
Surface Properties and Metathesis Synthesis of Block
Copolymers Including Perfluoroalkyl-Ended Polyethylenes

Steve J. McLain,* Bryan B. Sauer, and Lawrence E. Firment
DuPont Central Research and Development, Experimental Station,
Wilmington, Delaware 19880-0328

Received April 22, 1996; Revised Manuscript Received August 12, 1996X

ABSTRACT: Linear polyethylene with fluoroalkyl end groups has been prepared by ring-opening
metathesis polymerization of cyclododecene in the presence of partially fluorinated acyclic olefins (chain
transfer agents), followed by reduction of the double bonds in the backbone. Melt surface tensions (γ)
were obtained for samples with one or both ends terminated by F(CF2)10 or F(CF2)4 groups at different
molecular weights (MWs) of the hydrocarbon segments down to oligomeric sizes. The polyethylenes with
two perfluorinated ends, i.e., PE(C10F21)2, were the most effective at lowering γ. At only 10% atomic F in
the bulk, values of γ were obtained which were even lower than those for pure poly(tetrafluoroethylene).
The surfaces of films of selected fluoroalkyl-terminated polymers were also characterized by advancing
and receding contact angle measurements and angle dependent X-ray photoelectron spectroscopy (XPS).
Advancing contact angles in hexadecane were as high as 70°, indicating a high surface concentration of
perfluorinated species. Comparison with model systems indicate that much of the surface is covered by
close-packed CF3 groups. XPS profiling quantified the ratio of fluorocarbon to hydrocarbon in the surface
regions and also indicated a strong surface excess of oriented chain ends. The hexadecane contact angles
of fluoroalkyl-ended metathesis polymers [PE(C10F21)2] decrease substantially as the molecular weight
increases above ca. 40 000. In that range, the bulk concentration of chain ends becomes quite low and
surface concentration of fluorocarbon chain ends at the surface is sharply reduced because of
configurational entropic reasons. The surface properties of blends of a lower MW PE(C10F21)2 copolymer
with a PE homopolymer were evaluated and compared to the series of pure PE(C10F21)2 copolymers where
the high MW limit of the polyethylene center is approached. At similar bulk F levels in the blends and
pure copolymer, the surface fluorocarbon content in the blends is significantly enhanced.

Introduction
The surface properties of fluoropolymers are unique

in their very low surface energies combined with chemi-
cal resistance and good mechanical properties. It is
well-known that many materials have a lower surface
free energy than a pure perfluorinated substance such
as polytetrafluoroethylene (PTFE). These materials are
mainly those with a surface dominated by CF3 groups.
Zisman1 first showed the remarkable low surface free
energies (or critical surface tensions) of ordered per-
fluorinated monolayers with chains terminated by CF3
groups. The effectiveness of CF3 compared to -CF2-
in lowering the surface free energy is attributed to the
bulky F atom leading to a lower density of attractive
centers per unit area at the surface in the case of a CF3
surface.2,3 For the same reason the surface free energy
of fluorocarbon is much lower than that of hydrocarbon,
i.e., the more bulky -CF2- groups relative to -CH2-
groups leads to a lower density of attractive centers and,
thus, a significantly lowered surface free energy of PTFE
versus polyethylene (PE).2
Side group substituted polymers were developed in

order to mimic the ultralow surface energies associated
with close packed monolayers, yet they retain the
mechanical properties associated with polymers.4-6

Perfluoroalkyl-terminated polyesters have also been
shown to have a high excess of fluoro species at the
surface.7 In some cases, the effectiveness of the side
group substituted polymers actually surpassed the
monolayer systems.4,5 Other ultralow surface energy,
nonstick perfluoroalkane-substituted systems which
form smooth, curable coatings have recently been
developed.8 One common feature of all of these substi-
tuted polymers are high advancing and receding contact
angles in hexadecane approaching 80°, due to an ap-

proximately close-packed surface of CF3 groups.
In this paper we report on polymers with perfluoro-

alkyl end groups prepared by metathesis polymeriza-
tion. Olefin metathesis is a metal-catalyzed reaction
which scrambles the alkylidene groups of olefins.9
When the reaction is carried out on a cyclic olefin, the
product is a linear ring-opened polymer with double
bonds in the backbone. Acyclic olefins act as chain
transfer agents in the metathesis polymerization of
cyclic olefins, and they are frequently added as a means
of limiting and controlling the molecular weight. Since
the alkylidene units of the acyclic olefin become the end
groups of the polymer, this is a method of controlling
the end groups. In this case acyclic olefins with fluo-
roalkyl groups were used to cap the polymers. The
double bonds can then be reduced to form end-group-
modified polyethylenes.
These unique polymers have the melt and solution

processability of hydrocarbon polymers, but their low
surface energies are more typical of fluoropolymers. As
melt additives, they can dramatically lower the surface
energy of high molecular weight polyethylene or other
polyolefins. This report describes the synthesis of
several classes of fluoroalkyl-ended metathesis polymers
and the detailed characterization of their surface prop-
erties by surface tension, surface energetics, and X-ray
photoelectron spectroscopy (XPS).

Experimental Section
Materials. Synthesis of C10F21(CH2)6CHdCH(CH2)6-

C10F21. A solution of C10F21(CH2)6CHdCH2 (14.97 g, 23.75
mmol) in 50 mL of dry chlorobenzene was warmed to 65 °C in
an open flask in a dry-box. A solution of 0.047 g of W(CHMe3)-
(2,6-diisopropylphenyl)(OC(CH3)(CF3)2)2 (0.059 mmol) in 1 mL
of chlorobenzene was added, and after 2 h a second equal
portion of catalyst was added. The solution was stirred in the
open flask overnight at 65 °C to allow escape of the ethylene
product. The chlorobenzene was removed in vacuo, and the
product was distilled on a Kugelrohr apparatus connected to
a high vacuum line. A low-boiling fraction collected at 90-
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120 °C (3.00 g) showed no olefinic resonances by 1H NMR. The
desired product distilled at 180 °C (10.36 g, 71%). It is a white
solid with high solubility in 1,1,2-trifluorotrichloroethane
(F113), and moderate solubility in THF, CHCl3, and pentane.
It is soluble in chlorobenzene at 65 °C. DSC shows a melting
endotherm at 104.4 °C (49 J/g).
C4F9(CH2)6CHdCH(CH2)6C4F9 was prepared similarly and

distilled on a Kugelrohr apparatus connected to a high vacuum
line at 160-180 °C.
Polymerization Conditions. A solution of diethyl ether

