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Thermal Characterization of “Comb-Like” Block
Copolymers Based on PCL Obtained by Combining
ROP and RAFT Polymerizations
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Paulo LR. Muraro,? Cristiano Giacomelli?

Summary: In this work we report the synthesis of poly(hydroxyethyl-methacrylate-
graft-polycaprolactone)-block-poly(caprolactone) copolymers, P(HEMA-g-PCL)-b-
PCL, by combining ring-opening polymerization (ROP) and reversible addition-
fragmentation chain-transfer polymerization (RAFT). The successful synthesis of the
targeted “comb-like” block copolymers obtained was confirmed by 'H-Nuclear
Magnetic Resonance, Fourier Transform Infrared Spectroscopy and Size Exclusion
Chromatography. Thermal behavior of the copolymers was studied by Differential
Scanning Calorimetry, and their thermal stability was investigated by modulated
thermogravimetric analysis. In this sense, the “comb-like” block copolymers
exhibited controlled molar masses between 6,000 g/mol and 45,000 g/mol, and
polydispersity indexes lower than 1.3. Besides, thermal analysis evidenced a
noticeable reduction in the melting temperature compared with linear PCL
homopolymer, as well as, in the activation energy for the degradation process.

Keywords: reversible addition fragmentation chain transfer (RAFT); ring-opening polymeri-
zation; poly(e-caprolactone); thermal properties

Introduction

The combination of two or more blocks of
structurally different polymers can be used
to obtain materials with specific properties,
such us chemical resistance, impact strength,
flexibility or weather ability, among
others."?! Grafted copolymers represent a
special kind of structures were each mole-
cule has more than two chain ends. This
particularity imparts changes on their dy-
namics, bulk morphologies and nanoscale
order.®*! Thus, branched polymers and
particularly “comb-like” copolymers corre-
spond to a special class of materials where
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some chains are distributed in an specific
segment of the backbone.[**! These macro-
molecular architectures are important from
a scientific perspective because they exhibit
properties that reflect the combined effects
of the thermodynamic incompatibility of the
polymer segments and the architectural
constraints of the branched architecture.!”*!
In this sense, branched and linear copoly-
mers with similar molar mass exhibit differ-
ent physicochemical properties, such as a
significant entanglement in solid state, high
solubility in various solvents and low melt
viscosity.!”!”! For example, Choi and
Kwak!®! studied the thermal properties of
hyperbranched PCL polymers, and stressed
that melting temperature of branched poly-
mers resulted lower than that of linear ones
and gradually decreased with an increase in
the degree of branching. This behavior is
expected because the presence of branches
in a given polymeric molecule may render
more difficult the crystallization process
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compared to linear ones. Besides, the
understanding of the physicochemical be-
havior of “comb-like” copolymers can be
justified if it is considered that commercially
synthesized copolymers frequently display
some degree of branching. Thus, many
industrial polymer processing techniques
(such as extrusion, molding, and melt
spinning of synthetic fibers) involve polymer
melts, and the presence of branches must be
taken into account in order to make real
predictions concerning their behavior.

Nowadays, the scientific literature pro-
vides many synthetic methods to produce
complex macromolecular structures with
good control over their final properties.
Among these methods, the reversible
addition-fragmentation chain-transfer po-
lymerization (RAFT) is a living radical
polymerization process that provides ex-
cellent control over the molar mass, molar
mass distribution, architecture and compo-
sition.!""12] Tt is a robust strategy under a
wide range of reaction conditions (bulk,
solution, suspension, emulsion, miniemul-
sion); it does not require complex equip-
ment; it is suitable for a great variety of
monomers (including (meth)acrylates, sty-
rene, (meth)acrylamides); and it is tolerant
to a large variety of functional groups such
as hydroxyl (—OH), carboxyl(—COOH),
amine(—NR;), and amide(—CONR,).!%!
Consequently, RAFT is a facile route to
obtain polymers with distinct topology,
composition, and functionality.!!*1%]

The fundamental feature of RAFT
mechanism is an addition-fragmentation
sequential equilibrium between active and
dormant species. Thus, living radical poly-
merization only becomes possible in the
presence of a chain transfer agent (CTA),
commonly a thiocarbonyl compound that
reacts with the propagating radicals by
reversible deactivation or reversible chain
transfer so that the majority of chains are
maintained in a dormant form. The rapid
equilibration between active and dormant
species ensures that all chains possess an
equal chance for grow and that all chains
will grow. Thus, under these conditions,
the molar mass increases linearly with

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

conversion and molar mass distribution
can be very narrow.!':1¢!

