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Synthesis of Grafted Block Copolymers Based
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Branched copolymers are a special class of polymeric materials in which are reflected the com-
bined effects of polymer segments and architectural constraints of the branched architecture.
This study employed two methodologies to obtain copolymers with different branching den-
sity. In the first case, poly(hydroxyethyl methacrylate-graft-poly(e-caprolactone)-block-poly(e-
caprolactone), P(HEMA-g-PCL)-b-PCL, copolymers were synthesized by a “grafting through”
method in a three-step reaction pathway involving ring opening polymerization (ROP) and
radical addition fragmentation transfer (RAFT) polymerization. In the second case, a combina-
tion of simultaneous “grafting through” and “grafting from” methods in a one-pot RAFT and
ROP reaction afforded P(HEMA-co-HEMA-g-PCL)-b-PCL comb-like copolymers with compara-
tively less dense branching. Samples with molar masses between 5500 and 46 000 g mol™*
and polydispersity indexes (M,,/M,) lower than 1.3 were successfully obtained through both
approaches. According to thermal analyses, the presence of
branches reduces PCL melting temperature by as much as

20 °C, without affecting thermal stability. This fact was par- =
ticularly evident for the most densely branched copolymers
with higher molar masses. Nonisothermal crystallization pro-
cess was successfully described using Ozawa'’s method, which
showed a clear dependence of crystallization rate and cooling
on grafting density.
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1. Introduction

Unlike linear diblock and triblock copolymers, branched
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polymers constitute a special kind of macromolecular
architectures in which each molecule has more than two
chain ends.!! This particularity imparts unique physical
and chemical properties that definitely influence their
dynamics, bulk morphologies, and long-range nanoscale
order.>3l Among the plethora of macromolecular struc-
tures that can be classified as ramified polymers, comb-
like copolymers belong to a special class of branched
macromolecules in which their “teeth” are distributed in
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a specific segment of the macromolecule. In its simplest
structure, comb-like copolymers are a special class of
polymeric materials in which “the handle of the comb”
and the “backbone” are of one monomeric specie and the
“teeth” are of another species, but many other alterna-
tives are also possible.[*~¢]

Branched macromolecular architectures are impor-
tant from a scientific perspective because they exhibit
properties that reflect the combined effects of thermo-
dynamic incompatibility of the polymer segments and
the architectural constraints of the branched architec-
ture.[”8] As in the case of dendrimers, branched copoly-
mers exhibit physicochemical properties different from
those of linear polymers of the same molar mass, such
as multiend polymer chains,[®! lack of significant entan-
glement in the solid state,[' high solubility in various
solvents, and low melt viscosity.''] The comprehensive
understanding of the physicochemical behavior of this
kind of copolymers is relevant if we take into account
the fact that commercially synthesized copolymers fre-
quently display some degree of branching. As it is well-
known, many industrial polymer processing techniques
(such as extrusion, molding, and melt spinning of syn-
thetic fibers) involve polymer melts, and the presence of
branches must be considered in order to effectively pre-
dict their behavior.

Moreover, nonisothermal crystallization analysis has
attracted considerable attention in the field of polymer
and engineering science in order to better understand
industrial conditions for polymer processing. Neverthe-
less, scientific literature provides only few studies on
the nonisothermal crystallization behavior of complex
macromolecules (such as block copolymers) as well as the
effect of macromolecular architecture on the crystalliza-
tion kinetics. Due to those practical processes usually pro-
ceeded under nonisothermal crystallization conditions,
it is of interest to study nonisothermal crystallization
kinetics for understanding the actual behavior of polymer
crystallization processes.[312-14]

PCL is an aliphatic and hydrophobic semicrystalline
polyester derived from a ring opening polymerization
(ROP) of the e-caprolactone (e-CL) monomer and has a
relatively low melting point (60 °C). Furthermore, its bio-
degradability and ability to form compatible blends with
a wide range of other polymers explain the broad field of
applications.l*>7] Its physical properties and commercial
availability makes it a good substitute for conventional
nonbiodegradable polymers used not only for common
applications but also as specialty polymers in medicine
and agriculture.['618-241 On the other hand, poly(2-hydrox-
yethylmethacrylate) (PHEMA) is a useful material that
finds commercial applications in soft contact lenses, as
drug delivery scaffolds, and in biomedical engineering,
among others.[???%] In particular, PHEMA hydrogels with
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various degrees of crosslinking and hydrophilicity have
found different biomedical applications.[2225-28]

