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ABSTRACT: Several thermo-responsive polymers functiona-
lized with allyl pendant groups were synthesized by copolymeri-
zing 2-(2-methoxyethoxy)ethyl methacrylate (MEO,MA) and
alow ratio of allyl methacrylate (AMA) via atom transfer radical
polymerization (ATRP). The thermo-responsive behavior in
aqueous solution of these P(MEO,MA-co-AMA) copolymers
was analyzed, observing that the cloud point temperature (T,,)
decreased with the increment of the hydrophobic AMA units in
the copolymer. More interestingly, these polymers bear allyl
reactive groups, which can be used to form new thermo-

Thermo-responsive allyl functionalized MEO,MA-based polymers

z = Modification Modification  prerys e
= by thiol-ene by UV-light »
— click crosslinking =

+
N-iPAAM

chemistry

Coloured and fluorescent

| Thermoresponsive
thermoresponsive polymers

conetworks

responsive polymers. To demonstrate this synthetic versatility, on the one hand, these polymers were converted into fluorescent
polymers by a thiol —ene click reaction between the allyl group and a thiol-functionalized BODIPY dye. On the other hand, they were
also employed as cross-linkers for the UV initiated free radical polymerization of N-isopropylacrylamide (N-iPAAm) to form
thermo-responsive conetworks structures, which show high swelling capacity and a sharp thermal phase transition in water solution.

B INTRODUCTION

Nowadays, polymers based on oligo(ethylene glycol) (OEG)
methyl ether methacrylates have revealed as a promising family of
thermo-sensitive polymers.''* Among these systems, the poly-
(2-(2-methoxyethoxy)ethyl methacrylate) [P(MEO,MA)], has
become one of the most relevant since it exhibits a lower critical
solution temperature (LCST) at around 26 °C." This value is
close to the room temperature but, moreover, it can be easily
modulated by copolymerization of MEO,MA with longer OEG
methacrylates; that is, without significant change in the chemical
structure.”””'>'* On the other hand, MEO,MA-based polymers
combine both a thermo-responsive behavior, generally compar-
able to poly(N-isopropylacrylamide) [P(N-iPAAm)],"* "¢ and
some properties of poly(ethylene glycol) (i.e., nontoxicity or
anti-immunogenicity). In addition, they can be successfully
obtained from controlled/living polymerizations techniques,
such as atom transfer radical polymerization (ATRP),”~>'7'®
that allows a control over molecular weight and molecular weight
distribution.

Thermo-responsive conjugates or thermo-responsive superior
topologies derived from this component MEO,MA may be
formed introducing reactive groups along the P(MEO,MA)
polymer chains. A versatile functionalization may be achieved
in a very simple way by copolymerizing MEO,MA with allyl
methacrylate (AMA). AMA has a conjugated methacrylic and an
unconjugated allylic group. The higher reactivity of the former
group makes this monomer very interesting for the formation of
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functional linear (co)polymers with allyl pendant groups.'®~>*

Thus, AMA-based polymers offer the possibility to undergo
cross-linking reactions (e.g., by irradiation or thermal treatment)*°
or to obtain new polymeric structures by chemical modifications,
such as addition, oxidation, etc.”>*¢ Taking into account these
previous investigations, in the present paper a series of P-
(MEO,MA-co-AMA) copolymers were synthesized by ATRP,
as it is shown in Scheme 1.

Thus, the new thermo-responsive polymers would exhibit
controlled molecular weight and tuned LCST but, the most
remarkable feature is that they will show allyl functional pendant
groups through the thermo-responsive polymeric chains. There-
fore, they would be able to be easily modified for obtaining new
thermo-responsive materials. Two different approaches were
made to prove that. The first one was to attach, covalently and
quantitatively, a thiol-functionalized 4,4-difluoro-4-bora-3a,4a-
diaza-s-indacene (BODIPY) dye, generated in situ from a thioe-
ster precursor, to each allylic position by thiol—ene click
chemistry*” (see Schemes 2 and 3). Presumably, this strategy
would allow forming fluorescent thermometers in water, as it was
previously shown for similar systems.”® These systems have
received significant attention for the development of sensory
materials.*”* On the other side, the attachment of BODIPY dye
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Scheme 1. Synthetic Conditions of the P(MEO,MA-co-
AMA) Copolymers
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Scheme 2. Synthetic Conditions of the Thioester—BODIPY
Dye
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Scheme 3. Synthetic Conditions of the P(MEO,MA-co-
BODIPYSMA) Copolymers
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could be used to quantify the proportion of allyl groups by
absorbance measurements.

