Macromolecules

ARTICLE

Macromolecules 2010, 43,9511-9521 9511
DOI: 10.1021/mal017549

Thermally Induced Swellability and Acid-Liable Dynamic Properties
of Microgels of Copolymers Based on PEGMA and
Aldehyde-Functionalized Monomer

Chaowei Cao, Ke Yang, Fen Wu, Xiangqian Wei, Lican Lu, and Yuanli Cai*

Key Laboratory of Environmentally Friendly Chemistry and Applications of Ministry of Education,

Key Laboratory of Advanced Functional Polymeric Materials of College of Hunan Province,

Key Laboratory of Polymeric Materials & Application Technology of Hunan Province, College of Chemistry,
Xiangtan University, Xiangtan, Hunan 411105, China

Received August 2, 2010, Revised Manuscript Received October 5, 2010

ABSTRACT: This paper describes a new class of smart microgels that possess entirely reversible
thermally induced swellability and acid-liable dynamic properties in aqueous solution. To this end,
3-(4-formylphenoxy)-2-hydroxypropyl methacrylate (FPHPMA) was synthesized. RAFT polymeriza-
tion of FPHPMA, RAFT random copolymerization of FPHPMA and poly(ethylene glycol) metha-
crylate (PEGMA), and chain extension RAFT polymerization of PEGMA using P(FPHPMA-ran-
PEGMA) as a macromolecular chain transfer agent proceeded under visible light radiation at 25 °C.
The results indicated the well-controlled polymerization of FPHPMA, comparable reactivity of
FPHPMA and PEGMA, and living character of these polymerizations under such mild conditions.
Thus, a range of well-defined copolymers of FPHPMA and PEGMA with different chain length,
composition, or sequence were synthesized. The aldehyde groups of copolymers were stable against air
oxidation in aqueous solution at 80 °C. These copolymers well dissolved in water at low solution
temperature and exhibited a cloud point (CP) and a critical solution temperature for the formation of
compressed aggregates (7)) upon heating. The thermally induced phase transition of random copoly-
mers was slightly influenced by chain length but significantly depended on the composition or
concentration. Moreover, the sequence of copolymers exerted essential control over this thermally induced
phase transition. Contrary to the previously reported PEGMA-based copolymers, these copolymers exhibited
significant hysteresis in cooling process similar to what observed in poly(N-isopropylacrylamide) (PNIPAM).
However, its isotopic solvent effect was contrary to what was observed in PNIPAM. In these thermally induced
aggregates, the aldehyde groups could react with hexamethylenediamine or adipoyl hydrazide, leading to the
formation of microgels. These microgels exhibited entirely reversible thermally induced swellability. This
swellability could be finely tuned by adjusting the solution pH.

Introduction

The polymers that contain poly(ethylene glycol) (PEG) have
been extensively utilized in the biorelated fields because of their
fascinating bioavailability, biocompatibility, and immunogenic-
ity."? Recent studies revealed that poly(meth)acrylates contain-
ing short PEG side chains exhibit thermally induced phase
transition.” ' Lutzand co-workers'?~!'> demonstrated that their
thermoresponsive behavior could be precisely adjusted by vary-
ing the comonomer composition based on PEG monomers of
different chain lengths. Recently, Endo and co-workers'® de-
scribed the controlled release of aldehyde from poly(ethylene
glycol) methacrylate (PEGMA)-based amphiphilic copolymer
having acid-labile acetal pendent groups via thermoresponsive
aggregation or dissociation of copolymer micelles. Most recently,
Li and co-workers'” reported that the polyacrylates with pendent
PEG chains and cyclic ortho ester groups exhibited thermally
induced liquid—liquid phase transition and acid liability. Liu and
co-workers described the thermally induced swellability of cross-
linked micelles of a copolymer that contains PEG blocks'® or
pH-tunable swellability of cross-linked micelles of a copolgmer
that contains PEGMA blocks and a-aldehyde chain ends.'
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Reactive functional groups, along the polymer backbone or at
the chain ends, have been extensively utilized to conjugate
compounds.? Particularly, the aldehyde groups may react rap-
idly with primary amine or hydrazine under mild conditions. In
this respect, aldehyde groups have been shown to be versatile and
convenient to covalently attach proteins,”' enzymes,* or hyal-
uronic acid for nonradioactive DNA probes.>* Kataoka and co-
workers®* %7 synthesized PEG-based block copolymers that
contain aldehyde groups at the PEG chain ends via protecting
chemistry and anionic polymerization; their micellization behav-
ior was extensively studied. However, to date, the synthesis of
well-defined polymers from aldehyde-functionalized monomers
has proven to be challenging.

The reversible addition—fragmentation chain transfer radical
polymerization or RAFT polymerization® is a powerful tool for
the synthesis of well-defined water-soluble or stimuli-responsive
polymers,” 3 including aldehyde-functionalized polymers.** 3¢
A commonly used approach was the postconversion of protecting
groups to aldehyde groups.*~>"3""% Recently, Wooley and co-
workers* reported the first example of block copolymer bearing
multiple aldehydes with predictable molecular weights and low
polydispersities by direct RAFT polymerization. These copoly-
mers were utilized for the fabrication of vesicles bearing benzal-
dehyde groups within vesicular walls.*' Lu and co-workers
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Scheme 1. Schematic Illustration for the Synthesis of 3-(4-Formylphenoxy)-2-hydroxypropyl Methacrylate (FPHPMA) Monomer and Its Visible
Light Activating RAFT Polymerization at 25 °C
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reported the polymerization of monomer containing benzalde-
hyde and ferrocene groups* or aldehyde-functionalized glyco-
monomer*’ in a time-consuming RAFT process.

