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ABSTRACT: Poly(e-caprolactone-b-perfluoropolyether-b-scaprolactone) (PCL-PFPE-PCL)
block copolymers having different PCL block lengths and end-capped with methacrylate
groups were prepared and characterized. Spectroscopic analyses confirmed the expected
molecular structure of the products. After UV curing, the films revealed the presence of two
amorphous phases, corresponding to fluorinated and hydrogenated moieties, respectively.
The material containing long PCL blocks showed also a crystalline phase. Surface proper-
ties of the UV-cured films were evaluated: The surfaces have a very high hydrophobic
character in spite of the presence of many polar OH groups present in the polymeric
network and a high hysteresis in wetting. An enrichment of fluorine at the air-side surface
was shown by contact-angle measurements, except when long PCL sequences are present.
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angles decreased by increasing the content of PCL, that is, by decreasing the

content of fluorine. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 75: 651-659, 2000
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INTRODUCTION

The use of fluorinated monomers and oligomers
for coatings is very attractive, due to the peculiar
characteristics given by the fluorine presence,
such as hydrophobicity, chemical stability, and
weathering resistance, release properties, and a
low coefficient of friction, water impermeability,
and a small refractive index. Different fluorinated
monomers have been already used for many ap-
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plications and their properties discussed in sev-
eral articles.’™ The hydrophobic character of flu-
orine-containing polymers is well known, to-
gether with other peculiar properties such as high
heat and chemical resistance, good toughness and
flexibility at very low temperature, low surface
energy, and low friction coefficient. Fluorine-con-
taining polymers having some peculiar character-
istics, in particular, surface properties, can be
obtained by polymerization of fluorinated mono-
mers or surface fluorination of traditional poly-
meric materials. Both approaches show some
drawbacks such as the necessity to use great
amounts of fluorinated monomers in order to
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Figure 1 Reaction scheme for the preparation of fluorinated acrylic polyesters.

achieve a significant surface modification and the
high cost of surface fluorination of a previously
molded item.

In previous works, we studied coatings which
contained small amounts of acrylic monomers
having perfluoroalkyl branches and we investi-
gated the influence of the monomer structure and
its concentration on the film formation and on its
final properties.*® In this context, it seems very
interesting to explore the use of perfluoropoly-
ether (PFPE) structures for obtaining, after cur-
ing, new coatings for the protection of different
substrates. The UV-curing technique has inter-
esting advantages in the preparation of polymeric
networks, mainly because it makes it possible to
have a high productivity, saves energy, does not
require solvents, and avoids environmental pollu-
tion.®

PFPE-functionalized macromers have already
been introduced into epoxy systems,” into polyes-
ter polymers,®® unsaturated polyester resins,®
and polyurethane systems'!'?: The new materi-
als show interesting and peculiar performances,
joined with unusual surface properties. Pursuing
this research, we decided to use these building
blocks for the preparation of UV-curable systems.
First, a preliminary report on PFPE bisacrylates,
obtained by reaction of the fluorinated macrodiol
with acryloyl chloride, was published.® Then, we
adjusted a different synthetic route in order to
link the PFPE segments to the polymeric network
and made the bis-CH,OH-terminated PFPE mac-
romers able to react with the isocyanate—ethyl
metacrylate: PFPE bisurethane—methacrylate
derivatives (PFEUMA) were obtained. These oli-
gomers were then successfully subjected to UV
curing.'*

The presence of reactive functional groups in
telechelic PFPE'® makes possible their modification
with simple reactions in order to obtain fluorinated
additives having improved and controlled miscibil-
ity characteristics toward the hydrogenated ther-
mosetting resins, such as vinyl ester resins (VER).

Considering the well-known compatibility of poly(e-
caprolactone) (PCL) with several different poly-
mers,'® poly(e-caprolactone-b-perfluoropolyether-b-
(e-caprolactone) (PCL-PFPE-PCL) block copoly-
mers having different PCL block lengths were
prepared in order to have samples with controlled
compatibility with various polymers. After end-cap-
ping with methacrylate groups, these oligomers can
be photopolymerized alone or in a mixture with
other curable resins. In this article, we report the
synthesis and the characterization of PCL-PFPE-
PCL block copolymers end-capped with methacry-
late groups and their photopolymerization.