In this study, two methodologies were used to obtain
well-defined block copolymers based on e-CL with dif-
ferent branching density. In the first one, poly(hydroxy-
ethylmethacrylate-graft-poly(e-caprolactone)-block-
poly(e-caprolactone), P(HEMA-g-PCL)-b-PCL  copolymers
were synthesized by a “grafting through” method in a
three-step reaction pathway involving ROP and radical
addition fragmentation transfer (RAFT) polymerization. In
the second one, a combination of simultaneous “grafting
through” and “grafting from” methods in a one-pot RAFT
and ROP reaction afforded P(HEMA-co-HEMA-g-PCL)-b-PCL.
Obtained copolymers were chemically characterized by
1H-nuclear magnetic resonance (*H-NMR), size exclusion
chromatography (SEC), Fourier transform infrared spectros-
copy (FTIR). Their thermal transition and thermal stability
were followed by differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA). Moreover, noni-
sothermal crystallization process was performed by DSC,
and the crystallization behavior was evaluated by using
Ozawa’s method in order to obtain kinetic parameters of
interest. The half-life time of crystallization (t,,) and the
m exponent, which are dependent on the nucleation and
growth mechanism, were determined. Results obtained by
these analyses were compared with the respective linear
PCL homopolymer in order to explain the influence of
branches on thermal and crystallization processes.

2. Experimental Section

2.1. Materials and Methods

2-Hydroxyethylmethacrylate (HEMA, Aldrich, 97%), e-CL (Aldrich,
99%), diphenyl phosphate (DPP, 99%), 1,1"-azobis(cyclohexanecarb
onitrile) (VAZO catalyst 88, Aldrich, 98%), toluene (Aldrich), meth-
anol (Quimica Industrial), dimethylformamide (DMF, 99.8%),
chloroform (Aldrich, 99.5%), deuterated chloroform (CDCl;), and
petroleum ether were used as solvents without any further puri-
fication. (Benzylsulfanylthiocarbonylsulfanyl) ethanol (BSTSE)
chain transfer agent was prepared following a one-pot proce-
dure previously described elsewhere.>?°31 The resulting BSTSE
was further purified by column chromatography on silica using
petroleum ether as eluent and recrystallized under cold condi-
tions. On the other hand, a model PCL homopolymer was syn-
thesized as reference material by employing classical anionic
polymerization as described elsewhere (DP = 100).32-34

2.1.1. Synthesis of P(HEMA-g-PCL)-b-PCL by “Grafting
Through” (or Macromonomer) Method

Copolymers were prepared by a “grafting through” method con-
sisting in the polymerization of PCL macromonomer (mPCL) medi-
ated by a PCL macro chain transfer agent (PCL macroCTA). ROP
of e-CL initiated by HEMA afforded mPCL, whereas the reaction
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initiated by BSTSE led to a PCL macroCTA. The same experimental
conditions were applied in both ROP reactions, as follows: toluene
(2.5 mL), e-CL (2.06 g, 17.52 mmol), initiator (BSTSE 0.285 g, or
HEMA 0.152 g, 1.168 mmol), and DPP (0.292 g, 1.168 mmol) were
added to a Schlenk flask. The resulting solution was purged with
N, during 30 min. Subsequently, the flask was closed and imme-
diately immersed in an oil bath at 100 °C to start the ROP under
continuous stirring. After 24 h, cooling down to room tempera-
ture and opening the flask to air stopped the polymerization. The
resulting polymer was obtained by precipitation in cold meth-
anol, and dried under vacuum until constant weight.

