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ABSTRACT: Kinetic studies of the (co)polymerization of 2-hydroxyethyl acrylate (HEA) and/or 2-meth-
oxyethyl acrylate (MEA) via reversible addition—fragmentation chain transfer polymerization (RAFT),
using dibenzyltrithiocarbonate (DBTTC) as chain-transfer agent, resulting in well-defined copolymers, are
presented. Both monomers were found to have equal reactivity revealing the formation of ideal random
(azeotropic) copolymers. The thermoresponsive properties of aqueous solutions of the copolymers at 5 mg/
mL, depending on the polymer composition, the chain length, and the end-groups, were investigated. The
cloud point (CP) of the synthesized copolymers increases with the content of HEA and decreases with the
decreasing chain length. Exchanging one of the hydrophobic benzylic end-groups of the copolymers by
isobutyronitrile resulted in more hydrophilic copolymers with significantly higher CP-temperatures. Thus,
new potential biomaterials with an adjustable cloud point between 0 and 60 °C, showing a small hysteresis
between heating and cooling, were successfully prepared.

Introduction

Thermoresponsive polymers have gained significant interest in
biomedical applications' > due to their manifold uses in different
areas such as controlled drug delivery,*® biomolecule separation,”®
sensors,”'” and switchable cell adhesion.''* Many of these thermo-
responsive materials are based on polymers exhibiting a lower
critical solution temperature (LCST), meaning that they undergo
an abrupt change in solubility at a certain temperature in aqueous
solutions; i.e., increasing the environmental temperature leads to
precipitation of the polymer.'* Currently, poly(N-isopropylacryl-
amide) (PNIPAM) is the most studied LCST Polymer showing a
robust transition close to body temperature,'*'> and is relatively
insensitive to changes in concentration and pH. Nevertheless, an
increasing number of polymers has recently been introduced as
potential alternatives to PNIPAM including poly(methoxy oligo-
ethylene glycol methacrylate)s'®!” and poly(2-oxazoline)s.'s™>°

Tanaka et al. synthesized a biocompatible polyacrylate, poly-
(2-methoxyethyl acrylate) (PMEA) and reported that it has an
excellent blood compatibility featuring a significantly low adsor-
ption of plasma protein and low platelet adhesion in comparison
with other poly(acrylate)s.” PMEA is expected to be a promising
biomaterial and is now commercially used as coating material for
artificial organs.22 In combination with more hydrophilic mono-
mers such as N,N-dimethylacrylamide, 2-methoxyethyl acrylate
is known to exhibit a LCST transition in water.”

In addition, the synthesis of 2-hydroxyethyl acrylate (HEA)
based thermoresponsive copolymers with the more hydrophobic
vinyl butyl ether, n-butyl acrylate, or 2-hydroxyethyl methacry-
late has been reported in the literature.”* " In fact, PHEA is a
biocompatible material®* > with similar properties as the wide-
spread poly(2-hydroxyethyl methacrylate), used for example as
material for contact lenses.

Many of the investigations performed with these materials
dealt with ill-defined polymers due to the fact that they were

*Corresponding authors. E-mail: (R.H.) r.hoogenboom@tue.nl;
(H.K.) keul@dwi.rwth-aachen.de; (M.M.) moeller@dwi.rwth-aachen.de.

© 2010 American Chemical Society

prepared by free radical polymerization and copolymerization.
Recently, we reported the nitroxide mediated copolymerization
of 2-hydroxypropyl acrylate with a variety of comonomers, inclu-
ding HEA, resulting in well-defined thermoresponsive co-
polymers.3'

The preparation of well-defined polyacrylates with controlled
microstructures end-functionalities is a basic requirement for
the development of functional biomaterials with thermorespon-
sive properties. To achieve this aim, controlled radical polymeri-
zation techniques, such as atom transfer radical polymerization
(ATRP),** reversible addition—fragmentation chain transfer
(RAFT)**¢ and nitroxide-mediated radical polymerization
(NMP),*”*° were used. Even though it is known that HEA and
MEA can both be polymerized in a controlled manner, their
copolymerization has not been reported so far.*0~**

In the present study we investigated the (co)polymerization of
MEA and HEA via reversible addition—fragmentation chain
transfer (RAFT) polymerization and obtained well-defined copo-
lymers with tunable cloud point temperatures. The polymerization
kinetics as well as the reactivity ratios were determined providing
insight in the polymer microstructure. Furthermore, the influence
of the polymer microstructure and the influence of the end groups
on the cloud points of the copolymers was determined and the
effect of both the ratio of hydrophilic and hydrophobic monomers
and the effect of the end-groups on the cloud points are discussed.