EXPERIMENTAL

Materials

The fluorinated macromer was a commercial
product named Fomblin Z-DOL® TX (supplied by
Ausimont and indicated by TX2) having the fol-
lowing structure:

(CF,—CF,—0),—(CF,—0),
CFQ_C Hg_O_( C HZ_C H2_O )n_H

in which CF,CF,0 and CF,O units, randomly
distributed along the chain and with a p/q ratio of
~0.9, represent the perfluoropolyether compo-
nent. The poly(ethylene oxide) chain is the end-
capping segment and contains the hydroxyl func-
tional group with an average value n of 1.5. The
number-average molecular weight of TX2, deter-
mined by YF-NMR, is 2200. The macromer was
employed as received without further purifica-
tion. In Figure 1, TX2 is also schematically indi-
cated as HO-PFPE-OH.

PCL-PFPE-PCL block copolymers were ob-
tained by bulk polymerization of the e-caprolac-
tone monomer onto the hydroxyl terminal groups



of TX2 in the presence of a suitable catalyst, with
formation of ABA-type block copolymers having
two hydroxyl terminal groups.!” The employed
samples were characterized by PCL blocks having
an average degree of polymerization of 5 [sample
indicated by TX2CL(5)] and of 10 [sample indi-
cated by TX2CL(10)], respectively.

Before use, chlorendic anhydride (CA, 1,4,5,6,7,7-
hexachloro-5-norbornene-2,3-dicarboxylic anhydride;
Aldrich Chemicals, Milwaukee, WI) was purified
by crystallization from n-hexane, glycidyl meth-
acrylate (GM; Aldrich Chemicals) was distilled at
reduced pressure, and toluene (Aldrich Chemi-
cals) was distilled and dried at atmospheric pres-
sure on calcium hydride.

Modification of Fluorinated Oligomers

Preliminary tests showed that a direct reaction
between TX2 and GM did not take place. Thus,
modification of TX2 with CA is necessary to allow
the further reaction with GM.

Maoadification of TX2, TX2CL(5), and TX2CL(10)
with CA

TX2 was reacted with CA (molar ratio 1:2), in
bulk, under mechanical stirring, at 120°C for 2 h;
the final product was named TX2-CA. Analo-
gously, the TX2CL(5) and TXCL(10) copolymers
were reacted with CA (molar ratio 1:2) in a tolu-
ene solution (2:1 vol/vol with respect to the reac-
tants), under mechanical stirring, at the refluxing
temperature for 3.5 h; the final products, after
elimination of the solvent, were mnamed
TX2CL(5)-CA and TX2CL(10)-CA, respectively.

Madification of TX2-CA, TX2CL(5)-CA, and
TX2CL(10)-CA with GM

TX2-CA was reacted with GM (molar ratio 1:2) in
bulk, under mechanical stirring, at 90°C for 1.5 h;
the final product was named TX2—CA—GM. Anal-
ogously, the TX2CL(5)-CA and TX2CL(10)-CA
copolymers were reacted with GM (molar ratio
1:2) in a toluene solution (2:1 vol/vol with respect
to the reactants), under mechanical stirring, at
the refluxing temperature for 4 h. The final prod-
ucts, after elimination of the solvent, were named
TX2CL(5)-CA-GM and TX2CL(10)-CA-GM, re-
spectively.

Film Preparation

The mixtures of the pure acrylated oligomers with
4% (w/w) of the photoinitiator (2-hydroxy-2-
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methyl-1-phenylpropan-1-one, Darocure 1173, from
Merck) were coated onto glass plates with a cali-
brated wire wound applicator to obtain a film thick-
ness of about 100 um. Coated sheets were then
irradiated with a medium-pressure mercury lamp
with a light intensity on the film of about 10 mW/
cm?, working in a small box equipped with a quartz
window under a pure N, atmosphere (O, content
<20 ppm).

