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ABSTRACT: Novel nanostructured thermosetting materials have been prepared by modification of an epoxy
resin with a semifluorinated diblock copolymer, poly(heptadecafluorodecyl acrylate)-b-poly(caprolactone), PaF-
b-PCL. In a first step, the phase behavior and linear viscoelasticity of PaF-b-PCL were investigated. According
to the segregation regime, no order-order transitions were detected, being the order-disorder transition temperature
beyond the degradation temperature. Atomic force microscopy (AFM) images of the block copolymer after different
thermal treatments revealed that self-assembly takes place into spherical nanodomains, which is consistent with
the copolymer composition. This block copolymer was further used to prepare a nanostructured thermoset blend
with an epoxy resin. DSC and DMA analysis reveals microphase separation of PaF block from the epoxy-rich
phase after curing. The PaF block self-assembled into wormlike and spherical micelles in the thermoset system.
This nanostructured blend presented unique surface properties showing high hydrophobicity (υ ) 109°) and low
surface energy (17 mN/m).

1. Introduction

Block copolymers, BC, have been originating a great interest
because of their ability to self-assemble into a variety of ordered
nanoscale morphologies. The segregation of the block compo-
nents is due to the thermodynamic incompatibility and the
connectivity of two polymeric chains producing nanometer
ordered structures.1-9 Block copolymers are also capable of
inducing self-assembling in their blends with several homopoly-
mers leading to a variety of nanoscale morphologies.10-13

Block copolymers have recently been very used as templates
for generating nanostructured thermosetting matrices. Several
researches have reported the modification of epoxy monomers
with block copolymers with long-range order in both uncured
and cured states.14-32 The aim of these modifications is mainly
focused to toughen the very brittle epoxide network. One
feasible pathway for generating self-assembled thermosetting
nanostructures is the use of amphiphilic block copolymers, with
one of the blocks miscible with the epoxy resin. In this way,
poly(ε-caprolactone) (PCL) is a good candidate as epoxyphilic
block due to its well-known miscibility with several amine-
cured epoxy systems.21,28-31 As reported by Guo et al.,30,31one
of them is the thermosetting formulation used in the present
work, diglycidyl ether of bisphenol A (DGEBA) and 4,4′-
methylenebis(3-chloro-2,6-diethylaniline) (MCDEA). Recently,
Meng et al.32 reported a nanostructured system achieved by
modification of a thermosetting formulation composed by
DGEBA and 4,4′-methylenebis(2-chloroaniline) with an am-
phiphilic triblock copolymer, poly(ε-caprolactone)-b-polybuta-

diene-b-poly(ε-caprolactone), PCL-b-PB-b-PCL. The nanostruc-
turing in the blend is due to the polymerization-induced
microphase separation of PB domains whereas the PCL block
remained mixed with the thermoset matrix.

On the other hand, fluorinated polymers have attracted recent
interest due to their chemical resistance and low surface energy
properties. Furthermore, these polymers present low solubility
parameters leading to a marked thermodynamic incompatibility
with several organic polymers. The design of block copolymers
with fluorinated components in one block allows to obtain
materials not only hydrophobic but lipophobic as well.33-35 The
aim of this work is to report the use of a semicrystalline poly-
(heptadecafluorodecyl acrylate)-b-poly(caprolactone) diblock
copolymer, PaF-b-PCL, as templating agent in the development
of nanostructured thermosetting materials and its unique effect
in the surface properties of the nanocomposite.

