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ABSTRACT: Nitroxide-mediated radical polymerizations of 4-vinylbenzyl methoxytris(oxyethylene) ether
(TEGSt), 4-vinylbenzyl methoxytetrakis(oxyethylene) ether (TrEGSt), and 4-vinylbenzyl methoxypentakis-
(oxyethylene) ether (PEGSt) were carried out at 120 °C using 2,2,5-trimethyl-3-(1-phenylethoxy)-4-phenyl-
3-azahexane as initiator. Kinetics study and gel permeation chromatography analysis showed that the
polymerizations were living processes yielding polymers with controlled molecular weights and narrow
molecular weight distributions. The polymers can be dissolved in water forming transparent solutions
and undergo phase transitions when the temperature is above a critical point. The cloud points of the
homopolymers of TEGSt, TrEGSt, and PEGSt were around 13, 39, and 55 °C, respectively, which were
also supported by variable temperature 'TH NMR spectroscopy analysis. The high level of alkoxyamine
chain end retention allowed the synthesis of diblock copolymers with low polydispersities (<1.15). Cloud
point measurements and 'H NMR studies indicated that the diblock copolymers undergo phase transition
in water at a temperature between the cloud points of the two corresponding homopolymers.

Introduction

Thermosensitive water-soluble polymers undergo a
phase transition in aqueous solutions from a soluble to
an insoluble state when the temperature is above a
critical point (lower critical solution temperature, LCST)
or below a certain point (upper critical solution tem-
perature, UCST).12 These types of polymers, especially
those exhibiting the LCST behavior, have attracted
considerable attention in the past several decades and
have been intensively investigated from both scientific
and technological points of view. A variety of applica-
tions have been reported ranging from the creation of
smart surfaces (e.g., for manipulation of cells on the
surface),?? to drug delivery systems,*5 to the design of
biomaterials,?4~6 and the use as intelligent chromato-
graphic supports.” A classic example is poly(N-isopro-
pylacrylamide),' =3 one of the most intensively studied
and most widely used temperature-sensitive polymers.

By introducing nonionizable hydrophilic moieties, for
example, methoxyoligo(ethylene glycol), to the polymer
backbone as pendant groups, one can design new
thermosensitive water-soluble polymers. This concept
has been demonstrated in recent reports on the prepa-
ration of thermoresponsive polymers of methoxyoligo-
(ethylene glycol) methacrylates by living anionic polym-
erization® and of oligo(ethylene glycol) vinyl ether by
living cationic polymerization.®~12 Both homopolymers
and block copolymers with controlled molecular weights
and narrow molecular weight distributions have been
synthesized, and interesting solution behavior has been
observed.8~12 Living free radical polymerizations, most
notably, atom transfer radical polymerization (ATRP),
nitroxide-mediated radical polymerization (NMRP), and
reversible addition—fragmentation chain transfer pro-
cess (RAFT), have been widely used in recent years to
prepare various polymers!'®~18 and polymer brushes!¥—21
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Scheme 1. Synthesis of Thermosensitive
Water-Soluble Polystyrenics by Nitroxide-Mediated
Radical Polymerization Using 2,2,5-Trimethyl-
3-(1-phenylethoxy)-4-phenyl-3-azahexane (TPPA) as
Initiator in the Presence of 0.05 equiv of
2,2,5-Trimethyl-4-phenyl-3-azahexane-3-nitroxide
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with controlled molecular weights, narrow polydisper-
sities, and well-defined architectures. Owing to the
nature of radical reaction and the less strict require-
ments of the polymerization conditions (e.g., the toler-
ance of some impurity in the monomers and solvents)
compared with living anionic and cationic polymeriza-
tions, living radical polymerizations can be applied to
a broad range of functional monomers. A variety of
stimuli-responsive water-soluble polymers have been
synthesized, mostly by ATRP and RAFT.22-34

In this article, we report on the synthesis of ther-
mosensitive water-soluble polystyrenics containing pen-
dant methoxyoligo(ethylene glycol) groups by NMRP
and the study of their thermoresponsive properties in
aqueous solutions. Three monomers with different
lengths of oligo(ethylene glycol), TEGSt, TrEGSt, and
PEGSt as shown in Scheme 1, were synthesized and
polymerized by use of 2,2,5-trimethyl-3-(1-phenylethoxy)-
4-phenyl-3-azahexane (TPPA), a a-hydrido alkoxyamine,
as initiator (Scheme 1). o-Hydrido alkoxyamines that
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contain a hydrogen atom attached to a carbon located
a to the nitrogen atom have been proven to be highly
effective in the controlled polymerizations of a wide
variety of monomers including styrenics, acrylates, and
acrylamides.'® The advantage of these second-genera-
tion NMRP initiators over TEMPO-based systems is
also shown by the very low polydispersities, typically
1.05—1.15. In the present work, we used TPPA to
prepare homopolymers and diblock copolymers of TEGSt,
TrEGSt, and PEGSt. Although the polymerization of
TrEGSt by ao,o'-azobis(isobutyronitrile) was reported for
making biocompatible materials®® and similar polysty-
renics containing oligo(ethylene glycol) groups (x = 3
and 7 in Scheme 1) were grown from the surface by
surface-initiated TEMPO-mediated radical polymeriza-
tion to form protein-resistant polymer brushes,3¢ the
thermosensitive properties of the polymers in water
were not investigated. In the current work, the phase
transitions of homopolymers and diblock copolymers of
the three monomers were studied by cloud point mea-
surements and variable temperature 'H NMR spectros-

copy.

Experimental Section

Materials. Tri(ethylene glycol) monomethyl ether (95%),
ethylene glycol, di(ethylene glycol) (99%), and anisole (99.7%)
were purchased from Aldrich and used as received. 4-Vinyl-
benzyl chloride (tech., 90%), p-toluenesulfonyl chloride (p.a),
and NaH (60% dispersion in mineral oil) were obtained from
Acros and used as received. Tetrahydrofuran (THF) was
distilled from sodium and benzophenone and stored in a
solvent storage bottle prior to use. All other chemical reagents
were purchased from either Aldrich or Fisher and used without
further purification.

