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ABSTRACT: The fluorotelomer alcohol F(CF2)n(CH2)2OH (n ≈ 7.8), 2, contains a terminal hydroxyl group
that reacts with the isocyanate group of a polyisocyanate cross-linking agent based on the isocyanurate
trimer of hexamethylene diisocyanate, 1. The resulting fluorinated isocyanate, 3, contains a urethane
linkage and a pendant perfluoroalkyl group. The modified isocyanate, 3, was used to prepare films
containing acrylic copolymers with cross-linkable hydroxyl groups. Films were prepared using several
varieties of acrylic copolymers with and without the incorporation of small amounts of fluorinated
monomers. With regards to surface energy reduction, the initial film properties were excellent. For
example, reactive mixtures of 3 with hydrocarbon hydroxyl-containing acrylic copolymers exhibited
surfaces enriched with fluorine. Water and hexadecane advancing contact angles were measured to be
∼86° and ∼40° at ∼ 2.3 × 10-2 mole fraction (∼1900 ppm by weight F) of F(CF2)n(CH2)2O-, respectively.
Hexadecane contact angles on films of copolymer/isocyanate mixtures containing no fluorine were zero.
Mixtures of 3 with fluorinated acrylic copolymers gave surfaces that were enriched with fluorine. The
source depended on the surface activities of the respective components. Using mixtures of 3 with the
various acrylic copolymers, a variety of surfaces can be constructed. The prepared films were examined
by contact angle measurements, electron spectroscopy for chemical analysis and dynamic secondary ion
mass spectroscopic depth profiling.

Introduction
Organic polymer films have found wide application

for coating many materials. The surface properties of
these films are of paramount importance for such
applications where adhesion concerns are present. For
example, lowering the surface energy of a film is
desirable for formulating repellent coatings. One of the
most popular and successful strategies for lowering the
surface energy of a film is incorporation of fluorine into
the polymer comprising the coating. The fluorine can
be incorporated into the main polymer chain. Examples
using fluorinated diols1-7 and fluorinated alcohols8 to
prepare polyurethanes have been reported. Surface
energy reduction has also been studied using blends of
fluoropolymers with hydrocarbon polymers.9,10 Several
reports have used the propensity of chain-end enrich-
ment at surfaces11,12 in conjunction with fluorination to
alter surface energies.13-15 Surface tension reduction
has also been reported for copolymers prepared by the
incorporation of fluorinated monomers16-21 and by
chemically grafting perfluoroalkyl groups to polymers.22

In an earlier report, the results of work on acrylic
copolymer films containing small amounts of copolymer-
ized fluorinated monomers using pure hydrocarbon
isocyanate cross-linking chemistry were described.23

Polymer surfaces obtained were enriched highly in
fluorine. This indicated that the polymer molecules

prepared by the incorporation of small amounts of
fluorinated monomers were quite surface-active. The
films used isocyanate cross-linking to impart the neces-
sary mechanical properties to the low Tg resins.

The possibility arose of modifying the isocyanate
chemically by reaction with fluorinated alcohols and
utilizing this modified material as a source of surface-
active fluorine. Mixtures of fluorinated materials may
have properties that are enhanced compared to the
individual components. Such a strategy is used exten-
sively for many commercially important polymer blends.

Isocyanate cross-linking is a reaction that is ubiqui-
tous in the coatings industry. The preparation and
application of low surface energy, fluorinated versions
of isocyanates allow for the formation of low surface
energy films. Fluorinated isocyanates can be prepared
easily in high yield. The fluorinated isocyanate used
in the current study is based on the reaction product of
F(CF2)n(CH2)2OH, 2, (n ) 6-12; average n ) 7.8) with
the iscyanurate trimer of hexamethylene diisocyanate,
1. The reaction scheme is shown in Figure 1. Low
surface energy acrylic copolymer-based films can be
prepared using these fluorine-modified isocyanates. The
fluorinated iso cyanate can be used alone, as the reactive
cross-linker with hydroxyl-containing acrylic copoly-
mers, or in tandem with a fluorinated version of the
acrylic copolymer. Depending on the type of fluorinated
intermediate used, low surface energy coatings can be
obtained with ∼10-2-10-4 mole fraction of F(CF2)n-
(CH2)2O- in the final film. This work has focused on
the use of one particular variant of fluorinated isocy-
anate 3; however, this scheme has been demonstrated
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with other hydroxyl-terminated fluorinated intermedi-
ates to modify the isocyanate 2.24-26 Contact angle
measurements have demonstrated the variety of sur-
faces attainable with reactive mixtures of acrylic co-
polymers and fluorinated isocyanate. Although only one
system has been reported in this study, it is anticipated
that these fluorine-modified isocyanates can find use,
generically, as cross-linkers in a variety of coatings.
Fluorinated isocyanates compete effectively, in certain
instances, with the fluorinated acrylic copolymer for the
surface before cross-linking, gelation, and vitrification
prevent diffusion to the film surface.