The second procedure was to use the P(MEO,MA-co-AMA)
copolymers as “macro-cross-linkers” for the UV-free radical
polymerization of N-iIPAAm leading to conetwork topologies
(Scheme 4). We have shown recently, for poly(methyl methacry-
late-linked-N-iPAAm) conetworks, P(MMA-I-N-iPAAm), that
this particular monomeric distribution play an important effect
over the final properties.’’ In this case, the result after the poly-
merization is a conetwork of P(MEO,MA) and P(N-iPAAm),
two different thermo-responsive chains, linked by cross-linking
points derived from the AMA units. Therefore, these new
structures, which combine both thermo-responsive components
in a unique conetwork topology, may lead to systems with
transition temperatures at around body temperature and specific
swelling properties. Thus, they could be interesting for biome-
dical applications, such as drug delivery,”” tissue engineering,*®
and other biorelated applications.*>*

B EXPERIMENTAL PART

Materials. The monomers 2-(2-methoxyethoxy)ethyl methacrylate
(MEO,MA, Aldrich 95%) and allyl methacrylate (AMA, Fluka 98%)

Scheme 4. Synthetic Conditions of the P(MEO,MA-I-N-
iPAAm) Conetworks
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were purified by passing them by neutral alumina column to remove the
antioxidant inhibitor. The ligand 1,1,4,7,10,10-hexamethyltriethylenete-
tramine (HMDETA, Aldrich, 97%) was purified by vacuum distillation
and the initiator ethyl 2-bromoisobutyrate (EBr'B, Aldrich, 99%), the
catalyst CuCl (Aldrich, 99.99%) and the solvents benzonitrile (Fluka,
98%), n-hexane (Panreac, 98%), and chloroform (Sds, 99.9%) were used
as received. For the BODIPY-thiol synthesis, model reaction, and
hydrolysis/thiol —ene reaction the precursors 3-ethyl-2,4-dimethylpyr-
rol (Aldrich, 97%) and triethylamine (Fluka, 99%) were purified by
distillation, and 11-bromoundecanoic acid (Aldrich, 99%), allyl acetate
(98%, Fluka), thionyl chloride (Aldrich, 99%), boron trifluoride diethyl
etherate (Fluka), 2,2'-azobis isobutyronitrile (AIBN, Across, 98%),
potassium thioacetate (98%, Aldrich), and sodium methoxide (Aldrich,
95%) were employed as received. For the conetworks formation the
monomer N-iIPAAm (Acros Organics 99%) was purified by recrystalli-
zation from n-hexane/toluene mixture (90/10 v/v) and the UV-initiator
1-hydroxycyclohexyl phenyl ketone (HCPK Aldrich) was used as
received. Water for all reactions, solutions for swelling experiments
and hydrogel purification was Milli.Q from water purification facility
(Millipore Milli-U10). Phosphate buffer solutions (PBS) were prepared
employing sodium dihydrogen phosphate anhydrous (Fluka >99%),
disodium hydrogen phosphate (Panreac >98%) and sodium chloride
(Panreac 299.5%) to keep constant and controlled the ionic strength.