(0.038 g, 0.52 mmol) in 2 mL of chlorobenzene was added with
stirring to a solution of WCl6 (0.103 g, 0.26 mmol) in chlo-
robenzene. A reaction mixture consisting of 20 mL of chlo-
robenzene, cyclododecene (15.0 g, 90.2 mmol), C10F21(CH2)6-
CHdCH(CH2)6C10F21 (2.17 g, 1.76 mmol), and tetrabutyltin
(0.180 g, 0.52 mmol) and was heated to 80 °C. The WCl6/ether
solution was added and the mixture became viscous within a
few minutes. After 1 h at 80 °C, the hot mixture was poured
into a 10-fold excess of stirring methanol to precipitate the
polymer and to separate it from cyclic oligomers of cy-
clododecene that constitute about 10% of the product. The
polymer (type 1, see below) was collected by filtration and then
redissolved in minimal hot chlorobenzene and reprecipitated
by addition to a 10-fold excess of methanol. The polymer was
isolated by filtration and washed on the filter with three
portions of 1,1,2-trichlorotrifluoroethane to remove traces of
unreacted fluoroolefin and low molecular weight (MW) linear
products. The polymer was dried overnight at 50 °C in a
vacuum oven (14.9 g). The fluorine content of the 1,1,2-
trichlorotrifluoroethane extracts was determined by 1H NMR
end group analysis. The bulk of the fluorine, which is
contained in the polymer, was calculated by difference, and
by combining this information with the isolated yield of
polymer, the fluorine content and Mn of the polymer were
estimated. Additional methods of determining molecular
weight and fluorine content that were used for some samples
include elemental fluorine analysis, elemental carbon analysis,
1H NMR integration of end groups (good method for low MW
samples), and 19F NMR integration of end groups vs an
internal standard. Direct fluorine analysis was not always
reliable. One way to access the analyses is to look at the sum
of the C, H, and F wt % since these samples contain no other
elements. In some cases, the estimated fluorine content
obtained from one of the other methods may be closer to the
true value than the fluorine elemental analysis.
Synthesis of Fluoroalkyl-Ended Polyethylene via Ole-

fin Metathesis. The cross metathesis of cyclododecene with
the acyclic olefins Rf(CH2)6CHdCH(CH2)6Rf (Rf ) C10F21, C4F9)
gives fluoroalkyl-ended polymers 1 and 2 (eq 1). They are

partially crystalline with a melting point of 73 °C and dissolve
at room temperature in chloroform and toluene. By varying
the ratio of cyclododecene to acyclic olefin (the n value), the
molecular weight and fluorine content of the polymers can be
controlled.
Diimide reduction of 1 and 2 gives fluoroalkyl-ended poly-

ethylenes 3 and 4 (eq 2). They are highly crystalline with a
melting point of 128 °C. No thermal events attributable to
the fluoroalkyl end groups have been observed. The polymers
are insoluble at room temperature and show typical polyeth-
ylene solubility at higher temperatures.
By using the terminal olefin C10F21(CH2)6CHdCH2 as the

chain transfer agent, analogous fluoroalkyl-ended polymers 5
and 6 with an average of only one C10F21 end per chain can be
prepared. Because of the nature of the metathesis reaction,
these materials are expected to consist of a mixture of linear
chains with two fluoroalkyl ends, one fluoroalkyl end and one
hydrocarbon end, and two hydrocarbon ends.
Reduction of an Unsaturated Metathesis Polymer.

C10F21(CH2)6CH[dCH(CH2)10CHd]nCH(CH2)6C10F21 (1, 5.412
g) and p-toluenesulfonohydrazide (4.965 g, 2 equiv/olefin) were
combined in 270 mL of xylene and refluxed under argon.
Additional p-toluenesulfonohydrazide (2.483 g, 1 equiv/olefin)
was added after 2 and 4 h. The mixture was refluxed
overnight and then filtered hot through a fine-fritted glass
filter. The insoluble material collected on the filter was
washed with 4 × 25 mL of hot xylene. Methanol (500 mL)
was added to the combined cooled filtrates to complete the
precipitation of the polymer. The off-white solid polymer 3
was collected by filtration, washed on the filter with methanol,
and dried at high vacuum at 55 °C (5.111 g, 94%). 1H NMR
(toluene-d8, 95 °C) showed no detectable olefinic resonances.
If reduced polyethylene products were not washed thoroughly
on the filter with MeOH, they sometimes contained small
amounts of the byproduct MeC6H4SO2SC6H4Me. This com-
pound has been reported as a byproduct of p-toluenesulfono-
hydrazide reduction of polybutadiene.10

Molecular Weight Characterization. Several of the
fluoroalkyl-ended polymers have been characterized by gel
permeation chromatography (GPC) vs polystyrene standards.
The MW values determined by GPC are systematically higher
than the MWs determined by fluorine analysis. All the MWs
reported in the body of this paper are based on fluorine
analysis. GPC shows that most of the samples have relatively
narrow, monomodal molecular weight distributions. This
confirms that the workup procedure is effective in removing
cyclic oligomers and unreacted fluoroolefin (see Experimental
Section for details). Most of the polymers have Mw/Mn < 2,
indicating that the polymerization is under kinetic control and
that there is not enough secondary metathesis of the double
bonds in the polymer backbone to reach thermodynamic
equilibrium.
Film Preparation. Films of low molecular weight poly-