TX2-CA-GM and TX2CL(5)-CA-GM are lig-
uid at room temperature with quite high viscosity
values; by increasing the number of PCL blocks,
the copolymers tend to crystallize: therefore, the
TX2CL(10)-CA-GM copolymer needs to be
warmed above its melting point before the pho-
topolymerization occurs.

Free films were obtained by peeling them from
the glass plate and completing the curing process
by irradiating the other side of the film. The irra-
diation time was continued until a constant dou-
ble-bond conversion was reached (about 20 s). The
complete procedure was reported previously.'®

ANALYTICAL TECHNIQUES

Molecular Characterization of Modified
Fluorinated Oligomers

FTIR analysis was performed on a Brucker IFS48
instrument. "H-NMR analysis was performed on
a Varian Gemini System 300-MHz instrument
using as a solvent a CDCly/1,1,2-trichloro-1,2,2-
trifluoroethane mixture (1:1 vol/vol) for the sam-
ple TX2—-CA and CDCl; for all other samples.
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Figure 2 FTIR spectra of (a) TX2CL(10), (b)
TX2CL(10)-CA, and (c¢) TX2CL(10)-CA-GM.
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Figure 3 'H-NMR spectra of (a) TX2, (b) TX2-CA,
and (c) TX2-CA-GM.

Film Characterization

The film thickness was measured using a Minit-
est 3000 instrument (Elektrophysik Koéln, Ger-
many). The double-bond conversion was deter-
mined by Fourier-transform infrared spectros-
copy (FTIR) by measuring the change of the area
of the absorption band at 1635 cm ™! before and
after UV irradiation. The FTIR measurements
were performed using an ATI Mattson Genesis
Series II spectrometer.

The gel content was determined by measuring
the weight decrease after 24-h treatment at room
temperature with chloroform. DSC analyses were

performed using a Perkin—Elmer 2C or a Mettler
DSC 20 instrument in the range —120 to +150°C
with a heating rate of 10°C/min.

Dynamic mechanical analyses (DMTA) were
performed on an MK II Polymer Laboratories in-
strument at a 1-Hz frequency in the tensile con-
figuration. The size of the specimen was about 14
X 9 X 0.1 mm. The storage modulus, E’, and the
loss factor, tan §, were measured from —150°C up
to the temperature at which the rubbery state
was attained. The T, value was assumed as the
maximum of the loss factor curve.

Contact-angle measurements were performed
with a Kruss G1 instrument. The measurements
were made in air at room temperature by the

! ,qu__h_,“

) Jb\}t JJ!\

R Lass Lants aaas Lants SEAL LAY LARAS LAAM) ALY LA LAY LAM LAARS LARES W
7 6 5 4 3 2 1 0
PPM

Figure 4 'H-NMR spectra of (a) TX2CL(10), (b)
TX2CL(10)-CA, and (c¢) TX2CL(10)-CA-GM.




Table I 'H-NMR Assignments

ACRYLIC POLYESTER RESINS CONTAINING PFPEs 655

T 1
1 CH,—(CH,);—CH,—0—CO
a b c

2 —CH,—(CH,);—CH,—0—CO—
a b c

3 —PFPE—CF,—CH,—O(CH,—CH,—O0),;H
- b

a

i

a: 2.65 ppm, 2H; b: 1.80-1.85 ppm, 6H; c: 4.25, 2H

a: 2.30 ppm, 2H; b: 1.40-1.65 ppm, 6H; c: 4.05, 2H

a: 3.50—4.00 ppm, 8H; b: 2.20 ppm, 1H

4 —PFPE—CF,—CH,—O(CH,—CH,—0),s;—CH,—CH,—0—(CO—CH,—(CH,);—CH,—0),—CO—CH,—(CH,);—CH,—OH
b

a

c d e c d f

a: 3.70-3.95 ppm, 6H; b: 4.25 ppm, 2H; c: 2.30, 2H; d: 1.40-1.65, 6H,; e: 4.05, 2H; f: 3.65, 2H