Characterization. Gel permeation chromatography (GPC)
was carried out at room temperature using a PL-GPC 20 (an
integrated GPC system from Polymer Laboratories, Inc.) with
a refractive index detector, one PLgel 5 um guard column
(50 x 7.5 mm), and two PLgel 5 um mixed-C columns (each
300 x 7.5 mm, linear range of molecular weight from 200 to
2 000 000 according to Polymer Laboratories). The data were
processed using Cirrus GPC/SEC software (Polymer Labora-
tories). THF was used as the carrier solvent at a flow rate of
1.0 mL/min. Standard monodisperse polystyrenes (Polymer
Laboratories) were used for calibration. The 'H (300 MHz) and
13C NMR (75 MHz) spectra were recorded on a Varian Mercury
300 NMR spectrometer, and the residual solvent proton signal
was used as the internal standard. Mass spectroscopy was
performed in the Mass Spectroscopy Center in the Chemistry
Department at the University of Tennessee at Knoxville on a
Micromass Quattro II tandem electrospray spectrometer run
in the positive ion electrospray mode or using fast atom
bombardment (FAB). Variable temperature 'H NMR (400
MHz) spectra were recorded on a thermoregulated Bruker
Avance 400 using solutions of polymers in D20 (99.9 D atom
%) with a concentration of 10 mg/mL. An acquisition of 32
scans was performed with an acquisition time of 4 s per scan,
a pulse of 10 us, and a recycle delay of 1 s. For each
temperature, the solution was equilibrated for 20 min. Cloud
points of thermosensitive homopolymers and diblock copoly-
mers in aqueous solutions (0.5% (w/w) for homopolymers and
1.0% for diblock copolymers) were measured by placing the
solutions in the water bath of a Fisher Scientific Isotemp
refrigerated circulator. Temperature was increased at a step
of 1 °C. At each temperature, the polymer solutions were
allowed to equilibrate with the water bath for 3 min. The cloud
point was recorded when the polymer solution became cloudy.
IR spectra were recorded on a BIO-RAD FTS-60A Fourier
transform infrared instrument. The samples were prepared
by adding several drops of a solution of the compound in
chloroform on a NaCl plate and drying in a vacuum at room
temperature for 10 min.
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o-(p-Toluenesulfonyl)-w-methoxytris(oxyethylene), tetra-
(ethylene glycol) monomethyl ether (o-hydro-w-methoxytet-
rakis(oxyethylene), TrEG), and penta(ethylene glycol) mono-
methyl ether (a-hydro-w-methoxypentakis(oxyethylene), PEG)
were prepared by use of the same procedures reported in the
literature.?7

o-(p-Toluenesulfonyl)-o-methoxytris(oxyethylene). 'H
NMR (CDCl;) 6 (ppm): 7.77 (d, 2H, ROsSC(CH)2), 7.32 (d, 2H,
H;CC(CH)2), 4.14 (t, 2H, SO3CH>), 3.67 (t, 2H, SO3CHCH>),
3.61-3.49 (m, 8H, OCHs), 3.35 (s, 3H, OCH3), 2.43 (s, 3H,
ArCHj;). 3C NMR (CDCls) 6 (ppm): 144.75 (CH3C(CH)y),
132.97 (SO2C(CH)y), 129.78 (CH3C(CH)s), 127.95 (SO2C(CH)s),
71.86 (CH;0CH,), 70.71, 70.53, 70.51, 69.20 (OCH,), 68.64
(SO3CHs), 59.00 (OCHj), 21.6 (CH3C(CH)g). MS (ES) m/z 341.1
([M + Nal*).

Tetra(ethylene glycol) Monomethyl Ether (o-Hydro-
o-methoxytetrakis(oxyethylene), TrEG). 'H NMR (CDCl3)
o (ppm): 3.78—3.41 (m, 16H, OCHy), 3.35 (s, 3H, OCH3), 2.60
(t, 1H, —OH). *C NMR (CDCls) 6 (ppm): 72.66 (CH;OCH,),
71.73 (HOCH,CH;0), 70.45, 70.36, 70.33, 70.26, 70.03 (—CH,-
OCH,CH;0CH>CH,;OCH,;CH>OCHy3), 61.51 (HOCH,—), 58.84
(—=OCHsy). MS (ES) m/z 231.1 (M + Nal™).

Penta(ethylene glycol) Monomethyl Ether (a-Hydro-
w-methoxypentakis(oxyethylene), PEG). 'H NMR (CDCl;)
O (ppm): 3.73—3.51 (m, 20H, OCHy); 3.36 (s, 3H, —OCH}3), 2.67
(t, 1H, —OH). 3C NMR (CDCl;) 6 (ppm): 72.57 (CH,OCHyj),
71.59 (HOCHCH;0), 70.33, 70.30, 70.21, 69.92 (CHO-
(CH2CH;0);0CH,CH;OCH3), 61.32 (HOCH,CH,0), 58.75
(OCH3). MS (ES) m/z 275.1 (IM + Na]*).