The surfaces of films prepared with reactive mixtures
of the fluorinated isocyanate 3 (Figure 1) and various
hydrocarbon and fluorine-modified hydrocarbon acrylic
copolymers (Figure 2) have been examined by contact
angle, dynamic secondary ion mass spectroscopic
(DSIMS), and ESCA measurements.

Results and Discussion
Fluorinated Acrylic Copolymers. The incorpora-

tion of the perfluoroalkylethyl methacrylate, H2Cd
C(CH3)CO2(CH2)2(CF2)nF, 4, (n ) 6-12) into an acrylic
copolymer, 5, to form a copolymer that is fluorinated,
6, has been shown to result in the formation of a low
free energy surface.23 Representative structures are
shown in Figure 2. This surface behaves in a fashion
typical of a fluorochemical repellent.27 Two acrylic
copolymers were chosen for study due to their differ-
ences in preparation. Both were synthesized by the
incorporation of 1.5 wt % of 4 into a copolymer consisting
of styrene/butyl methacrylate/butyl acrylate/hydrox-
ypropyl acrylate/4 (0.19/0.26/0.17/0.38/4.0 × 10-3 mole
fraction). The difference in preparation resided in the
addition method of 4. One copolymer, 6a, was prepared
by a one-time addition of the fluorinated monomer near
the end of the reaction. The other, 6b, was prepared
by continuous addition of the fluorinated monomer
throughout the course of polymerization. Copolymer 6a
was much more surface-active than 6b.23

The explanation for this behavior was based on
kinetics during copolymer formation. The copolymer,
6a, prepared by a one-time addition of 4 would have,
on average, a smaller number of chains containing a
greater amount of a fluorinated monomer than a
copolymer, 6b, prepared by the continuous feed method.
While the quantity of fluorine added by the two prepa-
ration methods remains equal, copolymer 6a exists in
small proportion with unmodified copolymer 5. The
surface excess on films of low surface energy “blocky”

copolymers versus statistical copolymers has been ob-
served previously.28 Surface tensions and excesses have
been measured on solutions of statistical and block
polyethers.29 These authors reported no observable
surface excess for the statistical copolymers but an
appreciable excess for similar composition block copoly-
mers. For block copolymers, surface excesses were
related to the block length of monomer sequences. The
synthetic protocol used to prepare 6b guarantees an
equitable distribution of a fluorinated monomer between
a larger number of chains. Therefore, it is expected that
copolymer 6a will be more “blocky” than copolymer 6b.
As a result, films prepared using 6a exhibited much
higher water and hexadecane contact angles than those
using copolymer 6b at the same relative concentration
of F(CF2)n(CH2)2O-. This can be seen clearly from the
data in Table 1. In addition to surface energy reduction,
dynamic mechanical property differences and benefits
of copolymers prepared using a variable monomer feed
method (vs continuous monomer feed) have been re-
ported by others.30 The behavior of the fluorine-modi-
fied isocyanate will be examined with both of these types
of copolymers.

The present system (acrylic copolymer + isocyanate)
is multicomponent. From the equation for the Gibbs
adsorption isotherm, it can be seen that a differential
in surface tension will result in a surface enrichment
of the lower surface tension species.31

where Γ is the surface excess and µ is the chemical
potential of species i. The electron spectroscopy for
chemical analysis (ESCA) data collected previously
indicated that the surface excess of fluorine observed
in films made with the fluorinated acrylic copolymers
is large (≈25-75; atom % F at surface/atom % in bulk).
However, the surface excess of fluorine observed poses
an interesting problem in interfacial mixing. The
fluorinated acrylic copolymer chains are surface-active
enough to exclude almost everything else from the
surface region including the isocyanate required for
cross-linking to occur. This can be seen clearly in Figure
3 in the dynamic secondary ion mass spectroscopic
(DSIMS) data for the reactive mixture of fluorinated
acrylic copolymer 6b with isocyanate 1. An excess of
fluorine is observed at the air-polymer interface even
though this copolymer is less surface active than the
fluorinated acrylic copolymer 6a. The excess of fluorine
(from the fluorinated acrylic copolymer 6b) at the film/
air interface is large enough that a signal attributable
to nitrogen (from the isocyanate 1) is not observed until
∼50 Å of the surface has been sputtered away.

With no cross-linker present near the surface, the
surface-active fluorinated copolymer chains near the
surface would not be linked chemically to the rest of
the film. A surface active, fluorinated isocyanate, such
as 3, might be able to compete for the surface region
and react with the most surface-active fluorinated
polymer chains of fluorinated acrylic copolymers 6. It
is the purpose of this work to explore the effect of
fluorinated isocyanate cross-linking on acrylic copolymer
surface properties. Additionally, a search for potential
synergistic effects of mixtures of fluorinated acrylic
copolymers and fluorinated isocyanates was made.
Surface energy synergism is not uncommon in mixed
surfactant systems32 and has been observed with mix-

Figure 1. Reaction scheme for perfluoroalkylethyl alcohol
with isocyanate.

dγ ) ∑
i

Γiµi (1)
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tures of surfactants containing the perfluoroalkyl group
F(CF2)n(CH2)2O-.33

