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Abstract

The thermal and the surface properties of PCL-PFPE—-PCL block copolymers having different PCL and PFPE block lengths were
investigated by DSC, contact angles and XPS measurements. DSC analysis reveals for all the copolymers the presence of different
amorphous phases; the phase located at low temperature was attributed to the fluorinatedTeates also demonstrated that PCL
crystallizes from a pure phase. XPS measurements showed a strong surface enrichment in PFPE with respect to the bulk. Contact angle value:
showed a hydrophobic character of the film surface even if the trend was found not depending on the fluorine concentration as detected by
XPS: this behavior may be explained by the presence of very flexible blocks, providing a highly dynamic surface. These structures can be
potentially used as additives for the formation of polymers having ‘smart surfaces’ with selective adhesive prapex€iee. Elsevier
Science Ltd. All rights reserved.
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1. Introduction The improvement of the surface characteristics of the poly-
meric materials represents an industrial goal of always increas-
Poly(fluoroalkylene oxide)s (also named perfluoro- ing importance. In this context, fluorinated polymers are
polyethers, PFPEs) [1] represent a class of fluorinated particularly suitable and different strategies can be exploited
materials extremely interesting for their unusual properties to modify the surface properties of conventional polymers.
which are not shown by other common polymers. These First of all, surface fluorination of previously molded items,
properties include very low glass transition temperatures even though this represents a highly expensive technology [3].
(about —12C°C), chemical inertia, solvent and high Alternatively, surface properties can be modified by the
temperature resistance, barrier properties, low coefficient addition offluorine-containing monomers during the polymer-
of friction, hydrophobicity (water repellency), lipophobicity ization. Usually the copolymerization of traditional fluori-
and in particular low surface energy. nated monomers, such as perfluorinated alkenes with non-
In fact, some of the most interesting features of PFPEs fluorinated olefins, leads to random copolymers with proper-
derive from their surface properties which distinguish them ties intermediate between those of the parent homopolymers
from all other polymers, with the exception of poly(siloxane)s [4]. In these systems a significant modification of the surface
[2]. Surface tension of linear PFPESs varies in the range of 20— properties requires a high molar ratio of the fluorinated como-
22mNm?, at least 10 mN m* lower than other conven-  nomers which could frequently be accompanied by a modifi-
tional polymers such as poly(vinyl chloride), poly(styrene), cation of the bulk properties (especially mechanical
poly(methyl methacrylate), poly(urethane)s and poly(ethy- properties). In addition, the high cost of fluorinated monomers
lene terephthalate). Furthermore, PFPEs are extremely nonieads to very expensive polymeric materials.
polar substances and their very low solubility parameters lead Other fluorinated products such as acrylic and
to a marked thermodynamic incompatibility with most of the methacrylic esters copolymerize with their hydrogenated

common organic polymeric systems. homologues and give rise to copolymers having peculiar
surface properties, even when the ratio between the fluori-
* Corresponding author. nated and the hydrogenated monomers is very low. In these
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systems the bulk properties are those of the correspondingTable 1

hydrogenated homopolymers [5] Molecular characteristics of PCLsRPFPE—-R—PCL block copolymers
Th.e recent availability of telechelic PFPEs with reactive yqe Molecular weight of blocks PFPE (wt%) PCL (wt%)

terminal groups [6] makes the preparation of segmented in PCL-R,—PFPE-R-

copolymers containing fluorinated blocks by using PFPEs pCL®

as macromers during the polymerization ppssple [7-10]. It TX1CLE  550—100—900—100—550 a1 50
was shown that the PFPE segments contained in polyester—y; 1o

' X 1150-100-900-100-1150 27 67
PFPE multiblock copolymers are able to migrate toward the 1x1cL20 2300-100-900-100-2300 17 79
surface (because of their low surface energy) leading to aTX1CL40  4600-100—900-100—-4600 9 89
fluorine-rich surface even when the amount of PFPE in the TX2CL5 ~ 550-100-2000-100-550 60 34
bulk is very low [11-13]. The main drawback of this last TX2CL10  1150-100-2000-100-1150 45 51
h is that the chemical modification has to be carried oo 20 2300-100-2000-100-2300 30 o1
approach 1s eMIC : TX2CL40  4600—100-2000-100-4600 18 80
out during the polymerization and that a fraction of PFPE Tx3cLs  550-100-3200—100-550 71 25
could remain unreacted at the end of the polymerization TX3CL10 1150-100-3200-100-1150 56 41
[14]. This may not be economically convenient and can TX3CL20 2300-100-3200-100-2300 40 57
TX3CL40  4600-100-3200-100-4600 25 73