Synthesis of P(MEO,MA-co-AMA) by ATRP. ATRP copoly-
merizations (see Scheme 1) were carried out in benzonitrile solution
(50% w/w) with a constant monomer/initiator/catalyst ratio of 200/1/
1. A typical procedure for the synthesis of these statistical copolymers is
described below for sample P1 (fyzo2nma = 0.99). HMDETA (0.031 g,
0.133 mmol), degassed monomers MEO,MA (4.966 g, 26.4 mmol) and
AMA (0.034 g, 0.270 mmol), and the solvent benzonitrile (S g)
(previously bubbled with nitrogen for at least 15 min) were all added
to a dry Pyrex tube ampule with CuCl (13 mg, 0.133 mmol). After the
mixture was degassed by bubbling nitrogen for 20 min, the initiator
EBr'B (26 mg, 0.133 mmol) was introduced into the ampule using
degassed syringes in order to start the polymerization. The ampules were
immediately placed in a thermostatic oil bath at 70 °C, regulated with
a precision of £0.1 °C. To stop the polymerization at a selected time
(120 min), the reaction mixture was cooled and quenched with chloro-
form and then, it was passed through a neutral alumina column to
remove the catalyst. The solution was concentrated by rotary-evaporation
and the polymer precipitated by adding the solution to a large excess of
n-hexane. The precipitated products were decanted and dried under high
vacuum until a constant weight was reached. Total monomer conver-
sions were measured gravimetrically.

Synthesis of Thioacetic Acid S-(10-(2',6'-Diethyl-1/,3’,5',7'-
tetramethyl-4’,4’-difluoro-4’-bora-3'a,4’a-diaza-s-indacen-
8'-yl)-decyl) Ester (2) . The synthetic route of this molecule is shown
in Scheme 2. First, the bromine-end BODIPY precursor dye (1, 2,6-
diethyl-1,3,5,7—8-(10"-bromo-decyl)-tetramethyl-4,4-difluoro-4-bora-
3a,4a-diaza-s-indacene) was synthesized according to the procedure pre-
viously described for an analogous compound by our research group.*
Then, it was used as reagent in a second step: 1 (215 mg, 0.41 mmol) and
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potassium thioacetate (52 mg, 0.45 mmol) were stirred in 25 mL of
acetone for 2 h at reflux. After vacuum evaporation of the solvent, the
orange solid was dissolved in dichloromethane, washed with water several
times, and dried over sodium sulfate. The resulting thioacetate was
obtained as a red solid and was used without purification. Yield: 99%.'H
NMR (300 MHz, CDCLy): 6 (ppm) 2.95 (m, 2 H, 1"-H), 2.84 (t,2 H, ] =
7.5 Hz, 10'-H), 2.47 (s, 6H, 2 X CH3—Ar), 2.38 (q, 4 H, ] = 7.5 Hz,
CH,CH,3),2.31 (s,3H, CH;3COS),2.30 (s, 6 H,2 X CH3—Ar), 2.26 (m,
2 H,9'-H), 1.59—1.49 (m, 14 H, 2’-H to 8’-H), 1.03 (t, ] = 7.5 Hz, 6 H,
CH;CH,). *C NMR (75 MHz, CDCl;): 6 (ppm) 195.89 (COS), 151.86
(C3/C5), 144.92 (C7a/C8a), 135.55 (C1/C7), 132.40 (C2/C6), 130.85
(C8), 3429 (C1'), 31.74 (C2'), 30.53 (C10'), 30.24, 2941, 2931, 29.13,
29.03, 28.70, 2846 (7 x CH,), 24.89 (CH,S), 17.10 (CH,CHs;), 14.76
(CH;—Ar), 1324 (CH;—Ar), 12.29 (CH;CH,). MS (EI): m/z (%): 518
[nominal mass, M*] (100), 498 (31), 455 (30), 318 (15), 301 (21), 287
(32), 43 (18). ESI-HRMS monoisotopic molecular weight: found M*
517.335 (0.02 ppm from caled mass of CyoHusBFNLO S); (M — F)
499.3334. IR, v (cm™'): 1696, 1545, 1479, 1196, 980.