2. Experimental Part

2.1. Synthesis of PaF-b-PCL. PaF-b-PCL diblock polymer was
prepared under a controlled manner by the sequential ring-opening
polymerization (ROP) ofε-caprolactone (CL) and atom transfer
radical polymerization (ATRP) of heptadecafluorodecyl acrylate
(aF8) in a three-step process.36 The PCL block is first prepared by
using aluminum triisopropoxide as the initiator of ROP of CL,
followed by the conversion of theω-hydroxyl end group of PCL
into an activated bromine, after reaction with 2-bromopropionyl
bromide. ATRP of the fluorinated methacrylate monomer is initiated
from the PCL macroinitiator with a nickel-based catalyst (dibro-
mobis(triphenylphosphine)nickel(II)) and ethyl 2-bromopropionate
as initiator. Molecular mass and polydispersity index were deter-
mined by size exclusion chromatography (SEC) based on polysty-
rene standards, using THF as solvent. The universal calibration
curve was set up on the basis of the viscosimetric relationships for
PS and PCL ([η]PS ) 1.25 × 10-4 M0.717, [η]PCL ) 1.09 × 10-3

M0.6). The polydispersity index obtained for the synthesized
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copolymer is around 1.15. The1H NMR (Bruker-500 MHz)
spectrum obtained from deuterated chloroform solutions and in the
CFC-113/CDCl3 mixture by using tetramethylsilane, TMS, as the
internal reference was used to determine the diblock copolymer
weight compositions and the molecular mass of PCL block through
end-group analysis. These results compare favorably with the
molecular weights estimated by SEC as well as the molecular
weights estimated from reaction stoichiometries.36c Table 1 lists
the characteristics of this copolymer while the1H NMR spectrum
with the corresponding assignations for the diblock copolymer is
shown in Scheme 1. The PCL homopolymer was supplied by
Aldrich. It has an averageMn ∼ 10 000 g/mol. All materials were
used as received.

2.2. Thermoset Precursors.The epoxy monomer used, DER
332, was a diglycidyl ether of bisphenol A (DGEBA), supplied by
Dow Chemical. It has an epoxy equivalent of around 175 and
average number of hydroxyl groups per two epoxy groupsn )
0.03. The curing agent used was an aromatic diamine, MCDEA,
from Lonza. The epoxy monomer and the diamine were used in
stoichiometric ratio.

2.3. Blending Protocol.35 wt % PaF-b-PCL and 20 wt % PCL/
epoxy systems were cured in the following way: first, the PaF-b-
PCL or PCL and the DGEBA monomer, both containing a similar
PCL weight percentage, were mixed at 150°C until complete
homogeneous mixture was obtained. MCDEA was then added to
the sample with vigorous stirring for few minutes to prevent
significant reaction during this step. Then the samples were degassed
in vacuum and cured at 150°C for 34 or 30 h for the PaF-b-PCL
and PCL systems, respectively. Finally, the samples were postcured
at 190°C for 4 h.

2.4. Techniques. Differential Thermal Analysis. Thermal
transition temperatures of individual components and their blends
with epoxy were determined by using a differential scanning
calorimeter Mettler Toledo DSC-822, under a nitrogen flow of 20
mL/min, working with 5-7 mg samples in aluminum pans.
Dynamic scans were performed from-60 to 180°C at heating/
cooling rates of 1 and 10°C/min. The percentage of crystallinity
of PCL block in the copolymer has been determined from the ratio
between melt enthalpy associated with melt peak of PCL in the

third DSC scan (1°C/min) and the melt enthalpy reported for PCL
100% crystalline (∆H°m ) 135.6 J/g),31 taking into account the
mass percentage of PCL block in the block copolymer.

Rheological Measurements.To study the viscoelastic behavior
of PaF-b-PCL, dynamic oscillatory shear measurements were
performed using a Rheometrics Ares rheometer equipped with 13
mm diameter parallel plates and two transducers with a couple
operating range of 0.02-2.000 g‚cm. Parallel plates were calibrated
to correct thermal expansion. Samples of 1-2 mm thickness were
made by pressing the block copolymer in a press with a force of
2.5 tons. Dynamic temperature ramp tests were conducted to record
the evolution ofG′ under isochronal conditions at a heating/cooling
rate of 1°C/min and at angular frequency of 0.1 Hz. The strain
amplitude was varied from 2 to 0.05% to ensure a linear viscoelastic
response.

