processes were repeated several times to remove impurities. The final
purified copolymers were dried in a vacuum at 30 °C and then stored
in a desiccator for further use. The linear copolymer of poly(N-
isopropylacrylamide-co-4-vinylpyridine) [P(NIPAm-co-4VP)] was pre-
pared in the same manner.

2.4. Determination of the Degree of Quaternization
Reaction. The degree of quaternization reaction of the obtained
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ionic microgels could be determined by measuring the concentration
of bromide ions in the microgel suspensions. Bromide ions were
determined by Volhard’s method with the following analytical
procedure: (1) Freeze-dried microgels with sample codes of PNI6-
2#, PNI6-3#, and PNI6-4# were first swollen well in 10 mL of
deionized water, respectively. (2) An amount of 2 mL of AgNO; with
concentration of 0.045 mol/L was added into the microgel
suspensions and homogenized, which were allowed to rest in the
dark for 1 day to flocculate AgBr completely. (3) The excess Ag" was
obtained by several centrifugations and redispersions in deionized
water cycles. The supernatant of each cycle was gathered together. (4)
An amount of 2 mL of 20% ferric ammonium alum was added into the
supernatant as the indicator, and the supernatant was then titrated
with the standard solution of NH,SCN with a concentration of 0.01
mol/L until a permanent reddish brown color was obtained.

2.5. Anion Exchange Reaction of the lonic Microgels. The
obtained thermosensitive ionic microgels with sample codes of PNI4-
2#, PNI6-2#, and PNI6-4# were chosen to investigate the effect of
counteranions on the properties of the microgels. Various amounts of
salts, i.e, BF,K and PFM-Li, were added into the suspension of
microgels in deionized water with vigorous stirring for the anion
exchange reaction, respectively. The reaction lasted for 24 h at room
temperature. The resultant microgels with various types or amounts of
counteranion were purified by several centrifugation and redispersion
processes with the supernatant replaced by deionized water. The feed
compositions of anion exchange reaction with PNI6-2# and PNI6-4#
microgels were given in Table 2. The experimental conditions of
PNI4-2# microgels were similar to those of PNI6 microgels.

2.6. Encapsulation and Release of Dye in Aqueous Solution.
The obtained thermosensitive ionic microgels with sample code of
PNI4-2#, PNI4-3#, and PNI4-4# were chosen to test the
encapsulation and release capabilities of dye in aqueous solution.
Methyl orange (MO) was used as the model dye. Typically, 10 mg of
thermosensitive ionic microgels and various amounts of MO (5.1, 3.4,
1.7, and 1.0 mg, respectively) were mixed and stirred in S mL of
deionized water for 2 h. The mixture was then transferred into a
dialysis tube with MWCO of 3500 and dialyzed in deionized water for
1 week. The deionized water was changed every 3 h for the first day
and every 12 h for the rest of the days. After dialysis, the ionic
microgels with encapsulation of MO were then subjected to freeze-
drying. The resulting dried microgels loaded with MO were
redissolved in water to give a concentration of 0.05 mg/mL and
then analyzed by UV—vis spectroscopy. The absorption intensity at
460 nm was used to calculate the amounts of MO encapsulated within
the ionic microgels. Note that MO exhibits an UV absorption peak at
460 nm.

Release of MO from the thermosensitive ionic microgels was
investigated by dialyzing the aqueous dispersions of MO-encapsulated
microgels in 0.1 M NaCl aqueous solutions. Typically, S mL aqueous
dispersions of MO-encapsulated microgels with a concentration of 1
mg/mL were added into a dialysis tube with MWCO of 3500, which
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Figure 1. Representative TEM images of the PNI4 series of thermosensitive ionic microgels, i.e., P(NIPAm-co-VIM)/1,4-dibromobutane microgels.

(A) PNI4-1#, (B) PNI4-2#, (C) PNI4-3#, (D) PNI4-4#, and (E) PNI4-5#.

was then placed into 50 mL of NaCl aqueous solutions (0.1 M). At
each time interval, 3 mL of the surrounding medium was sampled and
replaced with 3 mL of fresh NaCl aqueous solutions (0.1 M). The
sampled solutions were measured by UV—vis spectroscopy, and the
absorption intensities at 460 nm were used to calculate the amounts of
MO released from the microgels.

2.7. Characterization. The hydrodynamic size and size distribu-
tion of the obtained thermosensitive ionic microgels were measured by
dynamic light scattering (DLS) at a scattering angle 6 of 90° as a
function of temperatures using a 90 Plus Particle Size Analyzer
(Brookhaven Instruments Corp.). The wavelength of laser light A was
635 nm. For each temperature, the sample solutions were equilibrated
for 10—15 min. The zeta potentials £ of the ionic microgels were also
measured by electrophoretic light scattering (ELS) using the same
Zeta Plus particle size analyzer. The pH values of sample solutions
were measured by a pH meter (FE20, METTLER TOLEDO).

The static light scattering (SLS) of the obtained thermosensitive
ionic microgel suspensions was carried out by a commercial
spectrometer Brookhaven BI-200SM in the Department of Polymer
Science and Engineering, Soochow University. The SLS measurements
were performed at 25 °C, and the sample solutions were equilibrated
for 15 min. The range of scattering angle 6 used for SLS was from 30°
to 130° with a step of 5°. The wavelength of laser light A was 637 nm.

Transmission electron microscopy (TEM) measurements were
carried out by a JEOL JEM-1230 electron microscope operated at an
acceleration voltage of 60 kV. The TEM samples were prepared by dip
coating with Formvar-coated copper grids into the microgel
suspensions. The solvent was gently absorbed away by a filter paper.
The grids were then allowed to dry in air at room temperature before
observation.