Synthesis of P(MEO,MA-co-thioetherBODIPY methacrylate),
P(MEO,;MA-co-BODIPYSMA), by Hydrolysis and Thiol—Ene
Click Chemistry in Situ Reaction. The former allyl-functionalized
P(MEO,MA-co-AMA) polymers (0.01 mmol), sodium methoxide
(1.3 equiv), 2,2"-azobis(2-methylpropionitrile) (AIBN) (1 equiv) and
the thioester—BODIPY compound (2) (1.3 equiv) were stirred in
anhydrous dichloromethane (25 mL) and refluxed overnight. The crude
of reaction was twice precipitated into cold n-hexane (250 mL) and the
solid was filtered and washed with the same solvent. The resulting
fluorescent P(MEO,MA-co-BODIPYSMA) copolymers were quantita-
tively obtained as pink solids (see Scheme 3).

Synthesis of P(MEO,MA-I-N-iPAAm) Conetworks. These
hydrogels were synthesized by UV-initiated free-radical cross-linking
random polymerization of N-iPAAm with the P(MEO,MA-co-AMA)
precursors (see Scheme 4) employing a [MEO,MA]/[N-iPAAm] ratio
of 1 in all cases. A monomer/solvent ratio of 0.5 g mL_l, being the
solvent a water—ethanol (50% v/v) mixture, was used. HCPK (1% w/w)
was employed as UV light-sensitive initiator. The procedure to obtain
disk shaped gels was as follows: the mixture solution was cast on glass
plates enclosed by a rubber framework-spacer with 1 mm thickness and
sealed off with other glass plate in order to avoid air contact during the
polymerization. Then, the polymerization took place irradiating the
samples with UV light at 365 nm during 10 min. It employed a CL-1000
L ultraviolet cross-linker UVP that shows in its emission spectra from
350 to 400 nm a total light of 2.2 W m 2. This value was determined by a
Luzchem SPR-01 spectroradiometer. Afterward, the gel sheets were
removed from the glass plate and uniform disks with a diameter of 6 mm
were punched out the gel sheet using a stainless steel cork borer. Then,
the hydrogel was immersed in freshwater for at least 3 days to remove the
unreacted chemicals. During this time the water was replaced several
times. After that, the hydrogels were dried at room temperature until
constant weight.

Characterization. 'H NMR and "*C NMR spectra were recorded
on a Bruker 300 MHz spectrometer in CDCI; at room temperature.
Chemical shifts were assigned using the solvent signal as internal
standard. Fourier transform infrared (FTIR) spectra were recorded on
a Perkin-Elmer Spectrum One spectrophotometer with the attenuated
total reflectance technique (FTIR-ATR) and with a resolution of 4 cm ™.
Low mass resolution spectra were recorded in an AutoSpecEQ_EI
apparatus by electron impact (EI, 70 eV). High resolution mass
spectrum (HRMS) was recorded in an Agilent 6520 Q-TOF instrument
with an ESI source. The number-average molecular weight (M,,) and
molecular weight distribution (MWD) of polymers were determined by
SEC with a GPC Perkin-Elmer using DMF containing LiBr (0.1% w/w)
as eluent at 70 °C and a flow rate of 0.3 mL min . Poly(methyl
methacrylate) [P(MMA)] standards were employed for the calibration.

The thermal stability was determined from thermogravimetric analysis
(TGA) with a TA TGAQS500 (10 °C min~ " under 20 mL min~ " of dry
nitrogen). The temperature at which the weight loss rate is maximum
(T,uax) was determined from the maximum of the peak of the first
derivative of the weight lost. The glass transition temperatures ( Tg)s
were measured by means of differential scanning calorimetry (DSC)
using a TA DSC Q100 connected to a cooling system to work at low
temperatures (samples were scanned at 20 °C min ' under 20 mL
min~ ' of dry nitrogen from —75 to +30 °C). T, values, the width of the
transition (AT) and the specific heat increment (AC,) were determined
as it was previously described in the second heating run cycle.*” The
cloud point was studied by determining the optical transmittance at
600 nm as a function of temperature of aqueous solution of the copoly-
mers (1 mg mL~"). The analysis was made using a Cary 3 BIO-Varian
UV—visible spectrophotometer. Temperature was raised from 10 to
80 °C at a rate of 1 °C min~". The cloud point temperature (T,) was
defined as the temperature at the inflection point of the absorbance
versus temperature curve. UV—visible absorption and fluorescence
spectra were recorded on a Perkin-ElmerLambda-16 and on a Perkin-
Elmer LSSOB spectrophotometer, respectively. Volume transition
temperatures (VTT) of the hydrogels were calculated in the same way
than the T, from the hydrogels in the swollen state. The chemical
composition of the hydrogels was estimated by organic elemental
analysis in a Heraeus CHN-O Rapid Analysis. Equilibrium swelling
values (Q..) were determined gravimetrically. Dried disks were left to
swell in PBS or distilled water at different experimental condition during
24 h. Then, samples were taken out, wiped superficially with blotting
paper and weighed. The Q.. was calculated in grams of water per grams
of dry gel using the following expression:

