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Complexation of Fluorosurfactants to Functionalized
Solid Surfaces: Smart Behavior
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Complexation of cationic fluorosurfactants to well-defined acrylic acid plasma polymer
surfaces gives rise to oleophobic/hydrophilic behavior. This is in marked contrast to the usual
oleophobic/hydrophobic liquid repellent attributes of conventional polyelectrolyte—fluoro-
surfactant complexes formed by solution-phase synthesis.

Introduction

Polyelectrolytes can spontaneously interact with op-
positely charged surfactants in aqueous solution to
produce polyelectrolyte—surfactant complexes according
to a strict 1:1 stoichiometry required for overall charge
balance.2 These systems have been extensively studied
in the past as a function of many parameters including
surfactant tail length,*=° nature of the polyelectrolyte 813
density of charge sites along the polyelectrolyte back-
bone,>1112.14.15 golytion pH, and the incorporation of low
molecular weight electrolyte.*5815-18 A combination of
electrostatic attraction between the oppositely charged
constituents and interactions between the long-chain
surfactant tails is understood to culminate in a highly
cooperative binding process, which leads to stabilization
of the polyelectrolyte—surfactant complex.4516.17.19-23 |n
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Scheme 1. Complexation between the Plasma
Polymer Surface and Cationic Fluorosurfactant
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the solid phase, these materials tend to display a layered
arrangement derived from demixing of the polar poly-
electrolyte backbone and the hydrophobic surfactant
tails. The precise structure is influenced by a number
of factors which include the relative volume fractions
of ionic and alkyl phases present, and the molecular
geometry of the surfactant molecules.? In fact polyelec-
trolyte—surfactant complexes with cubic, lamellar, and
cylindrical morphologies have been observed.’=2 These
materials are of technological importance; for example,
polyelectrolyte—fluorosurfactant complexes2* are being
considered for ultralow surface energy applications, such
as water-repellent fabrics, self-lubricating machine
parts, and other nonstick end uses.

Conventionally the whole polyelectrolyte—surfactant
complex is prepared in solution, precipitated, and then
applied to a substrate. In this paper, a more direct
approach is outlined comprising the coupling of ionic
surfactants to predeposited polyelectrolyte plasma poly-
mer surfaces, Scheme 1. Plasma polymerization is
attractive from the perspective that a wide range of
substrate materials can be coated irrespective of their
chemical nature, shape, or topography.?>26 Complex-
ation of a cationic fluorosurfactant (a trialkylammonium
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ion headgroup separated by an ethylene spacer from the
fluorinated tail, structure 1) to well-defined acrylic acid

CF3_€CF2+CH2_CH2
n

plasma polymer thin films has been investigated using
XPS and contact angle analysis. Particular emphasis
has been placed upon how these self-assembled poly-
electrolyte—fluorosurfactant complexes differ in struc-
ture and liquid repellency compared to their conven-
tional bulk analogues prepared in solution.

® ©
N(alkyl)s |

Experimental Section

Plasma polymerization experiments were performed in an
electrodeless cylindrical glass reactor (5 cm diameter) enclosed
in a Faraday cage.?” The reactor was pumped by a two-stage
rotary pump (Edwards E2M2) fitted with a liquid nitrogen cold
trap (base pressure of 5 x 1072 mbar). A 13.56 MHz radio
frequency (rf) power source was coupled to a copper coil (10
turns) wound around the plasma chamber via an L—C match-
ing unit. For pulsed plasma deposition experiments, a signal
generator was used to trigger the rf power supply on the
microsecond to millisecond time scale. The peak power (Py),
the plasma on-time (t,n), and off-time (tor) could be varied
independently. The overall average power input ((P[) was
calculated using the following equation:?®

P=P to—“
P ton +toff

@)

Prior to each deposition, the reactor was scrubbed with
detergent, rinsed with 2-propanol, oven dried, and further
cleaned using a 50 W air plasma operating at a pressure of
0.2 mbar for 30 min. Glass substrate slides were washed in
detergent, followed by ultrasonic degreasing in a 1:1 cyclo-
hexane/2-propanol solvent mixture for 1 h. Acrylic acid (Aldrich
99%, further purified by multiple freeze—thaw cycles) was
admitted into the reactor via a needle valve at a pressure of
0.2 mbar for 2 min prior to plasma ignition. Upon completion
of deposition, the system was flushed with monomer for a
further 2 min, and subsequently vented to air.