[ 1
5 0—0C—CH—R—CH—CO (CA)

a C C C

6 CH,=~C—CO—O0—CH,—CH—CH,

| NV
CH;b

4.17 ppm, 2H

a: 5.62 ppm, 1H, 6.19 ppm, 1H; b: 1.99 ppm, 3H; c: 2.68 ppm, 1H, 2.88 ppm,
1H, 3.28 ppm, 1H, 4.03 ppm, 1H, 4.50 ppm, 1H

sessile drop technique; advancing and receding
angles were obtained by increasing or decreasing
the drop volume until the three-phase boundary
moved over the surface. The microsyringe needle
was kept immersed inside the drop during the
measurements. On every sample, at least nine
measurements were performed, placing the liquid
drops in different parts of the sample surface;
their difference in the average value was no more
than 2°.

RESULTS AND DISCUSSION

FTIR Analysis

The information obtained from the FTIR analysis
gave an indication of the type of functional groups
involved in the modification reactions. FTIR spec-
tra of TX2CL(10), unmodified and modified with
CA and GM, are reported in Figure 2. Thus, from
a qualitative point of view, it can be noted that,
with respect to unmodified copolymer TX2CL(10)
[Fig. 2(a)], the spectrum of TX2CL(10)-CA [Fig.
2(b)] exhibits a marked decrease of the broad
band at 3300—-3600 cm ! according to the reac-
tion of hydroxyl with the anhydride groups. On
the contrary, the spectrum of TX2CL(10)-
CA-GM [Fig. 2(c)] shows the appearance of a
broad peak in the region related to the stretching
vibrations of hydroxyl groups, as expected from
the reaction between the carboxyl terminal

groups of TX2CL(10)-CA and the epoxy group of
GM. Similar considerations can be made for the
other products.

TH-NMR Analysis

In Table I is reported the attribution of "H-NMR
peaks for starting materials and final products.

Modification of TX2, TX2CL(5), and TX2CL(10)
with CA

The spectrum of TX2-CA [Fig. 3(b)] indicates that
the signal related to the methylene groups of
PFPE adjacent to the hydroxyl groups [( 3.9 ppm
in Fig. 3(a)] is shifted at 4.2—4.3 ppm after ester-
ification and has almost the same intensity of the
signal of the CH groups of CA [4.05 ppm, slightly
shifted in respect to the cyclic structure reported
in Table I (5)], because of the ring-opening ester-
ification: this is an indication that the expected
reaction between the hydroxyl terminal groups of
PFPE with anhydride groups occurred. Reaction
can be assumed complete because the ratio be-
tween signals of the esterified methylene groups
and of the remaining methylene groups of PFPE
is 1:3, as expected.

In the case of PCL-PFPE-PCL block copoly-
mers, conversion can be evaluated by comparing
signals ranging from 3.6 to 4.3 ppm of TX2CL(10)
and TX2CL(10)-CA [Fig. 3(a,b), respectively]: This
latter shows a decrease of signal resonating in the
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Figure 5 FTIR spectra of a TX2-CA—-GM (curve A) before and (curve B) after UV

irradiation.

region where the methylene groups adjacent to the
hydroxyl terminal groups of PCL blocks (3.6-3.7
ppm) are located together with increase of the com-
plex signal ranging from 3.95 to 4.15 ppm related to
CH groups of CA residue, to esterified methylene
groups after reaction with CA, and to the predomi-
nant methylene groups adjacent to ester groups of
PCL blocks. Signal variations of TX2CL(10)-CA
with respect to the unmodified copolymer indicate
that the esterification reaction of the hydroxyl
groups of TX2CL(10) takes place quantitatively.
Similar considerations can be made for TX2CL(5),

in which the lower PCL content makes the quanti-
tative determination of conversion easier.