P(HEMA-g-PCL)-b-PCL copolymers (samples COP1, COP2, and
COP3) were then prepared by RAFT polymerization of mPCL macro-
monomer using the PCL macroCTA under conventional Schlenk
techniques already reported elsewhere.3) The mPCL macromon-
omer (0.5 g, 0.25 mmol), PCL macroCTA (0.02 g, 0.0125 mmol), VAZO
catalyst 88 (0.0008 g, 0.0031 mmol), and toluene (4.0 mL) were
added to the Schlenk flask, and the mixture was purged with N,
by 30 min. The reaction was started when the flask was immersed
in an oil bath at 100 °C under continuous stirring. After a given
polymerization time (usually, 24 h), the reaction was stopped by
cooling down the flask to room temperature and opening it to air.
The final product was obtained by precipitation in cold methanol
and vacuum drying. The degree of polymerization of PCL was
determined by independent SEC analysis of the mPCL macromon-
omer and the PCL macroCTA. Then, the degree of polymerization
of the mPCL macromonomer after RAFT polymerization was deter-
mined as described earlier elsewhere.[333°]

2.1.2. Synthesis of P(HEMA-co-HEMA-g-PCL)-b-PCL by a
Combined “Grafting Through” and “Grafting From” Method
Consisting in Simultaneous RAFT and ROP Processes

P(HEMA-co-HEMA-g-PCL)-b-PCL  copolymers (samples COP4,
COP5, and COP6) were synthesized in a one-pot RAFT and ROP
polymerization procedure. In a typical reaction, the RAFT and
ROP coinitiator agent BSTSE (12.7 mg, 0.052 mmol), HEMA mon-
omer (0.31 mL, 2.57 mmol), e-CL monomer (3.0 mL, 26.28 mmol),
Vazo-88 radical initiator (3.1 mg, 0.0129 mmol), dry toluene
(3.2 mL), and DMF (0.2 mL, as internal reference for NMR spectros-
copy conversion analysis) were placed in a dry 100 mL Schlenk
flask equipped with a stirrer. The tube was closed, subjected to
three freeze—-pump-thaw cycles, and subsequently backfilled
with nitrogen gas. The ROP catalyst DPP (13.0 mg, 0.052 mmol)
was then added under gentle nitrogen flow and the flask was
closed and immediately immersed in an oil bath at 100 °C to
start the polymerization. The polymerization was stopped after
a given time by cooling down to room temperature and opening
the flask to air. The final product was obtained after precipitation
in cold methanol and vacuum drying.

2.2. Chemical Characterization
2.2.1. Nuclear Magnetic Resonance

1H-NMR spectra were acquired using an Avance DPX 400 spec-
trometer (400 MHz for H, 100 MHz for C). The spectra were
obtained by dissolving a small quantity of the polymer sample
(= 50 mg), at room temperature, using CDCl; as solvent.
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2.2.2. Fourier Transform Infrared Spectroscopy

FTIR spectra of copolymers were obtained on a Nicolet FTIR 520
spectrometer. Cast films from copolymer solutions (1 wt% in
chloroform) were obtained onto NaCl windows. FTIR spectra
were recorded at 4 cm™? resolution over the 4000-400 cm ™ range,
using an accumulation of 40 scans and air as the background.

2.2.3. Size Exclusion Chromatography

Polymer samples were characterized by SEC on a system built
with a Waters 515 HPLC pump and a Waters model 410 differen-
tial refractometer detector, equipped with three mixed bed Phe-
nogel linear (2) columns and a precolumn with 5 mL bead size
(Phenomenex). The solvent employed was toluene flowing at a
rate of 1 mL min~'. The injection volume was 200 pL, and poly-
styrene (PS) standards were used for calibration. The Mark-Hou-
wink calibration constants used were Kps=0.012 mL g2, 0ps=0.71
for PSPl and Kpc = 0.01298 mL g%, opcy, = 0.828 for PCL.137]

2.2.4. Thermogravimetric Analysis

Thermal degradation was carried out in a TA Instrument Dis-
covery Series thermogravimetric balance. Samples were heated
from 30 to 700 °C at 10 °C min~?, employing air and nitrogen
(25 mL mint). Curves of weight loss as a function of temperature
were recorded and the maximum decomposition temperature of
each component was obtained from first derivative curves.

2.2.5. Differential Scanning Calorimetry

DSC analyses were performed on a Pyris 1 Perkin-Elmer equip-
ment. Samples for crystallization experiments were measured
under N, atmosphere. = 0.01 g of each polymer was employed.
All samples were heated from 30 to 90 °C at 10 °C min~?! in order
to obtain the heat of fusion (AH,,) from the second heating.