Synthesis of 4-Vinylbenzyl Methoxytris(oxyethylene)
Ether (TEGSt). Tri(ethylene glycol) monomethyl ether (16.58
g, 0.101 mol) was added into a three-necked flask containing
dry THF (50 mL) followed by addition of NaH (6.08 g, 0.152
mol). After the mixture was stirred at room temperature under
Nz atmosphere for 1 h, a solution of 4-vinylbenzyl chloride
(10.76 g, 70.5 mmol) in dry THF (20 mL) was added dropwise.
The reaction mixture was refluxed for 20 h. The mixture was
then poured into a 250 mL beaker and neutralized by adding
a dilute HCI1 aqueous solution. The mixture was then placed
in a separatory funnel to allow phase separation. The organic
phase was separated, and the aqueous layer was extracted
with diethyl ether four times. The organic phase and extracts
were combined and dried over anhydrous NasSO,. The solvents
were removed by a rotavapor, and purification by column
chromatography (1:1 ethyl acetate/hexanes) afforded 9.99 g of
pure product as a nearly colorless liquid (51% yield). 'TH NMR
(CDCls) 6 (ppm): 7.36 (d, 2H, aromatic), 7.28 (d, 2H, aromatic),
6.69 (dd, 1H, CH,=CH-), 5.72 (dd, 1H, CHH=CH-), 5.21 (dd,
1H, CHH=CH-,), 4.53 (s, 2H, (CH);C—CHj3—), 3.51—-3.67 (m,
12H, —~OCH;CH>0—), 3.35 (s, 3H, OCHjs). 1*C NMR (CDCl3) 6
(ppm): 137.85 (OCH2C(CH)y), 136.90 (CH,CHC(CH)y), 136.51
(CH,CHC(CH),), 127.90 ((CH),CCH»0), 126.16 (CH>CHC-
(CH)y), 113.70 (CH,CHC(CH)2), 72.90 ((CH).CCH-0), 71.90
(CH50CHy,), 70.60, 70.51, 69.34 (CH20), 59.01 (CH;0CHs). IR
(em™1): 2870 (CH; and CHjs, ether), 1628 (CH=CHy;), 1512
(aromatic C=C), 1454 (CHy), 1107 (C—0O—C). MS (ES) m/z
303.1 ([M + Nal]™).

Synthesis of 4-Vinylbenzyl Methoxytetrakis(oxyeth-
ylene) Ether (TrEGSt). A procedure similar to the synthesis
of TEGSt was used to prepare TrEGSt. The crude product was
purified by column chromatography (4:1 ethyl acetate/hex-
anes), giving a nearly colorless liquid (72% yield). 'H NMR
(CDCls) 6 (ppm): 7.37 (d, 2H, aromatic), 7.28 (d, 2H, aromatic),
6.69 (dd, 1H, CH,=CH-), 5.72 (dd, 1H, CHH=CH-), 5.21 (dd,
1H, CHH=CH-), 4.53 (s, 2H, (CH);C—CH3—), 3.67—3.50 (m,
16H, —~OCH;CH»0—), 3.35 (s, 3H, OCHs). 1*C NMR (CDCl3) 6
(ppm): 137.83 ((CH);CCH-0), 136.89 (CH,CHC(CH),), 136.48
(CH,CHC(CH),), 127.88 ((CH),CCH»0), 126.14 (CH,CHC-
(CH)2), 113.68 (CH:CHC(CH)2), 72.88 ((CH):CCH-0), 71.87
(CH,0CHys), 70.58, 70.55, 70.46, 69.33 (CH;0), 58.97 (CHs-
OCHy). IR (cm™1): 2870 (CH; and CHs, ether), 1628 (CH=CHy),
1512 (aromatic C=C), 1454 (CHy), 1107 (C—O—C); MS (ES)
m/z 347.2 (IM + Na]™).
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Synthesis of 4-Vinylbenzyl Methoxypentakis(oxyeth-
ylene) Ether (PEGSt). A procedure similar to the synthesis
of TEGSt was used to prepare PEGSt. The crude product was
purified by column chromatography (ethyl acetate as eluent),
affording a colorless liquid (35% yield). 'H NMR (CDCl3) 6
(ppm): 7.36 (d, 2H, aromatic), 7.27 (d, 2H, aromatic), 6.68 (dd,
1H, CH,=CH-), 5.71 (d, 1H, CHH=CH-), 5.21 (d, 1H, CHH=
CH-), 4.53 (s, 2H, (CH);.C—CHs—), 3.67—3.50 (m, 20H,
—0OCH,CH>,0—), 3.35 (s, 3H, OCHs). *C NMR (CDCls) &
(ppm): 137.80 ((CH).CCH-0), 136.83 (CH,CHC(CH).), 136.44
(CH;CHC(CH),), 127.83 ((CH);CCH;0), 126.10 (CHy;CHC-
(CH)2), 113.63 (CH,CHC(CH)2), 72.83 ((CH):CCH-0), 71.83
(CH30CHy), 70.55, 70.49, 70.47, 70.41, 69.29 (CH;0), 58.92
(CH3;0CHy). IR (cm™): 2870 (CH: and CHs, ether), 1628
(CH=CHy), 1512 (aromatic C=C), 1454 (CHj), 1103 (C—0O—
C). MS (ES) m/z 391.3 (M + Na]™).

Synthesis of 2,2,5-Trimethyl-3-(1-phenylethoxy)-4-
phenyl-3-azahexane (TPPA). 2,2 5-Trimethyl-3-(1-phenyl-
ethoxy)-4-phenyl-3-azahexane (TPPA) was synthesized by use
of the same procedure described in the literature.'® A colorless
liquid was obtained after purification by flash column chro-
matography (10:1 hexanes/methylene chloride). 'TH NMR (CDCls,
both diastereomers) 6 (ppm): 7.5—7.1 (m, 20H), 4.90 (q, 2H,
both diastereomers), 3.41 (d, 1H, major diastereomer), 3.29 (d,
1H, minor diastereomer), 2.32 (m, 2H, both diastereomer), 1.63
(d, 3H, major diastereomer), 1.54 (d, 3H, minor diastereomer),
1.31 (d, 3H, major diastereomer), 1.04 (s, 9H, minor diastere-
omer), 0.90 (t, 3H, minor diastereomer), 0.76 (s, 9H, major
diastereomer), 0.54 (d, 3H, major diastereomer), 0.21 (d, 3H,
minor diastereomer). 3C NMR (CDCl3) 6 (ppm): 145.75,
144.98 ((CH);CCHN, both diastereomers), 142.44, 142.25
((CH):CCHO, both diastereomers), 130.94, 128.22, 128.04,
128.02, 127.36, 127.26, 127.17, 126.98, 126.60, 126.32, 126.15,
126.14 (aromatic carbons), 83.47, 82.81 (CH3CHO, both dia-
stereomers), 72.19, 72.10 (CCHN, both diastereomers), 60.49,
60.35 (NC(CHj)s, both diastereomers), 32.00, 31.58 (CHCH-
(CHj3)2, both diastereomers), 28.38, 28.19, 28.58 (NC(CHs)s),
24.69, 23.16 (CH3CHO, both diastereomers), 22.12, 21.96,
21.16, 21.04 (NCHCH(CH3)s, both diastereomers). MS (FAB)
m/z 326.4 (M + 1]%).