be exploited for a limited number of polymers, as it requires
that the terminal groups of the telechelic macromers are able = Nominal, from initial reactants ratio, in good agreement with composi-
to react with the monomers. tion data obtained fromH NMR analysis.
In a different approach, fluorine surface modification can
be achieved by blending fluorinated polymers with other the following formula:
polymers, taking into account that the air—polymer surface
of blends is dominated _by the low surfa_ce energy fluorm_at_ed H~(OC,H,),~OCH,CF,0«C,F,0),
polymer as a result of its surface activity and incompatibil-
ity, previously discussed. Unfortunately, pure PFPEs are not X (CF,0)q—CF,CH,0+C,H,0),—H
easily usable because of their extreme incompatibility with
other organic polymers combined with a very low viscosity, which canbe schematized as: HQ-RPFPE—R—OH, and in
which lead to an exudation from the system over a short which the constitutional units —€,0— and —CFO—,
period of time. An effective way to produce a true and randomly distributed along the macromolecular chains,
permanent surface modification in such blends is repre- constitute the internal body (PFPE) whegi =~ 0.9. The
sented by the employment of PFPE-based multiphasepoly(ethylene oxide) chain (schematically)Rs the end-
block, segmented or graft copolymers. Of course, the capping segment containing the functional hydroxyl group,
chemical nature of the non-fluorinated block is of primary with an averaga value close to 1.5. The molar mass of the
importance in order to obtain compatibilization with the three studied fluorinated macromers is 1100, 2200 and
host polymer. In this respect, poty¢aprolactone) (PCL) is 3400 g mol* (in the following they are named TX1, TX2
a polymer which offers some interesting features because itand TX3, respectively). Polg{caprolactone)-poly(fluoroalk-
gives miscible blends with a wide variety of organic polymers ylene oxide)-polyé-caprolactone) block copolymers were
[15], such as PVC, ABS, SAN, and PC. In these systems the prepared by ring opening polymerization etaprolactone
hydrogenated chain can provide the miscibility with respectto (CL) using telechelic hydroxyalkyl terminated PFPE
the non-fluorinated polymer when the fluorinated chains oligomers as transfer agent in the presence of titanium
migrate onto the surface: both miscibility and diffusion may tetrabutoxide initiator [16]. As reported in Table 1, the
be controlled by an appropriated choice of the type and length copolymers are indicated with the code XLy in which x
of both the fluorinated and non-fluorinated blocks. (1, 2 or 3) andy (in the range from 2 to 40) identifies the
In this paper we investigate the thermal and surface prop- fluorinated macromer and the average number of repeating
erties of ABA block copolymers containing PCL blocks (A) units contained in each PCL block, respectively.
together with PFPE blocks (B), whose synthesis and mole- The structure
cular characterization have been reported in a previous work

[16]; moreover the relationship existing between morphol- H[O~CH,)s—CO],«OC,H4),—OCH,CF,0~C,F,0),
ogy and surface composition is discussed.

X (CF,0)4—CF,CH,0AC,;H40),-{CO~HCH,)s—OJ,H

2. Experimental can be schematized as PCL+-HPFPE-R—-PCL.
Different PCL diols (purchased from Aldrich) having an
2.1. Materials average number molecular weight of 530, 1250 and

2000 g mol* (approximately corresponding to 5, 11 and
The fluorinated macromers were supplied by Ausimont 18 CL units, respectively), were used as-received. They
(registered name Fomblin Z-DOL TX); they are liquids with  will be named hereafter as PCL5, PCL11 and PCL18.
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Fig. 1. DSC thermogram of TX3CL10 copolymer.
2.2. Film preparation assumed as the mean value of the energy jump of the

. ~ thermogram (average value between the onset and the
The films for contact angle measurements were obtainedengpoint of the glass transition range). Contact angle

by casting from dichloromethane solution (5%, w/v) onto & measurements were performed with a Kruss G1 instrument.
glass slide. After the solvent was evaporated, the thermo-The measurements were made in air at room temperature by
plastic films were put into an oven at about®Gor 10 min, e sessile drop technique; advancing and receding angles
in order to minimize the presence of air bubbles and surfaceyere opbtained by increasing or decreasing the drop volume
defects, and then solidified at room temperature. Films were nti| the three-phase boundary moved over the surface. The
also obtained by placing the sample directly onto a glass microsyringe needle was keptimmersed inside the drop during
slide followed by the same thermal treatment above the measurements. On every samples at least nine measure-
described, in order to verify the absence of any solvent ments were performed, placing the liquid drops in different
effect in the surface formation. No differences in contact parts of the sample surface; their difference with the average
angle values were found for films of the same sample yajue was no more thafi.Because of the strong film adhesion
prepared in the two different ways. The thickness of the gp glass, wettability measurements of films were carried out