Morphological Analysis. The morphology of the block copoly-
mer was studied by atomic force microscopy (AFM). AFM images
were obtained with a Nanoscope IIIa scanning probe microscope
(Multimode, Digital Instruments). Tapping mode was employed in
air using an integrated tip/cantilever (125µm in length with ca.
300 kHz resonant frequency). Typical scan rates during recording
were 0.7-1 line/s using a scan head with a maximum range of 16
× 16 µm. The specimens for AFM analysis were obtained by
melting the copolymer on a slide cover at 170°C and quenching
to room temperature. Then, the obtained films were submitted to
different annealing treatments, which were chosen from previous
rheological measurements. Morphological features for the PaF-b-
PCL-modified epoxy system were investigated by transmission
electron microscopy (TEM), by using a Hitachi H-800-MT micro-
scope, operated at 100 kV accelerating voltage. The samples were
stained with RuO4 vapors for 15 min to enhance contrast between
the PaF and PCL/epoxy phases.

Dynamic Mechanical Analysis. The dynamic mechanical
spectra (storage modulus,E′, and loss factor, tanδ) of cured blends
were obtained in a Perkin-Elmer DMA7 in three-point bending
mode. The scans were carried out between-150 and 240°C at a
frequency of 1 Hz and a heating rate of 5°C/min, using a span of
15 or 10 mm for the low- and high-temperature range, respectively.
The samples used were parallelepipedic bars (20× 3 × 1 mm3).
During the scans, the samples were subjected to a static force of
110 mN and a dynamic force of 100 mN.

Optical Contact Angle Measurement. Static contact angle
measurements were carried out on the surface of the PaF-b-PCL
modified and neat epoxy systems using a Data Physics OCA Series
instrument. The measurements were made in air at room temper-
ature by the sessile drop technique, water was the wetting liquid,
and a drop volume of 1µL was used. On every sample at least
seven measurements were performed, placing the liquid drops in
different parts of the sample surface. Droplets were maintained in
contact with surface for 60 s.

3. Results and Discussion

3.1. Characterization of Diblock Copolymer.The thermal
properties of PCL homopolymer and the block copolymer have
been investigated by DSC (not shown here). As shown in Table
1, the crystallization and melting processes of the block
copolymer occurred in two stages under the conditions em-
ployed, thus suggesting that both PCL and PaF crystallize in

Table 1. Characteristics of PaF-b-PCL Diblock Copolymer

block
copolymer fPCL

a,b
Mn,PCL

b

(g/mol)
Mn,PAF-b-PCLc

(g/mol)
Tg,PaF

d

(°C)
Tc,PCL

e

(°C)
Tc,PaF

e

(°C)
Tm,PaF

e

(°C)
Tm,PCL

e

(°C)
Tg,PCL

f

(°C)
Xc,PCL g

(%)
Xc,PCLblockg

(%)

PaF-b-PCL 0.89 10500 19000 -25 40 65 70 58 -55 50.3 11.7

a Volumetric fraction of PCL block estimated according to Helfand,53 fPCL ) (NPCL/FPCL)/(NPCL/FPCL + NPaF/FPaF), from published densities of fully amorphous
PCL (FPCL ) 1.09 g/cm3) and PaF monomer (FPaF) 1.64 g/cm3), beingNPCL ) 92 andNPaF) 16. b From 1H NMR measurements (see Experimental Part).
c From SEC analysis.d Glass transition temperature for PaF block measured by DSC (10°C/min). e Crystallization,Tc, and melting,Tm, temperatures measured
by DSC from second and third scans (1°C/min). f Glass transition temperature for PCL block measured by DMA (5°C/min). g Percentage of crytallinity of
PCL homopolymer and PCL block in the copolymer, determined as described in the Experimental Part.

Scheme 1.1H NMR of PaF-b-PCL Diblock Copolymer
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the block material. The percentage of crystallinity of PCL blocks
is much lower than that of pure PCL probably because PCL
blocks crystallize under stress in the PaF semicrystalline network
formed at higher temperature.37,38 Although not shown, the
melting/crystallization process has also been followed by optical
microscopy (OM), confirming DSC measurements.