Nitroxide-Mediated Radical Polymerization of TEGSt,
TrEGSt, and PEGSt. A typical procedure for nitroxide-
mediated radical polymerization of TEGSt is described below.
Similar procedures were used to polymerize TrEGSt and
PEGSt. TPPA (15.0 mg, 0.0462 mmol), TEGSt (1.543 g, 5.51
mmol), anisole (0.843 g), and 100 uL of a solution of 2,2,5-
trimethyl-4-phenyl-3-azahexane-3-nitroxide (TPANO) in ani-
sole (concentration: 0.54 mg/100 uL.) were added into a 25 mL
two-necked flask. The concentrations were [TEGSt], = 2.226
M, [I]o = 18.7 mM, and [TPANO], = 1.0 mM. The flask was
then degassed by freeze—pump—backfilling with nitrogen six
times. After warming to room temperature, the reaction flask
was placed in a 120 °C oil bath. A sample was taken
immediately (¢ = 0 min) for kinetics study. During the
polymerization, samples were taken via an argon-exchanged
syringe at regular intervals for 'TH NMR spectroscopy and GPC
analysis. After polymerization proceeded for 351 min, the flask
was removed from the oil bath. The mixture was allowed to
cool naturally to room temperature, diluted with THF (1 mL),
and precipitated in hexanes (100 mL). The polymer was
purified by reprecipitation of its THF solution in hexanes (100
mL). The polymer was then transferred to a flask and dried
in a vacuum for 15 h at room temperature. A viscous polymer
(0.352 g, 23% yield) was obtained. GPC analysis results:
M, = 10 500 g/mol; polydispersity index (PDI) = 1.07.

Synthesis of Diblock Copolymers by Nitroxide-Medi-
ated Radical Polymerization. A typical procedure for the
synthesis of PPEGSt-6-PTEGSt is described below. Similar
procedures were used to synthesize other diblock copolymers.
Dry PPEGSt (0.473 g, 0.0358 mmol, M, = 8800 g/mol, PDI =
1.08), TEGSt (2.022 g, 7.22 mmol), anisole (1.03 g), and 85 uL.
of the solution of TPANO in anisole (concentration: 0.54 mg/
100 uL) were added into a 25 mL two-necked flask. The
concentrations were [M], = 2.02 M, [PPEGSt], = 10.0 mM,
and [TPANO], = 0.58 mM. The flask was then degassed by
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Scheme 2. Synthesis of 4-Vinylbenzyl
Methoxytris(oxyethylene) Ether (TEGSt),
4-Vinylbenzyl Methoxytetrakis(oxyethylene) Ether
(TrEGSt), and 4-Vinylbenzyl
Methoxypentakis(oxyethylene) Ether (PEGSt)

NaH =
+ HO(CH,CHO),CH; — 3
x=3,4,5 THF, refluxing

a O(CH,CH,0),CH;

x = 3: TEGSt
4: TrEGSt
5: PEGSt

Scheme 3. Synthesis of Tetra(ethylene glycol)
Monomethyl Ether (TrEG) and Penta(ethylene glycol)
Monomethyl Ether (PEG)

HO(CH,CH,0),CH; + CH3~{ )-SO,Cl CH3—~ )-S020(CH,CH,0):CHs

—_—
H,O/THF, 0 °C

1. Na, 100 °C
HO(CH,CH,0),H > HO(CH,CH,0),CH;
_ 2. CHy~{ )~ SO,0(CH,CH,0);CH;
y=1,2 o x = 4: TrEG
100°c =5:PEG

freeze—pump—Dbackfilling with nitrogen six times. After warm-
ing to room temperature, the flask was placed in a 120 °C oil
bath. Samples were taken by use of an argon-exchanged
syringe at regular intervals for "TH NMR spectroscopy and GPC
analysis. After polymerization proceeded for 242 min, the flask
was removed from the oil bath. The mixture was cooled to room
temperature, diluted with THF (2 mL), and precipitated in
hexanes (100 mL). The polymer was purified by precipitation
in hexanes (100 mL) again. The polymer was then transferred
to a flask and dried in a vacuum at room temperature for 15
h. 0.957 g (38% yield) of polymer was obtained (M, = 19 900
g/mol, PDI = 1.11).

Results and Discussion

Monomer Synthesis. 4-Vinylbenzyl methoxytris-
(oxyethylene) ether (TEGSt), 4-vinylbenzyl methoxytet-
rakis(oxyethylene) ether (TrEGSt), and 4-vinylbenzyl
methoxypentakis(oxyethylene) ether (PEGSt) were syn-
thesized by reaction of 4-vinylbenzy chloride with
sodium salts of tri(ethylene glycol) monomethyl ether
(TEG), tetra(ethylene glycol) monomethyl ether (TrEG),
and penta(ethylene glycol) monomethyl ether (PEG),
respectively, in dry THF (Scheme 2). TrEG and PEG
were prepared according to Scheme 3 by following the
procedures described in the literature.?” The monoso-
dium salts of ethylene glycol and di(ethylene glycol)
were reacted with a-(p-toluenesulfonyl)-w-methoxytris-
(oxyethylene), yielding TrEG and PEG, respectively. All
three monomers were thoroughly purified by silica gel
column chromatography, and the molecular structures
were confirmed by 'H NMR, 13C NMR, infrared spec-
troscopy, and mass spectroscopy.