Experimental Section

Materials and instrumentation. N,N-Dimethylformamide
(DMF), 2-hydroxyethyl acrylate (HEA) and 2-methoxyethyl
acrylate (MEA) were obtained from Sigma-Aldrich. HEA and
MEA were passed through a neutral aluminum oxide column
before use to remove the inhibitor. Dibenzyltrithiocarbonate
(DBTTC) was kindly provided by Arkema and used as received.
2,2'-Azobis(isobutyronitrile) (AIBN) was obtained from Al-
drich and purified by double recrystallization in methanol.

"H NMR spectra were recorded on a Bruker DPX-400 FT-
NMR spectrometer at 400 MHz, using deuterated dimethyl
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sulfoxide (DMSO-d;) as solvent, and tetramethylsilane (TMS)
served as an internal standard. The overall monomer conver-
sions for the HEA and MEA homopolymerizations were calcu-
lated from the "H NMR spectra using the integral of the acrylate
signals (0 = 6.4—5.8 ppm) and the integral of the CH,— units
next to the hydroxy- or methoxy-groups (6 = 3.7—3.5 ppm),
respectively. For the copolymerizations, the overall conversions
were calculated as described for the homopolymerizations.
Thus, the MEA conversion was calculated using the ratio of
the acrylate signals of the monomer (0 = 3.38—3.36 and 6.33—
6.30 ppm) and the methyl signal of the methoxy-group (0 =
3.2—3.3 ppm). The HEA conversion was calculated using the
ratio of the acrylate signals of the monomer (6 = 3.40—3.38 and
6.36—6.33 ppm) and the integral of the CH,— units next to the
hydroxy- or methoxy-group (6 = 3.7—3.5 ppm) and subtraction
of the integral of the CH,— units next to the methoxy-group of
PMEA.

Size exclusion chromatography (SEC) was measured on a
combined SEC system with a high pressure liquid chromato-
graphy pump (Bischoff HPLC), a Jasco 2035-plus RI detector
and four MZ-DVB gel columns (30, 100, and 2 x 3000 A) in
series at 30 °C. A solution of DMF containing 1.0 g LiBr/L was
used as eluent at a flow rate of 1.0 mL/min. SEC of the polymers
was performed in DMF (as mentioned above) or in THF with
0.25 g 2,6-di-tert-butyl-4-methylphenol/L using a high-perfor-
mance liquid chromatography pump (ERC HPLC 64200)
equipped with a RI Jasco detector. Adequate molecular weight
separation was achieved using five MZ gel columns in series at a
flow rate of 1.0 mL/min and a temperature of 20 °C. The
diameter of each column was 8 mm, the nominal pore width
were 50, 50, 100, 1000, and 10000 A, respectively. The molecular
weights were calculated using a poly(methyl methacrylate)
(PMMA) calibration and the PSS WinGPC Unity software.

Cloud points of aqueous polymer solutions were determined
by turbidity measurements in a Crystal 16 by Avantium Tech-
nologies. Four blocks of four parallel temperature controlled
sample holders are connected to a Julabo FP40 cryostat allow-
ing 16 simultaneous measurements. Turbidity of the solutions
was measured by the transmission of red light through the
sample vial as a function of the temperature. Solutions of the
polymers were prepared in deionized water and were stirred at
room temperature until all polymer was dissolved or dispersed.
Two heating/cooling cycles were applied from 0 to 80 °C at
1.0 °C/min with hold steps of 5 min at the extreme temperatures.
The cloud points are given as the 50% transmittance point
during the second heating ramp.

Polymerizations. Synthesis of Poly(2-hydroxyethyl acrylate) as
a Representative Example. 2-Hydroxyethyl acrylate (2.91 g,
25 mmol) and dibenzyltrithiocarbonate (0.07 g, 0.25 mmol)
were dissolved in DMF (12.5 mL). After degassing the solution
three times by freeze-vacuum-thaw cycles, the mixture was
immersed in an oil bath thermostated at 70 °C while stirring.
The polymerization was started by adding AIBN (0.01 g,
0.05 mmol) and proceeded for 3h at 70 °C. Poly(2-hydroxyethyl
acrylate) was isolated and purified by triple precipitation in
n-hexane/diethyl ether (1:1), collected and dried under reduced
pressure at room temperature.