obtained films was about 15m. . only on the air-side and not on the glass-side.
The specimens for XPS measurements were obtained by xps measurements were carried out on the air-side

solvent-casting as films in clean aluminum weighing pans syrface with a Perkin—Elmer Physical Electronics 5300

from chloroform solution (0.5%, w/v). The samples were gjectron spectrometer using a hemispherical analyzer and

thickness of the resultant films was approximatelyus0. the source, operated at 150 W (15 kV and 10 mA). High-
resolution spectra of carbon 1s,{Ccore level for each
2.3. Film characterization sample were acquired with a pass energy of 35.75eV, a

binding energy window of 20 eV and a rate of 0.2 eV per
DSC analyses were performed by means of a Mettler step. A maximum of 5 min at 150 W of X-ray exposition for

DSC 30 instrument in the range from150 to +100°C each specimen was used. Under this analysis conditions the
with a heating rate of € min~'. In order to minimize effects of X-ray damage were determined to be minimal
the effect of recrystallization from the dichloromethane [17]. Data were collected at 3Otakeoff angle (TOA)
solution, for each sample two thermal scans were collectedbetween the sample and the analyzer and lead to sampling
in the aforementioned temperature range. The evaluation ofdepths of approximately 50 A18,19]. Binding energies
the crystallinity content was performed on the second were referenced to the C—H level at 285.0 eV. Overlapping
thermal scan immediately after a recrystallization from the peaks were resolved into their individual components by
melt at a cooling rate of 6C min™*. The Ty values were using a curve-fitting program. The deconvolutions were
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based on the knowledge of the line widths determined from
studies of the homopolymers and were in agreement with
the literature data [13,20].

3. Results and discussion
3.1. Thermal properties

A typical DSC thermogram for the TX3CL10 sample is
reported in Fig. 1; two thermal transitions at about10
and +50°C are clearly evident. The first one is attributable
to the glass transition of the perfluoropolyether phase [1],
whereas the second one is attributable to the melting of the
crystalline PCL phase. Similar results were found for the
other triblock copolymers.

In Table 2 theTy and T,, values obtained through DSC

PCL diols with different molecular weight are shown.

3.2. Crystalline phase

The melting transition T,,) observed for all the block
copolymers is due to the PCL blocks; in fact by comparing
the T,,s of the block copolymers to those of the PCL homo-
polymers having the same number of CL units, a good
agreement can be found. Thg values increase by increas-
ing the number of the CL units and a value close tth4.e.
the literature value of the PCL homopolymer [21], was

42 (2001) 1771-1779

determined considering a melting enthalpy of the PCL homo-
polymer of 142 J g*[21]. Its variation as a function of the CL
units in the PCL diols and in the block copolymers is reported
inFig. 2. Forthe PCL diols the degree of crystallinity increases
by increasing the number of CL units probably due to the
progressive decrease of the relative weight of terminal groups
which behave like defects. Also the fluorinated copolymers
show the same trend, with an increase of the crystallinity
percentage by increasing the number of the CL units and
with the number of CL units being constant, the crystallinity
of the PCL segments decreases by increasing the molecular
weight of the PFPE macromer.

These data which were obtained after a fast cooling from
the melt suggest that the mobility of the PCL blocks
decreases with increasing the lengths of the PFPE mid-
block. The reduction of the mobility can be attributed to
the presence of entanglements caused by PFPE segments

Svhose number depends on both the amount and the length

of the PFPE blocks.

Alternatively one can hypothesize that the crystallization
occurs from a mixed liquid phase including a significant
amount of PFPE blocks together with PCL segments. This
hypothesis does not agree with tfig values reported in
Table 2. In fact they are clearly independent of the type of
PFPE blocks and demonstrate that PCL crystallizes from a
pure phase.