mers were prepared by pressing samples between glass slides
above the melting point. The glass slides could then be easily
separated, generally fracturing the polymer film for most
samples with MW< ca. 10 000 because of the low cohesive
strength of the material. The films were studied before and
after remelting. Remelting for several seconds at 140 °C with
the top surface exposed to air allows one to “equilibrate” the
melt/air interface, and this state should be retained during
quenching to a solid. Samples were tested to ensure that
longer equilibration times did not change the results. Before
equilibration, the surfaces were generally depleted of fluoro
species as compared to after equilibration. Films of higher
molecular weight polymers were prepared by pressing between
Kapton sheets in a press at 140 °C, solidifying by cooling to
20 °C, and then removing the Kapton. In this case the
materials remain intact and do not cohesively fracture, leaving
a smooth surface. A section of the film is then heated to T >
140 °C on a glass slide in air for several minutes to generate
an “equilibrium” surface. Before heating, the surface originally
in contact with Kapton (or glass) is depleted in fluorine11 due
to the polar nature of Kapton (or glass). The rate at which
one can approach equilibrium in the melt depends on the
mobility and concentration of fluoro species (i.e., diffusivity
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and diffusion length). Mobility is influenced by MW and
temperature.
Blends of the fluoroalkyl-terminated polyethylenes with a

linear high MW polyethylene homopolymer (Hoechst Hostalen
GF 7740 F2) were prepared on a small scale by codissolution
in dichlorobenzene at 150 °C, followed by precipitation into
cold methanol, filtration, and vacuum drying at 100 °C. Larger
samples were prepared by melt blending in a Brabender mixer.
Methods. Advancing and receding contact angles of test

liquids on polymer films were obtained using the sessile drop
technique and a Rame’ Hart contact angle goniometer by
injecting (advancing) or withdrawing (receding) liquid from a
drop on a horizontal surface.
The molten polymer surface tension apparatus has been

described earlier.12 All values of surface tension (γ) were
measured by determining the apparent wetting mass using
the micro-Wilhelmy technique with an electronic balance and
a bare glass fiber as a surface tension probe. Fibers were used
as vertical Wilhelmy probes leading to rapid equilibration of
the molten polymer meniscus because of the small dimensions
of the wetting menisci.12
Angle-dependent XPS (X-ray photoelectron spectroscopy or

ESCA) can be used to characterize the outer 20-100 Å.13
Variable take-off angle XPS data were taken with the VG
ESCALab Mk II using Mg KR radiation. An aperture limiting
the solid angle of acceptance of the analyzer to (3.5° was used.
Data sets (consisting of the C1s and F1s regions of the spectra)
were taken at 90°, 30°, 20°, 90° (repeat), and finally 45°.
(Angles are electron take-off angles measured from the surface
plane.) Care was taken to minimize the total X-ray exposure
of the samples during data acquisition. The second 90° data
set was used to monitor any changes in the surface during
X-ray exposure. In all cases the loss of F was less than 11%
and usually 0% within experimental error.
The XPS signal intensities were used to obtain “apparent”

surface compositions as atomic percentages of the detected
species, i.e., ignoring hydrogen, in the standard way using
normal sensitivity factors. In some cases, there was sufficient
signal in the fluorocarbon region of the C1s spectrum to allow
the areas of peaks due to CF2 and CF3 to be quantified. The
CF2 and CF3 signals were not cleanly resolved at the 50 eV
pass energy used, so the two components were fit with
Gaussian peaks of 1.9 eV full-width at half-maximum fixed
at the CF2 and CF3 positions. With the hydrocarbon C1s peak
fixed at 284.6 eV, CF2 was set to 291.4 and CF3 to 293.2 eV,
consistent with the literature.14 Uncertainties in choosing a
baseline, peak positions, and areas make the CF2 and CF3
quantifications only approximate, but the use of consistent
procedures in fitting ensures that correct trends are observed.
In samples of low F content, only a total fluorocarbon (CF2

+ CF3) signal could be extracted from the C1s spectrum.
Otherwise, only total C and F elemental compositions were
obtained. The F1s binding energy in all cases indicated that
the F was bound to carbon.
The variable take-off angle data were compared to models

of surface layers over a bulk composition using a computer
program based on the standard model for XPS13 and were fit
to layer models using a nonlinear least squares fitting program
in order to obtain an objective estimate of the surface depth
profile. Fits are not unique and their accuracies are not easily
assessed, but they do serve to supply a quantitative feel for
conclusions derived from examination of the data. Electron
attenuation lengths (λ) were taken to be 3.5 nm for C1s and
2.4 nm for F1s. This corresponds to an E0.7 dependence of the
attenuation length on electron kinetic energy (E). An E0.5

dependence was also tried but had no effect on the conclusions
from the modeling.

Results
Surface Tension. The melt surface tensions of

selected homopolymers, copolymers, and oligomers are
shown in Figure 1. High MW in homopolymers relative
to oligomers leads to higher surface tensions because
of higher melt density in the bulk15,16 as can be seen in
the comparison of PTFE and a perfluorinated oligomer

of PTFE [CF3(CF2)18CF3] (i.e., Figure 1). This is a
general feature of most homopolymers.15 For copoly-
mers, the effect is more subtle. There is a bulk density
effect for oligomers which generally becomes less im-
portant at moderate MWs (i.e., MW > 3000 g/mol),
similar to the case of homopolymers and oligomers.15
Another more important factor is the composition of the
copolymer. If the percent fluorocarbon in the fluoroal-
kane-terminated polymers decreases, either because of
a smaller fluoroalkane group or because of a larger
degree of polymerization of the polyethylene center, then
the surface composition will begin to change because of
dilution of the overall fluorinated end group concentra-
tion and/or reduction in surface activity.
In one case where the bulk melt densities are similar