In recent years, our group exploited a highly effecient and
well-controlled visible light activating ambient temperature RAFT
polymerization.**~*" Under such mild conditions, poly(ethylene
glycol) acrylate (PEGA) monomer polymerized in a ultrafast and
well-controlled fashion, e.g., shortly in several minutes to high
monomer conversions.*® Most importantly, this polymerization
may start or stop immediately upon switching on or off visible
light,* thus giving precise control over the targeted molecular
weight and distribution of polymers. This novel technique may be
well utilized for the synthesis of well-defined water-soluble
polymers in the media of alcohol**>! or water,**’ and for the con-
trolled polymerization of monomers containing acid-labile imine
linkages™? or quaternized primary amine groups.™

Herein, we describe a new class of PEGMA-based smart
microgels, which possess entirely reversible thermally induced
swellability and acid-liable dynamic properties. To the best of our
awareness, suich PEGMA-based smart microgels are unprece-
dented. To this end, an aldehyde-functionalized monomer, 3-(4-
formylphenoxy)-2-hydroxypropyl methacrylate (FPHPMA, see
Scheme 1), was synthesized. The well-defined copolymers of
PEGMA and FPHPMA, in a variety of chain length or composi-
tion, or with different sequence, were synthesized via the visible
light activating RAFT polymerization at 25 °C. The stability of
aldehyde groups against air oxidation in aqueous solution at
elevated solution temperature, and the effect of copolymer
structure or isotopic solvent on this thermally induced phase
transition was studied using 'H NMR spectroscopy and dynamic
light scattering (DLS). The reactivity of aldehyde groups of the
thermally induced aggregates with hexamethylenediamine or
adipoyl hydrazide, thermally induced swellability, and acid-liable
dynamic properties of such microgels were studied in this paper.

Experimental Section

Materials. Poly(ethylene glycol) methyl ether methacrylate
(PEGMA, Aldrich, M,, = 475 gmol_',Mw/Mn = 1.03) was passed
through a basic alumina column to remove inhibitor and stored at
—20 °C. Glycidyl methacrylate (=98%) was purchased from Yuanji
Chem. Co. Ltd., dried over 4 A molecular sieves overnight, distilled
under reduced pressure, and stored at —20 °C. 4-Hydroxybenzalde-
hyde (=99.7%) was purchased from Langrui Fine Chem. Co. Ltd.,
tetramethylammonium bromide (>99%) was purchased from
Sinopharm Chem. Reagent Co. Ltd., (2,4,6-trimethylben-
zoyl)diphenylphosphine oxide (TPO, 97%) was purchased from
Runtec Chem. Co., hexamethylenediamine (99.8%) was purchased
from Huijing Chem. Co., adipoyl hydrazide (>99%) was from
Yuancheng Tech. Develop. Co. Ltd., and N,N-dimethylformamide
(DMF), anhydrous ethanol (99.8%), and ethyl ether were purchased
from Shanghai Reagent Co.; these agents were used as received.
2-Cyanoprop-2-yl(4-fluoro)dithiobenzoate (CPFDB) was synthe-
sized according to the literature procedures.> Highly pure deionized
water at resistivity over 18 MQ cm ™! was utilized.

Q
?*{_(—o—<:>—CHo
OH  FpHpPMA
CPFDB, TPO ‘

-«

DMF, N,, visible light, 25 °C

Visible Light Source. A mercury vapor lamp emitting sepa-
rately at 254, 302, 313, 365, 405,436, 545, and 577 nm was
employed. JB400 filters purchased from Yaguang Sci. Edu. Equip.
Co. were utilized to cut off UV light (A < 400 nm) and adjust the
light intensity. Thus, a visible light emitting at 405, 436, 545, and 577
nm, at mild intensity of 200 xW cm 2 at 420 nm, was obtained to
activate the RAFT process at 25 °C.

Synthesis of 3-(4-Formylphenoxy)-2-Hydroxypropyl Methac-
rylate (FPHPMA) Monomer. Glycidyl methacrylate (17.48 g,
0.123 mol), 4-hydroxybenzaldehyde (15.00 g, 0.123 mol), tetra-
methylammonium bromide (0.947 g, 0.062 mol), and 40.0 mL of
anhydrous ethanol were charged in a dried round-bottom flask
being equipped with a thermometer and a reflux condenser. The
solution was refluxed in nitrogen gas atmosphere under stirring
at 85 °C for 10 h. The mixture was concentrated by rotary
evaporation and dissolved in 40 mL of chloroform. The solution
was subsequently washed using a 4.0 wt % NaOH aqueous
solution, a saturated NaCl aqueous solution, and finally deion-
ized water until it was neutralized. The solution was dried over
anhydrous MgSOy. After filtration, the solvent was removed by
rotary evaporation. The crude product was purified by recrys-
tallization from anhydrous ethyl ether at —18 °C and dried in
vacuum at 25 °C to yield white solid product. Weight: 20.10 g; yield:
60%. "H NMR (6, in CDCls): 9.87 ppm (1H, CgH4CHO), 7.00
ppm, 7.84 ppm (4H, CcH4,CHO), 6.14 ppm, 5.60 ppm (2H, CH,=C
(CH;)CO0), 4.31-4.37 ppm (2H, COOCH,CH(OH)CH,0), 4.13
ppm (2H, COOCH,CH(OH) CH0), 2.74 ppm (1H, CH,CH-
(OH)CHy), 1.93 ppm (3H, CH,=C(CH3)COO).