PHEA: M, sgc(DMF) = 8000 g/mol; M,/M, = 1.2 mono-
modal. '"H NMR (DMSO-dg): 6 1.2-2.0 (b, —CH,—CH—
(=C(O)OR)—), 2.1-2.4 (b, —CH,—CH—(—C(O)OR)—), 3.4—
3.7(b, —C(O)O—CH,—CH,—O0H), 3.8—4.2 (b, —C(O)O—CH,—
CH,—OH), 4.7—4.9 (b, —OH), 7.1—7.4 (m, Ar— H) ppm. PMEA:
M, sec(DMF) = 12100 g/mol; M,,/M,, = 1.3 monomodal. 'H
NMR (DMSO-dy): 6 1.3—1.9 (b, —CH,—CH—(—C(O)OR)—),
2.2—2.4(b,—CH,—CH—(—C(O)OR)—),3.2—3.3 (b, —O—CH,),
3.4-3.6 (b, —C(O)O—CH,—CH,—0O—CH;), 4.0—4.2 (b,
—C(0)O—CH,—CH,—0—CH3), 7.1-7.4 (m, Ar—H) ppm.

Poly(2-methoxyethyl acrylate) and HEA/MEA random co-
polymers with different content of HEA were synthesized accor-
ding to the above-described procedure using different molar
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Table 1. Conditions for the Homo- and Copolymerizations of
2-Hydroxyethyl Acrylate and 2-Methoxyethyl Acrylate via RAFT in
DMEF at 70 °C Using DBTTC as RAFT Agent and AIBN as Initiator

([M]:[DBTTCI:[I] = 100:1.0:0.2).”

comonomers

monomer HEA MEA Co ZM

mixture [g]/[mmol] [g]/[mmol] [mol/L] t/T [h]/[°C]
M1 - 3.26/25.05 1.59 3/70
M2 0.30/2.58 2.93/22.51 1.59 3/70
M3 0.29/2.50 2.92/22.44 1.58 3/70
M4 0.58/5.00 2.61/20.06 1.59 3/70
M5 0.87/7.49 2.28/17.52 1.59 3/70
M6 0.87/7.49 2.27/17.44 1.59 3/70
M7 1.17/10.08 1.95/14.98 1.60 3/70
M8 1.45/12.49 1.63/12.52 1.60 3/70
M9 1.74/14.98 1.30/9.99 1.60 3/70
M10 2.03/17.48 0.98/7.53 1.61 3/70
M1l 2.03/17.48 0.98/7.53 1.61 3/70
MI12 2.32/19.98 0.66/5.07 1.61 3/70
M13 2.62/22.56 0.33/2.54 1.62 3/70
M14 2.91/25.06 - 1.62 3/70
MI15 - 3.25/24.97 1.58 1/70
Ml16 0.58/4.99 2.60/19.98 1.62 1/70
M17 1.74/14.98 1.31/10.07 1.61 1/70
MI18 1.74/14.98 1.30/9.99 1.60 1/70
M19 2.03/17.48 0.98/7.53 1.61 1/70
M20 2.32/19.98 0.65/4.99 1.61 1/70
M21 2.61/22.48 0.33/2.54 1.62 1/70
M22 2.90/24.97 - 1.62 1/70

“DMF: 12.5 mL; DBTTC: 0.07 g (0.25 mmol); AIBN: 0.01 g (0.05
mmol).

Table 2. Characterization of Homo- and Copolymers of
2-Hydroxyethyl Acrylate and 2-Methoxyethyl Acrylate Synthesized
via RAFT in DMF at 70 °C Using DBTTC as RAFT Agent and AIBN

as Initiator ((M]:[DBTTC]:[I] = 100:1.0:0.2)