3.2.1. Amorphous phase

observed for the longest PCL blocks. These results suggest In the case of TX2CL and TX3CL type copolymers, the

that in the molten state PCL crystallizes from an almost pure

glass transitions can be attributed to domains containing

PCL phase indicating the presence of a biphasic system inalmost pure PFPE chains. In fact these glass transition

the molten state.
For all the block copolymers the crystallinity degree was

Table 2
Ty andT,, of PCL diols and block copolymers (values obtained from DSC;
(a) not evident)

Code T, (°C) T (°C)
PCL5 -76.8 +39.0
PCL11 -70.5 +50.0
PCL18 -64.2 +56.0
TX1 -89.5 -

TX1CL5 -76.7 +39.0
TX1CL10 -775 +49.0
TX1CL20 -68.5 +55.8
TX1CL40 —64.9 +59.5
X2 -102.7 -

TX2CL5 ~102.8 +39.8
TX2CL10 (@) +54.3
TX2CL20 (@) +53.1
TX2CL40 (@) +59.8
TX3 -113.4 -

TX3CL5 -115.6 +37.6
TX3CL10 -111.0 +48.4
TX3CL25 -118.0 +59.1
TX3CL40 -114.3 +57.4

temperatures correspond to those of the homologous TX
macromers. In the case of TX3CL samples Thebserved
forthe fluorinated phase is slightly lower than that observed for
the pure TX3 macromer and is similar to that observed for the
PFPE without terminal hydrogenated segments [22]. Probably
this is due to the fact that the hydrogenated segmepjsa(fe
miscible with the PFPE segments in the TX3 macromer; onthe
contrary, in the TX3CL copolymers, they are segregated and
form hydrogenated domains.

70

60 -
50 A
40 -
30 A

Crystallinity (%)

20 A
10 4

0 T T T T
20 30 40
CL units

50

Fig. 2. Percentage of crystallinity vs. CL units in PCL diols and block
copolymers (values obtained from DSC; PCL diols; 0, TX1CLs; A,
TX2CLs; O, TX3CLs).
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Fig. 3. DSC thermogram related to the TX1CL10 copolymer.

For the TX1CL type copolymers, a glass transition region the PFPE and PCL segments occurring at high temperatures
was detected at temperatures higher than those of the TX1cannot be excluded.
macromer and the shift was found to increase by increasing As far as the TX2CL and TX3CL type copolymers are

the CL units content. A typical DSC thermogram which
evidences theTy shift toward higher temperatures is
reported in Fig. 3. All theT, data are reported in Table 3.
In the case of the TX1 type copolymers with very long
PCL blocks, theT, approximates the typical values of PCL
homopolymers. Considering thg of the pure homopoly-
mer equal to—89.5C for TX1 and—60°C for PCL [23], a

concerned, since the PCL segments contained in crystalline
domains are only a fraction of the overall PCL segments, an
amorphous phase (probably containing theghigdrogenated
segments also) should be present as a distinct phase.
Actually this phase was detectable neither with DSC nor
with DMTA. This fact could be explained considering the
existence of amorphous domains with a composition

good correlation can be achieved by applying the Gordon— gradient from the PFPE domains to the PCL ones, which
Taylor equation [24] to the amorphous phase of TX1CL spread their transitions in a wide temperature range.
copolymers. These results suggest that for TX1CL samples The consequence is that the expected glass transition
there is a mixed amorphous phase containing both fluori- temperatures related to the hydrogenated segments are not
nated and hydrogenated segments. This conclusion does nodletectable by conventional calorimetric analysis. For the
exclude the presence of PFPE aggregates: in fact same reasons, and probably also for constrains exerted by
the hydrogenated segments [26], the glass transition of the
e asingleTy is not a direct indication of miscibility of the =~ PFPE segments is not evident for most TX2 type copoly-
system (from a thermodynamic point of view) but it mers. It becomes evident again for TX3 type copolymers
depends also on the state of dispersion of two immiscible (see Table 2) which contain longer PFPE chains: a certain
phases [25]; amount of these ones (80—40%) are able to form a separate
e the T, values demonstrated that a heterogeneous systenphase of pure PFPE as it appears from a semiquantitative
is also present in the molten state. analysis of theAC, related to the PFPE phase which shows
that the experimental values are 20—60% lower than the
Therefore we think that in TX1CL samples the PFPE theoretical ones. This confirms the existence of a mixed
segments are actually separated in microdomains of suchphase made of PFPE and PCL segments.
a small dimension that cannot be evidenced by DSC
measurements. However, a phase separation (LCST), 0f3.2.2. Surface composition

Table 3
Comparison between experimental data &pdalues obtained by applying
Gordon—Taylor equation for the investigated copolymers

The PFPE surface composition was evaluated from infor-
mation in theC,s regions of the spectra.