Acrylic acid plasma polymer coated glass slides were im-
mediately immersed into a dilute solution of the cationic
fluorosurfactant (Hoechst AG, Hoe L 3658-1), and then rinsed
several times in water, prior to being dried in air.

The conventional complex was prepared by adding a 1%
aqueous solution of poly(acrylic acid) to the surfactant until
there was no further precipitation. The obtained gel was
separated by filtration, and repeatedly washed with water. It
was then redissolved in methanol and solvent cast to produce
a film.

A Vacuum Generators ESCALAB MKk Il system was used
for XPS characterization of the coated glass slides. This was
equipped with a nonmonochromatic X-ray photoexcitation
source (Mg Ka, , = 1253.6 eV), and a concentric hemispherical
analyzer (CHA) operating in constant analyzer energy mode
(CAE; 20 eV pass energy). The emitted electrons were collected
at a 30° takeoff angle from the substrate normal. The C(1s)
hydrocarbon peak at 285.0 eV was chosen as a reference offset.
Instrumentally determined sensitivity factors for unit stoichi-
ometery were taken as C(1s):F(1s):0(1s):N(1s):Si(2p) = 1.00:
0.24:0.39:0.65:0.97, respectively. A Marquardt minimization
computer program was used to fit the XPS core level spectra
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Figure 1. XPS C(1s) spectra: (a) peak fit for 2 W CW acrylic
acid plasma polymer and (b) variation with CW power.

with fixed width Gaussian peak shapes.?® The reported errors
represent the combined statistical variation of peak fitting and
experimental reproducibility. The absence of any Si(2p) XPS
feature following plasma deposition was assumed to be indica-
tive of complete coverage of the glass substrate.

Deposition rate measurements comprised measuring the
change in mass of a quartz crystal sensor (Kronos QM300)
positioned in the center of the plasma reactor, thereby provid-
ing in situ monitoring during the deposition process.

Sessile drop contact angle measurements were carried out
using a video capture apparatus (A.S.T. Products VCA2500XE).
High-purity water (hydrophobicity) and hexadecane (oleopho-
bicity) were employed as the probe liquids.

Results

The C(1s) XPS envelope of a typical deposited acrylic
acid plasma polymer layer could be fitted to five differ-
ent carbon functionalities:3° C4H, (285.0 eV), C—CO,
(285.7 eV), C—0O (286.6 eV), O—C—0O/C=0 (287.9 eV),
and CO, (289.0 eV), Figure 1. Corresponding Mg Kaz 4
satellite peaks were shifted by ~9 eV toward lower
binding energy.3! The extent of carboxylate group (CO,)
incorporation into the plasma polymer was calculated
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Figure 2. XPS data for CW versus pulsed plasma polymer-

ization as a function of average power: (a) O/C ratio and (b)
percent CO, group incorporation.

in terms of its percentage contribution to the overall
C(1s) envelope. As reported in earlier continuous wave
(CW) plasma polymerization studies of acrylic acid,?532735
oxygen incorporation and carboxylate group retention
improved with decreasing power levels at the expense
of other types of oxygenated functionalities and cross-
linked sites, approaching O/C ratios as high as 0.52 +
0.02 and carboxylate group retention of 18 + 1%, at 1.5
W, Figures 1 and 2. These values are considerably less
than the expected theoretical O/C ratio of 0.67 and
carboxylate group concentration of 33% anticipated from
the acrylic acid monomer structure, CH,=CHCO,H.
Further improvement in structural retention was
achieved by pulsing the electrical discharge. Low duty
cycles (short on-periods or long off-times) enhanced
oxygen and carboxylate group incorporation into the
deposited plasma polymer structure, Figure 2. O/C
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Figure 3. Plasma polymerization of acrylic acid: (a) deposi-
tion rate; and (b) deposition efficiency.
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ratios as high as 0.72 + 0.03 and carboxylate group
concentrations of 30 + 1% were attained by this method.
These values are significantly better than what could
be achieved during CW deposition. Eventually, at very
short duty cycles, the glow discharge became unstable.