monomer MyP
polymer mixture Fupa® P, [g/mol] PDI>  CP/[°C[
P1 Ml 0.00 91 12100 13 -
P2 M2 0.10 90 101009  1.3¢ n.d.
P3 M3 0.12 88 11400 13 5.7
P4 M4 0.20 94 11900 13 4.8
P5 M5 0.31 93 11100 1.4 7.0
P6 M6 0.31 95 91007  1.3¢ n.d
P7 M7 0.42 86 10800 1.3 10.6
P8 M8 0.50 94 11700 1.4 15.9
P9 M9 0.59 87 11400 13 20.5
P10 MI10 0.70 78 9900 1.3 29.0
P11 Ml 0.69 86 68007 1.3¢ n.d.
P12 MI2 0.80 93 10000 13 56.8
P13 M13 0.91 90 9100 13 -
Pl4 M14 1.00 96 8000 12 -
P15 MI5 0.00 35 44007 1.3 -
P16 M16 0.27 45 53007 1.3 -
P17 M17 0.49 35 36009 1.3 -
P18 MIS 0.61 34 34007 1.3 -
P19 M19 0.71 36 31009 1.3 6.0
P20 M20 0.81 35 24007 1.3 9.5
P21 M21 0.91 43 1900¢ 1.2 -
P22 M22 1.00 39 11009 1.1 -

“Determined using '"H NMR spectroscopy. ” Determined by SEC
(DMF) using PMMA standards. “CP (cloud point) determined by
turbidimetry with ¢polymer = 5 mg/mL in water (second heating cycle).
4Determined by SEC (THF) using PMMA standards.

ratios of the comonomers in the feed (Table 1). Polymers with
various degrees of polymerization were obtained using a ratio
of [M]:[DBTTCI:[I] = 100:1.0:0.2 and different reaction time.
The results are summarized in Table 2.

For the kinetic investigations, samples (200 «L) were taken
from the polymerization mixture after 15, 30, 60, 120, 240, 300,
360, 540, 720, and 1440 min. The obtained polymers were
characterized using SEC and '"H NMR spectroscopy.
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Table 3. Conditions for the Cleavage of Poly(2-hydroxyethyl acry-
late-co-2-methoxyethyl acrylate) Using AIBN in DMF at 100 °C

for 3 h with [P]:[AIBN] = 1.0:100
starting polymer
M, [g/mol] [g]/[mmol] AIBN [g]/[mmol] DMF [mL]
P2 11500 0.50/0.04 0.68/4.14 13.5
P4 12000 0.30/0.03 0.80/4.87 10.0
P6 11900 0.50/0.04 0.68/4.14 13.6
P7 10 600 0.50/0.05 0.76/4.63 10.0
P8 11600 0.50/0.04 0.79/4.81 10.0
P9 10 600 0.42/0.04 0.76/4.63 10.0
P11 10400 0.51/0.05 0.77/4.69 15.4
P12 11000 0.42/0.04 0.73/4.45 10.0

“Determined and calculated using "H NMR spectroscopy.

Table 4. Characterization Data of Cleaved Poly(2-hydroxyethyl
acrylate-co-2-methoxyethyl acrylate) Using AIBN in DMF at
100 °C with [P]:[AIBN] Ratios of 1.0:100

starting polymer

cleaved M, M,* CP
polymer no. [g/mol] PDI* P,2" [g/mol] PDI® [°C]*

cleaved polymer

CP2 P2 10100° 1.3¢ 53 6800 1.3 5.2
CP4 P4 11900 1.2 52 7000 1.3 7.6
CP6 Po6 9100¢ 1.3¢ 52 6400 1.3 154
CP7 P7 10800 1.3 52 6200 1.3 18.2
CP8 P8 11700 1.5 55 6600 1.4 23.2
CP9 P9 11400 1.4 53 5800 1.4 30.8
CPI11 P11 6800° 1.3¢ 51 3800 1.4 40.8
CP12 P12 10000 1.3 47 2900 1.4 -

“Determined by SEC (DMF) using PMMA standards. ® Determined
using '"H NMR spectroscopy. ©Determined by SEC (THF) using
PMMA standards.  CP (cloud points) determined by turbidimetry with
= 5mg/mL in water (2nd heating cycle).

Cpolymer

General Procedure for the Synthesis of Poly(2-hydroxyethyl
acrylate-co-2-methoxyethyl acrylate) with P,,/2 by Cleavage with
AIBN. Poly(2-hydroxyethyl acrylate-co-2-methoxyethyl acrylate)
(Table 2, P11;0.51 g, 0.05 mmol) was dissolved in DMF (15.4 mL).
After the mixture was immersed in an oil bath and thermostated
at 100 °C while stirring, the reaction was started by adding AIBN
(0.77 g, 4.69 mmol) and proceeded for 3 h at 100 °C. The resulting
copolymer was isolated and purified by precipitation in n-hexane/
diethyl ether (1:1), collected and dried in vacuum at room tempe-
rature.