Peaks from hydrogenated segments (PCL ang R
between 284 and 290eV) and fluorinated segments

Copolymer T, (°C) (PFPE, between 292 and 296 eV) were found. In particular,
Experimental Calculated the curve-fitting analysis (Fig. 4) evidenced the pres-
ence of seven peaks centered at 285.0 eVJ8,-C),
TX1CL5 -76.7 -73.7 286.6eV (-O€H,-C), 287.4eV (CRCH,-0),
TX1CL10 =775 —718 288.9eV (O€0O-CH,), 2924eV (O€F,—CH,),
mgflg :gjg :g?:i 293.5 eV (O-C,F,—0), 294.9 eV (O€F,—0), respectively.

A deconvolution program was used to separate the
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value of the bulk. The surface enrichment of fluorine was
found in other copolymeric systems containing the PFPE
chains [11-13,27,28], even when their concentration in
the bulk was very low. The fluorinated groups, whose
surface tension is very different from the hydrogenated
part of the copolymers, behave as surfactants and concen-
trate at the air interface, lowering the surface energy.

Being equal the length of the fluorinated block, as
expected, the PFPE percentage detected onto the surface
decreases by increasing the length of the PCL segments,
e e i.e. by decreasing the PFPE content in the bulk. Moreover,

being equal the length of the PCL block, when the average
295 293 291 289 287 285 length of the PFPE increases, the fluorine concentration at
the surface increases.
Fig. 4. Raw and curve-fit data of the C1s region of TX2CL40 collected at Finally from the comparison of sample TX1CL10 with
30° TOA. samples TX2CL40 and TX3CL40 we can see that these last

two have a higher PFPE concentration at the surface

different contributions, as reported in Fig. 4; from the area notwithstanding at lower PFPE content in the bulk. This
of these peaks it was possible to calculate the surface weightfact evidences that the surface modification depends not
percent of PFPE, PCL andjRegments using the following only on the available fluorine concentration, but also on

Binding Energy (eV)

equation: the different surface activity of the fluorinated chains having
(A + A + Ag)
nC—MPFPE
%) — PFPE
PPN S At AT AS,,  6(A,,  (AstAc—Ao)
. VeeeeT o —MpeL T T ¢ VIRH
PFPE PCL RH
6-(Ap)
nc—D MPCL
%) = PCL
PO = BT AT A, 6y, | ReTAc—Ad)
. VeeeeT o —MpoL T T ¢ VIRH
PFPE PCL RH
(Ag + Ac — Ap) M
ngH RH
0, =
RO = AT AH A B, (AatAc—Ag)
T G VierPE n PCLT /¢ VIRH
PFPE PCL RH

Mpeps MpcL, andMgy are the molecular weight of the repre-  different length. Similar results were obtained in a previous
sentative monomeric units of the different segments (88.5, work concerning the surface modification of hydrogenated
114 and 96, respectively); where the value corresponding toresins with acrylic esters of alcohols having fluorinated
PFPE was calculated accounting for the relative weight of chains in the range from &£y to C,gF; [29]: the effect of
CF,0 and GF,O units.nSgpe nSCL andnSy are the number  the modification of the surface induced by adding a small
(or the average number) of carbon atoms present in the samejuantity of GgF,; into the hydrogenated resin was found
representative monomeric units (1.45, 6 and 4, respec-always stronger than that obtained by introducing higher
tively). The details of the method for the determination of amounts of GFy derived ester.
PFPE surface composition have been discussed and reported In Table 5 the advancing contact angle values measured
elsewhere [17]. with respect to water and-hexadecane are reported. The
In Table 4 some data related to the surface composition results with water show that almost all the copolymers have
from XPS measurements are reported. In any case aa high hydrophobicity ¢ > 9C°). Quite surprisingly, the
dramatic surface enrichment of the fluorinated blocks with wettability of the films containing PFPE with the same mole-
respected to the bulk, as determined from the block cular weight decreases by increasing the PCL block length,
copolymers composition, is evident (e.g. in the case of i.e. by decreasing the PFPE content, referred to the bulk.
TX1CL40 an increase of 588% is measured). On the On the contrary, when the measurement liquid is apolar
contrary the amount of PCL is lower than the theoretical (n-hexadecane), the behavior is reversed: the valugs Qf
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Table 4
Comparison between bulk and surface composition

Bulk composition (wt%o) Surface composition (wt%%)