Regarding the phase behavior of the block copolymer, a crude
estimation of the segment-segment interaction parameter has
been done. It is well-known that for the block copolymer case
the Flory-Huggins interaction parameterø can be approximated
in terms of solubility parameters of both blocks, thus obtaining
the øN values from39

whereN is the average polymerization degree,δ1(2) are solubility
parameters of each block,V is the molar volume, andR is the
gas constant. According to the Hoftyzer-Van Krevelen method,40

the values ofδ1(2) are 14.6 (19.8) MPa1/2 for PaF (PCL), which
agree with that reported by other authors,41 and then a value of
øN ∼ 170 at 298 K is obtained, which puts the copolymer in
the strong segregation regime. Consequently, the morphology
will basically depend on the volumetric fraction of the minority
block.39,42 Rheological measurements have confirmed the
segregation regime of the PaF-b-PCL copolymer. Figure 1a
shows the specifics changes in low-frequency dynamic moduli
G′ profile through the heating-cooling-heating cycle. As the
possible thermal transformations, OOT and ODT, could be
affected by melting/crystallization processes, the corresponding
DSC scans are shown in the inset. An increase of the magnitude
of G′ can be observed in the first heating scan to finally reach
a plateau value, which is maintained in the following cooling/
heating scans before and after the corresponding melting/
crystallization processes. Moreover, during the second heating
scan and after the melting process of PCL block, the plateau of
G′ is maintained until around 240°C, the temperature at which
degradation reactions were detected by TGA (not show here),
which evidences, in agreement with the strong segregation
regime of the block copolymer,42 that the ODT for this
copolymer is over its degradation temperature. Taking into
account that the copolymer is strongly segregated, the increase
of G′ will be presumably a consequence of block copolymer
ordering. In fact, by comparing the first heating scan with the
corresponding one to a sample previously annealed 24 h at 80
°C, G′ evolution revealed that the unannealed sample required
higher temperature to overtake the plateau than the stabilized
sample (Figure 1b). Thus, the observed behavior in the
magnitude ofG′ might be attributed to ordering of PaF-b-PCL
copolymer during the heating scan.

Figure 2 shows the AFM images of PaF-b-PCL films
submitted to different annealing treatments, which have been
chosen according to rheological measurements. As can be
observed, PaF-b-PCL copolymer presents self-assembling into
PaF spherical nanodomains, with average diameter ranging from
40 to 80 nm, in a PCL matrix for all the annealing treatments
employed, which is consistent with the volumetric fraction of
PaF block of 15%. Even taking into account that film behavior
can differ from the corresponding one to bulk morphology, this
fact seems to indicate that the changes inG′ value observed in
rheological measurements are just a consequence of the ordering
dynamics since the copolymer appears strongly segregated.

3.2. Characterization of the Nanostructured Thermoset-
ting Systems. Interestingly, the PaF-b-PCL-modified epoxy
systems were transparent at ambient temperature after curing,
thus suggesting the absence of macroscopic phase separation

in the blends. To ascertain the mixing degree of the cross-linked
epoxy networks with PCL and PaF blocks, DSC and DMA
techniques have been employed. The DSC thermograms of
individual components and modified epoxy networks after
curing are shown in Figure 3a,b, while the real values of the
heat of melting and crystallization are shown in Table 2. The
PaF-b-PCL exhibits two evident melting/crystallization peaks,
attributable to the semicrystalline PaF and PCL blocks. For 20
wt % PCL-modified epoxy system, a small melting/crystalliza-
tion peak appears, indicating some degree of crystallinity in the
blend, which taking into account the enthalpy values given in
Table 2 can be considered as residual. As mentioned above,
PCL has been found miscible in the DGEBA/MCDEA system
before and after curing reaction.30,31 For the PaF-b-PCL-
modified system, no melting/crystallization peak for PCL block
appears. It is plausible to propose that the PCL blocks were
interpenetrated in the cross-linked epoxy networks due to the
well-known PCL miscibility with epoxy networks.32,43,44Mis-