because of similar degrees of polymerization, it is seen
that the two oligomers, CF3(CF2)18CF3 and C10F21C10H21
have comparable surface tensions if one considers a
similar temperature range. On the basis of this com-
parison we conclude that the surface is dominated by
the perfluorinated chain ends and γ does not seem to
be influenced significantly by the hydrocarbon half of
the molecule. This indicates that there is substantial
surface orientation of the perfluorinated end toward the
surface in C10F21C10H21, explaining why the values of γ
are similar for these two oligomers. Data for three
higher MW polyethylene-based copolymers are also
given in Figure 1, showing that the values of γ are much
lower than those for the polyethylene homopolymer of
comparable MW. In fact, γ for these three copolymers
are lower than those for a pure perfluorinated polymer,
PTFE.1 This is an example of the remarkable and well-
known ultralow surface free energy properties of the
CF3 group.1-3 An example is shown in Table 1, where
it is seen that a model monolayer surface of close packed
CF3 groups is significantly lower in surface free energy
than pure PTFE in the solid state. The values of γ for
the higher MW copolymers in Figure 1 are higher than
those of the C10F21-C10H21 oligomer mainly because of
the bulk density effect discussed above.
The surface tensions of some of the higher MW

copolymers are ranked in the order C4F9- (CH2)260 -C4F9
> C10F21-(CH2)130-CH3 > C10F21-(CH2)270-C10F21 (Figure
1). The small differences seen between the three are
due to small differences in the degree of surface excess
of the fluoro species. It will be shown below that the

Figure 1. Melt surface tensions of the indicated copolymers
and homopolymers.
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surface concentration of the perfluorinated groups in the
-C4F9 terminated materials are somewhat reduced in
their solid state surface properties.
Melt surface tensions were also obtained for unsatur-

ated copolymers of type 1 (data not shown) and the data
are reasonably consistent with those for the saturated
copolymers (type 3) discussed above.
Surface Energetics. Contact angles are a sensitive

probe of surface composition.17 Advancing contact
angles tend to be sensitive to the low-energy species at
the surface, even if they are a minor fraction of the total
surface species. Hexadecane advancing contact angles
are a particularly sensitive method for detecting fluo-
rocarbon on a surface. This is because the advancing
contact angle of hexadecane on hydrocarbon (polyeth-
ylene, PE) is zero (i.e., complete wetting), whereas the
advancing contact angle of hexadecane on PTFE is 46°
and for a surface composed of close-packed CF3 groups
it is 78° (Table 1, bottom)! Receding contact angles are
sensitive to the higher energy component of the sur-
face.2,3,17 Many of the copolymers show a large differ-
ence between advancing and receding contact angles
which is attributed to the heterogeneity of the surfaces.
Both physical heterogeneity, such as surface roughness,
or chemical heterogeneity, specifically a mixed surface
of fluorocarbon and hydrocarbon domains or patches,
could contribute. Films of most of these polymers have
some surface roughness due to crystallinity during melt
equilibration and subsequent cooling (see the Experi-
mental Section), but much evidence suggest that it is a
minor effect in these thin films. Most results, especially
those for higher MW copolymers or blends with high
MW PE where the surface remains smooth, indicate
that the high hysteresis seen in hexadecane contact
angles (Table 1) is due to surface chemical heterogeneity
and not roughness. Surface rearrangement of fluoro-
carbon groups in the hexadecane environment could also
explain the relatively low receding hexadecane angles
of the copolymers (Table 1), but we do not feel that this
is likely because of the reduced mobility due to crystal-
linity. Also, data showing very high hysteresis are
obtained for partially annealed films, inconsistant with
surface rearrangement.
Advancing and receding contact angles in H2O and

hexadecane are given in Table 1 (entries 1-4) for four
of the copolymers with comparable MWs and fluorine
weight fractions less than 10%. The advancing angles
(θadv) in hexadecane are found to be all greater than that
for a pure perfluorinated polymer, PTFE (Table 1). The
high contact angles are consistent with a CF3 rich
surface. The hysteresis between advancing and reced-
ing hexadecane angles indicates that the surface is
chemically heterogeneous and contains both fluoro- and

hydrocarbon domains, presumably on a submicron
length scale because we do not see any drop size
dependence of θ. CF3rich surfaces are known to have
lower surface energies (thus, higher hexadecane contact
angles) than a CF2 (PTFE) surface.1-3 In general, the
surface fluorocarbon content as determined by contact
angles seems to be relatively independent of unsatura-
tion in the hydrocarbon chain whether or not one or both
ends are terminated by C10F21 (Table 1). This is also
consistent with the melt surface tension results dis-
cussed above.
The properties of nonequilibrated interfaces can be

investigated by examining freshly cleaved surfaces
before and after melt annealing (see the Experimental
Section). A study of a freshly cleaved surface is expected
to probe a surface composition similar to that found in
the bulk copolymer, assuming that room temperature
aging effects are small; i.e., the fluorocarbon near the
surface does not have sufficient mobility to reorient and
to position the CF3 group at the outer surface. This
would cause the fluorocarbon species to have less of an
effect in reducing the surface energy. This fractured
system also provides a nice control for the surface
profiling methods, especially the XPS technique dis-
cussed below.
The MW ) 6.4K sample of PE(C10F21)2 in Table 2 is

87.6% hydrocarbon and only 12.4% fluorocarbon in the
bulk. For the freshly cleaved film surface, the low
hexadecane contact angles of 10° and 0° (θadv and θrec)
of the “unannealed” surface show that it is almost
completely wettable, indicating a low surface concentra-
tion of fluorocarbon roughly representative of the bulk
value. Note that the volume fractions fluorocarbon in
the tables are almost identical to the wt % F because of
the higher density of the F atom. Thus we call this
sample PE(C10F21)2 (12.4% F). It is seen that melt
annealing to equilibrate the surface gives rise to a
surface fluorine enrichment as evidenced by a large
increase in the hexadecane contact angles to 65° and
16° (θadv and θrec) (Table 2). This suggests a significantly
higher fluorocarbon surface coverage compared to the
bulk concentration which will be quantified below by
XPS. Since the advancing angle is greater than that
for pure PTFE (Table 1), there must be patches of CF3-
containing groups at the surface. The XPS data dis-
cussed later are also consistent with an orientation of

Table 1. Advancing and Receding Contact Angles (in
deg) of Selected Perfluoroalkyl-Terminated Polymers

θadv (θrec), deg

polymer type %Fc water hexadecane

5, PCD(C10F21)a 8.2 120 (94) 76 (39)
1, PCD(C10F21)2 7.81 126 (108) 77 (33)
6, PE(C10F21)b 7.76 130 (99) 66 (19)
3, PE(C10F21)2 9.47 127 (99) 71 (33)
monolayer,d (CF3) 83 130 (125) 78 (74)
PE, [(CH2)n] 0 95 (91) 0 (0)
PTFE, [(CF2)n] 76 109 (100) 46 (42)
a PCD ) polycyclododecene. b PE ) polyethylene. c Weight per-

cent F in the bulk is calculated from the chemical structure.
d Perfluorolauric acid monolayer on platinum surface. This is
essentially a close-packed CF3 surface. See ref 17.