Visible Light Activating RAFT Random Copolymerization of
FPHPMA and PEGMA at 25 °C. FPHPMA (1.00 g, 3.78
mmol), PEGMA (1.796 g, 3.78 mmol), CPFDB (12.7 mg,
0.058 mmol), TPO (6.0 mg, 0.017 mmol), and 1.87 g of DMF
were charged in a 25 mL round-bottom flask. This flask was
capped with rubber septa and deoxygenated by purging with
nitrogen gas for 30 min. The solution was irradiated with visible
light under stirring at 25 °C. Samples were collected using
deoxygenated syringes at predetermined intervals. The poly-
merization was quenched by exposure to air and adding traces of
hydroquinone inhibitor. One portion of sample was diluted in
CDCl; for "H NMR analysis, and another portion was diluted
in DMF for GPC measurement. The monomer conversions
were assessed by "H NMR analysis according to eqs 1 and 2,
where Iy g; is the integral of proton signal at 6 = 9.87 ppm
(C¢H4CHO in both FPHPMA and PFPHPMA), Is¢, is the
integral of proton signal at 0 = 5.62 ppm (one of CH,=C-
(CH;)COO in FPHPMA), and Is 56 is the integral of proton
signalat 0 = 5.56 ppm (one of CH,=C(CH;)COO in PEGMA).

lys7 — Is62

conversionppupya = x 100% (1)
.87
. lyg7 — I556
conversionprgyma = ———— % 100% (2)
9.87

The procedure for RAFT polymerization of FPHPMA was
the same as what described above, except for using a single
monomer of FPHPMA.
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Figure 1. (a) "H NMR spectrum of 3-(4-formylphenoxy)-2-hydroxypropyl methacrylate (FPHPMA) in chloroform-d. (b) UV—vis spectra of 0.03

mmol L™

Visible Light Activating RAFT Polymerization of PEGMA
Using P(FPHPMA-ran-PEGMA) as a Macromolecular Chain
Transfer Agent (Macro-CTA) at 25 °C. P(FPHPMA xs-ran-
PEGMA5) (‘\H NMR: M, = 15.9 kg mol™'; GPC: M, =
37.6 kgmol ™!, My/M, = 1.10; 0.856 g, 0.053 mmol), TPO (5.2
mg, 0.015 mmol), PEGMA (1.27 g, 2.65 mmol), and 1.41 g of
DMF were charged in a 25 mL round-bottom flask. The flask
was capped with rubber septa. The mixture was stirred to ensure
full dissolving, deoxygenated by purging with nitrogen gas for
30 min. The flask was immersed in a thermostatic water bath at
25 °C, irradiated with visible light for 20 min. The solution was
exposed to air and added traces of hydroquinone. 9% PEGMA
monomer was polymerized according to 'H NMR analysis. The
copolymer was precipitated from large excess of ethyl ether and
dried in a vacumm oven at 25 °C. Weight: 0.93 g; yield: 93%. 'H
NMR: M, = 18.8 kg mol™!; GPC: M, = 40.2 kg mol !,
My /M, = 1.12.

Thermally Induced Phase Transition of Copolymers in Water.
A typical procedure was as follows. 0.015 g of P(FPHPM A »5-
ran-PEGMA g) was dissolved in 15.0 mL of water in a 25 mL
flask. The flask was immersed in ice/water bath. The solution was
stirred overnight, filtered using a 0.20 um filter. The thermally
induced phase transition was studied using dynamic light scat-
tering (DLS) analysis, including coplymers of P(FPHPMA-
ran-PEGMA) and P(FPHPMA-ran-PEGMA)-b-PPEGMA.

Cross-Linking Reaction in Thermally Induced Aggregates.
A typical procedure was as follows. 1.0 mg mL ™' aqueous solution
of P(FPHPMA,g-ran-PEGMA g) (DLS: CP = 31.4°C, T, =
40.5°C; 5.1 mL, 0.009 mmol of aldehyde groups) was charged in
a DLS sample vial. This vial was placed in the DLS sample cell
and stabilized at 39.0 °C for 30 min. 20.1 mg g~ ' hexamethyle-
nediamine (28.0 mg, 0.005 mmol) or 31.1 mg g ' adipoyl
hydrazide (28.1 mg, 0.005 mmol) was charged in this vial. The
light scattering intensity and hydrodynamic diameter were
recorded at predetermined intervals.

Acid-Liable Dynamic Properties of Microgels. The solution
of cross-linked copolymer microgels was cooled down to
20 °C, adjusted to perdetermined pH values using 1.0 mol L™
hydrochloric acid, and stirred for 5 min prior to DLS measure-
ments.

Analytical Techniques. Gel permeation chromatography (GPC)
was performed on a PL-GPC120 setup being equipped with a
column set consisting of two PL gel 5 um MIXED-D columns
(7.5 x 300 mm, effective molecular weight range of 0.2—400.0 kg
mol "), using DMF as an eluent that contained 0.01 M LiBr at
80 °C, at a flow rate of 1.0 mL min~'. The narrowly distrib-
uted polystyrene standards in molecular weight range of
0.5—7500.0 kg mol ' (PSS, Mainz, Germany) were utilized for
calibration.

or (inset) 300 mmol L™' FPHPMA in N,N-dimethylformamide (DMF).

'H NMR analysis was performed on a 400 MHz Bruker
AV-400 NMR spectrometer being equipped with a temperature
controller. The solution temperature was precisely controlled at
25°C.

Dynamic light scattering (DLS) studies were performed on
a BI-200SM Brookhaven instrument being equipped with
a 100 mW adjustable solid-state laser emitting at 532 nm, a
BI-200SM goniometer, and a BI-9000 digital correlator. The
laser was adjusted to 43 mW. A BI-TCD temperature con-
troller was utilized to precisely adjust the solution tempera-
ture. The light scattering intensity and hydrodynamic
diameter were recorded at an angle of 90°. The solutions
were heated or cooled in steps and stabilized for 5 min before
recording data.

Other Measurements. The intensity of visible light was mea-
sured using a UV-A radiometer equipped with a 420 nm sensor.
UV—vis spectra were recorded using a Perkin-Elmer lamda-25
UV—vis spectrometer at 25 °C. The solution pH was measured
using a PHS-3C digital pH meter.