Thermogravimetric analyses (TGA) of the thermosensitive ionic
microgels before and after anion exchange reaction were performed by
using a Perkin-Elmer Pyris 1 instrument from 50 to 800 °C with a
heating rate of 10 °C/min under a nitrogen atmosphere. UV—visible
spectra were recorded on a Cary 300 instrument (Varian Australia Pty
Ltd.). FTIR spectra were recorded on a Vector 22 Bruker
spectrometer. '"H NMR spectra were recorded on a 400 MHz Varian
Mercury Plus NMR instrument with D,O as solvent. Weight-average
molecular weight (M,) and polydispersity index (PDI) were
determined by gel permeation chromatography (GPC) with N,N-
dimethylformamide (DMF) as eluent and narrow-polydispersity
poly(methyl methacrylate) (PMMA) as the calibration standard.
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3. RESULTS AND DISCUSSION

3.1. Fabrication of the Thermosensitive lonic Micro-
gels. The thermosensitive ionic microgels were successfully
obtained via the simultaneous quaternized cross-linking
reaction during the surfactant-free emulsion copolymerization
(SFEP) of N-isopropylacrylamide (NIPAm) as the main
monomer and 1-vinylimidazole (VIM) or 4-vinylpyridine
(4VP) as the comonomer at 70 °C in the presence of 1,4-
dibromobutane or 1,6-dibromohexane. The quaternization of
the tertiary amine of the comonomer (VIM or 4VP) with
dibromo compounds (1,4-dibromobutane or 1,6-dibromohex-
ane) successfully led to the formation of cross-linking networks
and thermosensitive ionic microgels. The yields of the products
were approximately 73%~86%. Figure 1 shows the representa-
tive TEM images of the resultant PNI4 series of thermosensi-
tive jonic microgels. The obtained thermosensitive ionic
microgels were spherical in shape with a narrow size
distribution. The average diameters of the thermosensitive
ionic microgels calculated from the TEM images were 436 + 33
nm, 579 + 23 nm, 491 + 28 nm, 413 + 23 nm, and 541 + 36
nm for the ionic microgels with sample codes of PNI4-1#,
PNI4-2#, PNI4-3#, PNI4-4#, and PNI4-5#, respectively. The
representative TEM images of PNI6 and PNP4 series of ionic
microgels were given as Figures S1 and S2 in the Supporting
Information.

The average diameters of the thermosensitive ionic microgels
were calculated from the TEM images and summarized in
Table 1. It can be seen that when the amounts of comonomer
(VIM or 4VP, 0.3 mmol) were fixed the increase of
quaternization ratio led to the decrease of sizes for the
resultant thermosensitive ionic microgels. In such thermosensi-
tive ionic microgels, the quaternization ratio represented the
cross-linking density of the resultant microgel networks. It was
understandable that increasing the quaternization ratio led to
the higher cross-linking density of the microgel networks and
hence the smaller microgel sizes.

FTIR measurements were carried out to confirm the
quaternization reaction of 1,4-dibromobutane and 4VP for
the PNP4 series of ionic microgels. Figure 2 shows the FTIR
spectra of the obtained P(NIPAm-co-4VP) (PNP) linear
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Figure 2. FTIR spectra of the P(NIPAm-co-4VP) (PNP) linear
polymer (a) and P(NIPAm-co-4VP)/1,4-dibromobutane microgels
with fixed amount of 4VP (0.3 mmol) and various amounts of 1,4-
dibromobutane, i.e., with various quaternization ratios of 1/2 (PNP4-
2#, b), 2/3 (PNP4-3#, c), and 1 (PNP4-4#, d). The inset was the
FTIR spectra of PNP4 microgels with enlarged X scale.

copolymer and P(NIPAm-co-4VP)/1,4-dibromobutane micro-
gels with a fixed amount of 4VP (0.3 mmol) and various
amounts of 1,4-dibromobutane, i.e., with various quaternization
ratios of 1/2 (PNP4-2#), 2/3 (PNP4-3#), and 1 (PNP4-4#).
Note that the quaternization ratio presented the molar ratio of
bromo groups in 1,4-dibromobutane or 1,6-dibromohexane to
imidazole moieties of VIM or pyridine moieties of 4VP. The
characteristic absorption bands at 1652, 1542, and 1458 cm™!
could be ascribed to the C=O stretching vibration, N—H
stretching vibration, and the methyl group asymmetric bending
vibrations of the PNIPAm segments, respectively. The
absorption bands at 1600, 1557 cm™ and at 1415, 1221
cm™" could be assigned to the C=C stretching vibrations and
C—N stretching vibration of pyridine rings of 4VP segments,
respectively (seen in Figure 2a). As reported in the literature,®
after quaternization reaction, the shift of the absorption band at
1600 cm™ toward higher wavenumber, ie., 1638 cm™l, was
observed for the pyridine ring of 4VP segments.”> For the
P(NIPAm-co-4VP)/1,4-dibromobutane microgels, with increas-
ing the quaternization ratio from 0 to 1, the absorption peaks of
pyridine rings at 1600 cm™' decreased gradually until they
disappeared, which was consistent with the formation of the
pyridinium cation.

To determine the exact degree of quaternization reaction, the
concentration bromide ions of the obtained microgels were
determined by Volhard’s method. The microgels with sample
codes of PNI6-2#, PNI6-3#, and PNI6-4# were chosen as
representatives. The titration procedure was mentioned above
in the Experimental Section. Table 3 summarized the results of

titration. The degrees of quaternization of PNI6-2#, PNI6-3#,
and PNI6-4# microgels were calculated by Volhard’s titration to
be 45.7%, 63.7%, and 94.0%, respectively. These values suggest
that the halogenated compound (1,6-dibromohexane) almost
completely reacted with the comonomer VIM within the
experimental errors.

"H NMR measurements were also carried out to confirm the
degree of quaternization reaction (see Figure S3 in Supporting
Information). However, because the obtained ionic microgels
could only swell but not dissolve in water, the NMR signals
were too weak to distinguish the samples with different
quaternization ratios.