Qe = (Moo —mg) /my = W /myg (1)

where m., is the weight of the swollen gel at equilibrium, m, is the weight
of the dry polymer gel, and W, is the weight of the solvent uptake at
equilibrium.

B RESULTS AND DISCUSSION

Synthesis and Characterization of P(MEO,MA-co-AMA)
Copolymers. Several allyl-functionalized MEO,MA-based poly-
mers, P(MEO,MA-co-AMA) copolymers, were synthesized as it
is shown in Scheme 1. The experimental conditions for the
preparation by ATRP and the characterization of these copoly-
mers are collected in Table 1. These experimental conditions
were chosen according to our previous investigations for the
ATRP of MEO,MA***! and AMA.*"*>** Therefore, polymer-
izations were carried out in benzonitrile using the halogen
exchange technique, to avoid secondary reactions due to the
allyl functional group of AMA. It should be noted that, in all
cases, a high feed molar ratio of MEO,MA (fy1z02014) was used to
obtain polymers with low proportion of allyl pendant groups.
These polymers are mainly constituted by MEO,MA but they
present allyl reactive groups along the macromolecular chains,
which can be used as cross-linker/reactive points in a later step.

The chemical structure of the obtained copolymers was
analyzed by "H and ">C NMR and FTIR-ATR (see Supporting
Information). As an example, Figure 1 shows the 'H NMR spectra,
where the signals corresponding to both comonomers are
observed. Thus, the experimental molar ratio of MEO,MA in
the copolymers (Fypoana) were determined from the ratio
between the signals corresponding to the allyl protons (signals
6,7, and 8) and the signals corresponding to the protons of the
side chains of MEO,MA units (signals 3, 4, and S). As it can be
observed, the signals associated with the allyl protons increase
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Table 1. Experimental Synthetic Conditions and Characterization of P(MEO,MA-co-AMA) Copolymers Synthesized by ATRP at
70 °C in Benzonitrile (50% w/w) during 120 min and Catalyzed by CuCl/HMDETA with a Monomer/Initiator (EBr'B)/Catalyst

Ratio of 200/1/1

T, (°C)
entry  fupooma  Fumpoama® convn (%) Mpcq-(gmol™")  M,gpc (gmol™")  M,/M, e’ (°C) Ty (°C)  PBSpH7 (u=0.1M)  water
P1 099  0.992° 714 26950 36900 118 243 353 238 27.0
P2 095  0.958,0.943° 71.8 26817 31100 118 240 —-303 213 25.0
P3 090 0915 62.5 23036 30980 123 296 —-336 149 182
P4 085  0.857 69.6 25136 39528 1.46 295 —-35.9 1200 136

“ Determined by 'H NMR. ” Determined by TGA. “ Determined by DSC. ¢ Determined by UV—visible. * Determined by absorbance at 524 nm of the

BODIPY-modified samples./ Not totally soluble at low temperature.

fAMA 3 O
0.01 2 5 { 6
0.05—— 4 7
0.10 —— 4 0 \ 8
0.15 —— 4 g
o
\

3 (ppm)

Figure 1. "H NMR spectra in CDCl; at 25 °C corresponding to the
P(MEO,MA-co-AMA) copolymers.

when increasing the feed molar fraction of AMA. Thus, as it can
be seen in Table 1, Farpoonma is close to fyroona for almost the
whole range of copolymer composition, which suggests that, as it
could be expected, both methacrylic monomers show similar
reactivity coefficients under these experimental conditions. This
fact is also supported from the monomer conversions (Table 1),
since they do not depend on the feed monomeric composition,
being very similar in all cases.