2.2.6. Nonisothermal Crystallization Tests

As already discussed, the proper understanding of thermal prop-
erties of homogeneous branched block copolymers is necessary
to predict the behavior of polymer melts, since many commercial
polymer commodities are, in fact, composed of branched frac-
tions. Therefore, nonisothermal crystallization experiments were
carried out by using the following sequential steps: first, the
sample was heated from 30 to 90 °C at 10 °C min*. Then, it was
kept at 90 °C during 5 min and cooled at different rates, ranging
from 2 to 10 °C min?, following a procedure already reported in
the literature.[123839]

3. Results and Discussion

The copolymers used in this study were synthesized by two
different reaction pathways, which enabled the control
over the distribution of branching. Samples prepared by
a “grafting through” or macromonomer method produced
comb-shaped structures (Scheme 1), since each monomeric
unit bears a polymeric chain as a side group. Depending
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B Scheme 1. Synthesis of precursors and P(HEMA-g-PCL)-b-PCL copolymers.

on the graft density and degree of polymerization, the
resulting P(HEMA-g-PCL)-b-PCL comb-like polymers adopt
several conformations.

Other set of samples was prepared by combining the
“grafting through” and the “grafting from” methods
(Scheme 2). This was achieved in a one-pot RAFT and ROP
reaction by the presence of BSTSE that had a dual role:
the thiocarbonylsulfanyl moiety functioned as CTA in the
RAFT process of HEMA monomer, whereas the hydroxyl
group initiated the ROP reaction, with both polymeriza-
tions occurring at the same time. Concurrently, the ROP
process was initiated by two groups: hydroxyl groups
of unreacted HEMA and hydroxyl groups of the BSTSE.
Therefore, the RAFT reaction progressively incorporates
HEMA monomer and HEMA-PCL macromonomer, thus
leading to a less dense packing of branches.

3.1. Physicochemical Characterization

Macromolecular characteristics of P(HEMA-g-PCL)-b-PCL
and P(HEMA-co-HEMA-g-PCL)-b-PCL samples used in this
study are given in Table 1.In all cases, the polymers showed
narrow molar mass distributions with polydispersity
values (M,,/M,) lower than 1.2, as calculated from the SEC
chromatograms, hence indicating good control over the
block copolymerization (nevertheless COP2 has an M,,/M,
a little bit higher compared to the other copolymers. This
fact might be explained by uncompleted removal of air
during the purging process). M, values obtained by SEC
are clearly offset due to the use of PS standards with dis-
tinct hydrodynamic volume from that of the samples. M,

VWWW\ HEMA + e-CL

o
O
CHy

DPP, BSTSE, VAZO88

Toluene, 100 °C

B Scheme 2. Synthesis of P(HEMA-co-HEMA-g-PCL)-b-PCL copolymers.
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was not determined by NMR because the resonance of pro-
tons from the CTA fragment (as well as from end-groups)
became almost undetectable for the long polymer chains
due to reasons discussed in the literature.l4°! Therefore,
we reported macromolecular dimensions corresponding
to the theoretical molar mass, M,, which was calculated
from conversion data obtained from *H NMR analysis of
aliquots taken from the reaction and diluted with CDCl,
assuming quantitative reaction of the CTA, and purified
polymer samples (after precipitation). The high efficiency
(near quantitative reaction) of the CTA in initiating the ROP
process and in mediating the RAFT polymerization has
been previously verified by our group.]

Figure 1 shows a representative *H-NMR spectrum of
P(HEMA-co-HEMA-g-PCL)-b-PCL (COP4) copolymer before
purification by successive precipitation in methanol. The
1H-NMR spectrum was interpreted in light of the compre-
hensive peak assignments based on 2D *H-'H and 'H-*3C
NMR studies reported by Le Hellaye et al.l*!! The inset of
Figure 1 shows characteristic peaks of methacrylic back-
bones, indicating the successful growth of the PHEMA
chain in the copolymer despite the well-known weakness
of this signal in CDCl,.23%%! The two pendent methylene
groups of the HEMA units directly linked to the PCL-
grafted chains (signals e and f, or e’and f) are clearly iden-
tified in the spectrum and proved the initiation of e-CL
monomer by HEMA monomer units. Since the sample
also contains the unreacted HEMA-PCL macromonomet,
this species appears in the spectrum together with the
copolymer. The ratio of unreacted HEMA-PCL was deter-
mined from signals I, d and a”. HEMA conversion (Y values
shown in the chemical structure inset
in Figure 1) was determined using DMF
as an internal reference. The degree
of polymerization of PCL (n values in
Figure 1) was calculated from the inte-
gral ratio between PCL main chain
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I Table1. Chemical and thermal characterizations of PCL and PCL-based copolymers synthesized.