The hydrodynamic radius Ry, and thermosensitive behavior of
the obtained PNI4, PNI6, and PNP4 series of thermosensitive
ionic microgels were investigated by dynamic light scattering
(DLS). Figure 3 shows the hydrodynamic radius of the PNI6
series of microgels as a function of temperature. The PNI6
series of ionic microgels exhibited thermosensitive behavior
(Figure 3) and narrow size distribution (Table 1). The
hydrodynamic radius of the PNI6 series of ionic microgels
decreased with increasing measuring temperatures. The hydro-
dynamic radius of PNI6 jonic microgels at a given temperature
decreased with increasing quaternization ratio when the
amount of VIM was fixed to be 0.3 mmol (Figure 3A). In
the case of PNI6 ionic microgels, the quaternization ratio
meant the molar ratio of bromo groups of 1,6-dibromohexane
to the imidazole moieties of VIM in the P(NIPAm-co-VIM)/
1,6-dibromohexane microgels. For simplicity, the quaterniza-
tion ratio here and following was used to refer to the feeding
quaternization ratio. Furthermore, the volume phase transition
temperature (VPTT) of the PNI6 ionic microgels slightly
shifted to the lower temperature, and the temperature range of
phase transition became broader with increasing quaternization
ratio. The VPTTs of PNI6-2#, PNI6-3#, and PNI6-4#
microgels were found to be 45, 43, and 42 °C, respectively
(Figure 3A). Similar results were observed for PNI4 and PNP4
series of thermosensitive ionic microgels, i.e., the P(NIPAm-co-
VIM)/1,4-dibromobutane and P(NIPAm-co-4VP)/1,4-dibro-
mobutane microgels (see Supporting Information). As
mentioned above, increasing the quaternization ratio meant
the increase of cross-linking density of the microgel networks,
which usually led to the decrease of microgel sizes and the
broadened phase transition.*>*¥*>*

However, when the amount of 1,6-dibromohexane was fixed
(0.1 mmol), increasing the amount of hydrophilic VIM led to
the ionic microgels with larger particle sizes and higher VPTT,
as shown in Figure 3B. The average hydrodynamic radii of the
PNI6 ionic microgels with sample codes of PNI6-1#, PNI6-3#,
and PNI6-5# at 25 °C were 270, 383, and 460 nm, respectively.

Table 3. Analyzed Br~ Contents for the Ionic Microgels

degree of
quaternization (%)
sample code  freeze-dried microgels (mg) ~ SCN™ (mL)  excess Ag'® (¥10° mol)  Bryo ™ (¥107° mol)  Brg,~° (*¥107° mol) vo< theory?
PNI6-2# 41.3 7.1 7.1 1.9 2.1 45.7 50.0
PNI6-3# 47.7 6.0 6.0 3.0 32 63.7 66.7
PNI6-4# 42.5 52 52 3.8 4.0 94.0 100.0

“The content of excess Ag* was calculated by the product of the volume and concentration of NH,SCN titrant (0.01 mol/L). YBryo: the content of
Br™ in microgels by Volhard’s titration was calculated by the initial amount of AgNO; minus the content of excess Ag". “Bry,™: the theoretical content
of Br~ in microgels was calculated by the feed ratio of freeze-dried microgels. “The degree of quaternization calculated by Volhard’s titration and the

feed quaternization ratio of microgels.
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Figure 3. Hydrodynamic radii of the PNIG6 series of thermosensitive ionic microgels measured by DLS as a function of measuring temperature (A)
with fixed amount of VIM (0.3 mmol) and various amounts of 1,6-dibromohexane, i.e.,, with various quaternization ratios and (B) with various
amounts of VIM and a fixed amount of 1,6-dibromohexane (0.1 mmol). The inset of (B) was the evolution of the hydrodynamic radius of PNI6-1#

microgels during the heating and cooling cycles.

The volume phase transition temperatures (VPTTs) of PNI6-
1#, PNI6-3#, and PNI6-5# ionic microgels were determined to
be 40, 43, and 47 °C, respectively. These results were similar to
those reported by Karl-Heinz et al.®° They obtained the
P(NIPAm-co-VIM) microgel particles with N,N'-methylenebi-
sacrylamide as a cross-linking agent in water/oil inverse
emulsion used as carriers for enzyme encapsulation. They
indicated that the size of the microgels depends on the amount
of VIM used as a comonomer in the polymerization process,
and the increase of the VIM content in PNIPAm microgels
induced higher swelling mainly due to the hydrophilic character
of VIM and electrostatic repulsion between partially ionized
VIM groups.® Furthermore, the thermosensitive behavior of
the ionic microgels was reversible, as shown in the inset of
Figure 3B. When the temperature was cooled from 70 °C down
to room temperature (i.e., 25 °C), the hydrodynamic radius of
the PNI6-1# ionic microgels increased again along the similar
track of the heating procedure. No hysteresis of hydrodynamic
radius in the heating and cooling cycle was observed for PNI6-
1# ionic microgels.

Similar thermosensitive behaviors were observed for PNI4
series of thermosensitive ionic microgels, ie., P(NIPAm-co-
VIM)/1,4-dibromobutane microgels. With a fixed amount of
1,4-dibromobutane, the increase of amount of hydrophilic VIM
led to the PNI4 ionic microgels with larger particle sizes and
higher VPTT, as shown in Figure S4 (Supporting Information).
However, the opposite results were observed for a PNP4 series
of thermosensitive ionic microgels with hydrophobic 4VP as
the comonomer. With a fixed amount of 1,4-dibromobutane,
the increase of amount of hydrophobic 4VP led to the PNP4
ionic microgels with smaller particle sizes and lower VPTT, as
shown in Figure S5 (Supporting Information). Snowden et al.%”
and Vincent et al.®® also reported that the dependence of
temperature on the P(NIPAm-co-4VP) microgel particles was
affected by the molar ratio of 4VP/NIPAm.®”*® A continuous
decrease in the particle diameter could be observed with
increasing concentration of 4VP in the P(NIPAm-co-4VP)
microgels.””*® The hydrodynamic radius R, measured by DLS
and the average diameter calculated from TEM images of the
three series of thermosensitive ionic microgels were summar-
ized in Table 1. Both DLS and TEM results indicated that all of
the obtained thermosensitive ionic microgels were with narrow
size distribution.
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The swelling ratios of the PNI6, PNI4, and PNP4 series of
thermosensitive ionic microgels were also calculated and listed
in Table 1. Note that the volume V, of the thermosensitive
ionic microgels at 60 °C was taken as the reference state, and
the swelling ratio was given as the ratio of the volume V) of the
microgels at 25 °C to the reference volume at 60 °C, i.e.,, V,s/
Vo Figure 4 shows the swelling ratio of the three series of

12
800 F 0 O PNIB
210 A O PNI4
| [ A PNP4
800 £ 8 =
2 I @ g A
) Q :
400 } L 0.50 0.756 1.00
g’ @ Quaternization ratio
D
c% 200} :
©
ol A A B
0.50 0.75 1.00