Ring-opening polymerization (ROP) of
cyclic esters is another potential method to
prepare polymers with controlled proper-
ties.l7 Under optimized experimental
conditions, ROP is an important alterna-
tive to synthesize homopolymers with well-
defined structures or functional end-
groups, as well as copolymers with different
architectures (such as block, graft, or star-
shaped)."®1”] Ring-opening is generally
initiated by active hydrogen atoms from
amines or alcohols in the presence of a
catalyst, resulting in polymer chains with an
ester and an alkoxy end group.m_zz] In the
last years, ROP have been combined with
other polymerization processes in order to
obtain polymers with specific properties.
For example, RAFT and ROP have been
employed in a one-step route to synthesize
well-defined copolymers.”>?”] The reac-
tion is mediated by a bifunctional com-
pound (i.e. the CTA agent of the RAFT
process) with an alcohol function able to
initiate simultaneously the ROP process.[24’28]

In this work, well-defined “comb-like”
block copolymers were obtained by a
combination of ring-opening polymeriza-
tion (ROP) and reversible addition-frag-
mentation chain-transfer polymerization
(RAFT) of 2-hydroxyethylmethacrylate
(HEMA) and e-caprolactone (CL) mono-
mers. The targeted macromolecules were
obtained by designing two synthetic strate-
gies and employing an easier experimental
procedure compared to a previous pub-
lished method.® Copolymers obtained
were chemically characterized by 'H-Nu-
clear Magnetic Resonance (‘H-NMR),
Fourier Transform Infrared Spectroscopy
(FTIR) and Size Exclusion Chromatogra-
phy (SEC). Their thermal transitions were
obtained by Differential Scanning Calo-
rimetry (DSC) and thermal stability was
studied by Thermogravimetric Analysis
(TGA). In this sense, Modulated Ther-
mogravimetry  tests (MTGA) were
employed to obtain kinetic information
for the decomposition and volatilization
reactions. Obtained results were compared
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with linear PCL in order to determine the
influence of branching on the thermal
behavior of the resulting copolymers.

Materials and Methods

g-caprolactone (e-CL, Aldrich, 99%), 2-
hydroxyethylmethacrylate (HEMA, Aldrich,
97%), diphenyl phosphate (DPP, Aldrich,
99%), 1,1'-azobis(cyclohexanecarbonitrile)
(VAZO catalyst 88, Aldrich, 98%), toluene
(Aldrich), methanol (Quimica Industrial),
dimethylformamide (DMF, 99%), chloro-
form (Aldrich, 99.5%), deuterated chloro-
form (CDCl;), and petroleum ether were
used as solvents without any further purifica-
tion. (Benzylsulfanylthiocarbonylsulfanyl)
ethanol (BSTSE), the chain transfer agent
(CTA) employed for RAFT polymerizations,
was prepared following a one-pot procedure
previously described.[*+?42]

Copolymers Synthesis

Scheme 1 shows the polymerization path-
ways employed in this work. Block copoly-
mers COP1 and COP2 (Scheme 1, route 1)
were obtained by RAFT polymerization

methodology, the CTA-PCLP** and a
methacryloyl-terminated PCL macromo-
nomer (mPCL).’! Regarding to this
methodology, mPCL, CTA-PCL, VAZO
catalyst 88 and toluene as reaction solvent
were introduced into a Schlenk reactor.
The reaction was performed during 24 h by
immersing the reactor in an oil bath settled
at 100 °C under continuous stirring. Finally,
the resulting product was precipitated in
cold methanol and dried until constant
weight. It is important to note that all
materials were dissolved in toluene and
successive precipitated in cold methanol in
order to remove the unreacted mPCL, in
accordance with the methodology reported
by Le Hellaye et al.”>*! In this sense, the
removal of free mPCL was confirmed by
SEC analysis.