Fluorinated Isocyanates. Film properties of iso-
cyanate-cross-linked acrylic copolymer films are the sum
of both components (copolymer and isocyanate). The

use of a surface energy reduction scheme based on the
isocyanate instead of the copolymer was explored. The
isocyanate used in the current study is a mixture of
several different oligomers of hexamethylene diiso-
cyanate (Mn ≈ 691 ( 54 g/mol by vapor pressure
osmometry) and dominated by the cyclic isocyanurate
trimer, 1. Representative structures are shown in
Figure 4. The hypothesis was that modification of
isocyanate by perfluoroalkyl chains might lead to sur-
face activity and add synergistically to the repellent
properties imparted by the fluorinated acrylic copoly-
mers. Furthermore, the fluorinated isocyanates might
be surface-active enough to replace the fluorinated
acrylic copolymers in certain coatings. This was ex-
plored by the preparation of fluorine-functionalized
isocyanates by reaction of isocyanate 1 with the fluoro-
telomer alcohol, 2. The reaction products of 1 and 2 are
shown in Figure 1. Since only a small amount of
perfluoroalkyl ethyl alcohol 2 is added (∼2.6 mol %), the
major reaction product is the fluorinated isocyanate 3,
with a majority of the isocyanate remaining unmodified.
Due to the small amount of added perfluoroalkyl ethyl
alcohol 2, characterization of the fluorinated isocyanate
3 was limited. Cast as a pure film, 3 would react with
water and lose CO2 with the formation of an amine that
would react rapidly with another isocyanate to form,
inter alia, a polyurea. Attempts at preparing fluorinated

Figure 2. Structures of fluorinated monomer and acrylic copolymers. Monomer mole fractions in parentheses.

Table 1. Contact Angle Data for Perfluoroalkylethyl Methacrylate-Modified Copolymer and Isocyanate Films

contact angle
water (°)

contact angle
hexadecane (°)

sample
mole fraction

F(CF2)n(CH2)2O- a feedb adv rec adv rec
ppm F

(wt)

5c 0 75 58 0 0 0
6ad 2.4 × 10-4 SF 110 69 63 54 5800
6bd 2.4 × 10-4 CF 86 58 38 13 5800
3e 8.0 × 10-3 81 60 29 0 950
3e 2.3 × 10-2 86 61 40 12 1900
3f 2.7 × 10-2 117 107 79 79 17 000

a In final film (copolymer + isocyanate) and based on acrylic copolymer Mn ≈ 5000 g/mol for copolymers and added 2 for isocyanate (Mn
≈ 504 g/mol, based on isocyanurate trimer). For the film of pure cured 3, the mole fraction of fluorochemical is based on fluorinated
alcohol 2 added to the reaction mass. b SF ≡ single shot addition of 4, 10 min from the end of the reaction. CF ≡ continuous feed of 4.
c Styrene/butyl methacrylate/butyl acrylate/hydroxypropyl acrylate (0.18/0.27/0.17/0.37 mole fraction). d Styrene/butyl methacrylate/butyl
acrylate/hydroxypropyl acrylate/4 (0.19/0.26/0.17/0.38/4.0 × 10-3 mole fraction). e Mixed reactively with hydrocarbon acrylic copolymer 5
to prepare film. f Cured film prepared from pure fluorinated isocyanate 3.

Figure 3. DSIMS data for fluorinated acrylic polymer 6b
using hydrocarbon isocyanate, 1, crosslinking chemistry.
Shown are F (9), N × 5 (b) and C (2) as a function of depth.
The film is ≈370 Å thick on a silicon wafer covered with native
oxide.
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isocyanate 3 containing larger mole fractions (>0.1) of
fluorinated alcohol 2 resulted in a gel.

The system chosen for study was based on a matrix
of experiments in which the source of fluorine is varied
incrementally between the two reactive components. At
one extreme, all of the fluorine originates from the
acrylic copolymers 6a or 6b. This is denoted on a mole
fraction of a F(CF2)n(CH2)2O- basis as “øF(CF2)n(CH2)2O-

from Polymer” in Figures 5-16. This value of
“øF(CF2)n(CH2)2O- from Polymer” approaches unity when all
of the fluorine originates from one of the fluorinated
copolymers. On the other extreme, all of the fluorine
is derived from the fluorinated isocyanate 3. For this
case, “øF(CF2)n(CH2)2O- from Polymer” approaches zero. On
the other axis of Figures 5-16 is the total mole fraction
of F(CF2)n(CH2)2O-, øF(CF2)n(CH2)2O-, used in the film.

The efficiency of fluorinated isocyanate 3 alone in
reducing surface energy was examined using reactive
mixtures with hydrocarbon acrylic copolymer 5. Con-
tact angle data for such a mixture are shown in Table
1 for two levels of F(CF2)n(CH2)2O- in the final film.
On a mole fraction basis, the surface excess using
fluorinated isocyanate 3 as the only source of fluorine
was not as large as that seen using reactive mixtures
of either fluorinated acrylic copolymer 6a or 6b as the
sole source of fluorine. It is difficult to compare surface
excesses on a ppm fluorine basis (Table 1) due to
discrepancies in molecular weight between the two
copolymers and isocyanate. Although, for comparable
wt % fluorine, acrylic copolymers 6a and 6b were still
found to be more surface-active than fluorinated iso-
cyanate 3 when each was used as the only source of
fluorine in a reactive mixture. The effects of perfluoro-
alkyl chain-loading levels on films prepared from reac-
tive mixtures of fluorinated isocyanate 3 and hydrocar-
bon acrylic copolymer 5 can be seen in Figures 5-8
along the “øF(CF2)n(CH2)2O- from Polymer ) 0” isotherm
(fluorinate isocyanate 3 as the only source of fluorine
in mixture).