Nitroxide-Mediated Radical Polymerizations of
TEGSt, TrEGSt, and PEGSt Using 2,2,5-Trimethyl-
3-(1-phenylethoxy)-4-phenyl-3-azahexane as Ini-
tiator. 2,2,5-Trimethyl-3-(1-phenylethoxy)-4-phenyl-3-
azahexane (TPPA) and the corresponding nitroxide
radical, 2,2,5-trimethyl-4-phenyl-3-azahexane-3-nitrox-
ide (TPANO), were prepared according to the procedures
reported in the literature.® The molecular structures
were confirmed by 'H NMR, *C NMR, and mass
spectroscopy. TPPA is a second-generation NMRP ini-
tiator and has been used for the polymerization of
styrenics, acrylates, and acrylamides in a living manner,
yielding polymers with controlled molecular weights and
narrow polydispersities. The key feature of NMRP is the
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Figure 1. Gel permeation chromatography analysis of the
polymers synthesized by nitroxide-mediated radical polymer-
izations of 4-vinylbenzyl methoxytris(oxyethylene) ether
(TEGSt). Curve a (—) represents the polymer obtained at ¢ =
250 min from a polymerization in anisole (50% (w/w), to the
monomer) at 120 °C without free nitroxide. Number-average
molecular weight (M,) = 10 800 g/mol, polydispersity index
(PDI) = 1.11. [M], = 2.43 M, [M]o/[Tlp = 152. Curve b (- is
the polymer obtained at ¢ = 370 min from a polymerization in
anisole (50% (w/w), to the monomer) at 120 °C in the presence
of 0.05 equiv of 2,2,5-trimethyl-4-phenyl-3-azahexane-3-ni-
troxide (TPANO). M, = 10 700 g/mol, PDI = 1.08. [M], = 2.28
M, [M]y/[I]o = 155, [TPANO], = 0.73 mM.

operation of a special kinetic phenomenon termed the
persistent radical effect. According to the mechanism,
a small fraction of the initiating radicals formed from
decomposition of the initiator undergo radical—radical
coupling reaction in the initial stages of the polymeri-
zation, leading to a small amount of excess mediating
free radical (persistent radical) that gives rise to the
persistent radical effect and to eventual control over the
polymerization process. An artificial persistent radical
effect may be created by addition of a few percent of
mediating radical relative to the initiator.l® In the
present work, 0.05 equiv of nitroxide TPANO with
respect to the initiator TPPA was added into the
reaction mixture. The polymerizations were carried out
in anisole (50% (w/w), to the monomer) at 120 °C. The
effect of addition of free nitroxide on the control of the
polymerization of TEGSt can be appreciated from Figure
1. GPC curve a represents the polymer obtained without
free nitroxide radical, and the polydispersity was 1.11.
Addition of 0.05 equiv of TPANO decreased the poly-
dispersity to 1.08 for the polymer with a similar molec-
ular weight (GPC curve b). The rate of polymerization
was slightly decreased by addition of TPANO. For the
polymerization in the presence of free nitroxide radical,
it took 370 min in this particular experiment to reach
a number-average molecular weight of 10 700 g/mol,
while a similar M, (10 800 g/mol) was obtained after
250 min without free nitroxide.

To confirm that the NMRPs of TEGSt, TrEGSt, and
PEGSt with addition of 0.05 equiv of free nitroxide
radical were living processes, 'H NMR spectroscopy was
employed to monitor the polymerizations using the
peaks located at 4.30—4.64 ppm, which are from —CHg—
of the benzyl groups of the monomer and the polymer,
as internal standard. (The sum of the integral values
of the two peaks was a constant during the course of
polymerization.) The monomer conversions were calcu-
lated by use of the integral value of the peaks at 5.72
ppm (1H from the monomer) at time ¢ and the value of
the same peaks at ¢t = 0. The samples for kinetics study
were also analyzed by GPC relative to polystyrene
standards to give the molecular weights and polydis-
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persities. After desired conversions/molecular weights
were reached, the polymerizations were stopped by
cooling the flask naturally to room temperature. Figures
2—4 show the kinetics plots and GPC results for the
polymerizations of TEGSt, TrEGSt, and PEGSt, respec-
tively. A linear relationship between In([M]y/[M]) and
the reaction time was observed for all three polymeriza-
tions, indicating that the polymerizations were a first-
order reaction with respect to the monomer and the
number of growing polymer chains was a constant
during the course of the polymerization. GPC analysis
shows that the molecular weight increased with the
reaction time and monomer conversion and the poly-
dispersity decreased progressively. For example, for the
NMRP of TEGSt, the M, increased from 3800 (¢ = 98
min), to 6500 (¢ = 192 min), to 8300 (¢ = 262 min), to
9500 (¢ = 309 min), to 10 500 g/mol (¢ = 351 min), while
the polydispersity decreased gradually from 1.13 (¢ =
98 min), to 1.09 (¢ = 192 min), to 1.08 (¢ = 262 min), to
1.07 (¢ = 309 and 351 min). No significant differences
in the polymerization rates were observed for the three
monomers when the molar ratios of monomer to initia-
tor were similar.

In the experiments, we found that if the ratio of the
monomer to the initiator was =100 and the monomer
conversion was relatively high (>55%), a shoulder
appeared in the high molecular weight side of the peak.
Figure 5 shows the evolution of GPC peaks in a
polymerization of TrEGSt ([M]o/[I]o = 150) at relatively
high monomer conversions. At conversions of 44.1%
(curve a, M,, = 15 700 g/mol) and 53.4% (curve b, M, =
18 300 g/mol), the GPC peaks were symmetric. How-
ever, when the conversion reached 64.0%, the shoulder
peak became noticeable (curve c). Presumably, the
viscosity of the reaction mixture became high at rela-
tively high conversions, causing some propagating
chains to combine with each other or not to be effectively
terminated by mediating nitroxide radicals. This shoul-
der peak can be avoided by control of the monomer
conversion below 50%. If the molar ratio of monomer to
initiator was small, e.g. 43, no high molecular weight
shoulder peak was observed even when the monomer
conversion reached 74.0%.