Results and Discussion

Synthesis of 1,3-(4-Formylphenoxy)-2-Hydroxypropyl
Methacrylate (FPHPMA). As shown in Scheme 1, FPH-
PMA was synthesized via ring-opening reaction of oxirane ring
in glycidyl methacrylate (GMA) with p-h;/droxybenzaldehyde
according to the literature procedures.” This reaction pro-
ceeded in a dried nitrogen gas atmosphere to avoid the side
reaction of oxidation or hydrolysis. On the basis of '"H NMR
analysis, after heating at 85 °C for 10 h, 88% GMA has been
converted to FPHPMA. The crude product was recrystallized
from anhydrous ethyl ether at — 18 °C to give white product ata
yield of 60%.

As shown in Figure la, the integral ratio of 1,:1:1,: 14y 0117
I):I; equals 1:1:3:3:2:2:2, in good agreement with the hydro-
gen ratio of targeted FPHPMA. Moreover, except for the
signal of chloroform-d impurity, no signal of other impu-
rities is detectable. This suggests high purity of FPHPMA
monomer. As shown in Figure 1b, no absorption in visible
light wave range is detectable, suggesting that this FPHPMA
monomer is suitable for the visible light activating ambient
temperature RAFT polymerization.*’

Visible Light Activating RAFT Polymerization of
FPHPMA at 25 °C. As shown in Scheme 1| and Figure 2,
at feed molar ratios of [FPHPMA],:[CPFDB],[TPO], =
50:1:0.3, 100:1:0.3, or 200:1:0.3, the semilogarithmic kinetic
curves are linear, suggesting the first-order kinetic character
of these polymerizations. This implies the constant and
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steady concentration of active radicals. Moreover, increasing
[FPHPMA]:[CPFDB]:[TPO], leads to the increase of curve
slope, suggesting the acceleration of polymerization. This
tendency is in good agreement with what observed in RAFT
polymerization of GMA monomer’® or pyrrolidone-derived
methacrylate under such mild conditions.”® In addition,
increasing [FPHPMA]y:[CPFDB],:[TPO], leads to the ini-
tialization period shortening from 22 min, 16 min, and
finally to 11 min; i.e., the insertion of FPHPMA into initial
CPFDB compounds was accelerated.””>® According to 'H
NMR assessment, at [FPHPMA],[CPFDB],:[TPO],=
200:1:0.3in 3 h, 75% FPHPMA has been polymerized under
such mild conditions.

As shown in Figure 3a, the GPC trace clearly shifts to
higher molecular weight side upon increasing monomer
conversions. Moreover, at monomer conversions over 30%,
the GPC traces are narrow and monomodal. As shown in
Figure 3b, the number-average molecular weight (M) linearly
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Figure 2. Kinetic curves of RAFT polymerization of 3-(4-for-
mylphenoxy)-2-hydroxypropyl methacrylate (FPHPMA), using 2-cya-
noprop-2-yl(4-fluoro)dithiobenzoate (CPFDB) chain transfer agent
and (2.,4,6-trimethylbenzoyl)diphenylphosphine oxide (TPO) photoini-
tiator in 50 wt % DMF, at feed molar ratio of (M) [FPHPMA]:
[CPFDBJ:[TPO], = 50:1:0.3, (a) [FPHPMA],:[CPFDB]y:[TPO], =
100:1:0.3, or (®) [FPHPMA],:[CPFDB],:[TPO], = 200:1:0.3, under
visible light radiation at 25 °C.
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increases with monomer conversions. The polydispersity
indices (M,,/M,) are reasonably low at low monomer con-
versions, which fall down to roughly 1.20 over 30% mono-
mer conversions. This suggests the well-controlled behavior
of this polymerization.

Clearly, the molecular weights were overestimated by
GPC analysis, most presumably because of the calibration
errors caused by using polystyrene standards, which is less
polar than PFPHPMA. Because the overestimated molecu-
lar weights by GPC analysis do not affect the tendency of
molecular weight evolution with monomer conversions, this
linear evolution indicates the controlled behavior of RAFT
polymerization. In addition, "H NMR analysis confirmed
the intact structure of PFPHPMA as synthesized under such
mild conditions (Figure S1).

Visible Light Activating RAFT Random Copolymerization
of FPHPMA and PEGMA at 25 °C. As shown in Figure 4a,
at[FPHPMA],:[PEGMA]y:[CPFDBJy:[TPO], = 65:65:1:0.3
in 40 wt % DMF under visible light radiation at 25 °C, the
semilogarithmic kinetic curves of both monomers are linear,
suggesting the well-controlled behavior of this RAFT po-
lymerization. On the basis of the slopes of semilogarithmic
kinetic curves, FPHPMA polymerizes slight more rapidly
than PEGMA. However, the apparent initialization period
of FPHPMA (13 min)is longer than that of PEGMA (9 min),
suggesting that the insertion of PEGMA to CPFDB com-
pounds is more rapid than FPHPMA. As shown in
Figure 4b, the GPC trace clearly shifts to higher molecular
weight side upon increasing monomer conversions. More-
over, as shown in Figure 4c, the M, of copolymer linearly
increases with overall monomer conversions, and M /M, is
lower than 1.20 at low conversion, which falls down to 1.10 at
monomer conversions over 45%.