PFPE PCL R PFPE PCL R
TX1CL5 41 50 9 78 17 5
TX1CL10 27 67 6 70 25 5
TX1CL40 9 89 2 61 35 4
TX2CL5 60 34 6 88 10 2
TX2CL10 45 51 4 80 17 3
TX2CL40 18 80 2 72 26 2
TX3CL5 71 25 4 92 5 3
TX3CL40 25 73 2 73 24 3

# From the chemical composition of the copolymer.
® From XPS analysis, 30TOA.

are quite constant for all the TX1 type copolymers, while a concentration and the mobility of the block which the
limited change of the wettability can be evidenced for TX2 hydroxyls belong to.
and TX3 copolymers. Furthermore it is worth to note that, In order to verify the effect of the hydroxy end groups
for the same CL units value in PCL block, the best lipo- concentration on the water wettability, contact angle
phobic characteristics were obtained for the block copoly- measurements were performed on PCL diols having differ-
mers having PFPE molecular weight of 2200 (TX2CL ent molecular weights (and therefore different hydroxyl
samples) even though the percent PFPE content is higherconcentration). The results are reported in Fig. 5 where a
for the TX3CL copolymers. strong decrease of wettability is shown when the MW of

These results obtained with water seem to be in contrastPCL diols increases, i.e. when both the hydroxy terminal
with the XPS results (Table 4): in the three different groups concentration and the chain mobility (see melting
TXXCLy series the contact angle values increase while the temperatures reported in Table 2 and crystallinity values
PFPE content on the surface decreases. In other words thef Fig. 2) decreases. On the other hand, when the measure-
wettability cannot be directly correlated to the surface ment liquid is non-polarri-hexadecane), the contact angle
composition. This behavior can be explained considering values of the PCL diols (Fig. 5) are quite constant, within
that the composition of the outermost layer of the film is the experimental error as reported for thexCLy copoly-
measured in high vacuum atmosphere by XPS analysis,mers. Furthermore, it can be noted that the contact angle
whereas contact angle evaluations are related to the characvalues of the PCL diols are in the range of 17=a8d are
teristics of the interface between the polymer and the much lower than the TXCLy copolymers (in the range of
measuring liquid (water). The composition of such an inter- 57-73): this fact indicates that the high contact angle
face can vary very much during the measurements due tovalues showed in this case are due to the presence of the
possible interactions between the two phases [30]. Thesefluorinated blocks.
interactions can depend on both the hydroxy end groups Onthe basis of these data, a surface rearrangement depend-

ing on the type of substrate interfaced to polymer surface can
Table 5 _ _ _ be supposed, according to Scheme 1 which shows the repre-
Advancing contact angle aqd hysteress values for the investigated block sentation of surface rearrangement depending on the type of
copolymers (measurement liquids: water anldexadecane) . .
environment interfaced to the polymer surface.

Code Liquid: water Liquidn-hexadecane 5

Baav () Hysteresis9) Baav () C

o 45

TX1CL5 70.6 24 64.6 g
TX1CL10 90.6 43 62.8 9 35
TX1CL20 94.6 41 62.6 *g
TX2CL40 93.0 38 61.6 S s
TX2CL5 87.0 56 73.0 g
TX2CL10 82.4 51 67.2 g 15 4 — T T
TX2CL20 97.2 53 64.0 '3:
TX2CL40 93.0 35 60.2 5 ' . \
TX3CL5 83.8 47 69.8
TX3CL10 914 39 60.4 0 5 10 15 20
TX3CL20 92.2 46 59.0 CL units
ngtig ggg gg ggg Fig. 5. Advancing contact angle values for PCL5, PCL11 and PCL18

hexadecane as measurement liglidwater as measurement liquid).
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Eiivironment POLYMER-SUBSTRATE Environment advancing and receding angles are also reported in Table
WATER INTERFACE AIR (VACUUM) 5. The hysteresis is quite high; this is expected when both
hydrophylic and hydrophobic groups are present as in the
HOwmmm— ausunan OH A copolymers under investigation. The reasons for this
e R e e LR LA A A A phenomenon are many: the surface roughness, the surface
z/\j heterogeneity, the reorientation of the surface structure under

i

the measuring liquid [31,32], and finally the possibility that
the droplet molecules penetrate into the material. None of

s
o
O Huninn
I

these effects can be excluded in our systems moreover the
BULK mmmin PCL chain different contributions cannot be separated in details.
A PFPE chain In fact the film surfaces are visibly rough due to the
procedure of preparation taking into account the block
Scheme 1. copolymer nature of the products, the very different chemi-