One-pot, simultaneous RAFT and ROP
polymerization was employed for the
synthesis of COP3, COP4 and COP5
copolymers (Scheme 1, route 2). In this
sense, the co-initiator agent BSTSE,
HEMA and &-CL monomers, VAZO
catalyst 88, DMF (0.2mL, as internal
reference for NMR spectroscopy conver-
sion analysis) and toluene as solvent were
placed in a Schlenk apparatus. Then, the
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Synthetic pathways employed. (1) Grafting through; and (2) One-pot reaction.
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ring-opening polymerization catalyst DPP
was added and the reactor was immersed in
an oil bath at 100°C under vigorous
stirring. Samples were precipitated in cold
methanol, filtered and dried until constant
weight.

Finally, a linear PCL homopolymer was
synthesized following classical anionic
polymerization ~procedures.**"31 This
homopolymer was synthesized by using
this technique in order to have a perfect
control of its molar mass and polydisper-
sity, with the purpose of having a true
model PCL homopolymer. Briefly, a
conventional whole-sealed glass reactor,
a high-vacuum line, sealed-glass ampoules
of reagents, and glass-blowing techniques
were employed to perform the polymeri-
zation. More details for these procedures
have been previously reported in the
scientific literature, >34

Fourier Transform Infrared Spectroscopy
(FTIR)

FTIR spectra of the synthesized copoly-
mers were obtained on a Nicolet” FTIR 520
spectrometer. Cast films from samples
solutions (1% w/w in chloroform) were
obtained onto NaCl windows. FTIR spec-
tra were recorded at 4cm™' resolution
over the 4,000-400cm™! range, using
an accumulation of 64 scans and air as
background.

Size Exclusion Chromatography (SEC)
Obtained samples were characterized by
SEC on a system built equipped with a
Waters 515 HPLC pump and a Waters
model 410 differential refractometer detec-
tor, equipped with three mixed bed Phe-
nogel linear (2) columns and a pre-column
with 5Swm bead size (Phenomenex). The
solvent employed was toluene, flowing at a
rate of 1 mL/min. The injection volume was
200 L, and polystyrene (PS) standards
were used for calibration.

Nuclear Magnetic Resonance ("H-NMR)

"H-NMR spectra of block copolymers were
obtained using an Avance DPX 400 spec-
trometer (400 MHz for 'H) by dissolving a
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small quantity of the polymer at room
temperature, using CDCl; as solvent.

Differential Scanning Calorimetry (DSC)

DSC tests were performed on a Perkin-
Elmer" Pyris 1 apparatus. All experiments
were carried out under nitrogen atmo-
sphere. Approximately 10mg of each
sample was analyzed from 30°C to 90°C
and kept at this temperature for 5min.
After cooling at 10°C/min, samples were
heated from 30°C to 90°C at a rate of
10°C/min to obtain thermal properties
such as melting temperature (T,), and
heat of fusion (AH;). The percentage of
crystallinity (X [%]) was estimated by
comparing the melting enthalpy (AHy) of
the samples and the theoretical melting
enthalpy for a 100% crystalline PCL,
(AH,;=136.1T g 1) according to the

equation proposed by Liu et al.¢!
AH;
X[%] = 100 1
[72] AH S (1)

Thermogravimetric Analysis (TGA)

Thermal degradation behavior was study in
a TA Instrument Discovery Series thermog-
ravimetric balance. Samples were heated
from30°Cto700°Cat 10 °C/min, employing
a flux of air (25 mL/min). Weight loss curves
as afunction of temperature were registered.
Besides, modulated thermogravimetry assay
(MTGA) were performed to obtain contin-
uous kinetic information regarding decom-
position and volatilization reactions. MTGA
tests were made using an oscillatory temper-
ature program. The experimental conditions
employed were: an amplitude of £5°C; a
period of 200 s; and an undelaying heating of
5°C/min.

Results and Discussion

Figure 1 shows the SEC chromatogram of
COP5. A unimodal peak and a narrow
molar mass distribution are observed,
confirming that the reaction pathway
proposed truly provides homogeneous
polymeric samples.
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Figure 1.

SEC chromatogram for COP5 obtained by simultaneous
RAFT and ROP polymerizations. Mn = 45,100 g/mol,
Mw/Mn =1.14.

Table 1 summarizes the molecular
characterization of the synthesized block
copolymers. Molar mass ranged from 6,000
to 45,000 g/mol, and all samples exhibit
narrow molar mass distributions (My/M,
between 1.1 and 1.28). These results clearly
show that synthetic pathways employed
allow obtaining block copolymers with a
good control of their molecular character-
istics. The synthetic strategies employed in
this paper provides an easier methodology
for synthesizing “comb-like” PCL copoly-
mers since a one-pot procedure by com-
bining RAFT and ROP is feasible. In this
sense, compared to previous work reported

by Choi and Kwak,”! this last fact repre-
sents a great advantage: it provides less
synthetic reactions and chemical workup.
In addition, the degree of polymerization
and the degree of branching in the resulting
copolymers were confirmed by 'H-NMR
analysis.*"!