In situ quartz crystal monitoring revealed that the
deposition rate increases with decreasing power during
CW conditions, Figure 3. This observation is consistent
with the detection of a Si(2p) signal from the glass
substrate at powers greater than 7 W. Electrical pulsing
extended this trend toward lower average powers,
culminating in a maximum deposition rate of 0.1 ng s™1
cm~2 at 0.1 W. Shorter duty cycles produced a fall in
deposition rate. To factor out the variation in average
power, the deposition rate per joule (deposition ef-
ficiency) is a useful parameter36—38 and was calculated
using the following equation:3’

deposition efficiency = deposition rate 2)
average power

In fact, the deposition efficiency improves with decreas-

ing average power, indicating that film-forming reac-
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Figure 4. XPS C(1s) stack plot of (a) electrically pulsed acrylic
acid plasma polymer (to, = 100 us, torr = 4 ms, P, = 5 W), (b)
solvent cast poly(acrylic acid)—cationic fluorosurfactant com-
plex, and (c) electrically pulsed acrylic acid plasma polymer
(ton = 100 us, tor = 4 ms, P, = 5 W) reacted with cationic
fluorosurfactant solution.

Table 1. C(1s) XPS Peak Fits

% Functionality

substrate CF2 CFs

solvent cast bulk polyelectrolyte- 25+1 6+1
surfactant complex

surfactant complexed to plasma polymer 29+ 2 7+1

Table 2. Probe Liquid Contact Angle Measurements

contact angle (deg)
in two test liquids

substrate water hexadecane

surfactant-treated glass 38+3 20+ 3

solvent cast bulk polyelectrolyte- 120+ 8 79+3
surfactant complex

surfactant complexed to plasma polymer <20 82+4

tions become progressively more dominant over film
ablation and termination processes at lower powers,3®
Figure 3.

Pulsed plasma polymer coated glass slides containing
a high surface concentration of carboxylic acid groups
were immersed into a solution of cationic fluorinated
surfactant and then rinsed several times in water. XPS
analysis showed that a highly fluorinated surface was
produced, which resembled the conventional poly(acrylic
acid)—fluorosurfactant complex coating cast from metha-
nol solution, Figure 4 and Table 1. However, whereas
the latter displayed the expected water and oil repel-
lency,®® the fluorosurfactant—plasma polymer complex
surface was found to switch between oleophobic and
hydrophilic behavior, Table 2. XPS confirmed the ab-
sence of any I~ counterion belonging to the cationic
fluorosurfactant being retained at the surface.

Discussion

Plasma polymers of acrylic acid have already found
application in a wide range of surface-related phenom-

(39) Kissa, E. Repellent Finishes. In Handbook of Fibre Science and
Technology; Part B.; Lewin, M., Sells, S. B., Eds.; Marcel Dekker: New
York, 1984; p 143.
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ena: control of substrate wettability,3* protein adsorp-
tion,*® modification of adhesion,*! interaction with bio-
logical species,*? and ultrafiltration.*® In each case,
control of carboxylic acid group density at the substrate
surface is critical.

Improvement in structural retention of the carboxylic
group seen with decreasing CW power (Figures 1 and
2) can be attributed to changes in the average electron
energy, the electron energy distribution, and the density
of excited species contained within the glow discharge.*
Opening of the acrylic acid carbon—carbon double bond
requires approximately 2.74 eV, whereas 3.61 eV is
necessary for carbon—carbon single bond dissociation.3
Therefore, a drop in the number of high-energy electrons
in the electron energy distribution on moving toward
lower average powers will favor polymerization reaction
pathways in preference to monomer fragmentation or
cross-linking processes.*® Furthermore, this smaller
proportion of high-energy electrons can be expected to
reduce the degree of molecular excitation, and hence
attenuate the extent of VUV damage of the growing
polymeric film.*6 A corresponding drop in plasma sheath
potential*® should curtail ion-assisted cross-linking and
substrate sputtering.#” In addition, less monomer frag-
mentation at lower powers (carbon—oxygen single bond
dissociation energy 3.64 eV and carbon—oxygen double
bond dissociation energy 7.55 eV)*8 will help to minimize
atomic oxygen-assisted chemical etching of the growing
plasma polymer layer.*°