øN ≈ (δ1 - δ2)
2(V/RT) (1)

Figure 1. Isochronal temperature dependence of the storage modulus
(G′) of PaF-b-PCL diblock copolymer at a frequency of 0.1 Hz from
the melted state. (a) During heating-cooling-heating process. (b)
During heating process: (- -) sample annealed at 80°C, 24 h, and (s)
sample without previous annealing (first heating scan shown in (a)).
Strain-amplitude used varies fromγ0 ) 0.05-2% to ensure linear
viscoelastic response. The inset in (a) shows the corresponding DSC
dynamic scans in nitrogen atmosphere. Scan rate 1°C/min.
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cibility has been further confirmed by the changes in glass
transition temperatures. While the neat epoxy matrix displays
a glass transition temperature of 177°C, the PaF-b-PCL- and
PCL-modified epoxy systems display aTg which shifts down
to lower temperature, thus indicating that both PCL and PaF-
b-PCL are at least partially miscible in the epoxy matrix. The
presence of hydrogen-bonding interactions between the hydroxyl
groups of epoxy and the carbonyl group of PCL has been
confirmed by FTIR. Furthermore, the melting peak of PaF block
remained slightly unaffected in the epoxy blend, thus suggesting
that the PaF block could be separated out from the epoxy matrix.
The corresponding crystallization process, however, occurs at
lower rate of crystallization than in the neat copolymer, which
might be a consequence of two differently domains of PaF block
present in this blend but also to the fact that crystallization of
PaF blocks could be greatly slowed in nanoscale confined

environments.17 Thus, the significantly higher temperature range
of the glass transition in the block copolymer-modified system
could be attributed to the enrichment of PCL chains around PaF
domains.32

Dynamic mechanical analysis carried out in fully reacted
samples is shown in Figure 4a,b, where the corresponding
spectra for neat PCL homopolymer and PaF-b-PCL copolymer
in the low-temperature range have been included for comparison.
The neat epoxy system exhibits two relaxation processes: (i) a

Figure 2. TM-AFM topographical images of PaF-b-PCL films
annealed at (a) 80°C, 20 h+ 80 - 180 - 80 °C, V ) 1 °C/min, and
(b) 120°C, 48 h. Image size 5µm × 5 µm.

Figure 3. DSC dynamics runs at 10°C/min in nitrogen atmosphere
of (2) PCL homopolymer and (b) PaF-b-PCL diblock copolymer and
cured DGEBA/MCDEA systems for (s) neat epoxy, (4) 20 wt % PCL,
and (9) 35 wt % PaF-b-PCL. (a) Heating and (b) cooling scans. The
inset shows the corresponding heating scan at high range temperature.
In all cured systems the heat flow was multiplied by a factor of 14.
Values of the heat of melting and crystallization are shown in Table 2.

Table 2. Thermal Properties from DSC Measurements of PCL
Homopolymer, PaF-b-PCL Diblock Copolymer, and Cured DGEBA/

MCDEA Systems for 20 wt % PCL and 35 wt % PaF-b-PCL

designation ∆Hm
a (J/g) ∆Hc

b (J/g)

PCL homopolymer 73.4 76.4
PaF block in the copolymer 6.2 6.8
PCL block in the copolymer 25.5 25.5
20 wt % PCL/epoxy system 0.3 0.1
35 wt % PCL-block/epoxy system
35 wt % PaF-block/epoxy system 1.4 1.7