cal nature of the segments (with a perfluorinated central unit
In the case of polar substrate (contact angle measured inendcapped by hydrogenated groups) and the presence of
water), the polar hydroxy and ester groups of the polymeric crystalline domains of PCL. The reorientation of the surface
system tend to migrate to the interface water—polymer increas-structure has been discussed before.
ing the wettability (it has to be noted that the glass transitions  Water penetration cannot be forgotten. Diffusion of liquid
of the amorphous phase, where the hydroxyl groups arewater in the fluorinated phase of the films is negligible; in the
contained, is far below the temperature of measurement). Onhydrogenated domains made by PCL units, water diffusion
the contrary, in the case of non-polar substrate (contact angleshould preferentially occur in the amorphous phase. Consider-
measured in-hexadecane and XPS analysisin vacuum), there ing thew, values reported in Fig. 2, one could expect that water
is no affinity with the hydroxyl and ester groups of the hydro- penetrates more easily in the TX3CLy systems than in the
genated polymer: therefore the fluorinated blocks tend to others. In agreement with these results hysteresis is always
migrate to the polymeric surface decreasing the wettability. lower in the TX1CLy films.
In any case, the driving force, which determines the surface If the hysteresis data are plotted as a function of the bulk
composition, is the minimization of the interfacial tension PFPE weight percentage (Fig. 6), being equal the length of the
between polymer and environment. PCL chain, a maximum is observed with the only exception of
The increasing of contact angle values (in water) by the TXnCL40 copolymers. Probably this behavior can be
increasing the PCL block content, for the same PFPE ascribed to a morphological transition from a fluorinated
block length (see Table 1) can be explained by considering dispersed phase to a fluorinated continuous phase; at this
that there is a decrease of chain mobility due to the higher composition the maximum of heterogeneity (i.e. hysteresis)
crystallinity percentages (see Fig. 2). According to the is expected [33].
proposed mechanism, the crystalline domains act as
‘physical crosslinks’ and tend to hinder the migration of 4. Conclusions
hydrophilic hydroxyl and ester groups of the copolymers
onto the surface. In other words, the presence of crystalline In this work polyg-caprolactonds-perfluoropolyetheb-
regions of PCL decreases the chain mobility and minimizes e-caprolactone) (PCL—-R-PFPE—-R—PCL) block copoly-
the surface rearrangement due to the presence of a polamers having different PCL and PFPE block lengths were
substrate at the polymer surface. prepared in form of films and subjected to DSC and surface
The hysteresis values, i.e. the difference between theinvestigation.
As far as the thermal characterization is concerned, the

65 obtained films reveal, for all the copolymers, the presence of
two different phases. For the copolymers having the longest
357 PFPE blocks (TX2 and TX3 type), the phase located at low
§ 45 temperature was attributed to the fluorinated moiety:Tthe
s values, related to the PCL blocks, were found to increase by
é 35 4 increasing the PCL block length reaching the homopolymer
T PCL melting temperature. In the case of copolymers having
25 4 the PFPE block with lower molecular weight (TX1 type),

the Ty values are intermediate between those of the pure
PFPE macromer and pure amorphous PCL. This does not
exclude the presence of two phases, which can have such a
small dimension that cannot be detected by DSC or DMTA
Fig. 6. Hysteresis values vs. PFPE bulk concentration TXnCL5; <, analyses. In all cased,, values demonstrated that PCL
TXnCL10; O, TXnCL20; O, TXnCL40). crystallizes from a pure phase.
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PFPE bulk concentration (%wt)