Polymer? Name MO M, /M9 T, x4 Trax® T
[g mol™] [°cl [%] [°cl [°cl
Linear poly(e-caprolactone) PCLY 11000 114 56.9 44.7 405.2 407.1
P(HEMA, -g-PCLs)-b-PCL, COP1 5500 1.10 53.6 33.4 4034 401.9
P(HEMAg-g-PCLs)-b-PCL;5 COP2 7300 1.30 50.5 35.2 404.6 406.5
P(HEMA,,-g-PCLs)-b-PCL5 CcoP3 9900 1.16 50.1 35.8 410.1 413.1
P(HEMA, y-co-HEMAs5-g-PCL,)-b-PCL, ~ COP4 32300 1.19 411 34.9 407.6 398.6
P(HEMA,-co-HEMA 35-g-PCLg)-b-PCLg COP5 38 600 113 38.2 32.2 409.3 390.2
P(HEMA;-co-HEMA,;-g-PCLy,)-b-PCL;,  COP6 46 000 1.11 429 33.7 407.9 387.9

aNumber of branches of PCL and HEMA for each copolymer determined by (*H-NMR analysis); ®Model PCL homopolymer obtained by
anionic polymerization[3?]; “Number-average molar mass (M,) and polydispersity (M,,/M,) determined by SEC; YMelting temperature
(T) and percentage of crystallinity (%X,) determine by DSC, using AH; gy = 136.1 J g™ for 100% crystalline poly(e-caprolactone)“sl;
@Temperature at maximum degradation rate (Ty,,) under N,(-) and oxidative atmosphere (#), respectively.
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B Figure 1. 'H-NMR spectrum of P(HEMA-co-HEMA-g-PCL)-b-PCL, copolymer (COP4).
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Figure 2. a) FTIR spectra of PCL and P(HEMA-g-PCL)-b-PCL (COP2)
I copolymer. b) DSC curves of PCL, P(HEMA-g-PCL)-b-PCL (COP2),

and P(HEMA-co-HEMA-g-PCL)-b-PCL (COPs).
signal (C(O)CH,CH,..., 2n H) at § = 2.31 ppm (peak denoted
as g) relative to the methylene end-group of the same
chain (PCL-CH,OH, 2H) at 4 = 3.65 ppm (peak denoted as I).

The purification of samples containing unreacted
HEMA-PCL macromonomer can be achieved by succes-
sive precipitation in methanol from toluene, as formerly
reported by Le Hellaye et al.[*! The removal of free HEMA-
PCL can be confirmed by SEC analysis (Figure S1, Sup-
porting Information).

FTIR spectra shown in Figure 2a display the character-
istic absorption band for PCL at 2960 and 2865 cm™ (v¢y).
A strong and narrow band due to the stretching vibration
of carbonyl groups (ve—o) appears at 1724 cm™. Bands
corresponding to the O—C=0 bonds are evident at 1260
and 1191 cm™, whereas a small band assigned to (—CH,),
with n > 4 can be seen at 732 cm™.12832] Block copolymers
(COP 2) show a more intense signal at 2920 and 2850 cm™
due to C—H bond from methylene groups. In addition, the
copolymer spectra feature typical vibrational bands corre-
sponding to the C=0 group of PHEMA and PCL segment
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(1728, 1240, and 1174 cm™), and C=S bond from the CTA
end group (1066 cm™1).[2241]

3.2. Thermal Characterization

DSC analysis showed a noticeable reduction in the melt
point temperature for all comb-like copolymers. As an
example, Figure 2b compares linear PCL and the copoly-
mers obtained by the two methodologies employed.
Thermal analysis showed a decrease of the melting point
(T) and the degree of crystallinity (X%) with the pres-
ence of branches. In the particular case of Ty, a reduction
of = 20 °C was detected, as well as a reduction of = 28%
in X%. These results are a clear indication that the pres-
ence of branches in the block copolymers affect the crys-
tallization process.['?l The results obtained in our work
agree well with those observed by Choi & Kwak for
hyperbranched PCL (HPCL).”] According to this work, the
T, values of HPCLs are all lower than that of LPCL and
gradually decreased as the degree of branching became
increased, which is expected because the presence of
branches in a branched polymer may render crystalliza-
tion more difficult than in a linear polymer. In the case
of the comb-like copolymers of this work, those copoly-
mers with higher branching density (COP4, COP5, and
COP6) show the lower T,, values. Another fact that can
be observed in Table 1 is the effect of the polymerization
degree (DP) of the PCL branches. It seems that, as in the
case of the branching degree, when the length of the
branches increases, the T, values decrease. This effect
can be easily shown in Figure 2b in which the DSC curves
of LPCL COP2 and COP5 are displayed for comparative
purposes.