Table 2. Studies of Equilibrated and Nonequilibrated
Copolymer Surfaces by Contact Angle and XPS

Profilinga,b [sample type 3, PE(C10F21)2, MW ) 6.4k, 12.4
bulk wt % F]

atomic percentagesangle,
deg F HC FC

Freshly Cleaved Surface, Not Annealed,
θadv ) 10°, θrec ) 0° in Hexadecane

90 21.6 72.3 6.0
90 repeat 21.8 72.1 6.2
45 24.7 69.2 6.1
30 24.6 69.0 6.4
20 24.6 67.6 7.7

Equilibrium Surface, Annealed at 140 °C, for 30 s,
θadv ) 65°, θrec ) 16° in Hexadecane

90 34.6 55.6 9.8
90 repeat 35.2 55.4 9.3
45 39.4 50.0 10.6
30 42.5 44.8 12.7
20 44.3 40.4 15.3

a Atomic percentages determined by XPS are given. b All atomic
percentages were directly determined by fitting XPS C1s and F1s
regions(see experimental).
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the perfluorinated chain ends normal to the surface with
the CF3 pointing outward.
The effect of molecular weight on contact angles for

the C10F21-terminated triblock copolymers of types 1 and
3 is illustrated in Table 3. The molecular weights are
calculated from the chemical structure determined by
fluorine analyses, using the assumption that molecular
weights are determined entirely by chain transfer to the
acyclic fluorine-containing olefin. At higher MWs, the
bulk fluorine content drops. Up to MWs of approxi-
mately 10 000, the surface is quite dense in fluorocar-
bon, as can be seen by hexadecane advancing contact
angles of about 70°. As MW increases, the chain end
density in the bulk apparently is not high enough to
allow saturation of the surface. This is expected because
of the entropic penalty for distorting the chains near
the surface, in order to position chain ends at the
surface.
The effect of fluorocarbon end group size on contact

angles is illustrated in Table 4. Contact angles of
polymer types 1 (C10F21 ends) and 2 (C4F9 ends) with
about the same fluorine content show that 1 has a
fluorine-rich surface, while 2 has a hydrocarbon-like
surface. It appears that C10F21 ends are better than
C4F9 ends at driving the surface excess and/or orienta-
tion of the chain ends that leads to high hexadecane
contact angles. Microphase separation of fluoroalkyl
end groups from hydrocarbon polymer may play a role
in determining the surface properties and explain the
effect of end group size. Microphase separation (liquid
crystalline phases) is known to occur in the solid state
in small molecular analogs of polymers of type 3,18,19
although the idealized ordered monolayers may be
different from the random bulk behavior expected here.
C10F21 linked to PE would be expected to be borderline
compatible in the melt on the basis of the fact that
perfluorohexane is compatible with hexane, but per-
fluoroheptane is not compatible with heptane. The
covalent bond between fluoro- and hydrocarbon blocks
in the copolymer is a driving force for improved compat-
ibility compared to physical mixtures of the separate

materials. C4F9-terminated PE is almost certainly a
homogeneous system in the melt. For both of these,
phase separation of the PE chain center due to crystal-
lization would lead to strong segregation of the perflu-
orinated groups in the cooled sample. There is also a
possibility of crystallization of the C10F21 groups,18,19 but
no evidence of this was seen in thermal analysis of
chain-end-modified copolymers studied here, possibly
because of the dilute concentration of chain ends. The
surface of semicrystalline films is known to be amor-
phous,17 so if segregation of perfluorinated groups did
occur during PE crystallization, a significant excess of
perfluorinated groups may be driven to the surface
because of this. This would explain some of the differ-
ences between noncrystalline unsaturated materials of
type 2 and saturated materials of type 4, both with C4F9
ends (Table 4), where it is shown that there is a much
higher surface fluorocarbon content for the crystalline
4 as compared to the amorphous material 2.
Blends. When small amounts of PE(C10F21)2 and

related materials are blended with polyethylene, there
is a dramatic change in surface properties (Table 5). By
comparing the contact angle data, it is clear that a blend
at a very low level of a rather low MW copolymer gives
rise to surface properties significantly different than
pure polyethylene. The high contact angle hysteresis
in the annealed blend (Table 5) is due to patchy and
incomplete fluoropolymer coverage at the surface.
The blend series also gives useful insight as to the

most effective way to modify the surface at a constant
bulk fluorine level. We have found that the blend gives
rise to a much higher surface fluorocarbon content than
a pure copolymer, where the fluorocarbon level is
lowered due to incorporation of a larger polyethylene
chain center into the copolymer. For example, this
comparison can be seen in Table 3 where the Mn )
40 000 copolymer of type 3 (PE(C10F21)2, (1.99% F)) is
characterized by an θadv in hexadecane of 40°. It has a
bulk F content of about 2% while the blend in Table 5,
at a bulk F level of only 0.24%, has a slightly higher
contact angle of 45°, showing that the blend system is
significantly more effective at modifying the surface. As
was discussed earlier, as the polyethylene center be-
comes larger in the pure copolymer, entropic penalties
of distorting chains in order to position chain ends at
surfaces are probably the explanation for the poorer
performance of the pure copolymer system as compared
to the blends.
XPS Surface Profiling. A list of samples studied

by XPS along with hexadecane contact angle measure-
ments and calculated surface free energies at 22 °C are
given in Table 6. The surface free energies were
calculated using advancing water and methylene iodide
contact angles and the empirical harmonic mean equa-
tion.17 The samples are all of comparable molecular

Table 3. Advancing Contact Angles (in deg) vs Molecular
Weight

θadv

type Mn %Fa water hexadecane

1, PCD(C10F21)2 6600 12.1 124 74
10000 7.81 126 77
40000 2.01 119 61
140000 0.56 104 25

3, PE(C10F21)2 6400 12.4 131 65
8400 9.47 127 71
40000 1.99 124 40
160000 0.49 114 20

6, PE(C10F21) 3300 12.15 127 61
5100 7.76 130 66

a Weight percent F in the bulk is calculated from elemental
analysis.