M. Toselli et al. / Polymer 42 (2001) 1771-1779 1779

Considering the surface properties, XPS measurements [2] Hardman B, Torkelson A. Silicones. In: Mark H, editor. Encyclopedia
showed a strong increase of the amount of fluorinated OfPO'YmelfgS;éencezgzdSg‘gi”ee”r‘gvV°'- 15. New York: Wiley—Inter-
. . . . science, . p. - .
phase of the films at the air-side surface with respect to [3] Chen R, GoreIiFI)< V, Silverstein MS. Journal of Applied Polymer
the bulk; moreover the longer the PCL block, the lower Science 1995:56:615—23.
the fluorine content. [4] Kerbow DL. In: Scheirs J, editor. Modern fluoropolymers. New York:
In agreement with these results, contact angle values Wiley, 1997 (chap. 15).
(bOth in water anm-hexadecane) revealed a hydrophobic [5] Bongiov_anni R, Pollicino A, quzelino G, Malucelli G, Priola A,
character for almost all the investigated copolymers in spite _, Ameduri B. Polymer Advances in Technology 1996;7:403-8.
. [6] Tonelli C, Gavezzotti P, Strepparola E. Journal of Fluorine Chemistry
of the presence of many polar hydroxy terminal groups, 1999:95:51-70.
especially when the longest PCL blocks were considered. [7] PpilatiF, BonoraV, Manaresi P, Munari A, ToselliM, Re A, De Giorgi M.
The trend of the contact angle was found not depending Journal of Polymer Science A: Polymer Chemistry 1989;27:951-62.
on the fluorine concentration detected by XPS: this behavior [8] Pilati F, Manargsi P, Toselli M, Re A. Journal of Polymer Science A:
was attributed to the different measuring conditions adopted _ Folymer Chemistry 1990,28:3047-54. .
. . . . [9] Pilati F, Toselli M, Vallieri A, Tonelli C. Polymer Bulletin
for the two analytical techniques (high vacuum ambient for 1992:28:1517.
XPS measurements, water for contact angle evaluations)[io] Tosellii M, Pilati F, Fusari M, Tonelli C, Castiglioni G. Journal of
and may be explained by the presence of very flexible Applied Polymer Science 1994;54:2101—6.
blocks, providing a highly dynamic surface. [11] Pilalti F,| Toigng;ol\g3R3e4g’ Izgttino FA, Pollicino A, Recca A. Macro-
H HF . molecules aH —a0.
. .Smce the wettability of a film de.pends on the character- [12] Pilati F, Toselli M, Bottino FA, Di Pasquale G, Pollicino A, Short RD,
istics of the nature of the substrate interfaced to the polymer, Tonelli C. La Chimica e Industria (Milan) 1992:74:678—84.
the chemical composition of the surface can be modified [13] Bottino FA, Di Pasquale G, Poliicino A, Pilati F, Toselli M, Tonelli C.
during the contact angle evaluation. Wettability measure- Macromolecules 1998;31:7814-9.
ments performed both on films of PCL diols having different [14] Pilati F,. Toselli M, MES.SOTi M, Credali U, Tonelli C, Berti C. Journal
molecular weight evidenced an increase of the contact angle __ °f Applied Polymer Science 1998,67:1679-91.

| ith by i . h | | iaht of th [15] Krause S. Polymer—polymer compatibility. In: Paul DR, Newman S,
values with water by increasing the molecular weight of the editors. Polymer blends. New York: Academic Press, 1978 (chap. 3).

copolymers, i.e. by decreasing the concentration of the [16] Toselli M, Pilati F, Tonelli C, Messori M, Priola A, Bongiovanni R,
hydroxy groups, the higher hydrophobicity was reached. Malucelli G, Tonelli C. Macromolecules 1999;32:6969-76.
Taking into account the obtained results, these structures[17] In preparation.

can be potentially used as additives for the formation of pon- [18] Chen X, Gardella JA, Kumler PL. Macromolecules 19‘93;26:3.778—.83.
. . . . . [19] Seah MP, Dench WA. Surface and Interface Analysis 1979;1(1):2.

mers having smart surfaces with selective adhesive propertie 20] Clark MB, Burkhardt CA, Gardella JA. Macromolecules

[34]. In fact, the functional end groups (hydroxy or other) can 1989:22:4495-501.

be chosen to interact selectively with a complementary recep-[21] Runt JP. Crystallinity determination. In: Mark H, editor. Encyclope-

tor located on a target substrate. When the modified polymer  dia of polymer science and engineering, vol. 4. New York: Wiley—

surface and a substrate are placed in contact, adhesion is__ 'nterscience, 1989. p. 482-519. i _
?22] Priola A, Bongiovanni R, Malucelli G, Pollicino A, Tonelli C,

enhanced only if the functional (_and group Senses an appropri-" -~ gineone G, Macromolecular  Chemistry  and  Physics
ate receptor on that substrate with which it can form the speci- 1997:198:1893-907.

ficinteraction. If a receptor is not present, the modified surface [23] Mochizuki M, Hirami M. In: Presnad PN, Mark JE, Fai TJ, editors.
exhibits release properties. Polymers and other advanced materials. New York: Plenum Press,

1995. p. 589-96.
[24] Gordon M, Taylor JS. Journal of Applied Chemistry 1952;2:493.
[25] Utracki LA. Polymer alloys and blends. Munich: Hanser, 1989 (chap.
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