Thermogravimetric measurements were used to evaluate
the degradation processes of model PCL and the obtained
copolymers as a function of temperature. Figures 3 and 4
show the TGA and first-derivative curves under nitrogen
and oxygen atmospheres, respectively. Model PCL showed
one thermal event at around 405-410 °C, as it is reported
in the literature.324243] As it can be observed, PHEMA
incorporation did not affect the maximum degradation
rate (Tyay) of the linear polyester (Figure 3b and Table 1),
but a decrease in the initial zone between 180 and 350 °C
was observed. This reduction on the thermal stability of all
copolymers, under nitrogen atmosphere, could be attrib-
uted to the presence of PHEMA.[4344]

TGA measurements under oxidative atmosphere show
two weight loss steps. The first one corresponds to PCL
decomposition at around 410 °C, and the final event
(= 550 °C) is well known as “glowing combustion” process
(Figure 4a). In the case of the copolymers, due to the pres-
ence of PHEMA, the degradation proceeds in three steps,
at = 250, = 380, and = 500 °C, respectively. The first step
corresponds to the typical degradation of PHEMA as it
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Figure 3. a) TGA curves, under nitrogen atmosphere, of PCL,
P(HEMA-g-PCL)-b-PCL (COP1, COP3), and P(HEMA-co-HEMA-g-
PCL)-b-PCL (COPs); b) first-derivative TGA curves.

was reported in the literature, 324344l the second step at
lower values corresponds to PLC degradation, and the last
step is associated with the glowing combustion process.
As it can be clearly observed, the presence of PHEMA
produces, under oxidative conditions, a slight decrease
(=10 °C) in the T,y of the PCL, compared to model PCL
(Figure 4D).

3.3. Kinetic Measurements

Figure 5 shows representative DSC curves of heat flow as
a function of temperature at different cooling rates for the
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Figure 4. a) TGA curves, under oxygen atmosphere, of PCL,
P(HEMA-g-PCL)-b-PCL (COP1, COP3), and P(HEMA-co-HEMA-g-
PCL)-b-PCL (COPs); b) first-derivative TGA curves.

linear polyester (a) and COP 5 copolymer (b), respectively.
Essentially the same profile is observed for other copolymer
samples.

The values of crystallization temperature (T.) and
the half-life time (t;/,) for model PCL and all copolymers
studied are summarized in Table 2. Crystallization tem-
peratures (T,) correspond to the exothermic peak maxima,
and t,, is the necessary time for 50% of the total crystal-
lization to occur.

It can be noticed that t,/, decreases gradually at higher
cooling rate for all materials; however, highest t,,, values
were observed in the case of the copolymers obtained
by the simultaneous ROP and RAFT polymerization,
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C T LA I B T LA Table 2. Crystallization peak temperature, T, half-time, t,.,,
A and activation energy of crystallization for PCL and PCL-based
24 copolymers.
- Sample Crystallization Cooling rate (°C min?)
- parameter 2 4 6 8 10
_z | PCL T. (°C) 315 323 336 348 37.1
5 ti (min) 265 131 95 73 59
E COP1 T. (°C) 319 320 330 349 367
= ti,(min) 186 98 69 52 43
S B 10°C/min COP2 T, (°C) 326 301 285 283 281
o -©- 8 °C/min ¢
| ety 1o (min) 186 99 71 54 44
& 4°C/min il COP3 T. (°C) 389 367 353 344 337
- 2 °C/min t1/, (min) 205 108 7.7 58 47
B B COP4 T. (°C) 208 216 231 252 283
: : : : : : [' : : : : : : : t1/» (min) 30.7 162 112 86 7.1
B geaEas COP5 T, (°C) 115 118 124 139 147
ti (min) 375 195 134 103 86
COP6 T. (°C) 109 115 121 133 142
L tio (min) 397 216 143 112 91
=
=
T L
5 where T, and T., are the initial and final crystallization
2 temperatures. Based on this equation, X at a specific tem-
E B perature can be calculated, and the corresponding Xy versus
= T plots for PCL and two copolymers (COP3 and COP5) are
E i - 10 °C/min shown in Figure 7. The relationship between crystallization
-©- 8 °C/min
B =~ 6°C/min | J I ' ' '
- 4 °C/min
B - 2°C/min ] 40 |- N
| 1 | 1 1 1 1 I | 1 | I 1 1 - B