Quaternization ratio

Figure 4. Swelling ratio of the PNI6, PNI4, and PNP4 series of
thermosensitive ionic microgels with a fixed amount of comonomer
(VIM or 4VP, 0.3 mmol) and various amounts of quaternized cross-
linking agent (1,4-dibromobutane or 1,6-dibromohexane), ie., with
various quaternization ratios as measured by DLS. The inset was the
swelling ratio of PNP4 microgels with enlarged Y scale. The volume
Vo of the thermosensitive ionic microgels at 60 °C was taken as the
reference state, and the swelling ratio was given as the ratio of the
volume V5 of the microgels at 25 °C to the reference volume at 60 °C,
ie., Vys/ Ve

thermosensitive ionic microgels as a function of quaternization
ratio. It can be clearly observed that with fixed amounts of
comonomer the swelling ratios of the three series of microgels
decreased with increasing quaternization ratio, that is, the cross-
linking density of the microgels, regardless of the types of
comonomer (VIM and 4VP) and quaternization cross-linking
agent (1,6-dibromohexane and 1,4-dibromobutane). It was
reasonable because the increase of quaternization ratio led to
the increase of cross-linking density of the microgel networks,
which usually resulted in the lower swelling ratio. The highest
swelling ratios obtained here could reach ca. 816 and 468 for
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Figure S. Zeta potentials of the PNI6, PNI4, and PNP4 series of thermosensitive ionic microgels (A) with fixed amounts of comonomer (VIM or
4VP, 0.3 mmol) and various amounts of quaternized cross-linking agent (1,6-dibromohexane or 1,4-dibromobutane), i.e., with various quaternization
ratios and (B) with fixed amounts of quaternized cross-linking agent (0.1 mmol) and various amounts of comonomer. All the measurements of zeta
potential were performed at 25 °C. The pH of the obtained ionic microgels was measured to be 7.04 + 0.07.

PNI6 and PNI4 ionic microgels, respectively (Figure 4). In
other words, the volume changes of the PNI6 and PNI4 ionic
microgels were ca. 816 and 468 times when the solution
temperature was increased from 25 to 60 °C. However, the
swelling ratios of PNP4 ionic microgels were much smaller than
those of PNI6 and PNI4 ionic microgels. It was understandable
because the monomer VIM was hydrophilic and the monomer
of 4VP was hydrophobic in nature. Furthermore, the swelling
ratios of PNI6 ionic microgels were higher than those of PNI4
ionic microgels at the same concentration of VIM and
quaternization ratio. Because the cross-linking agent of 1,6-
dibromohexane had a longer carbon chain than that of 1, 4-
dibromobutane, the longer chain between the two cross-linking
points of the microgel networks would allow the swelling of the
networks to a larger extent than those networks with shorter
chains, like PNI4 ionic microgels. On the other hand, the
swelling ratios of PNI6 and PNI4 series of thermosensitive
ionic microgels increased with raising the concentration of VIM
when the amounts of the quaternization cross-linking agents
were fixed. Because VIM was hydrophilic, increasing the
content of hydrophilic comonomer will lead to the increase of
swelling ratio for the P(NIPAm-co-VIM) microgels (cf. Table
1). The highest swelling ratio obtained in the present work
could reach up to ca. 3490 for the PNI6-5# microgels. On the
contrary, the swelling ratios of the PNP4 series of
thermosensitive ionic microgels decreased with raising the
concentration of hydrophobic 4VP when the amounts of the
quaternization cross-linking agents were fixed (cf. Table 1).
These results indicated that the swelling properties of the
obtained thermosensitive ionic microgels could be tuned by
selecting the proper comonomer, the content of comonomer,
the quaternization cross-linking agents, and the quaternization
ratio.

The zeta potentials of the PNI6, PNI4, and PNP4 series of
thermosensitive ionic microgels were also measured, as shown
in Figure 5. As was expected, the zeta potentials of the three
series of ionic microgels were positive and increased linearly
with the quaternization ratio increasing from 1/2 to 1 (Figure
SA). The positive zeta potential could be attributed to the
quaternary comonomers of the obtained ionic microgels. The
linear increase of zeta potential with feeding quaternization
ratio increasing from 1/2 to 1 also suggested that the dibromide
cross-linking agents almost completely reacted with the tertiary
amines of the comonomers during the radical copolymeriza-
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tion, which is consistent with the results of Volhard’s titration
(cf. Table 3). The ionic microgels with feeding quaternization
ratio of 2 were also prepared, and the corresponding zeta
potentials were found to be similar with those with a feeding
quaternization ratio of 1 (Figure SA), which indicate that the
degrees of quaternization had reached saturation for the
comonomer (VIM or 4VP) with the feeding quaternization
ratio of 2. The hydrodynamic radius Ry, swelling ratios, and
TEM results of the thermosensitive ijonic microgels with
feeding quaternization ratio of 2, ie., PNI4-6#, PNI6-6#, and
PNP4-6# microgels, were summarized in Table 1 and Figure S6
(Supporting Information). As expected, the PNI4-6#, PNI6-6#,
and PNP4-6# microgls had smaller sizes when compared with
the corresponding microgels with feeding quaternization ratio
of 1 because more hydrophobic dibromides could be
incorporated within the microgels via quaternization. In other
words, there were some single-ended quaternized hydrophobic
dibromides in the microgels in these cases. Furthermore, the
zeta potentials of PNI6, PNI4, and PNP4 were almost the same
with various comonomer concentrations when the amounts of
quaternized cross-linking agents were fixed, as shown in Figure
SB. These results might suggest that the quaternary N of the
comonomer dominated the zeta potentials of the obtained
thermosensitive ionic microgels.