M, sec(THF) = 3800 g/mol; M, /M, = 1.4 monomodal. 'H
NMR (DMSO-dg): 6 1.2—2.0 (b, —CH,—CH—(—C(O)OR)-),
2.1-2.4 (b, —CH,—CH—(—C(O)OR)—), 3.2—3.3 (b, ~O—CHs),
3.4-3.7 (b, —C(O)O—CH,—CH,—OH and —C(0)O—CH,—
CH,—0—CH3), 3.8—4.2 (b, —C(O)O—CH,—CH,—OH and
—C(0)O—CH,—CH,—0—CH3;), 4.7-4.9 (b, —OH), 7.1-7.4
(m, Ar—H) ppm.

HEA/MEA random copolymers with different content of
HEA and polymerization degree of P,,/2 were synthesized acc-
ording to the above-described procedure with different copoly-
mers in the feed (Table 3). All of the cleavage reactions with
AIBN were performed according to the literature in degassed
DMF (purged with argon for 1 h).*® The results are summarized
in Table 4.

Results and Discussion

The RAFT (co)polymerization of HEA (I) and MEA (II) was
investigated using dibenzyltrithiocarbonate (DBTTC) as RAFT
agent and AIBN as the initiator with [M]:[DBTTC]:[AIBN]
ratios of 100:1.0:0.2. The (co)polymerizations were performed
for 3 h at 70 °C and ~1.6 M monomer concentration in DMF
leading to copolymers of the general microstructure III and a
degree of polymerization of P, (Scheme 1). The polymerization was
stopped at a conversion of ~80%, which suppresses the occurrence
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Scheme 1. Synthesis of P(HEA-co-MEA) (III) with Degrees of
Polymerization of P, via RAFT, Followed by Treatment of the Copo-
lymers III with AIBN Leading to P(HEA-co-MEA) (1V) with P,,/2
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of undesired termination reactions that become more likely
when less monomer is present. In a second step the copolymers
1T were treated with AIBN, which generates copolymers (IV)
with a polymerization degree of P,,/2, the same microstructure,
and a converted end-group.

First of all the kinetics of the homopolymerizations were
investigated by analyzing samples that were withdrawn from
the polymerization mixtures at different time intervals. The first
order kinetic plot for the homopolymerizations of HEA or MEA
revealed a linear dependence indicating a constant free radical
concentration indicative for the absence of significant termina-
tion reactions (Figure 1, left; dashed and dotted lines). The linear
increase of molecular weight with conversion as well as the
relatively narrow molecular weight distributions (polydispersity
index (PDI) < 1.40) further demonstrate the control over the
polymerization of HEA and MEA (Figure 1, right). Further-
more, the homopolymerization of HEA was reproducibly found
to be at a lower rate than the polymerization of MEA, which is
not understood at this moment.

The copolymerization of HEA and MEA with 20, 40, 60, and
80 mol % MEA was investigated next. Figure 1 left, clearly
demonstrates that the monomer composition does not influence
the overall monomer conversion as could be expected from a
slightly lower reactivity observed for HEA homopolymerization.
The similar polymerization rates for all copolymerizations of
HEA and MEA suggest that both monomers have equal reactiv-
ity under the applied reaction conditions. A linear increase of M,
with M, ¢, and low PDI values (Figure 1, right) were observed for
all copolymerizations demonstrating that these proceeded in a
controlled manner. [An example of the obtained SEC elugrams of
the kinetic study of the copolymerization of 2-hydroxyethyl
acrylate (HEA; fyga = 0.6) with 2-methoxyethyl acrylate (MEA;
fmeEa = 0.4) in THF is given in Figure S3 (Supporting Infor-
mation)].