16 20 24 28 32 36 40 44

Figure 5. DSC endothermic curves for nonisothermal crystal- ’E
lization of a) linear PCL and b) P(HEMA-co-HEMA-g-PCL)-b-PCL £ B

-’

(COPs). o

h\

t1/2 copa-cops >> t1/2 ey (Figure 6). In contrast, lower t;,, was
detected for COP1 and COP2 than model PCL (Figure 6). B
Probably, the behavior observed for COP1 and COP2
could be attributed to the closeness and the short-length 10
branches that induce a faster crystallization.[>1?]

Crystallization behavior was followed using DSC anal-
ysis to obtain the relative crystallinity, X, as a function of
temperature (T) by using Equation (1)(¢!

JT % (°C min?)
“(dH./dT)dT

X = 2% () Figure 6. Crystallization half-time t,,, for PCL, P(HEMA-g-PCL)-
- J‘T b-PCL (COP1), and P(HEMA-co-HEMA-g-PCL)-b-PCL (COP4, COPs,
(dH./dT)dT
To COP6).
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Figure 7. a—c) Crystallinity percentage, X; (%) versus temperature (T), and d—f) X; (%) versus time (t), for PCL, P(HEMA-g-PCL)-b-PCL (COP3),

and P(HEMA-co-HEMA-g-PCL)-b-PCL (COPs).
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peak temperature and crystallization time (t) during noni-
sothermal crystallization can be described as follows

g LT ()
X
where y is the cooling rate and T is the same temperature
used to determine X;. According to Equation (1), the rela-
tive degree of crystallinity (X;) can be defined as a func-
tion of time (t)

j: (dH./dt)dt
Xi=—p—— (3)
L (dH./dt)dt
2 T T T T T T T T T
i 30 °C LPCL |
1+ 32°C v .
| 34°C o A |
36 °C
o * -
— 38°C
E [ -
- -l e 7
T L * 4
=
w0 2l T
S L ]
-
3 -
4+ =
_5 1 1 1 1 [ 1 1
2 T T T T T T T T T T T
- 27°C COP3 |
I= " 29°C 7
oL 30 °C A\‘\A\'\A _
§ - 32°C 7
el 1
= L 4
=
w0 2 T
S L ]
-
3+ _
4 _
=5 1 | 1 | 1 1 1 | L | 1
0 02 04 0.6 0.8 1 1.2
Log %

M.D.Ninago et al.

where t,, and t., are the onset and final crystallization
times, respectively, and t is the time used to determine X;.
It can be seen that it takes less time for crystallization to
complete at higher cooling rates (Figure 7). In addition, all
X; versus t curves have approximately the same S-shape,
indicating that curves tend to become flat at the later stage
due to spherulitic impingement.[>1?]

Nonisothermal crystallization kinetics was further
analyzed using the Ozawa’s model equation, which is an
extension from the Avrami’s equation originally applied
in the isothermal crystallization.[45] Thus, it is assumed
that sample is cooled at a constant cooling rate.3%31 In
this case, Equation (4) is applied

[\

i 34°C COP1

36 °C
oL 38°C ]
- 40°C -
1k i
42°C i
2 - —
- ’ = |
4= i
i . |
-4 |

Log[-Ln(1-Xt)]

ok _

Log[-Ln(1-Xt)]

3 |

4+ _

-5 | | | 1 | 1 | 1 | 1
0 0.2 0.4 0.6 0.8 1 1.2

Log %

Figure 8. Ozawa plots of log [-In (1-X;)] versus log x for PCL, P(HEMA-g-PCL)-b-PCL (COP1,COP3),and P(HEMA-co-HEMA-g-PCL)-b-PCL (COPs)
at various cooling rates. Symbols correspond to experimental points, and solid lines corresponds to the fitting of Equation (5).
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[l Table 3. Ozawa exponent, m, and cooling function, K(T), for PCL and PCL-based copolymers.