The reactivity ratio of FPHPMA and PEGMA was as-
sessed for better understanding the structure of copolymers.
Generally, the reactivity ratio was assessed according to the
composition of copolymer at relatively low monomer
conversion.” " However, the reactivity in the initialization
period or at low monomer conversion is quite different from
what was observed in the propagation period at relatively
high monomer conversion in living radical polymerization,®'
including RAFT polymerization. Fortunately, the concen-
tration of active radicals is constant and steady in the
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Figure 3. (a) GPC trace evolution of poly[3-(4-formylphenoxy)-2-hydroxypropyl methacrylate] (PFPHPMA) synthesized via RAFT polymerization
of FPHPMA using 2-cyanoprop-2-yl(4-fluoro)dithiobenzoate (CPFDB) chain transfer agent and (2,4,6-trimethylbenzoyl)diphenylphosphine oxide
(TPO) photoinitiator, at feed molar ratio of [FPHPMA],:[CPFDB]:[TPO], = 200:1:0.3 in 50 wt % DMF, under visible light radiation at 25 °C.
(b) Number-average molecular weight (M, solid) and polydispersity index (M,,/M,,, hollow) of PFPHPMA as a function of monomer conversions, at
feed molar ratios of () [FPHPMA]:[CPFDB],:[TPO], = 50:1:0.3, (a) [FPHPMA],:[CPFDB]y:[TPO], = 100:1:0.3, or (®) [FPHPMA],:[CPFDB]y:

[TPOJ, = 200:1:0.3.
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Figure 4. Kinetic curves of RAFT random copolymerization of 3-(4-formylphenoxy)-2-hydroxypropyl methacrylate (FPHPMA) and poly(ethylene
glycol) methacrylate (PEGMA) using 2-cyanoprop-2-yl(4-fluoro)dithiobenzoate (CPFDB) chain transfer agent and (2,4,6-trimethylbenzoyl)-
diphenylphosphine oxide (TPO) photoinitiator, at [PEGMA]y:[FPHPMA]y:[CPFDBJ:[TPO], = 65:65:1:0.3 in 40 wt % DMF, under visible light
radiation at 25 °C. (b) GPC traces at predetermined overall monomer conversions. (¢) Number-average molecular weights (M, solid) and
polydispersity indices (M,/M,, hollow) of P(FPHPMA-ran-PEGMA) as a function of overall monomer conversions.
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Figure S (a) "H NMR spectra and (b) GPC traces of P(FPHPM Asg-ran-PEGMA |5) (black, '"H NMR: M, = 18.6 kg mol™!; GPC: M,, = 37 6 kg
m017 My/M, = 1.10) and its chain-extended P(FPHPMAzg-I an-PEGMA (g)-b- PPEGMA(, copolymer (red, 'HNMR: M, = 18.8 kg mol™'; GPC:

= 40 2kgmol !, My/M, = 1.12) synthesized via RAFT polymerization of PEGMA using the above-synthesized P(FPHPM A yg-ran- PEGMA]g)
as a macromolecular chain transfer agent and (2,4,6-trimethylbenzoyl)diphenylphosphine oxide (TPO) photoinitiator, at feed molar ratio of
[PEGMA]y:[P(FPHPMA 55-ran-PEGMA 15)]o:[TPO], = 50:1:0.3 in 40 wt % DMF at 25 °C.

propagation period of well-controlled RAFT polymeriza-
tion. Thus, is possible to precisely assess the reactivity ratio

at relatively high monomer conversmns According to the
extended Kelen—Tiidos method,®? the reactivity ratio were
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Table 1. Structural Parameters of P(FPHPMA-ran-PEGMA) (Samples 1—8) and P(FPHPMA-ran-PEGMA)-b-PPEGMA (Sample 9)“

Mn’lH NMR Mn,GPC molar ratio of
sample composition and sequence (kg mo]’l) (kg mol’l) MM, DP PEGMA/FPHPMA
1 P(FPHPMA 5-ran-PEGMA |g) 15.9 37.6 1.10 46 0.64
2 P(FPHPMA y6-ran-PEGMA ,,) 18.2 39.5 1.10 50 0.92
3 P(FPHPMA »y-ran-PEGMA 9) 19.0 40.1 1.11 49 1.45
4 P(FPHPMA ¢-ran-PEGMA 33) 20.7 41.6 1.12 48 3.80
5 P(FPHPMA 59-ran-PEGMA 35) 33.6 52.9 1.14 97 0.64
6 P(FPHPMA 49-ran-PEGMA 4¢) 34.8 53.9 1.14 95 0.94
7 P(FPHPMA,;-ran-PEGMA,) 39.7 54.8 1.10 102 1.49
8 P(FPHPMA ,o-ran-PEGMA 75) 42.3 58.0 1.15 98 3.90
9 P(FPHPMA yg-ran-PEGMA |g)-b-PPEGM A4 18.8 40.2 1.12 52 0.86

assessed to be rppupma = 1.18 and rpegma = 0.96 (see
Supporting Information Table S1 and Figure S2), which
implies that both monomer units are statistically distrib-
uted in polymer chains.

Visible Light Activating RAFT Polymerization of PEGMA
Using the Above-Synthesized P(FPHPMA-ran-PEGMA) as
a Macro-CTA at 25 °C. As shown in Figure 5a, P(FPHPMA-
ran-PEGMA) and its chain-extended P(FPHPMA-ran-
PEGMA)-b-PPEGMA copolymer exhibit the same chemical
shifts of proton signals. However, their integral ratios are
different, which facilitates the composition assessment.

The proton signals of benzene rings in chain-end CPFDB
residues (protons r and s, C¢H4F) overlap with the benzene
rings (protons b and ¢, C¢H4CHO) of FPHPMA units at o =
7.0—7.8 ppm, but the proton signal of aldehyde groups
(proton a, CiH4CHO) in FPHPMA units is quite clear at
0 = 9.8 ppm. In addition, the signals at 6 = 3.8—4.5 ppm are
attributed to the protons of both FPHPMA and PEGMA
units (protons d, f, g, and 1). Thus, the apparent individual
degree of polymerization DPgpypya or DPpegma and over-
all DP were assessed according to eqs 3—5.

21,

DP MA = ————— 3
PFPHPM AT (3)
DPprava _Mavrigr1 =50 (@)
DPrpupya 21,
DP = DPrpurma + DPprava (5)

Accordingly, this random copolymer and chain-extended
random—block copolymer were assessed to be P(FPHPMA -
ran-PEGMA g) and P(FPHPMAs-ran-PEGMA g)-b-PEG-
MAg. As shown in Figure 5b, the GPC trace clearly shifts to
higher molecular weight side after chain extension. Both
GPC traces are monomodal and symmetrical at M,/M,, =
1.10—1.12.