Synthesis of Diblock Copolymers by NMRP.
Encouraged by the controlled polymerizations of all
three monomers using a-hydrido alkoxyamine TPPA
along with free nitroxide radical TPANO, we began to
pursue the synthesis of diblock copolymers. To mitigate
the effects associated with viscosity, a molar ratio of
monomer to macroinitiator of ca. 200 was employed, and
anisole was used as solvent. The polymerization was
carried out at 120 °C with addition of 0.05 equiv of
TPANO (relative to the macroinitiator). Both the mono-
mer and macroinitiator were dried in a vacuum (<100
mTorr) overnight prior to polymerization. Figure 6
shows the GPC analysis of a block copolymerization of
TEGSt using PPEGSt as macroinitiator (M, = 8800
g/mol, My = 9500 g/mol, degree of polymerization
(DP) = 35 calculated from the conversion). The monomer
conversion was determined by 'H NMR spectroscopy.
From Figure 6, one can see that the GPC peak shifted
to the high molecular weight region from the original
position of the macroinitiator with the increase of
monomer conversion, indicating that the block copo-
lymerization efficiency was very high. The molecular
weight increased from 8800 to 15 700 g/mol at the
conversion of 22.7% and to 19 900 g/mol at the conver-
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Figure 2. (a) Relationship between In([M]¢/[M]) and time for the polymerization of 4-vinylbenzyl methoxytris(oxyethylene) ether
(TEGSt) in anisole (50% (w/w), relative to TEGSt) at 120 °C. [M], = 2.23 M, [M]y/[Ilo = 119, [2,2,5-trimethyl-4-phenyl-3-azahexane-
3-nitroxide]p = 1.01 mM. (b) Evolution of gel permeation chromatography curves with the polymerization time. (¢) Number-
average molecular weight (£, B) and polydispersity (¥) vs monomer conversion.

sion of 30.4%. The polydispersity index remained low,
1.11. Although 0.05 equiv of free nitroxide radical
relative to the macroinitiator was added into the reac-
tion mixture to create an artificial persistent radical
effect, tailing at the low molecular weight side of the
main peak was observed, indicating that some polymer
chains were dead. It is not clear whether the dead
polymer chains formed in the synthesis of macroinitia-
tor, or in the process of the isolation of macroinitiator,
or in the block copolymerization. Assuming that all
macroinitiator molecules have initiated the polymeri-
zation, one can calculate the degree of polymerization
of the second block by use of the ratio of monomer to
initiator and the conversion. In this particular experi-
ment, the calculated DP of PTEGSt was 61.

A series of diblock copolymers were synthesized by
NMRP using PTEGSt, PTrEGSt, and PPEGSt as mac-
roinitiators and are summarized in Table 1. All these
diblock copolymers have a relatively narrow molecular
weight distribution (PDI < 1.15). By use of the peak
located at 4.42 ppm (the —CHs— of the benzyl group)
as reference, the molar ratio of the two blocks was

calculated by use of the integral value of the peaks in
the range of 3.2—4.0 ppm (CH3(OCH2CHy),—, x = 3, 4,
5). The results are summarized in Table 1. Given the
limitation of TH NMR analysis, these values are reason-
ably close to those calculated from conversions.

Thermoresponsive Properties of PTEGSt, PTr-
EGSt, and PPEGSt. As expected, all homopolymers
of TEGSt, TrEGSt, and PEGSt can be dissolved in water
forming clear solutions as long as the temperature is
below a critical point. To determine the cloud points,
aqueous solutions of three homopolymers (M, of
PTEGSt = 10 500 g/mol, PDI = 1.07; PTrEGSt M, =
10 600 g/mol, 1.09; PPEGSt M,, = 9900 g/mol, 1.08) with
a concentration of 0.5 wt % were prepared. For PTEGSt,
the solution was transparent at 12 °C and suddenly
became cloudy at 13 °C during the course of increasing
the temperature. The solutions of PTrEGSt and PPEGSt
became cloudy at 39 and 55 °C, respectively. Apparently,
the cloud point increases with the length of the meth-
oxyoligo(ethylene glycol) group. The longer the side
chain, the stronger the interaction between the polymer
molecules and water.
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Figure 3. (a) Relationship between In([M]y/[M]) and time for the polymerization of 4-vinylbenzyl methoxytetrakis(oxyethylene)
ether (TrEGSt) in anisole (50% (w/w), relative to the monomer) at 120 °C. [M]p = 1.90 M, [M]¢/[Ilo = 203, [2,2,5-trimethyl-4-
phenyl-3-azahexane-3-nitroxidelo = 0.49 mM. (b) Evolution of gel permeation chromatography curves with the polymerization
time. (c) Number-average molecular weight (M,, @) and polydispersity index (¥) vs monomer conversion.