It does not appear that the fluorinated isocyanate 3
is completely dominating the surface in a film prepared
by cross-linking the hydrocarbon copolymer 5. If the
surface of a mixture of fluorinated isocyanate 3 and
hydrocarbon acrylic copolymer 5 was saturated with the

former, much higher contact angles would be expected.
A wetting layer of fluorinated isocyanate 3 on the film
should be transformed by reaction with atmospheric
moisture to a polyurea. Polyurea films prepared from
pure fluorinated isocyanate 3 show large water and
hexadecane contact angles (Table 1) with low contact
angle hysteresis, indicating a surface that is at near
saturation levels with perfluoroalkyl groups.27,34,35 The

Figure 4. Polyisocyanate structures.

Figure 5. Advancing water contact angles as a function of
fluorine source and mole fraction for fluorinated acrylic
copolymer 6a and fluorinated isocyanate 3 mixtures.

Figure 6. Receding water contact angles as a function of
fluorine source and mole fraction for fluorinated acrylic
copolymer 6a and fluorinated isocyanate 3 mixtures.

Figure 7. Advancing hexadecane contact angles as a function
of fluorine source and mole fraction for fluorinated acrylic
copolymer 6a and fluorinated isocyanate 3 mixtures.
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relationship between surface energies of the pure com-
ponents and their behavior in mixed fluorine source
experiments is examined in the next sections.

Mixtures of Fluorinated Isocyanate with Flu-
orinated Copolymer 6a. Shown in Figures 5-8 are
the contact angle data collected on systems where the
only source of fluorine is either the fluorine-modified
isocyanate 3 or the fluorinated acrylic copolymer, 6a,
prepared by the shot feed method of fluorinated mono-
mer 4. The mole fraction fluorochemical (F(CF2)n-
(CH2)2O-) values are final film estimates based on
calculations assuming a copolymer molecular weight
≈5000 g/mol and an isocyanate molecular weight ≈504
g/mol. On an equal mole fraction of a F(CF2)n(CH2)2O-
basis, the fluorinated acrylic copolymer is much more
efficient at lowering the surface energy, vide infra, of
the film than is the fluorinated isocyanate. This is
observed in higher contact angle values observed for
both water and hexadecane using fluorinated acrylic
copolymer 6a + hydrocarbon cross-linker 1 when com-
pared to fluorinated isocyanate 3 + hydrocarbon copoly-
mer 5 at lower mole fractions of F(CF2)n(CH2)2O- (Table
1). This suggests that fluorinated acrylic copolymer 6a
has a lower surface energy relative to fluorinated
isocyanate 3 and that it should dominate the surface in
a mixture of the two. A comparison of the relative
surface energies of films prepared with the two materi-
als as the sole source of fluorine in a mixture can be
seen in Table 1. This effect can be observed dramati-
cally as the source of fluorine is varied between fluori-
nated acrylic copolymer 6a and fluorinated isocyanate
3 in Figures 5-8 for both advancing and receding
contact angles using water and hexadecane, respec-
tively.

A feature that is common to the data exhibited in
Figures 5-8 is the decrease in the values of all contact
angles as the concentration of fluorine is reduced to zero.
This is a direct consequence of the Gibbs adsorption
equation and will be seen in the data for all systems
examined.31

where Γi is the surface excess of species i, Ci is the
concentration of species i, R is the ideal gas constant,
T is the temperature, and γ is the surface tension.

However, the relative decrease in contact angles is less
when a majority of fluorine originates from the fluori-
nated acrylic copolymer 6a. This effect is pronounced
at low fluorochemical mole fractions (øF(CF2)n(CH2)2O-), and
is thought to be a consequence of the surface being at
less than saturation levels of fluorinated material at low
øF(CF2)n(CH2)2O-. Therefore, with equal mixtures of flu-
orinated copolymer 6a and fluorinated isocyanate 3, 6a
should be in excess at the surface. This excess can be
observed by the low N/F ratios in the angle-dependent
ESCA data discussed later.