Thermally Induced Phase Transition of Copolymers. The
well-defined copolymers were utilized to investigate their
thermally induced phase transition. As shown in Table 1, the
overall degrees of polymerization (DP) of samples 1—4 are
~50 but at different composition; samples 5—8 have com-
parable composition to those of samples 1—4 but at DP ~
100. Sample 9 is a random—block copolymer at comparable
composition and DP to the random copolymer of sample 2.

On the basis of "H NMR analysis (Figure S3), the side reaction
of aldehyde oxidation in P(FPHPMA s-ran-PEGMA |3) was
negligible upon heating in D,O solution in air atmosphere at
80 °C for 2 or 4 h. This is attributed to the shielding effect caused
by phase separation at elevated solution temperature above the
cloud point. Thus, all studies mentioned below were directly
performed in an air atmosphere.

The compositions and overall degrees of polymerization (DP) were assessed according to 'H NMR analysis.

These copolymers may well dissolve in water at 20 °C.
Upon heating over a critical temperature, the light scattering
intensity increases sharply, suggesting the start of phase
separation. This critical temperature is the so-called cloud
point (CP). As shown in Figure S4, CP increases with the
PEGMA fraction but decreases with copolymer concentra-
tion. This tendency was also observed in random copolymers
of 2-(2-methoxyethoxy)ethyl methacrylate and PEGMA.'?

At relatively low copolymer concentrations, further heat-
ing above another critical temperature leads to the leveling
off of both light scattering intensity and hydrodynamic
diameter (Dy,) at low polydispersity of u»/T> < 0.1. The
solutions still remain transparent. This indicates the forma-
tion of compressed aggregates. This critical temerpature is
denoted as T.. However, at relatively high concentrations,
heating above T, leads to the milky solution and significant
decrease of light scattering intensity, indicating that copoly-
mer was macrophase-separated from water.

In comparison, upon heating 2.0 mg mL ™' P(FPHPMA ;-
ran-PEGMA g) over T, (Figure S4), the light scattering
intensity decreases and the solution changes to milky. How-
ever, for P(FPHPMA »¢-ran-PEGMA »,), the milky solution
is not detectable until at higher concentration of 5.0 mg
mL~". This suggests that the increase of PEGMA fraction
may well stabilize their aggregates.

In contrast, upon heating 5.0 mg mL~' P(FPHPMA -
ran-PEGMA |g)-b-PPEGMAg above T, (Figure S4), the light
scattering intensity levels off, and the solution is still trans-
parent. The milky solution can only be detectable at high
concentration over 20.0 mg mL™', which is significantly
higher than that of P(FPHPMA ,¢-ran-PEGMA,,) at com-
parable composition and DP. Thus, adjusting the sequence
of copolymer effectively modulates concentration depen-
dence of this thermally induced phase transition.

On the basis of the discussion mentioned above, 1.0 mg
mL ™! of copolymer concentration was selected to study the
structural effect, including the effect of chain length, composi-
tion, or sequence on this thermally induced phase transition.

As shown in Figure 6a, for the solution of random
copolymer samples at DP ~ 50, the light scattering intensity
levels off upon heating above T, indicating the formation
of compressed aggregates. The CP of copolymer increases
from 31.4, 39.8, 50.0, to 75.4 °C with the unit ratio of
[PEGMA]/[FPHPMA] increasing from 0.64, 0.92, 1.45, to
3.80; accordingly, T, increases from 40.5, 51.7, to 62.9 °C
and finally over 80 °C. This is attributed to the PEGMA-
enhanced hydrophilicity.

As shown in Figure 6b, upon heating the solutions above
CP, the copolymers start to form small irregular aggregates,
asindicated by relatively higher polydispersity. Upon further
heating the solutions, D; rapidly increases, and poly-
dispersity narrows down until the temperature reaches 7.
Thereafter, both Dy, and polydispersity level off, suggesting
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the formation of well-defined compressed aggregates caused
by the dehydration and collapse of PEG side chains.!” The
Dy, of compressed aggregates increases from 97, 640 to 760 nm
asincreasing the unit ratio of [PEGMA]/[FPHPMA] from 0.64,
0.92 to 1.45.

The random copolymers at DP ~ 100 exhibit the composi-
tion dependence of phase transition similar to above-men-
tioned random copolymer samples at DP ~ 50, but slightly
higher the CP and T, than those at DP ~ 50 (see Figure S5).
For example, CP and T, of P(FPHPMA 5o-ran-PEGMA z3)
are separately at 32.0 and 41.7 °C, sightly higher than those
of P(FPHPMAs-ran-PEGMA g) separately at 31.4 and
40.5 °C. In addition, Dy, increases from 53, 540, to 695 nm
as increasing the unit ratio of [PEGMA]/[FPHPMA] from
0.64,0.94, to 1.49. This suggests that increasing chain length
leads to slight increase of CP and T but significant decrease
of particle size. This tendency most presumably attributes to
the comb-shaped topology of these copolymers, which hin-
ders the larger aggregation.

Strikingly, as shown in Figure 7, the CP of P(FPHPMA »4-
ran-PEGMA,y,) is 7.3 °C lower than P(FPHPMA xs-ran-
PEGMA |5)-b-PEGMAg, and its T is 9.0 °C lower than the
latter. In addition, at the elevated solution temperature over
T., the light scattering intensity of P(FPHPMA 4-ran-
PEGMA,,) is 68 kcps, remarkably higher than 8.5 kecps

of P(FPHPMA »5-ran-PEGMA g)-b-PEGMAg. Moreover,
the Dy, of P(FPHPMA »¢-ran-PEGMA ,,) aggregates is 637 nm,
remarkably larger than the aggregates of P(FPHPM A g-ran-
PEGMA g)-b-PEGMAg at D, = 43 nm. This indicates that
the random—block copolymer tends to form the regular
aggregates remarkably smaller than those of random copoly-
mer at comparable composition and DP.