The radius of gyration (R,) of the obtained thermosensitive
ionic microgels was also measured by static light scattering
(SLS) at 25 °C. The SLS data could be well described by
Guinier-type plots of In I(q)™" ~ g* as shown in Figure S7
(Supporting Information), where I is the scattering intensity
and q = (47n/21)sin(6/2), with A, n, and 6 being the wavelength
of the laser light in vacuum (here 4 = 637 nm), the refractive
index of solvent, and the scattering angle, respectively. (R;)
could be then calculated from the slope of In I(q) ™" ~ ¢* via the

equation given as

(R,
3

In I(q)_1 =InI(0)" + q

(1)

Table 1 summarized the (R,) and corresponding ratio of (Ry)/
(Ry) for the three series of thermosensitive ionic microgels
studied here. The value of (R,)/(Ry) could reflect the
conformation and architecture of a polymer chain in solution
or the cross-linking density distribution of the microgels.*”*~7>
For example, (R,)/(R;,) values vary in the range of 1.50—1.78
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Figure 6. Variation of the hydrodynamic size and size distribution of PNI4-4# microgels by DLS at different polymerization times. (A) 10—60 min,
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Scheme 2. Formation Mechanism of the Ionic Microgels
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for random polymer coils, depending on the solvent quality.
For uniform hard spheres, (R,)/(R;) is 0.778. For thermo-
sensitive PNIPAm microgels with inhomogenous cross-linking
network structures, (R;)/(R;,) usually had the value of 0.55—
0.6.”%”* However, for the PNIPAm-related microgels made by
postcross-linking reaction of linear cross-linkable copolymers,
(R,)/(Ry,) had the value of 0.74—0.87 reported by Kuckling et
al.‘% and of 0.77—0.96 reported by Du et al,*” indicating that
the microgels made by postcross-linking had more homoge-
neous cross-linked structures. The (R,)/(R;) values of the
PNI4, PNI6, and PNP4 series of thermosensitive ionic
microgels at 25 °C varied in the range of 0.51—0.89, depending
on the type and amount of comonomer and quaternized cross-
linking agent. For PNI6 and PNI4 microgels, (R,)/(R;) values
increased from 0.57 and 0.52 to 0.81 and 0.75, respectively,
when the quaternization ratios increased from 1/2 to 1 with
fixed amounts of comonomer VIM. These results indicated that
the increase of quaternization cross-linking density led to the
more homogeneous microstructures of the PNI6 and PNI4
ionic microgels. After quaternization reaction, the hydrophilic
pyridinium cations made the microstructure of ionic microgels
more homogeneous. However, for PNP4 microgels, (R,)/(Ry)
values decreased from 0.69 to 0.56 when the quaternization
ratios increased from 1/2 to 1 with fixed amounts of
comonomer 4VP, which might be due to the hydrophobic
nature of 4VP. Furthermore, (Ry)/(R;) values of the ionic
microgels decreased with increasing amounts of comonomer
(VIM or 4VP) when the quaternization ratio was fixed (cf.
Table 1). These results indicated that the ionic microgels with
more homogeneous network structures could be obtained by
selecting proper comonomer, the content of comonomer, and
the quaternization ratio.

3.2. Formation Mechanism of the lonic Microgels. To
study the formation mechanism of the ionic microgels, the
variation of the hydrodynamic size and size distribution of
microgels with sample code of PNI4-4# was monitored by DLS
via direct sampling of the product at different polymerization
times. As shown in Figure 6, a clear shift of the hydrodynamic
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size toward large size was observed. Multimodal size
distribution was found at the beginning of the reaction, and
oligomeric products can be detected at the early stage of the
polymerization (Figure 6A). After 2 h, the hydrodynamic size
was almost unchanged, and the size distribution transformed to
unimodal (Figures 6B and 6C). The evolution of the
hydrodynamic size and size distribution clearly indicates that
quaternization cross-linked microgels could be obtained after 2
h. To complete the polymerization and quaternization reaction,
6 h was chosen as the reaction time.

For our system, the monomers (NIPAm and VIM) and
initiator (AIBA) are well soluble in water. However, dibromides
(1,4-dibromobutane or 1,6-dibromohexane) are not soluble in
water. It means that monomers and cross-linking molecules
were in different phases at the beginning of the polymerization.
As the reaction temperature increased to 70 °C (>LCST),
NIPAm copolymerized with VIM and began to form
hydrophobic particles. The hydrophobic particles improved
the solubility of dibromides, and the quaternized cross-linking
reaction took place within the particles. For PNP4 microgels,
hydrophobic 4VP could be analogous to the dibromides. The
schematic representation of the polymerization process was
illustrated in Scheme 2.

To further study the formation mechanism of the ionic
microgels, the fabrication of microgels was also attempted at
room temperature. Experimental conditions were described in
the Experimental Section, and the feed ratio was the same as
that of PNI6-4# microgels. The variation of the hydrodynamic
size and size distribution of samples were monitored by DLS by
direct sampling of product at different polymerization times
(see Supporting Information Figure S8). Clearly, there is no
difference between the samples reacted for 6 h and 4 days.
Before reaction, the solution was transparent with insoluble
dibromides floating on the surface. After 4 days, the
phenomenon had not changed. GPC and 'H NMR results
indicated that only linear copolymers were obtained (M, = 2.7
X 10% PDI = 2.0, see Supporting Information Figure S9).
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Figure 7. Hydrodynamic radii of the PNI6—2# thermosensitive ionic microgels measured by DLS as a function of measuring temperature before and
after anionic exchange reactions with various concentrations of salts (A) BF,K and (B) PFM-Li. The detailed experimental conditions were given in

Table 2.

Figure 8. TEM images of PNI6-2# thermosensitive ionic microgels after anionic exchange reactions with various concentrations of BF,K and PFM-
Li. (A) PNI6-2#—BF,-1, (B) PNI6-2#—BE,-2, (C) PNI6-2#—BF,-3, (D) PNI6-24—PEM-1, (E) PNI6-2#—PFM-2, and (F) PNI6-2#—PEM-3.

The key factor for the formation of the resultant ionic
microgels is the high reaction temperature. It has three
important functions: (1) the high reaction temperature
promoted initiator decomposition to cause the polymerization
of monomers; (2) PNIPAm chains became hydrophobic and
insoluble and formed aggregates above its LCST, which was
helpful to improve the solubility of hydrophobic cross-linking
agents; (3) the high reaction temperature accelerated the
quaternization reaction. In addition, we also attempted to use
the hydrophilic dibromides, ethanediol bis(2-bromoacetate), as
cross-linking agents to synthesize the ionic microgels. However,
it failed, and no microgel was obtained. The reason might be
that the hydrophilic dibromides dispersed uniformly in solution
so that the concentration of cross-linking agents in the
hydrophobic P(NIPAm-co-VIM) particles formed at elevated
temperature was too low to form a cross-linked network. This
phenomenon further illustrates that the formation mechanism
of the ionic microgels proposed above in Scheme 2 is
reasonable.