Table 4. Advancing Contact Angles vs Fluoroalkyl End
Group

θadv

type Mn %Fa water hexadecane

1, PCD(C10F21)2 10000 7.81 126 77
2, PCD(C4F9)2 5100 6.72 113 e10
3, PE(C10F21)2 8400 9.47 127 71
4, PE(C4F9)2 5100 6.71 123 43
a Weight percent F in the bulk is calculated from elemental

analysis.

Table 5. Hexadecane Contact Angles at 22 °C for Blends
of PE(C10F21)2 (12.4% F) with High MW PE

%Fa θadv θrec

100% PE(C10F21)2 12.4 67 23
100% PE 0 0 0
2% PE(C10F21)2 + 98% PE homopolymer
0 sb 0.25 0 0
100 s, 200 °Cb 0.25 45 0

a Weight percent F in the bulk is calculated from elemental
analysis. b Blend surfaces that were freshly prepared by pressing
against a polar surface initially show a depletion of fluoro species
for thermodynamic reasons. Melt annealing with the melt surface
exposed to air facilitates fluorocarbon migration to the surface.
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weights and have both ends terminated by either C10F21
or C4F9. The extent of fluoroalkyl coverage of the outer
few angstroms of the surface can be qualitatively
accessed by the hexadecane contact angles. The C10F21-
terminated materials are the most effective at lowering
the surface free energy, and all of these have lower
surface energies than pure PTFE, which is about 24 mN/
m.17
XPS data are summarized in terms of atomic compo-

sitions for several samples in Table 7. Typical angular
dependent data from Table 2 are plotted in Figure 2,
showing a strong angular dependence for the annealed
sample. The “unannealed” sample will be discussed
below. A simple, qualitative interpretation of the
results is that the data taken at near-grazing emission
give an approximate composition of the “outermost”
surface. The depth probed is on the order of λ sin θ, or
about 1 nm for 20°. Using this interpretation, the 20°
emission analyses in Table 7 indicate that sample PCD-
(C10F21)2 (12.1% F in the bulk) has a high fluorocarbon
(FC) fraction throughout this ∼1 nm layer of FC/C )

∼70%, where FC + HC ) C, the total amount of carbon.
This is about 10 times the bulk fluorocarbon content.
PE(C10F21)2 (12.4% F) has less but still substantial
fluorocarbon (FC/C ) ∼40%) at 20°, and samples PCD-
(C4F9)2 (6.7% F) and PE(C4F9)2 (6.7% F) only somewhat
less fluorocarbon (FC/C ) ∼16%), but still well above
their bulk concentrations. The XPS values of F can also
be directly compared with those for the bulk composi-
tions in Table 7, also illustrating the large excesses of
fluorine at the surface. Thus, the XPS data can
distinguish the C10F21-capped materials (40-70% FC/C
at 20°) from the C4F9 materials (∼16% FC/C at 20°).
Note that in atomic percents, FC + HC ) total carbon,
C. Also, atomic percent FC can be inferred to be equal
to 0.5 × atomic percent F, because most of the fluorine
containing species are CF2 groups. In cases where the
C1s spectrum can be directly analyzed to give atomic
percent FC, and F1s spectra analyzed to give atomic
percent F, there is some experimental imprecision which
makes the above relationships only approximately cor-
rect when comparing experimental data.
The fluorocarbon contents of the surface regions

measured with XPS reflect both the composition at the
outermost surface and the depth of surface segregation.
The angular dependence of the XPS signals can indicate
the depth of the surface segregation. The ratio of the

Table 6. Structures and Properties of Samples Studied by XPS Including Advancing and Receding Contact Angle Data
at 25 °Ca

water hexadecane

type structure Mn %F θadv θrec θadv θrec γ, mN/Mb

3 PE(C10F21)2 6400 12.4 131 93 65 16 9
3c PE(C10F21)2 6400 12.4 134 73 10 0 27
1 PCD(C10F21)2d 6600 12 124 90 74 22 10
2 PCD(C4F9)2d 5100 6.7 113 90 ∼10 0 27
4 PE(C4F9)2 5100 6.7 123 92 43 10 12

a Film surfaces were melt equilibrated except the indicated PE(C10F21)2 sample. b Solid surface free energies at 22 °C calculated using
H2O and methylene iodide contact angles and the harmonic mean equation. c Both PE(C10F21)2 entries in the table are the same polymer
but this surface was not melt equilibrated (see the text). d PCD ) polycyclododecene.

Table 7. XPS Data: Apparent Atomic Percentage of
Compositions of Distinct Elements and Carbon Speciesa

Sample: PE(C10F21)2 (12.4% F)

angle F C HC CF2 CF3 CF3/CF2

90 34.3 65.7 56.5 7.2 2.0 0.28
90 repeat 34.3 65.7 57.2 6.6 2.0 0.30
45 37.7 62.3 52.4 8.1 1.9 0.23
30 41.8 58.2 45.4 9.3 3.5 0.38
20 44.1 55.9 42.0 10.1 3.9 0.39

Sample: PCD(C10F21)2 (12.1% F)

angle F C HC CF2 CF3 CF3/CF2

90 45.9 54.1 40.6 10.8 2.7 0.25
90 repeat 44.6 55.4 42.7 10.5 2.2 0.21
45 50.7 49.3 33.5 12.8 3.0 0.23
30 55.1 44.9 25.6 14.8 4.5 0.30
20 58.1 41.9 21.0 15.9 5.0 0.31

Sample: PCD(C4F9)2 (6.7% F)

angle F C

90 16.7 83.3
90 repeat 14.8 85.2
45 17.1 82.9
30 21.7 78.3
20 23.5 76.5

Sample: PE(C4F9)2 (6.7% F)

angle F HC FC

90 16.0 81.6 2.3
90 repeat 15.4 82.5 2.1
45 18.3 78.8 3.0
30 20.6 75.0 4.4
20 21.9 73.9 4.2

a All atomic percentages were directly determined by fitting XPS
C1s and F1s regions, so FC is not always equal to F/2 as it should
be theoretically (see the Experimental Section).