It has been shown that relatively small (≈2 mN/m)
surface free energy differences can lead to surface
volume fractions ≈1 of the lower surface free energy
component.36 This can be seen in the asymmetrical
nature of the contact angle curves near the equal
composition mark. If the surface energies of fluorinated
acrylic copolymer 6a and fluorinated isocyanate 3 were
comparable, the contact angle values would be more
symmetrical about the mixture midpoint. This hypoth-
esis is made on the assumption of a relationship
between contact angle and surface tension37 and based
on an analogy to regular solution theory of mixtures38

extended to the solid state. Regular solution theory
would predict a smooth isotherm between the two
contact angle (surface energy) extremes based on mole
fractions of components. The shape of the curve would
be determined by thermodynamics of mixing and con-
figurational energy for molecules of different sizes.38 A
direct correspondence between solid state and solution
behavior is yet to be established. On the basis of
preliminary curing studies, vide infra, the final film is
estimated to be at thermodynamic equilibrium and the
analogy is thought to be reasonable. Figures 5-8
indicate clearly that the largest contact angle values are
obtained at high fluorine mole fraction levels when the
fluorine source is biased toward fluorinated copolymer
6a. There is a substantial penalty to be paid (based on
the mole fraction) by substituting the fluorinated acrylic
copolymer for the fluorinated isocyanate in a reactive
mixture. On the basis of contact angle measurements,
the surfaces of films prepared with a majority of fluorine
from fluorinated copolymer 6a are dominated by -CF3
from the pendant F(CF2)n(CH2)2O- groups oriented
toward the air interface27,34,35 with an estimated surface
energy less than that of polytetrafluoroethylene.39 The
enhanced surface activity of fluorinated copolymer 6a
versus fluorinated isocyanate 3 can be seen more
dramatically in the hexadecane contact angle response
surfaces or isotherms (Figures 7 and 8). Hexadecane
contact angles on cured films of reactive mixtures
containing no fluorinated components are zero. This
accounts for the much larger contact angle differences
when comparing fluorinated copolymer 6a and fluori-
nated isocyanate 3.

There appears to be an interesting feature which is
evident in all the contact angle data for this reactive
mixture (Figures 5-8). The contact angle data seem
to have a relative maximum at øF(CF2)n(CH2)2O-, smaller
than the largest amount of fluorochemical used as the
response surface is followed along the isotherm of the
majority of fluorine (øF(CF2)n(CH2)2O- from Polymer f 0)
coming from fluorinated isocyanate 3. This would seem
to violate eq 2 unless the activity of fluorinated isocy-
anate 3 was being reduced somehow. At present, not
enough information is available to comment on the
solution thermodynamics of fluorinated isocyanate 3.

Figure 8. Receding hexadecane contact angles as a function
of fluorine source and mole fraction for fluorinated acrylic
copolymer 6a and fluorinated isocyanate 3 mixtures.

Γi ) - 1
RT ( ∂γ

∂ ln Ci
)

T
(2)
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Mixtures of Fluorinated Isocyanate with Flu-
orinated Copolymer 6b. Surface properties of a series
of mixed fluorine-source coatings prepared from the
continuous feed fluorinated acrylic copolymer 6b and
fluorinated isocyanate 3 were examined. The contact
angle data obtained from this system are markedly
different from that obtained using the fluorinated acrylic
copolymer 6a. The reduced fluorine effectiveness and
efficiency of the fluorinated copolymer 6b are evident
when compared to that of fluorinated copolymer 6a
(compare Figures 5-8 with 9-12) using comparable
cross-linking chemistries. Overall, the contact angles
obtained on surfaces of the reactive mixture of fluori-
nated copolymer 6b with fluorinated isocyanate 3 are
less than those obtained for the fluorinated copolymer
6a + fluorinated isocyanate 3 at comparable
øF(CF2)n(CH2)2O-. This is suggested by the comparison of
the relative surface energies that can be estimated from
Table 1. The data indicate that fluorinated copolymer
6b and fluorinated isocyanate, 3, might be able to
compete effectively for the surface of the coating. The
contact angle versus fluorine source data are more
symmetrical about the equal mixture mark. This can
be observed in the contact angle isotherms exhibited in
Figures 9-12 that are much more planar than those
for reactive mixtures of fluorinated copolymer 6a and
fluorinated isocyanate 3. The water and hexadecane
advancing contact angle isotherms slope downward to

the lower fluorine levels, as anticipated from eq 2.
Further evidence substantiating the fact that fluori-
nated copolymer 6b and fluorinated isocyanate 3 are
mixing at the air/polymer interface is given by compar-
ing the contact angle data obtained on reactive mixtures
of the two compared to the film of pure cured 3 (Table
1). If the surface was dominated completely by fluori-
nated isocyanate 3 upon mixing, contact angles compa-
rable to those measured for the film of pure fluorinated
isocyanate 3 would be expected. This hypothesis is
based on the assumption of the eventual formation of a
wetting layer of polyurea on the film surface.

ESCA Depth Profiling of Mixtures of Fluori-
nated Isocyanate 3 with Fluorinated Acrylic Co-
polymer 6a. The mixing of fluorinated acrylic copoly-
mer and fluorinated isocyanate in the surface region
was probed by angle-dependent ESCA examination. The
nitrogen/fluorine atomic ratio (N/F) was measured, as
a function of incident X-ray angle, for several of the
fluorinated acrylic copolymer/fluorinated isocyanate
mixtures. It is important to mention that the acrylic
copolymers contain no nitrogen, so that the nitrogen
signal will arise only from the presence of isocyanate
at the surface (∼0-100 Å). The calculated N/F ratio
for both cross-linked acrylic fluorinated copolymers, 6a
or 6b, is ≈ 14 based on no surface excess of the
fluorinated copolymer and the use of unmodified isocy-
anate 1. The calculated N/F ratio for the cross-linking

Figure 9. Advancing water contact angles as a function of
fluorine source and mole fraction for fluorinated acrylic
copolymer 6b and fluorinated isocyanate 3 mixtures.