Figure 2 shows the characteristics ab-
sorption bands in the FTIR spectra of PCL
and COP1. For PCL, typical absorption
bands can be observed at 2,960cm™! and
2,865cm ™, that corresponds to the vibra-
tion bands of methylene groups (—CH,—).
In 1,724cm™" appears a strong and acute
band due to stretching vibrations of
carbonyl groups (>C=0).%1 At 1,260
and 1,191cm™! appear the bands corre-
sponding to the absorption of O—C=0
bonds. Block copolymers present the exis-
tence of C-H bond in methylene groups due
to an increase in the signal at 2,920 and
2,850cm™', and the typical vibrations at
3,440cm ' for hydroxyl groups (O—H
stretching).*”! Besides, an increase in the
signals at 1,447 cm ™' and 740 cm ™" could be
associated to the vibration of —CH,—
bonds in methacrylic polymers.[‘m] In addi-
tion, absorption bands corresponding to
the >C=0O group in PHEMA and PCL
segment (observed at 1,728, 1,240 and
1,174cm™'), and the absorption band
assigned to the >C=S bond in the CTA

Table 1.

Chemical and thermal characterization for PCL homopolymer and synthesized block copolymers.

Sample COPOIYmer Mn(target) Mn(theo)a) Mn(GPC)b) Mw/Mnb) TmC) XC) Ed)

[g mol™] [gmol™] [gmol] A (%] [ mol™]

PCL* PCLy,o" 12,500 nd 12,500 114 56.9  44.7 159

coP P(HEMA,4-g-PCLs)-b- 6,400 nd 6,000 1.10 53.6  38.2 151
PCLyo

COP2  P(HEMA,,-g-PCL)-b- 10,400 nd 9,300 1.28 50.5  39.1 156
PCLg

COP3  P(HEMA,-co-HEMA,5-g- 65,000 34,600 38,800 1.20 449 387 153
PCLg)-b-PCLg

COP4  P(HEMA,-co-HEMA,;-g- 57,200 39,600 43,600 113 411 319 132
PCL,,)-b-PCL,,

COP5  P(HEMA,-co-HEMA,,-g- 57,200 48,800 41,200 114 382 362 134

PCL,,)-b-PCL,,

* Obtained by anionic polymerization.[zl Jpetermined by 'H-NMR analysis. ®)petermined by SEC (THF) analysis
using the appropriate Mark-Houwink parameters (K=13.95 10 °dLg™ and a=o0.786 for PCL).3”]
9Determinated by DSC analysis. 9peterminated by TGA modulated analysis.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.ms-journal.de



Macromol. Symp. 2016, 368, 84-92

2960 s 1240

Absorbance [a.u.]

| | : L | ; | |
3600 3000 2400 1800 1200 600
Wavenumber [ cm™]

Figure 2.
FTIR spectra of PCL homopolymer (black bottom) and
(coP1) copolymer (up, black dash line).

end group (at 1,066cm™') are also
distinguishable.*"!

Figure 3 shows the 'H-NMR spectrum
of COPS. The major resonance signals a-d
are attributed to PCL. In addition, the
signals assigned to the two pendent methy-
lene groups of the HEMA units linked to
PCL chains (signals e and f) are observed.
In this sense, Yuan et al.[*! reported similar

results for the synthesis of brush copoly-
mers based on PCL. Regarding to the
degree of polymerization of PCL in the
block copolymers (n values in Figure 1),
values were calculated from the integral
ratio between PCL main chain signals at
227 ppm (peak denoted as g) relative to
methylene end-groups of the same chain at
3.62 ppm (peak denoted as /).