The SEC analysis of the copolymers indicated that the
polymerizations were well controlled. The molecular weight
distributions were narrow and, therefore, polydispersity indices
lower than 1.5 were observed in all cases. However, it seems that
these indices slightly increase as higher is the AMA feed compo-
sition, observing a small shoulder at high molecular weights in the
SEC traces, which could be attributed to secondary reactions
caused by the allyl double bound."””** The number-average
molecular weights determined by GPC (M, spc) varied in the
same way than those predicted theoretically (M, ;) from the
conversion and the monomeric composition. The thermal behavior

3.0 (———— P(MEO,MA-co-AMA) ’7A
25 PH7
o t . e Fo5l
o
c
1]
e}
S
[%2]
Q
<
L Distilled
é’ 20 - water .. fMEOZMA
= i 0.99
8 15
g I A A 0.95
g 10r 0.90
< o5l A 0.85
0.0 -

10 15 20 25 30 35 40

Temperature (°C)

Figure 2. Absorbance at 600 nm versus temperature of solutions of
P(MEO,MA-co-AMA) copolymers as a function of composition (a) in
PBS at pH 7 and (b) in distilled water. Photographs taken at temperature
below T, (left part) and above T, (right part) of sample P3 are included.

of these copolymers was investigated by TGA and DSC. The
TGA analyses showed a unique decomposition process. It seems
that as higher the AMA composition higher is T, It is
important to point out that the T,,,, of MEO,MA and AMA
are around 369*' and 430 °C,* respectively. Therefore, the
experimental values are in agreement with those expected. On
the other hand, copolymers were also analyzed by DSC. Since the
polymers are amorphous, the glass transition (Ty) is the unique
relevant event detected in the thermograms. The experimental
values of T, are also included in Table 1. In the range of
composition investigated, both types of copolymers showed only
one T, near the transition of the P(MEO,MA) parent homo-
polymers, —35.5 °C,*" although the T, of P(AMA) is 54 °C.*’
The thermal responsiveness of these copolymers in aqueous
solution was evaluated by turbidimetry. The analysis is plotted in
Figure 2. Samples are completely soluble (transparent solution)
at low temperatures. However, when the temperature increases
above the T, the polymer solution becomes opaque as con-
sequence of the collapse, which depends on the hydrophilic/
hydrophobic balance and therefore, on the monomeric composi-
tion. Thus, as higher the percentage of the hydrophopic AMA
units as lower is the T,. This fact is reflected in the numeric
values of T, obtained from the inflection points of these curves
(Table 1) and also from the low solubility of sample P4 at low
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Figure 3. UV—visible absorption spectra in terms of molar absorptivity
(solid lines) and fluorescence (dashed lines) of sample P(MEO,MA-co-
BODIPYSMA) with fymoova = 0.99 (red line, A in inset) and P-
(MEO,MA-co-BODIPYSMA) with fyposna = 0.95 (black line, B in
inset) in chloroform (0.1 mM) at room temperature. Photographs taken
under visible and UV irradiation are included for both samples.

temperature. Other interesting aspect is that the calculated values
depend on the type of water solution. Thus, in distilled water the
T, values are higher than at pH 7 (« = 0.1M). This difference can
be attributed to the effect of the ionic strength.** It is well know
that, in this kind of cross-linked structures, as higher is this
strength in a PBS solution the lower is the TL.p.45