Figure 10. Receding water contact angles as a function of
fluorine source and mole fraction for fluorinated acrylic
copolymer 6b and fluorinated isocyanate 3 mixtures.

Figure 11. Advancing hexadecane contact angles as a func-
tion of fluorine source and mole fraction for fluorinated acrylic
copolymer 6b and fluorinated isocyanate 3 mixtures.

Figure 12. Receding hexadecane contact angles as a function
of fluorine source and mole fraction for fluorinated acrylic
copolymer 6b and fluorinated isocyanate 3 mixtures.
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of nonfluorinated acrylic copolymer, 5, with fluorinated
isocyanate 3 is ≈13, again, assuming no surface excess
of fluorinated material. The N/F ratio of the unmodified
copolymer 5 with unmodified isocyanate 1 is undefined
since there is no fluorine present in this case. Previous
work has shown that the N/F ratios observed experi-
mentally to be ≈4.6 × 10-2 at a 30° takeoff angle and
≈ 0.14 at a 90° takeoff angle.23 The surface-tension-
driven excess of fluorinated acrylic copolymer 6a at the
surface clearly precludes isocyanate 1 from entering the
sampling depth of the ESCA measurement (∼0-100 Å,
depending on the takeoff angle).

Shown in Figures 13 and 14 are the ESCA N/F atomic
ratios as a function of the F(CF2)n(CH2)2O- mole
fraction, øF(CF2)n(CH2)2O-, and source using the fluorinated
acrylic copolymer 6a, prepared by shot feeding of
monomer 4 and fluorinated isocyanate 3 at 30° and 90°,
respectively. Common to both figures are relatively low
N/F ratios, not exceeding 6 in either example. At high
fluorinated acrylic copolymer-to-fluorinated isocyanate
ratios until the mole fraction of fluorochemical drops to
very low levels, the N/F ratio is low, indicating that the
fluorinated acrylic copolymer 6a is very effective in
screening the fluorinated isocyanate 3 away from the
surface. Only when the source of fluorine is almost
exclusively from the fluorinated isocyanate 3 and

øF(CF2)n(CH2)2O- approaches zero do the N/F ratios exceed
1.

Another feature of interest is the difference in N/F
ratios at the two takeoff angles as the mixture is
enriched in fluorinated isocyanate 3 (N/F ≈ 1.5 at 30°
and N/F ≈ 6 at 90°). This can occur only if there is a
surface tension gradient normal to the surface (exclud-
ing phase separation or insolubility). The exclusion of
fluorinated isocyanate 3 from the surface in the presence
of the lower surface energy fluorinated acrylic copolymer
6a implies that an excess (gradient) of isocyanate must
exist elsewhere. The greater sampling depth at a 90°
takeoff angle (∼100 Å at 90° vs ∼50 Å at 30°) exposes
the concentration gradient of fluorinated isocyanate
lying normal to the surface.

ESCA Depth Profiling of Mixtures of Fluori-
nated Isocyanate 3 with Fluorinated Acrylic Co-
polymer 6b. Shown in Figures 15 and 16 are 30° and
90° ESCA N/F ratios, respectively, for reactive mixtures
of fluorinated acrylic copolymer 6b, prepared by con-
tinuous feeding of monomer 4 and fluorinated isocyan-
ate 3. The N/F response surfaces are similar to those
obtained with mixtures of fluorinated copolymer 6a and
fluorinated isocyanate 3, but the magnitude of the N/F
ratio is larger. The N/F values again increase as
øF(CF2)n(CH2)2O- decreases and as the fluorine source is
biased toward the fluorinated isocyanate 3. However,

Figure 13. ESCA N/F atomic ratios for fluorinated acrylic
copolymer 6a/fluorinated isocyanate 3 mixtures (30° take-off
angle) as a function of composition.

Figure 14. ESCA N/F atomic ratios for fluorinated acrylic
copolymer 6a/fluorinated isocyanate 3 mixtures (90° take-off
angle) as a function of composition.

Figure 15. ESCA N/F atomic ratios for fluorinated acrylic
copolymer 6b/fluorinated isocyanate 3 mixtures (30° take-off
angle) as a function of composition.

Figure 16. ESCA N/F atomic ratios for fluorinated acrylic
copolymer 6b/fluorinated isocyanate 3 mixtures (90° take-off
angle) as a function of composition.
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N/F ratios reach much larger values of ∼3.5-4.5 (30°
takeoff angle) and ∼12-16 (90° takeoff angle). The
increased N/F ratio indicates that the mixture surface
is becoming enriched in fluorine with fluorinated iso-
cyanate 3 as the source. With a reactive mixture
consisting of fluorinated copolymer 6b and fluorinated
isocyanate 3, the effect of a surface free energy gradient
is lessened. In essence, the entire system is becoming
more homogeneous in component distribution.