Modification of TX2-CA, TX2CL(5)-CA, and
TX2CL(10)-CA with GM

Spectra of TX2-CA-GM [Fig. 3(c)] and of
TX2CL(10)-CA-GM [Fig. 4(c)] appear quite com-
plex because of the superimposition of different
signals in the region ranging from 3.2 to 4.5 ppm,;
however, it is possible to note the disappearance
of signals corresponding to unreacted epoxy
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Figure 6 DMTA spectrum of a UV-cured TX2—CA-GM film (thickness about 100 m).



ACRYLIC POLYESTER RESINS

CONTAINING PFPEs 657

1400+ 90
E' (MPa) E" (MPa)
1200 { 80
70
T 1000
c 60
no 8005
S
i 60040
€ a0
20
200
H10
Oto

Lo.eo
tan &
L 0.50

tan &

-0.40
-0.30
Fo.20
0.10

- 0.00

-50

Temperature (°C)

Figure 7 DMTA spectrum of a UV-cured TX2CL(5)-CA-GM film (thickness about

100 m).

groups (2.7, 2.9, and 3.25 ppm), indicating a com-
plete conversion. Furthermore, in the case of
TX2CL(10)-CA—GM, the ratio between normal-
ized signals of the PCL blocks and of the
CH,=C(CHg)— methacrylic groups (2.0, 5.6, and
6.2 ppm) is equal to 10, which represents the
value expected from stoichiometry. Once again,
the same conclusions are valid for TX2CL(5)-CA~
GM. In conclusion, information obtained from
FTIR and 'H-NMR analyses indicates that mod-
ification reactions with CA and GM take place
quantitatively and with the formation of the ex-
pected products according to the scheme proposed
in Figure 1.

Properties of the Films Obtained After UV Curing
Bulk Properties

The oligomers, with 4% w/w of the photoinitiator
added, were UV-irradiated under a N, atmo-
sphere using a glass sheet as the substrate. TX2—
CA-GM and TX2CL(5)-CA-GM gave completely
amorphous and transparent films having rubbery
properties. TX2CL(10)-CA-GM was cured at
60°C; it gave an opaque film which showed, by
DSC analysis, a crystallinity peak having T,

Table I T, Values of Cured Films by DMTA

= 43°C; the same peak was observed in the ther-
mogram of the starting uncured oligomer.

A typical FTIR spectrum of the film obtained
after UV curing of TX2-CA-GM is reported in
Figure 5 (curve B) and compared to the oligomer
before curing (curve A). The band at 1635 cm ™ ?,
due to the methacrylic double bonds, disappears
completely after irradiation. Therefore, the dou-
ble-bond conversion is practically 100%. As far as
the other two oligomers are concerned, the dou-
ble-bond conversion observed showed the follow-
ing values:

TX2CL(5)-CA-GM 69%
TX2CL(10)-CA-GM 56%.

The incomplete conversion of double bonds can
be attributed mainly to dilution effects, which
increase by increasing the length of the PCL
segments. In any case, these values of conversion
are above those of the critical conversion of tetra-
functional monomers calculated from the Flory
theory.'?

The determination of the gel content on the
films gave the following results:

TX2-CA-GM TX2-CL(5)-CA-GM TX2-CL(10)-CA-GM
T,, (°C) -90 -99 -103
T, (°C) +36 -6 -13
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Table III Contact Angles of Water on Films Cured on Glass

Oaay () Opec (°) Hysteresis
Side Side Side
Sample Air Glass Air Glass Air Glass
TX2-CA-GM 128 98 35 54 93 44
TX2CL(5)-CA-GM 118 93 31 43 87 50
TX2CL(10)-CA-GM 88 85 45 42 43 43

TX2-CA-GM 95%
TX2CL(5)-CA-GM 88%
TX2CL(10)-CA-GM 82%.

These data can be attributed either to the pres-
ence of small amounts of unfunctionalized prod-
ucts which increase by increasing the MW of the
oligomers and/or to the incomplete double-bond
conversion.