T [°C]

PCL

COP1

CcoP2

COP3

COP4 COP5 COP6

logK(T) m

logK(T) m

log K(T)

m

logK(T) m logK(T) m 1logK(T) m logK(T)

42
40
38
36
34
32
30
29
27
25

3.8
2.9
2.3
1.5
1.2

0.7
11
13
14
15

3.7
2.9
2.7
24
21

0.2
0.3
0.9
15
1.8

2.9
21
16
11
1.2

0.7
11
12
13
1.7

3.3
2.5
2.2
18
3.3

23 - - - - - - -
21 - - - - - - -
15 - - - - - - -
14 - - - - - - -
13 - - - - - - -
12 - - - - - - -
11 - - - - - - -

X :1—exp[%,(}")] (4)

where K(T) is the Ozawa’s crystallization cooling function
and m is the Ozawa’s exponent, which depends on the
dimension of crystal growth. Applying double logarithm to
both sides of Equation (4), Equation (5) is obtained

log[-In(1- X,)]=10g K(T)-mlog (5)

The results obtained show that Ozawa’s equation
described successfully the nonisothermal crystallization
process, presenting a good linearity between experi-
mental and theoretical values. Figure 8 shows Ozawa’s
plots of log [In (1 — X,)] versus log y for the linear PCL
and the three copolymers studied (COP1, COP3, and
COP5). The remaining results are summarized in Table 3.
Ozawa’s exponent, m, and the cooling function, K(T), for
all copolymers were estimated from the slope and the
intercept of the plots, respectively (Table 3). Ozawa’s
exponent values show little changes for the different
samples, whereas the cooling functions are shown to be
much influenced by the specific architecture of the dif-
ferent copolymers.['?]

Figure 9 shows the cooling functions K(T) versus T for
model PCL and some copolymers. Results show that K(T)
increase at lower crystallization temperature. This effect
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- - - 2.6 0.7 2.5 0.7
- - - 24 0.9 24 0.8
2.2 11 2.2 0,9
21 13 21 11
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could be attributed to polymeric flow features, since vis-
cosity increases at lower temperatures which makes dif-
ficult the transport of polymer chains to the growth front.
Considering that the cooling function is a function of

LI T T T 1 T T 1 1 T

5= =
—= LPCL
- -4 COP1
s < COP4
- COP5
- - COP6
45t
=
- "\
30 - N
B
15+
0 1 | 1 | I | 1 | 1 | 1

5 10 15 20 25 30
Temperature (°C)

(COP1), and P(HEMA-co-HEMA-g-PCL)-b-PCL (COP4, COPs, COP6)

I Figure 9. Cooling functions K(T) for PCL, P(HEMA-g-PCL)-b-PCL
at various temperatures.
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nucleation and growth rate, the results of K(T) indicate
that crystallization is retarded for the branched copoly-
mers. Values of K(T) for all copolymers are also lower than
that for PCL (with the exception of COP1 and COP2) at a
specific temperature, which indicates that nucleation and
growth rate for grafted copolymers are lower than for
model PCL. This observation is in good agreement with
t1, results.

4. Conclusions

Branched copolymers were obtained by ROP and RAFT
polymerization using &-CL and HEMA, employing two
different synthesis methodologies. Obtained copoly-
mers displayed controlled molar masses and low M,,/M,
values. NMR, FTIR, and SEC analyses confirm the presence
of PHEMA and PCL in the materials and are a clear evi-
dence of the synthesis of the targeted copolymers. Noni-
sothermal crystallization of branched copolymers was
studied and compared with the corresponding model PCL.
Thermal analysis indicates that the presence of branches
reduced the melting-point temperature without compro-
mising their thermal stability. In general, a decrease in
the crystallization rate was obtained by increasing the
number of branches in the copolymers. These phenomena
are ascribed to the polymer architecture, which is notice-
ably affected by the absence or the presence of branches in
the main chain. This observation agrees well with crystal-
lization time values that gradually decrease, at a specific
cooling rate, with an increase in the number of branches
in the copolymers. Crystallization kinetics was analyzed
by Ozawa’s method and obtained results satisfactorily
describe the nonisothermal crystallization behavior.
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