Table 1. Synthesis of Diblock Copolymers of 4-Vinylbenzyl Methoxytris(oxyethylene) Ether (TEGSt), 4-Vinylbenzyl
Methoxytetrakis(oxyethylene) Ether (TrEGSt), and 4-Vinylbenzyl Methoxypentakis(oxyethylene) Ether (PEGSt) by

Nitroxide-Mediated Radical Polymerization in Anisole at 120 °C

macroinitiator monomer conv, % copolymer molar ratio® of molar ratio? of
no. (M,, PDI, DP)*b (IMlo/[I]o) (DP)? (M, PDI)e two blocks two blocks
1 PTEGSt (10 500, 1.07, 48) TrEGSt (221) 25.8 (57) 21400, 1.11 45.7:54.3 42.8:57.2
2 PTrEGSt (10 600, 1.09, 44) TEGSt (207) 24.8 (51) 18 500, 1.12 46.3:53.7 47.5:52.5
3 PTrEGSt (9300, 1.08, 36) TEGSt (204) 44.8 (91) 24 500, 1.13 28.3:71.7 31.0:69.0
4 PPEGSt (8800, 1.08, 35) TEGSt (201) 30.4 (61) 19900, 1.11 36.5:63.5 37.3:62.7
5 PPEGSt (9900, 1.08, 41) TrEGSt (205) 39.6 (81) 23200, 1.13 33.6:66.4 30.5:69.5

2 Number-average molecular weight (M) and polydispersity index (PDI) were obtained from gel permeation chromatography analysis
relative to polystyrene standards. ® DP represents degree of polymerization; conversions were determined by 'H NMR spectroscopy. ¢ Molar
ratio of the two blocks calculated from conversions. ¢ Molar ratio calculated from H NMR analysis of diblock copolymers.

'H NMR spectroscopy was employed to study the
phase transitions of the three polymers in D2O. Figures
7—9 show the 'H NMR spectra of the polymer solutions
(1.0% (w/w)) at different temperatures. The height and
position of water peak were used as references. For
PTEGSt, at temperatures in the range 5—11 °C, the
peaks from phenyl ring were visible and the peaks of
methoxytris(ethylene glycol) group were sharp. When
the temperature was raised from 11 to 14 °C, the height
of the aromatic peaks decreased noticeably. While at 17
°C, the aromatic peaks almost disappeared, the peaks
from the side chain in the range of 2.5—3.5 ppm
remained visible but became broadened. Clearly, the
polymer underwent a phase transition from a soluble

to an insoluble state at around 14 °C, consistent with
cloud point measurement.

For PTrEGSt, the peaks from the polymer backbone
in the range of 1.5—2.0 ppm were visible at 30 and 35
°C, but completely disappeared at 40 °C. In the mean-
time, the intensity of the aromatic peaks decreased
significantly, indicating that the transition occurred
somewhere between 35 and 40 °C. This is also in good
agreement with the result (39 °C) obtained in the cloud
point measurements. For PPEGSt, when the tempera-
ture was raised from 50 to 55 °C, the aromatic peaks
decreased slightly but became smoother and broader,
while the peaks from the polymer backbone (6 = 1.0—
2.0 ppm) almost disappeared. This observation is con-
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Figure 4. (a) Relationship between In([M]y/[M]) and time for the polymerization of 4-vinylbenzyl methoxypentakis(oxyethylene)
ether (PEGSt) in anisole (50% (w/w), relative to the monomer). [M]o = 1.78 M, [M]/[I]lo = 86, [2,2,5-trimethyl-4-phenyl-3-azahexane-
3-nitroxide]o = 1.0 mM. (b) Evolution of gel permeation chromatography curves with the polymerization time. (¢) Number-average
molecular weight (M,, B) and polydispersity index (¥) vs monomer conversion.
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Figure 5. Gel permeation chromatography analysis of the
polymers obtained at conversions of 44.1% (curve a), 53.4%
(curve b), and 64.0% (curve c) in a polymerization of 4-vinyl-
benzyl methoxytetrakis(oxyethylene) ether (TrEGSt) in anisole
(50% (w/w) relative to the monomer) at 120 °C. [M], = 2.00
M, [M]y/[Ilo = 150, [2,2,5-trimethyl-4-phenyl-3-azahexane-3-
nitroxide]o = 0.70 mM.

sistent with the cloud point (55 °C) of the same polymer
in water. From these three sets of 'H NMR spectra, one
can also easily find that the two aromatic peaks of
PPEGSt were more discernible than those of PTEGSt
and PTrEGSt at temperatures below LCST, suggesting
that the interaction between the PPEGSt and water is

M, = 15700, PDI = 1.11

M, = 19900~
PDI=1.11

-«— Macroinitiator, PPEGSt
(M, = 8800, PDI = 1.08)

15 16 17 18

Elution Time (min)

13 14

Figure 6. Gel permeation chromatography analysis of a block
copolymerization of 4-vinylbenzyl methoxytris(oxyethylene)
ether using poly(4-vinylbenzyl methoxypentakis(oxyethylene)
ether) (PPEGSt) as macroinitiator (M, = 8800 g/mol, polydis-
persity index (PDI) = 1.08) in anisole (50% (w/w) relative to
the monomer) at 120 °C. [M], = 2.02 M, [M]¢/[I], = 202, [2,2,5-
trimethyl-4-phenyl-3-azahexane-3-nitroxide]o = 0.58 mM. Curve
a: macroinitiator PPEGSt; curve b: at conversion of 22.7%;
curve c¢: at conversion of 30.4%.

the strongest among the three polymers. The small
decrease in the height of the aromatic peaks of PPEGSt
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ppm

Figure 7. 'H NMR spectra of poly(4-vinylbenzyl methoxytris-
(oxyethylene) ether) (number-average molecular weight =
10 500 g/mol, polydispersity index = 1.07) in D2O (1% (w/w))
at various temperatures.

ppm

Figure 8. 'H NMR spectra of poly(4-vinylbenzyl methoxy-
tetrakis(oxyethylene) ether) (number-average molecular
weight = 10 600 g/mol, polydispersity index = 1.09) in D:O
(1% (w/w)) at various temperatures.

ppm

Figure 9. 'H NMR spectra of poly(4-vinylbenzyl methoxy-
pentakis(oxyethylene) ether) (number-average molecular
weight = 9900 g/mol, polydispersity index = 1.08) in DO
(1% (w/w)) at different temperatures.

in the transition shown in Figure 9 indicates that the
hydrophilicity is still very high even at temperatures
above LCST.