Pulsing the electrical discharge on the millisecond to
microsecond time scale provides further improvement
in carboxylic acid group retention due to milder VUV
and ion-assisted damage, as well as conventional po-
lymerization reaction pathways being allowed to
proceed during the duty cycle off-period.2532 Similar
improvement in structural retention has been noted in
the past for silicon-containing monomers,36:5051 halo-
carbons,36:37.50.5253 grganometallic precursors,>* alco-
hols,?> epoxides,®® and other reactive molecules.5” The
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observed maximum in deposition rate measured during
pulsed plasma polymerization corresponds to a situation
where film ablation reactions are negligible, and con-
ventional polymerization reactions proceed rapidly dur-
ing the duty cycle off-period3¢:52 (i.e., minimal chemical
etching by atomic oxygen, VUV and ion damage, or
termination processes). The fall seen in deposition
efficiency toward very low duty cycles can be attributed
to the lack of a sufficient number of active species being
created during the electrical discharge on-period neces-
sary to sustain a significant rate of conventional po-
lymerization processes.

These highly functionalized acrylic acid plasma poly-
mer surfaces were found to readily undergo complex-
ation with the cationic fluorosurfactant solution. A
number of factors are known to govern the adsorption
of surfactants onto solid surfaces: the chemical nature
of the solid surface, the molecular structure of the
surfactant, and the solvent environment.58-68 Surfactant
adsorption at low concentrations normally involves
single surfactant ions rather than micelles.»6%.70 Since
carboxylic acid groups at the surface of the plasma
polymer layer will become weakly ionized in water (the
degree of ionization of poly(acrylic acid) in aqueous
solution is 0.026),** this will lead to a favorable elec-
trostatic attraction between the ionized surface acid
groups and oppositely charged fluorosurfactant ions.58:59
Such interactions will assist in orientating the charged
surfactant headgroup toward the plasma polymer sur-
face, and leave the fluorinated tail segment extended
away toward the air—solid interface. The high contact
angle measured for hexadecane is consistent with the
aforementioned description, Table 2. However, the
observed wettability toward water is indicative of a
polar component at the surface, something which is
absent for conventional bulk polyelectrolyte—surfactant
complexes,?* and also in the case of cationic fluorocarbon
surfactant monolayers adsorbed onto negatively charged
mica surfaces, where perfluoroalkyl chains remain
orientated outward in the presence of both polar and
nonpolar probe liquids.f%5” One possible explanation for
the observed switching in liquid repellency could be that
the adsorbed fluorosurfactant species form a partly

(58) Rosen, M. J. Surfactants and Interfacial Phenomena, 2nd ed.;
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intercalated heterogeneous structure with some of the
surfactant hydrophilic polar groups orientated away
from the substrate (e.g., a bilayer).66.71.7273.74.75 The
driving force for such behavior would be a balance
between attraction of the cationic surfactant headgroup
toward the partially ionized polyelectrolyte surface and
the unfavorable surface tension between the fluorocar-
bon tails and water.6® However, this is unlikely due to
the absence of any XPS signal from the 1~ counterion.
A more plausible scenario is that the surfactant—
polyelectrolyte monolayer is able to reorganize in such
a way so as to allow water molecules to interact with
the hydrophilic subsurface of the acrylic acid pulsed
plasma polymer layer. Any plasma-induced cross-link-
ing during deposition of the acrylic acid plasma polymer
layer will restrict subsurface swelling, and therefore
prevent accessibility for the fluorosurfactant moieties
to below the surface; in turn this should suppress
interdigitation, cooperative binding, and layering of the
perfluoroalkyl tails.?27¢ Such oleophobicity/hydrophilic-
ity behavior is potentially attractive for antifogging
applications, where the spreading of water droplets in
combination with a hindrance toward oily substances
is highly sought after.”” Another area of interest is soil
release, where the substrate is required to repel oily
substances in the dry state while allowing solvent
molecules access to the surface in the wet state, so as
to allow the removal of any adhered soil moieties.”879

Complexing of other types of cationic fluorosurfac-
tants to anionic pulsed plasma polymers prepared from
acrylic acid and related monomers, e.g., 6-heptenoic
acid, were also found to display similar liquid wetting
behavior toward hexadecane and water (i.e., switching).
This behavior extended to anionic fluorosurfactants
complexed to cationic pulsed plasma polymer surfaces
(e.g., allylamine monomer).

Conclusions

Complexation of ionic fluorosurfactants to polyelec-
trolyte plasma polymer surfaces gives rise to oleopho-
bicity in combination with hydrophilicity. This “smart”
behavior is found to be reversible and attributable to
surface reconstruction phenomena.
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