Discussion

Through a judicious choice of fluorinated components,
it is possible to control the surface energy of a final film.
This has been demonstrated on reactive mixtures of
various acrylic copolymers and isocyanates. By varying
not only the fluorinated component but its amount as
well, a variety of low surface energy films can be
fabricated. Contact angles on cured films obtained from
reactive mixtures of fluorinated acrylic copolymers 6a
and 6b, hydrocarbon acrylic copolymer 5, fluorinated
isocyanate 3, and hydrocarbon isocyanate 1 in various
proportions have been used to demonstrate the concept.
The surface composition implied from contact angle
measurements of these films is corroborated by angle-
dependent ESCA data. In reactive mixtures, the surface
energy of the final cured film is dominated by the
component with the lower surface energy. The ESCA
data on these same films substantiate the observation
that the surface region is dominated by the lower
surface energy component. This observation neglects
any solution thermodynamic effects, such as mixing,
that can play an important role in determining the
composition of a mixture surface.

Solution thermodynamics may play an important role
in the current investigation. The difference in surface
energy estimated using films prepared with fluorinated
acrylic copolymers 6a or 6b with hydrocarbon isocyan-
ate 1 has been explained due to differences in synthetic
procedure. It is difficult to understand why the fluori-
nated isocyanate 3 is not very surface-active. According
to the principle of Braun and Le Chatelier, it is know
that a decrease in surface energy in a mixture is caused
by an increase in adsorption of the component with the
smaller molecular area demand.40 On the basis of this
fact alone, it can be argued that the partial molar area
demand increases as fluorinated acrylic copolymer 6a
< fluorinated acrylic copolymer 6b e fluorinated iso-
cyanate 3. The increase in area demand for fluorinated
acrylic copolymer 6b relative to that of fluorinated
acrylic copolymer 6a is easy to understand. The flu-
orinated copolymer 6b is estimated to contain less of
the fluorinated monomer 4 along each chain. Attempt-
ing to bring all the perfluoroalkyl chains to the surface
would, necessarily, drag other nonfluorinated, hydro-
carbon monomers incorporated into the polymer chain
into the interface. This would result in a significant
increase in molecular area demand compared to fluori-
nated copolymer 6b which should be more efficient at
packing the surface with perfluoroalkyl chains. The
lower relative surface activity of fluorinated isocyanate
3 is more difficult to explain simply based on molecular
architecture and area demand. The fluorinated acrylic
copolymers 6a and 6b (Mn ≈ 6000 g/mol, Mw ≈ 5000
g/mol) are larger than the oligomeric fluorinated isocy-
anate 3 (Mn ≈ 691 ( 54 g/mol), yet are more surface-
active. On a mole fraction basis, the fluorinated isocy-
anate 3 contains much more F(CF2)n(CH2)2O- (2.7 ×

10-2) than do the fluorinated acrylic copolymers 6a or
6b (2.4 × 10-4). A molecule of fluorinated isocyanate 3
should be more surface-active than one chain of the
fluorinated copolymers 6a or 6b. This is demonstrated
by the large contact angles obtained from films of pure-
cured fluorinated isocyanate 3 (without acrylic copoly-
mers 6a, 6b, or 5).

The molecular area demand discrepancy between
fluorinated acrylic copolymers 6a or 6b and fluorinated
isocyanate 1 appears to be one of thermodynamics not
kinetics. Torsional braid rheological measurements
suggest a gel time ≈60 min and a vitrification time ≈4
days at 30 °C for these systems.41 This time should be
sufficient to allow relatively small molecules to diffuse
to and saturate the surface. Therefore, it is doubtful
that the fluorinated acrylic copolymers 6a or 6b or
fluorinated isocyanate 3 have increased their molecular
area demand by reaction prior to migration to the film
surface. A possible explanation is that there are
interaction parameters (copolymer/isocyanate and/or
isocyanate/isocyanate) that would favor bulk-mixing
thermodynamics versus surface segregation. Such phe-
nomena have been noted previously in compatible
mixtures36,42 and used to explain the diminished surface
excess predicted by surface tension differences alone
compared to those obtained experimentally.43 In addi-
tion, aggregation phenomena would not be unexpected,
particularly, in systems containing relatively large
amounts of fluorine such as that found in the fluorinated
isocyanate 3.44

The ultimate low surface energy attainable by a
mixture of surface-active components can be lower than
that afforded by any of the components and is termed
synergy. The physical conditions leading to synergism
have been detailed previously.45 In the present case,
synergism would be very attractive. From the data
presented in Figures 5-8, it can be seen that mixtures
of the fluorinated acrylic copolymer 6a with the fluori-
nated isocyanate 3 produce initial surface energies
(estimated by contact angle measurements) that are
intermediate between the two materials. If surface
energy synergy was present, contact angles larger (or
surface energy lower) for mixtures than the pure
components would be exhibited. Relative maxima in the
contact angle versus fluorine source curves (Figures
5-12) are absent, substantiating a lack of synergism.
No relative maxima are observed when examining the
contact angle data (Figures 9-12) for mixtures of
fluorinated copolymer 6b and fluorinated isocyanate 3.
In the present investigation, no evidence is seen for
synergism between the two fluorinated components
concerning surface tension reduction.