Figure 2. Atomic percents determined by XPS vs angle for
annealed and unannealed samples of PE(C10F21) (12.4% F). The
data were taken from Table 2. (see text)
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F signals between 20° and 90°, F(20°/F(90°), are com-
pared in Table 8 with predicted ratios based on a
model20 where a single layer of the perfluorinated group
at the surface is oriented normal to the surface. Note
that the ratio F(20°)/F(90°) does not depend on the
composition itself, only the depth dependence of the
composition. If the thickness of the segregated layer
were infinite, the ratio F(20°)/F(90°) would be 1. For
the C10F21 caps, the predicted ratio is 1.50, but experi-
ment gives 1.27-1.29. For the C4F9 caps, the predicted
ratio is 1.86, with measured values of 1.37 and 1.41
(Table 8). The emission angle dependencies indicate
that the depths of the fluorocarbon-enriched surface
layers exceed the length of a single fluoroalkyl unit
oriented normal to the surface.
To obtain a better estimate of the depth and extent

of surface segregation, the XPS data can be fit to model
depth profiles using nonlinear least-squares methods.
The validity of the fits depend on the quality of the data
and the validity of the model used. The simplest model
depth profile is a single layer of arbitrary thickness and
composition over a bulk of the nominal sample composi-
tion. The results of such fits in Table 9 are in agreement
with the previous conclusions and give estimates of the
surface compositions and segregation depths. Entry 5,
PCD(C10F21)2 (12.1% bulk atomic F), has a 2.4 nm layer
of essentially pure fluorocarbon material (Table 9). We
state this based on FC + HC ) C ) 34%. Since FC )
F/2 ) 33%, where F is from Table 9, we can see that
essentially all the carbon is FC, e.g., FC/C ∼ 1.0.
Similarly, the two measurements of entry 1, PE-

(C10F21)2 (12.4% F) in Table 9, suggest a thinner surface
layer with about FC/C ) 60 ( 10%, e.g., HC/C ) 40%.
The unannealed PE(C10F21)2 (12.4% F) (entry 2) is
suggested to have a thick surface layer of only twice the
bulk fluorocarbon content, e.g., 26% F or FC/C ) 18%.
The XPS profiling data in Table 10 for C4F9-terminated
materials also give results in agreement with the
conclusions derived above. Data from both materials
in Table 10 are fit with the same composition profile,

indicating a thin layer with lower F content, but with
F content still substantially higher than that in the
bulk.
To briefly summarize the findings in Tables 9 and 10

for the two different chain termination groups, quanti-
tative analysis of the XPS surface composition data for
the C10F21-capped materials shows that the surface of
PCD(C10F21)2 (12.1% F) is nearly pure fluorocarbon and
PE(C10F21)2 (12.4% F) has FC/C ) 60%, both with a
segregation layer of ca. 2 nm. The surfaces of the C4F9-
capped materials have FC/C ) 20% with a sharper
segregation layer of 1.3 nm.
The XPS data also clearly distinguish the annealed

and unannealed PE(C10F21)2 (12.4% F) copolymer (Tables
2, 8, and 9 and Figure 2). The higher F level in the
unannealed sample at a grazing XPS angle of 20°, as
well as the change in composition with angle, show that
a slight segregation of F has occurred even without
annealing. The low hexadecane contact angles (Table
6) indicate a predominantly hydrocarbon surface for the
unannealed sample, consistent with the XPS data.

Discussion

Because of the high fluorocarbon content of the
surfaces of samples PCD(C10F21)2 (12.1% F) and PE-
(C10F21)2 (12.4% F) in Table 7, there is sufficient signal
to curve fit the C1s lines to give the amounts of carbon
associated with CF3, CF2, and hydrocarbon. This allows
evaluation of the depth distribution of these carbon
species as well. Because the central hydrocarbon por-
tion of the chains will be excluded from the surface, it
is expected that the CF3 ends of the fluorocarbon
segments will tend to lie at the surface. The data are
in agreement with this expectation, although the struc-
tural detail is poor because the intramolecular distances
are so short with respect to the electron mean free path
used to measure them.
The CF3/CF2 ratio increases from 0.29 to 0.39 for PE-

(C10F21)2 (12.4% F) and from 0.23 to 0.31 for PCD-
(C10F21)2 (12.1% F) with decreasing angle (Table 7). This
shows that in both samples the CF3 groups are closer
to the surface than the CF2 groups, in some average
way. In a randomly oriented C10F21 group, the CF3/CF2
ratio measured with XPS should be independent of
angle and equal to 0.11. The higher ratios measured
and the dependency on emission angle both indicate
that the CF3 groups lie closer to the surface than the
CF2. The data are consistent with perfect fluoroalkyl
chain orientation, but do not exclude a high degree of
misorientation. It should be recalled that the outermost
surface layer does contain a finite fraction of hydrocar-
bon material, with PE(C10F21)2 (12.4% F) being more
rich in hydrocarbon than PCD(C10F21)2 (12.1% F) (Table
9). The presence of a small amount of hydrocarbon is
consistent with the substantial contact angle hysteresis
in hexadecane (Table 6) for these two.