a Normalized melt enthalpy (∆Hm) from DSC measurements. Scan rate
of 10 °C/min. b Crystallization enthalpy (∆Hc) from DSC measurements.
Scan rate of 10°C/min.
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low-temperature relaxation (around-80 °C), corresponding to
â relaxation mode, associated with localized motions of the
glycerol groups and the diphenylpropane units,45,46 and (ii) a
relaxation at 190°C, which corresponds to theR relaxation
mode, associated with glass transition temperature. Spectra for
blends containing 20 wt % PCL and 35 wt % PaF-b-PCL
showed a shift ofR relaxation of the epoxy-rich phase to lower
temperatures. The values of the glass temperatures agree with
the corresponding ones obtained by the equation of Gordon-
Taylor,47 which indicates that the shift of theR relaxation is
related to the full dissolution of 20 wt % PCL.30 In addition,
the slightly higher values for block copolymer-modified system
could be related to both a restriction in the mobility of PCL
chains in the copolymer and a partial deswelling of PCL chains
due to the microphase separation of PaF block. Taking into
account the results obtained by other authors,18,19 it can be
assumed that part of PCL, near the PaF immiscible block, can
deswell and is not yet soluble in the epoxy matrix. Indeed, the
broadening of theR relaxation could be attributed to the
appearance of a shoulder around 80°C because of the melting
of the PaF block. Furthermore, although theTg of PCL falls in
the same temperature range that theâ relaxation of epoxy-rich
phase, it seems not to appear in the spectrum of both modified
epoxy systems. Nevertheless, theTg for PaF block in the 35 wt
% PaF-b-PCL-modified epoxy system, which appears around

-25 °C overlapped with the corresponding one to PCL block
in neat block copolymer, appears to be practically unaffected
by the epoxy network, thus confirming phase separation between
PaF block and the epoxy-rich phase (Figure 4b).

TEM micrographs for this system (Figure 5) clearly show
nanostructuring through microphase separation, where wormlike
and spherical micelles with an average size in length of about
70 and 20 nm, respectively, are dispersed in a continuous epoxy
resin matrix. Because of the RuO4 staining, amorphous PCL
appears darker in the TEM images,48 while white and gray
domains correspond to PaF and the epoxy-rich phase, respec-
tively. This structure remained stable after 3 months as the
nanodomains were fixed inside the epoxy matrix.

Last and interestingly, the surface properties of this novel
nanostructured blend have been investigated by contact-angle

Figure 4. Dynamic mechanical spectra obtained at 1 Hz of neat
DGEBA/MCDEA system (s) and its blends containing (4) 20 wt %
PCL and (9) 35 wt % PaF-b-PCL. (a) High- and (b) low-temperature
range. For comparison, spectra for neat PCL homopolymer (2) and
PaF-b-PCL diblock copolymer (b) have been included in the low-
temperature range.

Figure 5. TEM images at different magnifications on different regions
for DGEBA/MCDEA cured blend containing 35 wt % PaF-b-PCL. The
samples have been stained with RuO4 for 4 min. Scale bar: (a) 0.2µm
and (b) 100 nm.
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measurements (Figure 6). Surface free energies of both 35 wt
% PaF-b-PCL-modified epoxy and neat epoxy systems have
been calculated from contact angle data using the equation-of-
state theory.49,50 Results so obtained show that the modified
system has a higher hydrophobicity (υ ) 109°) and low surface
energy (17 mN/m) in comparison with the neat epoxy system,
which exhibits low water repellence (υ ) 73°) and high surface
energy (39 mN/m). This fact indicated that the fluorinated
polymer is present at the surface of the epoxy mixture. Previous
studies with other fluorinated mixtures51,52have shown that the
air-blend interface is mainly occupied by the fluorinated chains
because these chains can easily migrate to the uppermost
surfaces of the blends, even with only 1.5 wt % of the
fluorinated component in the blends.

4. Conclusions
In the present study, we have reported the thermal and phase

behavior of a synthesized semicrystalline PaF-b-PCL diblock
copolymer. The PaF-b-PCL has been successfully used to
prepare nanostructured thermoset blends, resulting in microphase
separation of PaF chains from the epoxy-rich phase containing
mostly PCL block, as demonstrated by DSC and DMA
measurements. TEM images revealed that self-assembling
process leading to nanostructured thermoset blend takes place
into spherical and wormlike PaF micelles, which is consistent
with the copolymer composition and content in the blend. That
novel nanostructured epoxy blend is a material with low surface
energy and high water repellence.
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