As shown in Figure 8, P(FPHPMA »5-ran-PEGMA 3)
exhibits significant hysteresis in the cooling process. More-
over, two steps of phase transition are detectable. First,
cooling the solution from 44 °C down to 32 °C leads to the
swelling of the aggregates from D, = 87 to 135 nm, and
decrease of light scattering intensity from 52.5 to 35.1 keps.
Upon further cooling from 32 °C down to 26 °C, both light
scattering intensity and D, dramatically decrease down to
those similar to fully dissolved copolymer solution. This
indicates that the swollen aggregates dissociate to small
irregular aggregates up to molecularly dissolving in water.
The critical dissolution temperature (27.4 °C) is 4.0 °C lower
than CP (31.4 °C).

Clearly, this hysteresis is more pronounced than those
observed in the random copolymers of 2-(2-methoxyethoxy)-
ethyl methacrylate with PEGMA,'> or PEGA with 2-(5,5-
dimethyl-1,3-dioxan-2-yloxy)ethyl acrylate,!” as well as the
pyrrolidone-derived poly(meth)acrylates,”®>" in which no
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hydrogen donator exists for hydrogen bonding. On the
contrary, this hysteresis is quite similar to what previously
observed in extremely dilute solution of PNIPAM by Wu
and co-workers®>** and in dilute solution of PNIPAM
recently by Zhang and co-workers,®> whose hysteresis attrib-
utes to the thermally induced interchain or intrachain hydro-
gen bonding of its amide linkages.®* % This indicates that
the hydroxyl groups of FPHPMA units act as the hydrogen
donator for hydrogen bonding. Thus, hysteresis should be
attributed to the thermally induced inter- or intrachain
hydrogen bonding.

As shown in Figure 9a, the CP of P(FPHPMA »5-ran-
PEGMA 3) is 29.5 °C in heavy water (D,0), which is 1.9 °C
lower than in light water (H,O), and the T of this copolymer
is 38.0 °C in D,O, which is 2.5 °C lower than in H,O. In
contrast, this lowering tendency in D,0O is contrary to what
observed in PNIPAM, whose LCST is 0.4 °C higher in D,O
than in H,O as precisely measured using dark field micros-
copy by Cremer and co-workers.®®

The hydrogen bonding of PNIPAM amides with adjacent
D>,O molecules is ca. 5% stronger than that with H,O
molecules;®” thus, bredkmg the hydrogen bonds is more
enthalpically costly in D,0.%® This leads to a more extended
conformation® or higher LCST®*® in D,O than in H,O.
Nevertheless, the hydrogen bonding of hydroxyl groups in
P(FPHPMA x5-ran-PEGMA g) chains is less strong than

amide groups of PNIPAM. Moreover, the hydrophobic
backbones and benzaldehyde groups of P(FPHPMA-ran-
PEGMA) enhance the hydrophobicity. This hydrophobi-
city-dominated lowering tendency was observed in the pyr-
rolidone-derived poly(meth)acrylates,” in which no strong
hydrogen donator exists.

As shown in Figure 9b, at elevated solution temperature
over T, the compressed aggregates in D,O exhibit larger
Dy, than in H,O. This indicates that P(FPHPMA »g-ran-
PEGMA |g) tends to form larger particles in D,O than in
H,O0, in the same aggregation mechanism as in H,O.

Cross-Linking Reaction in Aggregates: Toward Microgels
Possessing Entirely Reversible Thermally Induced Swellabil-
ity and Acid-Liable Dynamic Properties. Hexamethylenedia-
mine and adipoyl hydrazide were selected as cross-linkers,
which may react effectively with aldehyde groups to form
acid-labile dynamic imine or acylhydrazone linkages.?' ">
To ensure the swelling state of aggregates and diffusion of
cross-linkers into aggregates, the solution was controlled
between the CP and T of copolymer.

As shown in Figure 10a, upon adding hexamethylenedia-
mine into P(FPHPMAg-ran-PEGMA3) (CP = 31.4 °C,
T. =40.5 °C) solution at 39 °C for 6 h, the light scattering
intensity gradually increases from 38 to 53.4 kcps, while Dy,
decreases from 85 to 80 nm. This indicates the compression
of aggregates. Thereafter, both curves level off, suggesting
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that this reaction has reached equilibrium of reaction. In the
whole process, the polydispersity keeps essentially constant
at u,/T= ~0.10, indicating that no coacervation occurs in this
cross-linking process. In comparison, upon adding adipoyl
hydrazide, the shrinking process carried out in ca. 8§ h, 2 h
longer than the former. This suggests that adipoyl hydrazide
is less reactive than hexamethylenediamine. Moreover, after
reaching equilibrium, the light scattering intensity increases
to 52.5 keps and Dy, descreases to 81 nm, which is lower than
53.4 keps and larger than 80 nm of the former. This indicates
the formation of larger and looser aggregates as compared
with the former. This attributes to the more hydrophobicity
of imine linkages than acylhydrazone linkages.

As shown in Figure 10b, a similar shrinking process
was also observed in P(FPHPMA 49-ran-PEGMA ) (CP =
42.8°C, T, = 55°C) solution at 50 °C, in which the reaction was
carried out in relatively large aggregates.

Moreover, cooling the solution of cross-linked aggre-
gates of P(FPHPMA »3-ran-PEGMA g) down to T, the
light scattering intensity decreases and Dy increases
(Figure S6), suggesting the swelling of aggregates. How-
ever, upon further cooling the solution well below
CP, both light scattering intensity and Dy, level off
separately at 40 kcps and 97 nm, remarkably higher
than those observed in the solution of its corresponding

non-cross-linked copolymer. This demonstrates the for-
mation of stabilized microgels.