In Figures 6 and 7, the dynamic mechanical
thermal analysis (DMTA) spectra related to UV-
cured TX2—-CA-GM and TX2CL(5)-CA-GM films
are reported, recorded from —120 to 80°C. The
spectra clearly show the biphasic nature of the
films, indicating the presence of two 7, values:
The former, T,,, is close to the T, of pure PFPE,
and the latter, T, is positioned at a higher tem-
perature and can be attributed to a phase con-
taining the hydrogenated moieties of the cured
material. The obtained 7, values are reported in
Table II.

The T, values of the fluorine-rich phase are
practically unaffected by the length of the hydro-
genated segments, in agreement with previous
results,'* while the T, of the phase containing
hydrogenated moieties is strongly decreased by
the PCL segments (T, pc1, = —56°C).2° Therefore,
we can conclude that, after curing, the films are
two-phase systems with an almost pure PFPE

phase and a second homogeneous phase contain-
ing PCL and the other hydrogenated moieties.

Surface Properties

The contact-angle values of water were performed
on the cured films peeled off from two different
substrates: glass and polypropylene (PP). The
side in contact with air was labeled the air side,
and the other side, the substrate (glass or PP)
side. The values of advancing and receding angles
and of hysteresis obtained for films peeled off the
two above-reported substrates are collected in Ta-
bles III and IV.

The 6,4, angles decrease by increasing the con-
tent of caprolactone, that is, by decreasing the
content of fluorine. For TX2-CA-GM and
TX2CL(5)-CA-GM films, wettability is lower on
the air side, indicating an enrichment of the flu-
orinated chains at the less polar film-air inter-
face. Similar results were found for oligomers
having urethane—acrylate PFPE structures.* In
the case of TX2CL(10)-CA—GM films, the asym-
metry between the two sides practically disap-
pears: therefore, in the presence of great amounts
of PCL blocks, the surface enrichment of fluori-
nated chains on the air side is not evident. The
hysteresis values are generally high, indicating a
surface heterogeneity of the cured films.

Table IV Contact Angles of Water on Films Cured on PP

0pav (©) 0o (°) Hysteresis
Side Side Side
Sample Air PP Air PP Air PP
TX2-CA-GM 127 101 36 45 91 56
TX2CL(5)-CA-GM 116 88 32 42 84 46




With the aim to evaluate the effect of the po-
larity of the substrate on the surface properties,
some films were cured on an apolar substrate
such as polypropylene and then were subjected to
surface analysis. The contact-angle values re-
ported in Table IV indicate that the effect of the
apolar substrate is not evident.

CONCLUSIONS

New telechelic macromers containing PCL-PF-
PE-PCL blocks end-capped with methacrylate
groups were synthesized and characterized. Spec-
troscopic analyses (NMR and FTIR) confirmed
the molecular structure of the products.

The films obtained after UV curing, examined
by DSC and DMTA, revealed the presence of two
amorphous phases, one containing almost pure
fluorinated segments, and the other, hydroge-
nated moieties. The films obtained from the
TX2CL(10)-CA-GM resin showed also a crystal-
line phase, due to the presence of sufficiently
long PCL blocks. With the only exception of
TX2CL(10)-CA-GM films, the products gave rise
to transparent films: therefore, the dimensions of
the domains, which have different refractive in-
dices, have to be considered smaller than the
wavelength of light.

The surface properties of the photopolymerized
films were evaluated: the surfaces have a very
high hydrophobic character in spite of the pres-
ence of many polar OH groups present in the
polymeric network and a high hysteresis in wet-
ting. An enrichment of fluorine at the surface in
contact with air with respect to glass or the
polypropylene side was found by contact-angle
measurements, except for samples with long PCL
segments [TX2CL(10)-CA-GM]. The 6,4, angles
decreased by increasing the content of caprolac-
tone, that is, by decreasing the content of fluorine.
The results obtained suggest that the acrylic poly-
ester resins containing PCL-PFPE-PCL blocks
give rise, after UV curing, to a multiphase poly-
meric structure with interesting properties for
high-performance applications.
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