DSC measurements were performed in
order to evaluate the influence of branch-
ing on thermal properties of comb-like
copolymers. All samples were heated from
30°C to 90 °C to obtain T, and [%] values
of each sample. DSC thermograms of PCL
and comb-like copolymers are shown in
Figure 4. As it can be seen, a synergistic
effect of the length and the number of
branches in the copolymers produces a
significant decrease in T, and X [%]
values. Concerning to T,,, a reduction of
~20°C was obtained; and for X [%], a
reduction of ~28% was observed. These
results clearly show that presence of
branches in block copolymers affect the
crystallization process.[‘”] Similar results

~362
227
~163
136
—-1.09

75 70 65 60 55 50 45 40 35 30 25 20
3 [ppm]

Figure 3.
'H NMR spectrum of COPs.
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Figure 4.

DSC thermograms of PCL and comb-like copolymers.
Symbols: (- - -) PCL, () COP1, (o) COP2, (@) COP3, ()
COP 4, and () COPs.

were reported by Choi and Kwak." These
authors stressed that Ty, values of hyper-
branched PCL were lower than the linear
homopolymer, and gradually decreased
with an increase in the degree of branching.
Authors mentioned that branching turns
difficult the crystallization compared to
linear polymers and this fact could be
ascribed to the architectural feature, no-
ticeably affected by the absence or the
presence of branches into the main
chain.

Thermogravimetric measurements were
used to evaluate the degradation processes
of the comb-like copolymers as function of
temperature. Figure 5 shows TGA curves

2
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Figure 5.

TGA curves of PCL and PCL and comb-like copolymers.
Symbols: (- - -) PCL, ([J) COP1, (o) COP2, (@) COP3, (<)
COP 4, and () COPs.
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corresponding to PCL and COP1 to COS,
respectively. As it can be appreciated, PCL
presents mainly two typical weight loss
steps. The first one is associated to PCL
decomposition at ~407°C, and the other
event at ~550 °Cis associated to the glowing
combustion process.**#>%] Regarding the
PHEMA homopolymer, Figueiredo et al.[*")
reported three degradation steps. The first
one, at ~120°C, is associated to the volatili-
zation of absorbed water; the second one,
between 230°C and 290°C, is related to the
degradation of HEMA bonds; and finally,
the third one at ~600°C is assigned to the
glowing combustion of the residual
components.

All the copolymers obtained in this
work showed the thermal degradation
events associated to both, PCL and
PHEMA homopolymers. They evidenced
a reduction in the maximum degradation
temperature (compared to linear PCL),
and seemed to be less thermally stable in
the range of 200-400 °C. These results are
in good agreement to those reported by
Goiti et al.[*! regarding to the thermal
degradation of branched and cross-linked
PHEMA hydrogels.

In order to obtain qualitative informa-
tion about decomposition and volatiliza-
tion reactions, MTGA were performed.
Mass changes as a function of temperature
(dynamic method) were analyzed. The
continuous activation energy curve result-
ing from the linear heating rate is showed in
Figure 6 for PCL and COP5. PCL homo-
polymer presented an average activation
energy value of ~159KJmol ', which is
similar to values reported in the litera-
ture.>*! Rézga & Petranek and Cekingen
et al. reported values of activation energy
for the degradation process of PHEMA
homopolymer of ~129 KJmol L1647 In
this sense, “comb-like” copolymers with
shorter branches (COP1, COP2, and
COP3) exhibited similar E values than
linear PCL. However, a reduction in E
values was observed for COP4 and COP5
that could be associated to a higher
presence of HEMA in the PCL backbone
(Table 1).
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MTGA and activation energy (E) curves. Symbols: (- - -)
linear PCL and () COPs.

Conclusion

Comb-like copolymers from e-caprolac-
tone (CL) and 2-hydroxyethylmethacrylate
(HEMA) were obtained by combining
ROP and RAFT polymerizations. All
samples exhibited controlled molar mass
and polydispersity indexes lower than 1.3.
Complementary techniques such as FTIR,
"H-NMR, and SEC confirmed the presence
of PCL and PHEMA in the synthetized
materials. DSC and TGA measurements
were used to study the thermal behavior of
comb-like copolymers, and the results
obtained were compared to a linear PCL
homopolymer synthesized by conventional
anionic polymerization. The presence of a
higher branching degree led to a decrease
of ~20°C in T, values. This phenomena
can be ascribed to the architectural features
of comb-like copolymers, noticeable af-
fected by the length and the absence/
presence of branches into the main chain.
Obtained results for TGA and MTGA
analysis showed that all copolymers studied
exhibited the typical degradation steps for
PCL and PHEMA, and a reduction in the
values of activation energy for the degra-
dation process.
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