The evolution of monomer composition with overall monomer
conversion was determined by 'H NMR spectroscopy and is
depicted in Figure 2, left. The incorporated HEA fraction (Fiyga)
is close to the HEA fraction in the feed (dotted lines) for all four
copolymerizations at all conversions indicating an ideal random
(azeotropic) copolymerization of both monomers. The exception
on the close proximity of Fiyga With figa are the copolymeriza-
tions containing 40 and 60 mol % of MEA at low conversions
(<20%), showing a larger scatter of Fyypa around the theoretical
composition, which can be ascribed to inaccuracies in the peak
deconvolution in the '"H NMR spectra. To be able to determine
the reactivity ratios, Fypa was calculated at ~10% monomer
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Figure 1. Left: Kinetic plot of In([M]/[M];) versus time in the RAFT polymerizations of 2-hydroxyethyl acrylate (HEA) and 2-methoxyethyl acrylate
(HEA). Right: Plot of the experimental number-average molecular weight (M,,) and polydispersity index (PDI) versus theoretical number-average
molecular weight (M, ,; calculated from the monomer to initiator ratio and monomer conversion). The dashed line represents the ideal situation where
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Figure 2. Left: Incorporated 2-hydroxyethyl acrylate (HEA) fraction (Fyja; determined by "H NMR spectroscopy) as a function of total monomer
conversion for the RAFT copolymerizations of 2-hydroxyethyl acrylate (HEA) with 2-methoxyethyl acrylate (MEA). Right: Corresponding plot of the
calculated incorporated HEA fraction (Fyga calculated from the kinetic plots) at ~10% total monomer conversion versus theoretical HEA fraction

(frEa)-

conversion using the MEA and HEA homopolymerization rates
from the copolyrnelrizations.45 This calculated Fyga at ~10%
monomer conversion is plotted against the HEA fraction in the
feed (fuea) in Figure 2, right. Least square nonlinear fitting of
these data provided the reactivity ratios as ryga = 1.03 £+ 0.01
and ryiea = 1.02 2 0.03. These reactivity ratios are both equal to
one demonstrating the formation of azeotropic copolymers.
After determination of the copolymerization parameters, three
series of HEA/MEA (co)polymers were prepared to investigate
the effects of monomer composition and end-groups on the cloud
points. The first two (co)polymer series with DP of 80 (Table 2,
P1—14) and 40 (Table 2, P15—22) were prepared by simply
changing the polymerization time (Table 1) resulting in (co)poly-
mers with two benzyl end-groups (III). The third copolymer
series was prepared béy controlled cleavage of the copolymers with
DP 80 using AIBN* resulting in copolymers with DP 40 with a
benzyl group at one end and a isobutyronitrile group at the other
(Table 4, CP2—12). These (co)polymers were purified by three
times precipitation in diethyl ether/hexane mixtures (1:1) to
remove unreacted monomer or AIBN, respectively. The molec-
ular weight and PDI values of the purified (co)polymers are
summarized in Tables 2 and 4. ['H NMR characterizations of
example copolymers with DP 80 and DP 40 are given in Figure S1
and Figure S2 (Supporting Information); SEC elugrams of
the poly(2-hydroxyethyl acrylate-ran-2-methoxyethyl acrylate)
(Fiieanmr = 0.8) before (P, xmr = 93; M, = 18100 g mol ')
and after the cleavage with AIBN (P, xmr = 47; M, = 13000 g
mol ') in DMF are given in Figure S4 (Supporting Informa-
tion)]. The solubility behavior of the copolymers was investigated
by turbidimetry. Aqueous polymer solutions (¢ = 5mg/mL) were
heated and cooled between 0 and 80 °C and cloud points were
determined at 50% transmittance during polymer precipitation in
the second heating run as well as dissolution in the second cooling

60 .
o
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5 40 & P(HEA-ran -MEA) (lll; P,~40)
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Figure 3. Cloud points (CP; full symbols: heating; open symbols:
cooling; for P,~40 the symbols perfectly overlap) of the poly(2-hydro-
xyethyl acrylate-ran-2-methoxyethyl acrylate) copolymers with differ-
ent degrees of polymerizations and end-groups (I1I, P,, ~ 80: Table 2,
P3—12; 111, P, ~ 40: Table 2, P19—20; IV, P,, ~ 80/2: Table 4, CP2—11)
as a function of 2-hydroxyethyl acrylate fraction (Fyga) determined in
demineralized water with a polymer concentration of ¢ = 5 mg/mL.