Conclusions

A surface-active fluorinated isocyanate, 3, can be
prepared easily by the reaction of hydroxyl-terminated
perfluoroalkyl precursors, such as 2, with an isocyanate
such as the isocyanurate trimer of hexamethylene
diisocyanate 1. When used as a cross-linker with
hydrocarbon acrylate copolymers containing a reactive
hydroxyl monomer, surface segregation of the resulting
fluorinated material occurs, resulting in surface energy
lowering of films. Initial surface properties of these
fluorinated systems are excellent. For example, water
and hexadecane advancing contact angles ≈86° and 40°,
respectively, can be obtained on films containing ∼ 2.3
× 10-2 mole fraction of F(CF2)n(CH2)2O- (∼1900 ppm
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F by weight). By comparison, the reactive mixture of
hydrocarbon acrylic copolymer 5 with hydrocarbon
isocyanate 1 formed films with water and hexadecane
advancing angles ≈75° and 0°, respectively. When
fluorinated isocyanate 3 is used to cross-link a more
surface-active fluorinated acrylic copolymer, 6a, surface
energy lowering is observed but the surface is domi-
nated with fluorine arising from 6a. Angle-dependent
ESCA data on this mixture suggests that there is not a
great deal of interfacial mixing of the two fluorinated
materials. When fluorinated isocyanate 3 is used to
cross-link a less surface-active fluorinated acrylic co-
polymer, 6b, surface energy lowering is observed.
Angle-dependent ESCA data indicate that there is now
substantial mixing of the two fluorinated materials at
the air/polymer interface. For both mixed fluorine
source reactive systems, fluorinated acrylic copolymers
6a or 6b with fluorinated isocyanate 3, no evidence
exists for either surface energy synergy or agonistic
interactions between the two components.

Experimental Section
General. The preparation of acrylic copolymers 5, 6a, and

6b, contact angle measurement and DSIMS protocol, materi-
als, analytical methods, and sample preparation have been
described in a previous report and will be mentioned here
briefly.23 The perfluoroalkylethyl alcohol, F(CF2)n(CH2)2OH,
2, was obtained from E. I. du Pont de Nemours and Co. and is
sold under the tradename ZONYL BA. The value of n ranges
from 6-12; the average ≈ 7.8. The polyisocyanate cross-linker
was Desmodur N3300 (Miles, Inc.) and based on the isocya-
nurate trimer of hexamethylene diisocyanate.

Film Preparation. (1) Contact Angles and ESCA.
After appropriate mixing of isocyanate and acrylic copolymer,
films were applied on steel panels by spraying, using a
Devilbiss gun. The samples were then dried for 30 min in a
90 °C convection oven for 30 min. The nominal film thickness
was 2.2 mil. For all mixtures, the ratio of isocyanate-to-acrylic
copolymer was kept constant to ensure a mole ratio of acrylic
copolymer hydroxyl/isocyanate NCO ) 3

(2) DSIMS. After of the isocyanate and acrylic copolymer
were appropriately mixed and diluted, samples were cast by
spin coating. The samples were then dried for 30 min in a 90
°C convection oven for 30 min. Sample thicknesses were
checked by ellipsometry.

(3) Vapor Pressure Osmometry. Measurements were
performed using a Wescan model 233 vapor-pressure osmom-
eter (Jupiter Instrument Co.). The instrument was calibrated
using PMMA (Mn ) 8338 g/mol, PD ) 1.55; Aldrich, secondary
standard) in CH2Cl2 (spectral grade) for polymers and squalene
(Eastman; purified by fractional crystallization) in n-butyl
acetate (Acros Organic Chemicals; 99+%). Several batches of
5 were analyzed in CH2Cl2, yielding Mn ≈ 4500-5000 g/mol.
The molecular weight (Mn) for Desmodur N3300 was deter-
mined to be 691 ( 54 g/mol.

(5) Contact Angle Goniometry. Sessile drop contact
angle measurements were performed using a Ramé-Hart
model 100 contact angle goniometer. Four drops of the
appropriate liquid were used to measure contact angles with
standard deviations ≈2°.

(6) Preparation of Fluorinated Isocyanate, 3. Into a
5-L flask equipped with a mechanical stirrer, condenser,
nitrogen inlet, and thermocouple is added (under positive
nitrogen pressure) 4.835 kg (∼9.58 mol) of isocyanate 1. To
this mixture are added 116 g (0.255 mol) of perfluorolalkylethyl
alcohol, 2, and 0.50 g (0.158 mmol) of catalyst. The catalyst
is comprised of ethyl acetate (98 wt %) and di-n-butyl tin
dilaurate (2 wt %). The mixture is heated to 75-80 °C for 2
h. The reaction product was kept in a sealed container while
not in use to prevent reaction with atmospheric moisture.
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