Thermoresponsive Properties of Diblock Co-
polymers in Water. Cloud point measurements indi-

Macromolecules, Vol. 38, No. 23, 2005

Table 2. Cloud Points of a Series of Diblock Copolymers
of 4-Vinylbenzyl Methoxytris(oxyethylene) Ether
(TEGSt), 4-Vinylbenzyl Methoxytetrakis(oxyethylene)
Ether (TrEGSt), and 4-Vinylbenzyl
Methoxypentakis(oxyethylene) Ether (PEGSt)

cloud point (°C)

no. diblock copolymers® M, PDI? exptle  caled?
1 PTEGStss-0-PTrEGSts; 21400, 1.11 29 27
2 PTrEGStys-b-PTEGSts; 18500, 1.12 25 25
3 PTrEGSts6-b-PTEGSty; 24500, 1.13 19 20
4 PPEGSt35-b-PTEGSts; 19900, 1.11 28 28
5 PPEGSt4;-b-PTrEGSts; 23200, 1.13 45 44

@ PTEGSt: poly(4-vinylbenzyl methoxytris(oxyethylene) ether);
PTrEGSt: poly(4-vinylbenzyl methoxytetrakis(oxyethylene) ether);
PPEGSt: poly(4-vinylbenzyl methoxypentakis(oxyethylene) ether).
b M,: number-average molecular weight; PDI: polydispersity in-
dex. ¢ Experimentally determined cloud points (the concentration
of the solution was 1.0 wt %). ¢ Cloud points calculated by use of
the equation CP.y = DP1/(DP; + DP2) x CP; + DPo/(DP; + DPs)
x CPg, where DP; and DP; represent the DPs of the first and
second blocks and CP; and CP; represent the cloud points of the
corresponding homopolymers.

ppm

Figure 10. 'H NMR spectra of a diblock copolymer of
4-vinylbenzyl methoxytetrakis(oxyethylene) ether (TrEGSt)
and 4-vinylbenzyl methoxytris(oxyethylene) ether (TEGSt)
(sample no. 2 in Table 2, PTrEGSt4-b-PTEGSts1, number-
average molecular weight = 18 500, polydispersity index =
1.12) in D3O (1.0%) at various temperatures.

cated that the diblock copolymers undergo phase tran-
sition in water at a temperature between the cloud
points of the two corresponding homopolymers (Table
2). For example, the cloud point of PTEGSt,s-6-PTr-
EGSts7 (sample no. 1 in Table 2) was 29 °C, which lies
between those of PTEGSt (13 °C) and PTrEGSt (39 °C).
These results were consistent with those reported by
Han et al. in the study of diblock copolymers of oligo-
(ethylene glycol) monomethyl ether methacrylates syn-
thesized by living anionic polymerization.® The phase
transitions were also studied by variable temperature
1H NMR spectroscopy. Figure 10 shows the 'H NMR
spectra of PTrEGSty4-b-PTEGSt5; (sample no. 2 in Table
2) in DO (1.0%) at various temperatures. The aromatic
peaks decreased in the height from 20 to 25 °C and
almost disappeared at 30 °C, indicating that the transi-
tion occurred at around 25 °C, consistent with the
observation in the cloud point measurements (25 °C).
A closer examination shows that the transition point is
very close to the block-length-averaged cloud point of
the two homopolymers. Except the first diblock copoly-
mer, the experimental cloud points were essentially
identical to (<1 °C) the calculated values for the other



Macromolecules, Vol. 38, No. 23, 2005

four diblock copolymers. These observations imply that
the cloud points of diblock copolymers in water were
determined by both blocks. A further investigation is
underway.

The transition points of the diblock copolymers in
water were also compared with those of the mixtures
of the two corresponding homopolymers. An aqueous
solution of a mixture of PTrEGSt (M, = 22 400 g/mol)
and PTEGSt (M, = 13 600 g/mol) with the same molar
ratio as in PTrEGSt44-b-PTEGSt;; was made, and the
concentration was 1%. The cloud point of this mixed
polymer solution was found to be 15 °C, close to the
cloud point of this particular PTEGSt (M, = 13 600
g/mol) with a similar concentration (0.55%) as in the
mixture (14 °C). The difference was 1 °C. On the other
hand, the difference between the cloud points of
PTrEGSty-6-PTEGSt5; and PTEGSt is >10 °C. We also
found that the transition point of a mixture of PPEGSt
(M, = 12 900 g/mol) and PTrEGSt (M,, = 22 400 g/mol)
in water (1.0%) with the similar molar ratio as in
PPEGSt41-b-PTrEGStgs; (sample no. 5 in Table 2) was
at 41 °C, only 1 °C difference from the cloud point of
this particular PTrEGSt with a concentration of 0.67%
(w/w) in water (40 °C). These observations further
confirmed that our polymers from block copolymeriza-
tions were predominantly diblock copolymers, although
some dead homopolymer chains were present from GPC
analysis. We are currently using dynamic light scatter-
ing to study how the diblock copolymers respond to the
temperature change in aqueous solutions.

Conclusions

We successfully synthesized thermosensitive water-
soluble polymers of p-methoxyoligo(ethylene glycol)-
substituted styrenes with controlled molecular weights
and narrow molecular weight distributions by nitroxide-
mediated radical polymerization using a second-genera-
tion initiator along with free nitroxide. Kinetics study
and GPC analysis showed that the polymerizations were
living producing well-controlled polymer structures. The
thermoresponsive properties of three homopolymers in
aqueous solutions were studied by cloud point measure-
ments and variable temperature 'H NMR spectroscopy.
The cloud points of PTEGSt, PTrEGSt, and PPEGSt in
aqueous solutions were ~13, 39, and 55 °C, which were
confirmed by variable temperature 'H NMR spectros-
copy analysis. The living polymerizations of the three
monomers allowed the synthesis of diblock copolymers.
GPC analysis showed that the molecular weight distri-
bution remained narrow (<1.15). Cloud point measure-
ments and 'H NMR analysis indicated that the diblock
copolymers undergo a phase transition in water at a
temperature between the cloud points of the two cor-
responding homopolymers.
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