3.3. Anion Exchange Reaction of the Thermosensitive
lonic Microgels. Since the obtained thermosensitive ionic
microgels possessed quaternized VIM or 4VP moieties, the
microgels also exhibited the typical characteristic of ionic liquid
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or polymeric ionic liquid (PIL). The counteranions of
quaternized imidazole (imidazolium) and pyridine (pyridi-
nium) moieties could be altered via anion exchange reaction.
Here, BF,K and PFM-Li were used as the sources of anion, and
the P(NIPAm-co-VIM)/1,6-dibromohexane microgels with
sample code of PNI6-2# were chosen to demonstrate the
anion exchange reactions with BF,K and PFM-Li. The detailed
experimental conditions of anion exchange reactions were
summarized in Table 2.

Figure 7 shows the hydrodynamic radii of the PNI6-2#
thermosensitive ionic microgels before and after the anion
exchange reaction as a function of measuring temperature. The
anion exchange reaction with more hydrophobic anionic groups
led to the decrease of hydrodynamic radius, VPTT, and
swelling ratios of the corresponding microgels. These results
had similarities with the features of PILs. The most notable
feature of PILs is that the nature of the counteranion strongly
influences their solubility behavior.'”®"”* Mecerreyes® sum-
marized that PILs with imidazolium, alkylammonium, pyr-
idinium, or guanidinium cationic backbones were soluble in
water bearing halide anions. However, when the halide anions
were substituted by hydrophobic anions, the PILs were not
soluble in water anymore but became soluble in organic

dx.doi.org/10.1021/am500291n | ACS Appl. Mater. Interfaces 2014, 6, 4498—4513
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Table 4. Solubility Tests and Thermal Parameters of PNI6-4# Thermosensitive Ionic Microgels before and after Anion

Exchange Reactions

solubility test” thermal parameters
sample code water MeOH acetone THEF Ty 06 (°C)° T (°C)€ Y, (wt %)?
PNI6-4# + - - - 3194 412.6 1.3
PNI6-4#—BF, + - - - 334.6 4133 2.8
PNI6-4#—PFM + + + + 317.0 4133 5.3
“+: the microgels could disperse well in the solvent. —: the microgels could not disperse well in the solvent. de,sm% is the decomposition

temperature of S wt % weight loss, which indicates the apparent thermal stability of the microgels. “Ty,,, indicates the temperature of maximum

decomposition rate. “Determined at 800 °C.

solvents.”®> Mecerreyes et al.'” also reported a new type of PIL
microgels prepared by the concentrated emulsion polymer-
ization of the jonic liquid monomer, 1-vinyl-3-ethylimidazolium
bromide (ViEtIm'Br~), with N,N-dimethylenebisacrylamide
(BIS) as the cross-linking agent. The obtained microgels
having bromide anions could be dispersed in water and
methanol (MeOH). After the anion exchange reaction, the
microgels bearing hydrophobic counterions such as CF;SO;7,
(CF;804),N7, and (CF;CF,S0,),N~ could swell in nonpolar
solvents such as acetone and tetrahydrofuran (THF)."” These
PIL microgels showed a larger size after anion exchange than
the precursor microgels with bromide anions.'” In the present
work, the hydrodynamic radius of microgels decreased after the
anion exchange reaction with more hydrophobic anions. More
hydrophobic anions exchanged inside the ionic microgels
resulting in the smaller hydrodynamic radius of the ionic
microgels. Furthermore, unlike some PILs that will be
precipitated in the aqueous solutions with hydrophobic
counteranions, the PNI6-2# thermosensitive ionic microgels
showed good stability in aqueous solution and also maintained
the thermosensitive properties after the anion exchange
reaction (Figure 7), which might be ascribed to the hydrophilic
PNIPAm network segments. Similar results were obtained for
the hydrodynamic radii of the PNI4-2# thermosensitive ionic
microgels before and after the anion exchange reaction as a
function of measuring temperature. The anion exchange
reaction with more hydrophobic anionic groups led to the
decrease of hydrodynamic radius, VPTT, and swelling ratios of
the corresponding microgels, as shown in Figure S10
(Supporting Information).

To get insight into the microstructures of the PNI6-2#
thermosensitive ionic microgels before and after anion
exchange reaction in aqueous solution, the ratios of (R;)/
(Ry,) were also measured and included in Table 2. The anion
exchange reaction with more hydrophobic anionic groups led to
the increase of (R,)/(Ry) values, which might indicate that the
hydrophobic anionic counterions led to the more compacted
architecture of the PNI6-2# thermosensitive ionic microgels.
Figure 8 shows the TEM images of the PNI6-2#
thermosensitive ionic microgels after anion exchange reaction
with various concentrations of BF,K and PFM-Li. The PNI6-2#
microgels maintained the spherical shape with narrow size
distribution after anion exchange. The average diameters of
PNI6-2# microgels calculated from TEM images were listed in
Table 2. After the anion exchange reaction, the dried microgels
showed a larger size than those of the precursor microgels with
bromide anions, which were similar to Mecerreyes et al’s
results."” Figure S11 (Supporting Information) shows that the
PNI6-2# ionic microgels exhibited a narrow size distribution in
aqueous solution at 25 °C before and after anion exchange

4508

reactions as measured by DLS, which was consistent with the
size distribution of dried microgels obtained by TEM.

To further demonstrate the effect of anion exchange on the
properties of the resultant thermosensitive ionic microgels, the
anion exchange reactions were carried out with PNI6-4#
microgels and excess amounts of BF,K and PFM-Lj,
respectively (cf. Table 2). After anion exchange reactions, the
solubility of the obtained PN6-4#—BF, and PNI6-4#—PFM
microgels in various solvents with different polarities, namely,
water, methanol (MeOH), acetone, and tetrahydrofuran
(THF), was tested. The results of solubility tests were
summarized in Table 4 and Figure S12 (Supporting
Information). Before anion exchange, the PNI6-4# thermo-
sensitive ionic microgels with the bromide ion as the
counteranion could well disperse in water but precipitate in
the other three solvents, i.e., MeOH, acetone, and THF. After
anion exchange reaction with BF,K, the PN6-4#—BF, micro-
gels with BF,” as the counteranion also showed the same
results. However, the PNI6-4#—PFM microgels with trifluor-
omethyl sulfonate (PFM™) as the counteranions showed good
solubility in all solvents tested because of the synergism
between the hydrophilic PNIPAm segments and the hydro-
phobic counteranion PEM™. These results revealed that it was
possible to fabricate the thermosensitive ionic microgels, which
could not only well disperse in water but also have good
solubility in other organic solvents. The organically soluble
thermosensitive ionic microgels might have potential applica-
tions in many technical fields.