Table 8. Ratio of Apparent F (in Atomic %) at Grazing to
Normal Emission

entry samplea F(20°)/F(90°)

1 PE(C10F21)2 (12.4% F) 1.29, 1.28
2b PE(C10F21)2 (12.4% F)b 1.14
3 PCD(C4F9)2 (6.7% F) 1.41
4 PE(C4F9)2 (6.7% F) 1.37
5 PCD(C10F21)2 (12.1% F) 1.27

Model Calculationc
C10F21 1.50
C4F9 1.86

a See Table 6 for contact angle data. b This sample is the only
one in the table that was not annealed, giving rise to a nonequi-
librium, low fluorine coverage surface (see the text). c See ref 20
for a description of the model used here.

Table 9. Single Layer Fits of XPS Data Assuming Fixed
Bulk Composition, C10F21-Terminated Materialsa

entrya 5 1b 1b 2c

thickness (nm) 2.4 1.5 2.2 3.0
composition (atomic %)d
F 66 57 51 26
C 34 43 49 74

a See Table 8 for sample compositions corresponding to the entry
numbers given here. The nominal bulk compositions are 12.5
atomic % F and 87.6 atomic % C. b These are repeat runs on
different portions of the same material. c This sample was frac-
tured and not melt equilibrated leading to a lower surface
fluorocarbon content (see the text). d FC ) F/2 (see the text).

Table 10. Single Layer Fits over Constrained Bulk
Composition, C4F9-Terminated Materialsa

entrya 3 4

thickness (nm) 1.3 1.4
composition (atomic %)b
F 29 28
C 71 72

a See Table 8 for sample compositions corresponding to the entry
numbers given here. The nominal bulk compositions for these two
samples are 6.3 atomic % F and 93.7 atomic % C. b FC ) F/2 (see
the text).
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Hydrogenation of 2 to 4 [i.e., to PE(C4F9)2] results in
increased contact angles that are consistent with a
partially fluorinated surface. In contrast to the contact
angle data, XPS of samples of 2 and 4 are similar.
Modeling of the angle-dependent XPS data suggest that
both samples have a partially fluorinated surface with
about half of the fluorine level expected for a pure C4F9
surface. One possible explanation of the difference
between the contact angle data and XPS of 2 is that
because of its low crystallinity, it may have enough
mobility to allow rearrangement of the surface under
hexadecane to give a hydrocarbon-like interface with a
low contact angle. The higher crystallinity of 3 and 4
and the larger fluoroalkyl ends of 1 may prevent this
rearrangement. Microphase separation of fluoroalkyl
end groups during crystallization of the hydrocarbon
polymer probably plays a role in determining the surface
properties and may explain the effect of end group size.
Microphase separation is much more likely to occur with
C10F21 end groups than with C4F9 ends, especially in
the solid state where crystallization of PE would drive
phase separation. Microphase separation (liquid crys-
talline phases) is known to occur in small molecular
analogs of 3.18,19

On the basis of the contact angle and XPS data, we
propose that the surfaces are chemically heterogeneous,
consisting of some regions that are mostly hydrocarbon,
and other regions that are ordered aggregates of fluo-
roalkyl end groups arranged with the CF3 ends pointing
outward. A structure of this type has recently been
directly observed by atomic force microscopy on an LB
film of arachidic acid mixed with a partially fluorinated
carboxylic acid.21

Although not as low in surface free energy as certain
high fluorine level side group polymers,4-6 the perfluo-
roalkane-terminated polyolefins become quite low in
surface energy due to the high level of chain end
segregation to the surface. In one of the cases where
we can compare surface free energy as a function of bulk
fluorine weight fraction, perfluoroalkane-terminated PE
at a level of 12 wt % F has about the same surface
properties as side-group-substituted styrene-based co-
polymers with 36 wt % F.6 Several recent studies have
probed the extent of segregation of perfluorinated chain
ends to the vacuum/polymer surface,7,11,22,23 including
detailed XPS studies of fluorine excesses in partially
fluorinated systems.22-24 The segregation was driven
by the strong enthalpic attraction of the low-energy
species to the surface.11

Conclusions

Linear polyethylene (PE) with fluoroalkyl end groups
has been prepared by ring-opening metathesis polym-
erization of cyclododecene in the presence of partially
fluorinated acyclic olefins (chain transfer agents), fol-
lowed by reduction of the double bonds in the backbone.
Melt surface tension data were obtained for polyethyl-
enes with one or both ends terminated by F(CF2)10 or
F(CF2)4 groups. Surface characterization of fluoroalkyl-
functionalized polymers consisted of melt surface ten-
sion, contact angles, and XPS (X-ray photoelectron
spectroscopy). Copolymers typically have very high
hexadecane contact angles, consistent with CF3rich
surfaces. XPS profiling measurements confirm the
fluorine-rich nature of the surfaces. Modeling of the
angle dependent XPS data of a copolymer of type 1 at
only 12 wt % F in the bulk shows that the surface is

enriched in fluorocarbon by a factor of 6-10 over that
in the bulk. A sample of 3 with the same wt % F also
shows fluorine enrichment at the surface, although
modeling of this sample indicates that the fluorocarbon
coverage is closer to 60%. In both 1 and 3, separate
carbon signals were resolved for the CH2, CF2, and CF3
groups, and the angle dependence shows that the CF3
groups are closer to the surface on average than the CF2
groups. Comparison of hexadecane contact angles of 1
(C10F21 ends) and 2 (C4F9 ends) with the same total
fluorine content demonstrates that C10F21 ends are
significantly better than C4F9 ends at driving the
surface excess and/or orientation of the chain ends that
leads to high fluorocarbon surface coverage detected by
surface energetics and XPS.
The hexadecane contact angles of fluoroalkyl-ended

metathesis polymers [PE(C10F21)2] decrease substan-
tially as the molecular weight increases above ca.
40 000. In that range, the bulk concentration of chain
ends becomes quite low and the surface concentration
of fluorocarbon chain ends at the surface is sharply
reduced due to configurational entropic restrictions. The
surface properties of blends of a lower MW PE(C10F21)2
copolymer with a PE homopolymer were evaluated and
compared to the series of pure PE(C10F21)2 copolymers
where the high MW limit of the polyethylene center is
approached. At similar bulk F levels in the blends and
pure copolymer, the relative surface fluorocarbon con-
tent in the blends is significantly enhanced.
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