As shown in Figure 1la, upon heating or cooling the
solution repeatedly, the microgels of P(FPHPMA ys-ran-
PEGMA |g) cross-linked by hyexamethylenediamine repeat-
ably shrink to Dy, = 80 nm at 42 °C or swell to D, = 100 nm
at 20 °C. As shown in Figure 11b, the reversible thermally
induced swellability was also observed in the microgels of
P(FPHPMA 49-ran-PEGMA 4¢) cross-linked by adipoyl hy-
drazide. This indicates that their thermally induced swell-
ability was entirely reversible, cross-linked by either hyexa-
methylenediamine or adipoyl hydrazide.

As shown in Figure 12, for the solution of microgels cross-
linked by hyexamethylenediamine, both light scattering in-
tensity and Dy, are constant in alkali solution at 20 °C.
However, upon acidifying solution from pH 7.43 to 5.82,
the microgels have been swollen from Dy, =98 nm to Dy, =
149 nm. This is attributed to the hydrolysis of imine linkages,
which leads to the decrease of cross-linking density.

Interestingly, upon heating this solution up to 39 °C and
adjusting the solution back to pH 9.0, the aggregates exhibit
the same swellability as that observed in the initial microgels.
This indicates the entirely reversible acid-liable swellability.
Therefore, the acid-liable dynamic behavior may well adjust
the swellability of these microgels.



9520 Macromolecules, Vol. 43, No. 22, 2010

45

. 90 90-0-g. o
354 ‘
30+
251
20

Light Scattering Intensity (kcps)

10 (@)

54 --9--hexamethylene diamine
- -@- -adipoyl hydrazide

D, (nm)

0 T T T T T T T

10 9 8 7 6 5 4 3 2

Solution pH

Cao et al.

160

140 1
1204

1004@ @ o
80-
60-
40- (b) :
20_- - @--- hexamethylene dianliine
1--@-- adipoyl hydrazide

Ve
T T T T T T T T T T T T T T T

0 9 8 7 6 5 4 3 2 1
Solution pH

0

Figure 12. Evolution of (a) light scattering intensity and (b) hydrodynamic diameter of 1.0 mg mL ™" aqueous solution of microgels of P(FPHPMA -
ran-PEGMA |g) upon adjusting the solution pH at 20 °C. Red: cross-linked by hexamethylenediamine; purple: cross-linked by adipoyl hydrazide.

Further lowering solution pH down to 5.45, the microgels
are completely dissociated, leading to dramatic decrease of
both light scattering intensity and Dy, to what observed in the
fully dissolved solution. Clearly, in such acidic solution, the
imine linkages have been completely hydrolyzed.”

In contrast, as shown in Figure 12, the microgels cross-
linked by adipoyl hydrazide were stable in acidic solution
down to pH 2.0 because of the excellent stability of acylhy-
drazone linkages in acidic solution.”! Further acidifying the
solution down to pH 1.0 leads to the hydrolysis of both
acylhydrazone and ester linkages.

Conclusion

This paper described a new class of the PEGMA-based smart
microgels, which have entirely reversible thermally induced
swellability and acid-liable dynamic properties. To this end, an
aldehyde-functionalized FPHPMA monomer was synthesized.
RAFT polymerization of FPHPMA, RAFT random copolymer-
ization of FPHPMA and PEGMA, and chain extension RAFT
polymerization of PEGMA using a P(FPHPMA-ran-PEGMA)
macro-CTA proceeded under visible light radiation at 25 °C. The
results indicated the well-controlled polymerization of FPHPMA,
comparable reactivity of FPHPMA and PEGMA, and living
character of these polymerizations under such mild conditions.
Thus, a range of well-defined copolymers of FPHPMA and
PEGMA with different chain length, composition, or sequence
were synthesized.

These copolymers well dissolved in water at low temperature
and exhibited a cloud point (CP) and a critical temperature for
formation of compressed aggregates (7.) upon heating. The
aldehyde groups of copolymers were stable against air oxidation
in water at 80 °C. Increasing copolymer concentration led to the
decrease of CP and T.. The phase transition of random copoly-
mers were slightly influenced by chain length but significantly
affected by composition; increasing the PEGMA fraction led to
the increase of CP and T, and larger aggregates. Moreover, the
sequence of copolymers is an important factor to control over this
thermally induced phase transition. Contrary to previously
reported PEGMA-based copolymers, these copolymers exhibited
significant hysteresis in cooling process, which is similar to what
observed in PNIPAM. However, their isotopic solvent effect was
contrary to what observed in PNIPAM.

In these thermally induced aggregates, the aldehyde groups
may react well with hexamethylenediamine or adipoyl hydrazide,
leading to the formation of stabilized microgels. These micro-
gels exhibited entirely reversible thermally induced swellability.

The acid-liable dynamic behavior of imine linkages could tune the
cross-linking density of microgels, thus adjusting their thermally
induced swellability. The detailed studies on dynamic cross-
linking and exploiting for carriers of amino acids are currently
in progress, and we are going to report in a following paper.

Acknowledgment. We thank the National Natural Science
Foundation of China (20874081, 21074104, 20674064), the Re-
search Fund for Doctoral Program of Higher Education of China
(200805300004), and the Scientific Research Fund of Hunan
Provincial Education Department (10A116) for financial support
of this research.

Supporting Information Available: Kelen—Tidos param-
eters and plot for RAFT random copolymerization of
FPHPMA and PEGMA; '"H NMR spectrum of PFPHPMA
homopolymer; 'H NMR spectra of D,O solution of P-
(FPHPMA-ran-PEGMA) before or after heating in air at
80 °C; the concentration dependence of light scattering intensity
of copolymer solutions upon heating, light scattering intensity
and hydrodynamic diameter of the solutions of random copoly-
mer at DP ~ 100 upon heating, and light scattering intensity and
hydrodynamic diameter of cross-linked microgels upon cooling.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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