run. The results are illustrated in Figure 3 showing that the cloud
points increase with increasing Fyga due to the higher hydro-
philicity of HEA, as expected. All observed phase transitions
were fully reversible showing only a small hysteresis between
heating and cooling as indicated by the close proximity of the
open and full symbols in Figure 3. The influence of the hydro-
phobic benzyl end-groups of the synthesized copolymers is much
more pronounced with decreasing P, resulting in lower CP-
temperatures of the polymers with the lower degree of polymeri-
zation (Table 2). The hydrophobic benzyl end-groups decrease
the solvation of the polymer chains while, in contrast, in the
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Figure 4. Left: Transmittance (full line: heating; dashed line: cooling) of the poly(2-hydroxyethyl acrylate-ran-2-methoxyethyl acrylate) copolymers
with Fiyga ~ 0.7 and different degrees of polymerizations and end-groups as a function of temperature determined in demineralized water with a
polymer concentration of ¢ = 5 mg/mL. Right: Cloud points (CP; 2nd heating cycle) of the poly(2-hydroxyethyl acrylate-ran-2-methoxyethyl acrylate)
copolymers with different degrees of polymerizations and end-groups (II1, P,, ~ 80: Table 2, P10; III, P, ~ 40: Table 2, P19; IV, P, ~ 80/2: Table 4,
CP11) as a function of 2-hydroxyethyl acrylate concentration determined in demineralized water.

presence of hydrophilic end-groups the CP normally increases
with decreasing P,,.%

Exchanging one of the hydrophobic end-groups of the copo-
lymers by isobutyronitrile using AIBN (Scheme 1; IV) resulted in
copolymers with P,,/2 ~ 40 (Table 4, CP2—12) which are more
hydrophilic than the corresponding precursor copolymers (P, ~
80; Table 2, P2—12) and much more hydrophilic than the co-
polymers with the comparable DP of 40 carrying benzylic groups
at both ends (Table 2, P19—20), resulting in a significant increase
of the CP-temperatures. The cloud points of the heating and
cooling cycle of the cleaved copolymer highlighted (red ellipse) in
Figure 3 are approximated cloud points, because the transmit-
tance curve of the measurement never reached the expected 0%
(Figure 4, left). Thus, the collapsed copolymer globules are
assumed to be strongly hydrated resulting in a weaker tendency
to aggregate and, thus, less scattering of light is observed.

The effects of polymer chain length as well as end-groups and
concentration are clearly summarized in Figure 4. Figure 4, left,
depicts representative transmittance versus temperature plots for
the three different copolymers with Fyyga ~ 0.7. In addition, it
demonstrates the absence of hysteresis for the heating and cooling
curves even for the copolymer that does not form large aggregates
upon precipitation and, therefore, never reaches 0% transmit-
tance. The evolution of the cloud point temperatures with the
concentration of the same copolymers with Fyga ~ 0.7 is
depicted in Figure 4, right. The decrease of CP with increasing
concentration suggests the LCST of the copolymer with DP 40
(P19) below 0 °C and the LCST of the copolymers with DP 80
(P10) and 80/2 (CP11) will be somewhat lower but close to the
lowest measured CP’s of 8 and 28 °C, respectively, underlining
the effect of the end-group and degree of polymerization on the
LCST of each copolymer and not only on the CP’s of the
copolymers at the concentration of 5 mg/mL.

Since the turbidimetry is only sensitive to larger aggregates a
second, different method for the cloud point determination was
applied. Looking at the aggregation at the molecular level the
dynamic light scattering (DLS) is more sensitive to the cloud
point, thus the CP determined by DLS (~24 °C) is lower, but still
in a good agreement with the cloud point determined using
turbidimetry (~28 °C). For a direct comparison, a plot of the
transmittance (%) and hydrodynamic diameters D, (nm) as a
function of the temperature (°C) of the solution of a representa-
tive copolymer (¢ = 5 mg/mL; Fyga = 0.7) is given in the Figure
S5 (Supporting Information), underlining the suitability for the
cloud point determination of both methods, the turbidimetry and
the dynamic light scattering (DLS).