Synthesis of P(MEO,MA-co-thioetherBODIPY methacrylate),
P(MEO,;MA-co-BODIPYSMA), by Hydrolysis and Thiol—Ene
Click in Situ Reaction. To show the versatility of the allyl
pendant groups to react by thiol—ene click chemistry and also
to quantify these groups in P(MEO,MA-co-AMA) copolymers
with very low content of AMA (values lower than the detection
limit of NMR spectroscopy), a thiol-functionalized BODIPY-
based dye was prepared and incorporated to the macromolecular
structure using this kind of click chemistry.”” Thus, the thiol-
ester-functionalized precursor compound (2) was obtained in a
two-step reaction using the methodology previously described
(Scheme 2).* In fact, the thiolated BODIPY, which is the result
of the hydrolysis of 2 with sodium methoxide, reacts with the
former P(MEO,MA-co-AMA) in presence of AIBN and heating
in an in situ hydrolysis/thiol—ene click reaction obtaining
the corresponding P(MEO,MA-co-BODIPYSMA) copolymers
(Scheme 3). An analogous procedure was recently described by
our research group but using an allyl-functionalized BODIPY dye
and thiol-end-functionalized P(MMA).*” In addition, a model
reaction was done using allyl acetate as model compound. The
reaction scheme and the characterization of the formed product
are included in the Supporting Information, proving the success
of this synthetic methodology to modify allyl groups by in situ
hydrolysis/thiol—ene click chemistry.

The proposed polymer modification was successful. As it can
be observed in Figure 3, colored and fluorescent P(MEO,MA-
co-BODIPYSMA)s were obtained. In fact, the photophysical
properties of the chromophore (BODIPY dye) are not affected
by the surrounding polymer, showing a maximum absorption
wavelength of 524 nm and an emission wavelength of 542 nm
(exciting at 490 nm), regardless of content of dye in the polymer
(typical values for a BODIPY dye). Thus, the content of allyl
groups in P(MEO,MA-co-AMA) polymers with lower AMA
(P1 and P2) was determined by absorbance measurements taking

Table 2. Comonomeric Composition and Aqueous Solution
Properties of the P(MEO,MA-I-N-iPAAm) Conetworks
Synthesized with [MEO,MA Units]o/[N-iPAAm], =

P(MEO,MA- AMA
co-AMA) units VIT
entry precursor (% w/w)  Fuipaam” QeatS°C  (°C)
BH1 P2 2.0 0.495 33.1 36.0
BH2 P3 4.4 0.505 8.3 35.0
BH3 P4 7.7 0.499 4.7 38.1
BH4" P4 7.7 0 4.1 24.1

“ Determined by elemental analysis. ” Synthesized using MEO,MA in
stead of N-iIPAAm.

into account the molar extinction coefficient of the chromo-
phore (ca. 80000 M ' cm ™" in chloroform).”® Therefore, the
amount of allyl groups determinated in P1 and P2 copolymers
(see Table 1) were very close to the feed monomeric composi-
tions. In addition, the cloud point temperatures of samples
P1 and P2 modified with BODIPY dye were also determined by
turbidimetry, obtaining values of 23.8 and 22.5 °C, respectively. As
it was expected, the T, values practically do not change with this
chemical modification since the comonomer content is very low
and the hydrophobic character of the new BODIPY-monomeric
units should be similar to this of AMA monomeric units.

Synthesis and Characterization of P(MEO,MA-I-N-iPAAm)
Conetworks. As it was previously explained, the allyl-functiona-
lized MEO,MA-based copolymers were also used as macrocros-
slinkers for the preparation of P(MEO,MA-/-N-iPAAm) conet-
works by means of a photopolymerization reaction in the
presence of N-iPAAm (see Scheme 4). In all cases an equimolar
amount of MEO,MA monomeric units and N-iPAAm (mono-
mer) was used, while the nominal cross-linking degree is related
to the AMA fraction in the precursor. The experimental synthetic
conditions and the properties of these novel hydrogels are shown
in Table 2. The first interesting result is that no hydrogels were
obtained with sample P1. We think that the low proportion of
AMA units in this sample do not let to obtain a cross-linked
structure. For the same reason, as higher the AMA proportion
higher is the cross-linking density and therefore, lower equilib-
rium swelling values at 5 °C were obtained.