Thermal stabilities of the PNI6-4# thermosensitive ionic
microgels with different anions, i.e,, Br™, BF,”, and PFM~, were
also investigated by thermogravimetric analysis (TGA). The
PNI6-4# thermosensitive ionic microgels before and after anion
exchange reactions with BF,K and PFM-Li were freeze-dried
and then subjected to thermogravimetric analysis. Figure 9
shows the TGA curves of PNI6-4#, PN6-4#—BF,, and PNI6-
4#—PFM ionic microgels. The 5 wt % decomposition
temperature (Td‘sm%), the maximum decomposition temper-
ature (T,,,,), and char residue at 800 °C (Y.) were determined
and summarized in Table 4. Tgys.. is the decomposition
temperature of S wt % weight loss, which indicates the apparent
thermal stability of the microgels. T, indicates the temper-
ature of maximum decomposition rate. It can be seen from
Figure 9 and Table 4 that the anion exchange reaction did not
affect the T, values of the PNI6-4# ionic microgels. However,
Ty 5w values of PNI6-4# ionic microgels with BF,” as the
counteranion was significantly higher than Br™ ones. After
anion exchange reaction, char residue values Y, of the PNI6-4#
ionic microgels with BF,” and PFM™ as counteranions were
also higher than Br~, indicating that the structure of the
counteranion would influence the thermal stability of the ionic
microgels. The values of Y. of the PNI6-4# ionic microgels
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Figure 9. TGA curves of the PNI6-4# thermosensitive ionic microgels
before and after anion exchange reactions with BF,K and PFM-Li.

significantly increased from 1.3 wt % for the microgels with Br~
as a counteranion to 2.8 wt % and 5.3 wt % for the microgels
with BF,” and PFM™ as counteranions, respectively.
Mecerreyes et al.'” reported that the nature of the counter-
anions had a strong influence on the thermal stability of PIL
microgels, and the anion structure X~ influenced the thermal
stability of poly(ViEtIm*X™) microgels with BIS as the cross-
linking agent in the order of (CF;SO,)N~ > (CF;CF,SO,),N~
> CF;SO;~ > C,H,;C¢H,SO;™ > BE,~ > Br™. In the present
work, although the obtained thermosensitive ionic microgels
only contained less than 15% of PIL moieties, the nature of
counteranions indeed exhibited strong influences on their
solubility, thermosensitive behavior, and thermal stability. The
results of Figure 9 indicated that the obtained thermosensitive
ionic microgels exhibited thermal stability with counteranions
in the order of CF;SO;™ > BF,” > Br™, which was consistent
with those observed by Mecerreyes et al.'”

3.4. Encapsulation and Release of Dyes. As has been
discussed above, the obtained thermosensitive ionic microgels
contained the quaternized VIM or 4VP moieties and hence
exhibited a unique feature of PILs. The counteranion of the
thermosensitive ionic microgels could be altered via the anion
exchange reactions. Here, it was further demonstrated that the
obtained thermosensitive ionic microgels could be used to
efficiently encapsulate and release water-soluble anionic dyes
via the anion exchange reactions, as shown in Scheme 1. Methyl
orange (MO) was used as the model of water-soluble anionic
dyes, and the PNI4 series of thermosensitive ionic microgels
were chosen to demonstrate the encapsulation and controlled
release of MO in aqueous solutions. The detailed procedures of
encapsulation and release of MO were described in the

Experimental Section. Table S summarized the experimental
conditions of the encapsulation of MO. After dialysis in
deionized water for 1 week, the PNI4-4# thermosensitive ionic
microgels in the dialysis tube exhibited orange colors, and the
water in the beaker was transparent and clear, as shown in
Figure 10A. This indicated that MO was successfully
encapsulated within the ionic microgels.

Figures 10B and 10C show the UV absorption spectra of
MO-encapsulated PNI4 series of microgels and the pure MO
solutions. The MO-encapsulated PNI4 microgels showed UV—
visible spectra with shape and absorption maximum (ca. 460
nm) identical to those of pure MO solutions. Sawamoto et al.”®
reported the synthesis of a cation-condensed star polymer by
the linking reaction of a poly(ethylene glycol) (PEG)
macroinitiator with a quaternary ammonium cation-carrying
linking agent in ruthenium-catalyzed living radical polymer-
ization. Such cation-condensed microgel—core star polymers
with PEG-based arms could be used to encapsulate and stimuli-
responsively release hydrophilic and anionic dyes in water.
They observed that the encapsulated MO exhibited a blue shift
of the absorption maximum to 415 nm from that of 460 nm for
pure MO aqueous solution, which was attributed to the MO
aggregation formed in the core of the star polymer with locally
concentrated quaternary ammonium cations.”® The identical
UV absorption spectra observed here might suggest that the
encapsulated MO molecules were uniformly distributed within
the PNI4 microgels, and there was no aggregation. It might also
suggest that the quaternized VIM moieties were uniformly
distributed inside the obtained thermosensitive ionic microgels
via the in situ quaternization cross-linking reaction. In other
words, the quaternized cross-linking network structures of the
obtained thermosensitive ionic microgels were relatively
uniform. Figure 10B shows that the amounts of MO
encapsulated within the PNI4-4# microgels increased with
increasing the feeding molar ratios of [MO] to [VIM*]. The
actual amounts of MO encapsulated within the PNI4-4#
microgels were about 0.8, 1.5, 2.0, and 2.8 mg for [MO]:
[VIM*] of 3/10, 5/10, 10/10, and 15/10, respectively (cf.
Table S). The encapsulation efficiency (EE%) and saturation
encapsulation efficiency (SEE%) were also listed in Table S.
The capacities of the obtained thermosensitive ionic microgels
for the encapsulation of anionic MO dye were dependent on
the quaternization ratio of the microgels, ie., the content of
quaternized VIM moieties in the microgels, as shown in Figure
10C and Table S. The PNI4 microgels with higher
quaternization ratio could encapsulate higher amounts of MO
when the concentration of MO was fixed. The encapsulation
capacities of MO for PNI4-2#—MO4, PNI4-3#—-MO4, and