Additional experiments were performed to cleave P(HEA-co-
MEA) copolymers with DP 80 via aminolysis using 1,2-ami-
noethanol and to study the influence of the chain length and the
end-groups on the thermoresponsive properties. Aminolysis of

Scheme 2. Cleavage of P(HEA-co-MEA) (III) with a Degree of
Polymerization P, via Aminolysis Using 1,2-Aminoethanol Leading to
SH or Thiolactone Terminated P(HEA-co-MEA) (V or VI) with P,,/2

S._S SH
n T — 2*P,2 fn
o s o} HZN/\/OH o
° o o
R p, R R
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0 —/
_R
* h-2 O
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R: -CH2-CH,-OH or -CH,-CH,-0O-CH3

polystyrene and poly(methyl methacylate) prepared by reversible
addition—fragmentation chain transfer polymerization was
investigated.*” For polystyrene the dithiobenzoyl end-groups
were cleaved via aminolysis and the resulting thiol was oxidized
to form a disulfide bond; for poly(methyl methacylate) the
resulting thiol end-group tends to cyclize through backbiting
with formation of a thiolactone. Cleavage of the trithiocarbonate
groups within P(HEA-co-MEA) is expected to result first in thiol
groups which eventually cyclize via backbiting with formation of
thiolactone end-grougs (Scheme 2). However, this reaction was
not studied in detail. "*C NMR analysis did not reveal any signals
characteristic for the carbonyl group of a five-membered thio-
lactone; this could be caused by the relatively high molecular
weight of the polymer. Nevertheless the polymers with thiolac-
tone or thiol end-groups should be more polar than the polymers
with benzyl- or isobutyronitril end-groups, respectively, resulting
in higher cloud points in comparison to these polymers.

First, kinetic studies on the cleavage of the trithiocarbonate-
containing copolymers using different amounts of 1,2-ami-
noethanol (10, 100, and 1000 equiv with respect to the trithio-
carbonate-groups) were performed. The progress of the cleavage-
reaction was followed by UV/VIS spectroscopy, monitoring the
decrease of the absorption-intensity of the trithiocarbonate-
group at 304 nm, (Figure 5, left). As expected, upon increasing
the concentration of 1,2-aminoethanol in the reaction mixture the
rate of the cleavage reaction increased: with 10 equiv of 2-ami-
noethanol a conversion of 56.1% of the trithiocarbonate-groups
was obtained after 18 h, with 100 equiv the conversion increased
to 88.8%, and with 1000 equiv a conversion of 93.4% was
obtained.

Cloud point measurements with the copolymers obtained via
aminolysis at Smg/mL revealed that no precipitation occurs up to
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Figure 5. Left: Absorption vs time plot of the cleavage of trithiocarbonate groupsin P(HEA-co-MEA) (P10, Fiyga ~ 0.70) via aminolysis with different
amounts of 1,2-aminoethanol. Right: Calibration curve of the absorption at A = 304 nm (absorbance vs concentration in H,O at 25 °C).

100 °C demonstrating that the copolymers with DP 80/2 carrying
SH-end-groups (or thiolactone end-groups) are more hydrophilic
than the corresponding copolymers with benzyl- or isobutyroni-
tril end-groups.

Additional cleavage experiments on the copolymers with DP
80, which will lead to different functional groups thereby influen-
cing the cloud point behavior of the resulting copolymers with
DP 80/2, will be part of the future work.

Conclusions

Well-defined (co)polymers were prepared by reversible addi-
tion—fragmentation chain transfer (RAFT) (co)polymerization
of 2-hydroxyethyl acrylate (HEA) and/or 2-methoxyethyl acry-
late (MEA), using dibenzyltrithiocarbonate (DBTTC) as chain
transfer agent. Kinetic investigations revealed that the polymeri-
zations proceeded in a controlled manner showing equal reactiv-
ity of the monomers during the copolymerizations resulting in the
formation of azeotropic copolymers. The thermoresponsive
properties of aqueous solutions of the copolymers at 5 mg/mL
can be tuned by controlling the polymer composition, the chain
length and end-groups. The CP of the synthesized copolymers
increases with the content of HEA. The influence of the hydro-
phobic benzyl end-groups of the synthesized copolymers is more
pronounced at lower degrees of polymerization resulting in lower
CP-temperatures of the copolymers with P,, ~ 40 compared to P,
~ 80. Exchanging one of the hydrophobic benzylic end-groups of
the copolymers by isobutyronitrile using AIBN resulted in
copolymers with P,/2 (P, ~ 40), which are more hydrophilic
than the corresponding precursor copolymers (P, ~ 80) and
much more hydrophilic than the copolymers with the comparable
chain length (P, ~ 40) carrying benzylic groups at both ends,
resulting in a significant increase of the CP-temperatures. New
potential biomaterials with an adjustable cloud point between 0
and 60 °C, showing small hysteresis on heating and cooling, were
thus successfully prepared.
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