The swelling thermo-responsiveness of the conetworks in PBS
(pH 7) and distilled water are shown in Figure 4. The three
samples BH1, BH2, and BH3 exhibit swelling equilibrium values
depending on the cross-linking degree but moreover, similar
VTT values, which are collected in Table 2. This indicates that
the thermal transition is driven by composition since the propor-
tion of both thermo-responsive monomers is constant in the
three systems. In Figure 4, it was included for comparative
purposes the experimental results obtained for a random dis-
tributed P(MEO,MA-co-N-iIPAAm) hydrogel synthesized under
similar experimental conditions (photopolymerization and
[MEO,MA]y/[N-iPAAm], = 1) and using a standard cross-
linker (0.5%), such as tetraethylene glycol dimethacrylate
(TEGMEMA). It showed a less sharp transition compared to
the conetworks and a higher VI'T (46.1 °C). It seems that the
presence of the N-iPAAm below its collapse temperature in-
creases the global hydrophilicity in the conetworks and therefore,
keeps soluble the MEO,MA chains.
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Figure 4. Equilibrium swelling for the P(MEO,MA-I-N-iPAAm) conet-
works hydrogels and for a randomly distributed P(MEO,MA-co-N-
iPAAm) hydrogel as a function of temperature (a) in PBS at pH 7 and
(b) in distilled water.
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Figure S. Absorbance at 600 nm versus temperature of solutions of
P(MEO,MA-I-N-iPAAm) conetwork (sample BH3). Photograph shows
that the hydrogel becomes opaque very fast in a hot water solution.

On increasing temperature beyond the LCST of the P(N-
iPAAm) chains, their collapse produces an abrupt increasing of
the hydrophobic balance and the cooperative collapse of the
MEO,MA network. This behavior results in a sharp VIT
transition. Moreover, as it can be observed in Figure S for sample
BH3, the transition from transparent to opaque with increasing
temperature takes place very sharply. In this figure it is also
shown a picture illustrating how a hydrogel in the swollen state
becomes quickly opaque when it was introduced in hot-water.
Other aspect is that at low temperature the absorbance is not
negligible, which may be related to the formation of microphase
separated MEO,MA domains. It is also important to point out
that the VI'T values of the conetworks samples are very close to
the body temperature, which means that these hydrogels could
be interesting for biomedical applications.

Finally and in order to analyze the monomeric composition
effect, a new network was synthesized in the same way that

sample BH3 but using MEO,MA in stead of N-iPAAm (sample
BH4). As was expected, the equilibrium swelling value is almost
the same than that one found for sample BH3 whereas the VI'T
decreases (Table 2). These experimental results support the
hypothesis that the equilibrium swelling mainly depends on the
cross-linking degree, but the temperature of the transition is
clearly function of the monomeric composition, and therefore, it
may be modulated by varying the feed N-IPAAm composition.

B CONCLUSIONS

Several allyl-functionalized MEO,MA-based copolymers were
synthesized in a controlled way by ATRP. The analysis of their
thermo-responsiveness in aqueous solutions revealed a clear
dependence of the T, values on the monomeric composition.
However, the main interest of these copolymers lies in the
unreacted double bonds decorating the thermo-sensitive poly-
mer, which offer a versatile route for further modifications. Thus,
a thioester BODIPY dye was quantitatively incorporated to each
pendant allylic group by in situ hydrolysis/thiol—ene click reac-
tion. This procedure establishes the formation of fluorescent
thermo-responsive polymers in water but also, let us to determi-
nate the real content of allylic groups in the MEO,MA-based
polymers precursors by absorbance measurements. In addition
and also to show the versatility of the synthesized P(MEO,MA-
co-AMA) copolymers, they were successfully used as precursors
for the UV-initiated free radical polymerization of N-iIPAAm to
obtain P(MEO,MA-I-N-iPAAm) conetworks, which show sharp
volume thermal transitions (VTT) at around body temperature.
The methodology proposed may be easily extended to the
preparation of other conjugates keeping the thermo-sensitivity
of the MEO,MA-based chains.

B ASSOCIATED CONTENT

© Supporting Information. Figure S1 (**C NMR spectrum
of P(MEO,MA-co-AMA) (sample P4)), Figure S2 (FTIR spec-
trum of P(MEO,MA-co-AMA) (sample P4)), and model reaction
of allyl acetate with 2 by in situ hydrolysis/thiol—ene reaction.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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