Table 5. Composition and Properties of MO-Encapsulated Thermosensitive Ionic Microgels

feed amount

sample code microgels PNI4 (mg) Qmo” (mg)  molar ratio: MO/VIM* Q&Mob (mg) Q.m0 (mg) EE? (%) SEE® (%)
PNI4-4#-MO1 1.0 3/10 1.0 0.8 80.0 80.0
PNI4-4#—MO2 1.7 5/10 1.7 1.5 88.2 88.2
PNI4—4#
PNI4-4#-MO3 10 3.4 10/10 3.4 2.0 58.8 58.8
PNI4-4#—-MO4 S.1 15/10 34 2.8 54.9 824
PNI4-2#-MO4 PNI4-2# 5.1 3/1 1.7 0.6 11.8 3583
PNI4-3#—-MO4 PNI4-3# S.1 9/4 2.3 1.5 294 65.2

“Qumo: the content of MO initially added. bQ_%MO: the theoretical maximum MO content in the MO-encapsulated PNI4 microgels based on the
content of MO initially added, i.e., the saturation MO content. “Q, yo: the actual MO content in the MO-encapsulated PNI4 microgels. “EE%:
encapsulation efficiency, EE% = (Q.no0/Qimo) X 100 (%). “SEE%: saturation encapsulation efficiency, SEE% = (Qumo/Qumo) X 100 (%).
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Figure 10. (A) Photoimage of PNI4-4#—MO4 microgels with encapsulation of MO. (B) UV absorption spectra of MO-encapsulated PNI4-4#
microgels with various feeding molar ratios of MO to quaternized imidazole moieties of PNI4-4#, i.e., [MO]/[VIM*] = 3/10, 5/10, 10/10, and 15/
10, respectively. (C) UV absorption spectra of MO-encapsulated PNI4 microgels with fixed amounts of MO and various quaternization ratios of 1/2
(PNI4-2#), 2/3 (PNI4-3#), and 1 (PNI4-4#). The concentrations of MO-encapsulated microgel suspensions were 0.05 mg/mL. The UV absorption
spectra of pure MO solutions with concentration of 2 X 1072 mg/mL and 2.5 X 1073 mg/mL were also included.

PNI4-4#—MO4 microgels with quaternization ratios of 1/2, 2/
3, and 1 were in the order of PNI4-4#—MO4 > PNI4-3#—-MO4
> PNI4-2#—MO4 (Figure 10C). The excess MO could increase
the saturation encapsulation efficiency (SEE%) of the micro-
gels. The results of Figure 10 showed that the obtained
thermosensitive ionic microgels with quaternary ammonium
cations could encapsulate the anion dyes in aqueous solutions
in an efficient and versatile way.

The encapsulated MO could then be released from the
microgels via the anion exchange reaction. By dialyzing the
MO-encapsulated microgels in 0.1 M NaCl aqueous solution,
MO was gradually released from the microgels, as shown in
Figure 11. For about 400 min, about 90% of the encapsulated
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Figure 11. Release profiles of MO from the MO-encapsulated PNI4-
2#—-MO4, PNI4-3#—-MO4, and PNI4-4#-MO4 microgels as a
function of dialysis time in 0.1 M NaCl aqueous solutions.

MO was released into the NaCl aqueous solutions for the MO-
encapsulated PNI4-2#—MO4, PNI4-3#—MO4, and PNI4-4#—
MO4 microgels. The release rates of MO were almost the same
for the three microgels. After complete release, the colors of the
microgel dispersions turned from orange to transparent, as
shown in the inset of Figure 11. The release kinetic of MO
from the PNI4 series of ionic microgels in NaCl aqueous
solution could be well described by the first-order equation
given as
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where M, is the amount of the encapsulated compound release
at time t; M, is the amount of the encapsulated compound
release after infinite time; k, is the first-order rate constant; and
t is the time. This model is used to describe the release of
water-soluble drug or dye.”*”” The fit of eq 2 gave the first-
order rate constant k, of 2.96 X 107> min~" for the release of
MO from the PNI4 series of ionic microgels in NaCl aqueous
solution. These results suggested that the thermosensitive ionic
microgels obtained in the present work might have potential
and promising applications in dye-loading and controlled
release systems and the treatment of wastewater with dye
contamination. Such thermosensitive ionic microgels with
cationic moieties and anionic counterions could be suitable

for the treatment of anionic dye via anionic exchange reaction.

4. CONCLUSIONS

A type of thermosensitive ionic microgels was successfully
obtained via in situ quaternization cross-linking of quaternizable
comonomer like 1-vinylimidazole and 4-vinylpyridine with
dibromides like 1,4-dibromobutane and 1,6-dibromohexane
during the surfactant-free emulsion copolymerization of
thermosensitive monomer N-isopropylacrylamide and the
comonomer at 70 °C. The obtained microgels were spherical
in shape with narrow size distribution and exhibited
thermosensitive behavior and unique features of PILs in
aqueous solution, of which the counteranions of the microgels
could be changed by anion exchange reaction with BF,K or
lithium trifluoromethyl sulfonate (PFM-Li). After anion
exchange reaction, the microgels were stable in aqueous
solution. Especially, the microgels with PFM™ as the counter-
anion could be also well dispersed in MeOH, acetone, and
THE. The sizes and thermosensitive behavior of the microgels
could be well tuned by controlling the quaternization ratio, the
type of comonomers, dibromides, and counteranions. The
microgels showed superior swelling properties in aqueous
solution. Furthermore, such ionic microgels also showed
capabilities to encapsulate and release the anionic dyes like
methyl orange in aqueous solution, which could be also tuned
by selecting the proper comonomer, the content of
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comonomer, the quaternization cross-linking agents, and the
quaternization ratio.
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