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Group Vibrational Mode Wavenumber / cm™
Literature [41] Monomer Pulsed Plasma
Polymer
Ester C=0 stretching 1750-1715 1734 1736
Acrylate s-trans and s-cis rotational isomers 1640 & 1625 1640 & 1625 not seen
Acrylate =CH, in plane deformation 1420-1410 1412 not seen
-CF; stretching 1350-1120 1236-1117 1196-1117
Acrylate CH in plane deformation 1300-1290 1298 not seen
-CF,- stretching 1280-1120 1236-1117 1196-1117
Acrylate CH out of plane deformation 995-985 986 weak
Acrylate =CH, wag 965 %5 970 weak
Acrylate =CH, twist g8l1+3 812 not seen

Table 2.3 Infrared absorption band assignments.
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Figure 2.5a Influence of average power upon deposition rate.
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Figure 2.5b Influence of average power upon deposition rate efficiency.
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Figure 2.6a AFM micrograph of a clean glass substrate.

Figure 2.6b AFM micrograph of a 5 W continuous wave plasma polymer film of

1H,1H,2H,2H-heptadecafluorodecyl acrylate. 3



Figure 2.6c AFM micrograph of a pulsed plasma polymer film of 1H,1H,2H,2H-
heptadecafluorodecyl acrylate (1,, = 20s, 1,7 = 20,000 ps, P, =40 W).

Short pulse duty cycles gave rise to a drop in surface energy, eventually reaching a
limiting value of 10 mN m" (measured by the combined geometric mean-Young’s
equation), Figures 2.7a and 2.7b. Comparison with Figure 2.3 shows that the polar
contribution disappears with increasing structural retention of the perfluoroalkyl chains.
The absence of any polar contribution to the total surface energy under these conditions
meant that it was valid to use a homologous series of alkane probe liquids to make a
Zisman plot [6]. Critical surface tension values of . = 4.3 mN m" and Y= 144 mN m
! were obtained for optimum pulsed (1., = 20 ps, f,7 = 20,000 ps, P, = 40 W) and

continuous wave (5 W) plasma polymer coatings respectively, Figures 2.8a and 2.8b.

The extremely low critical surface tension value measured in the former case can be

associated with structural retention of long perfluoro-alkyl chains at the air-solid

interface.
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Figure 2.7a Influence of average power upon water (shaded) and octane (unshaded)
advancing contact angles.
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Figure 2.7b Influence of average power upon surface energy values calculated using
combined geometric mean-Young’s equation, where the unshaded symbols correspond
to the polar component and the shaded ones are the total surface energy.

47



0.2 -

0.0 L . ,
0 10 20 30
: -1
Surface Tension/ mN m

Figure 2.8a Zisman plot of pulsed plasma polymer coated glass slide (1,, = 20 ps, 7,5 =
20,000 ps, P, =40 W).

Finally, hydrophobicity and oleophobicity tests were carried out using a range of pure
liquids and water / isopropyl alcohol mixtures with differing surface tensions [42],
Table 2.1. This comprised placing 3 drops of each test liquid onto coated cotton fabric.
The surface was considered to repel each liquid if after 30 s (for oleophobicity and 10 s
for hydrophobicity), the drops remained spherical / hemispherical, i.e. absence of any 5
penetration or wicking at the liquid-fabric interface. 5 W continuous wave plasma

deposited coatings were found to be repellent only towards 40% water / 60%
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Figure 2.8b Zisman plot of 5 W continuous wave plasma polymer coated glass slide.

isopropyl alcohol mixtures and dodecane, higher concentrations of isopropyl alcohol
and shorter alkane chains wetted the substrate. A significant improvement was noted
for optimum pulsed plasma deposition conditions, where liquid repellency was
observed towards pure isopropyl alcohol as well as water (hydrophobicity), and also

alkane chains as short as heptane (oleophobicity), Figure 2.9.
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Figure 2.9 Optical images illustrating liquid repellency (2 i droplet volume) for
1H,1H,2H,2H-heptadecafluorodecyl acrylate pulsed plasma polymer layer deposited
onto cotton fabric (fo, = 20 ps, 7,5 = 20,000 ps, P, = 40 W): (a) pure isopropyl alcohol
droplet; and (b) heptane droplet.
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2.4. DISCUSSION

The described plasma polym_crisation method is quick, cheap, substrate-independent,
solventless, does not require additional non-fluorochemical reagents (e.g. catalysts,
crosslinking agent, surfactants, etc. [10]) and therefore a cleaner fluoropolymer product
can be expected. The greater retention of >CF, groups observed during electrically
pulsed plasma polymerisation compared to continuous wave conditions is consistent
with less fragmentation and damage of the perfluoroalkyl tail, Table 2.2. This can be
attributed to a drop in plasma sheath potential, causing less energetic ion bombardment

of the growing film [43] and attenuation of VUV irradiation [44].

Normally deposition rate is found to increase with rising average power for continuous
wave conditions [18]. However a reversal in this trend occurred during pulsed plasma
polymerisation of 1H,1H,2H,2H-heptadecafluorodecyl acrylate, Figure 2.5a. Poor
deposition rates measured at very short duty cycles can be ascribed to the lack of
polymerisation sites. = A maximum is reached at intermediate pulse cycles,
corresponding to the highest ratio of polymerisable species to non-polymerisable /
ablative species. Upon approaching continuous wave conditions, the deposition rate
drops as a consequence of ablation becoming a competing process. In order to factor
out the effect of variation in average power, the deposition rate efficiency was
calculated (defined as deposition rate divided by average power) [45], Figure 2.5b. Itis
found that the deposition rate per joule of energy increases with decreasing average
power. This can be taken as being indicative of species which are activated during the
on-period (via UV irradiation, ion or electron bombardment etc.) polymerising via
conventional free radical pathways. This can occur either in the gas phase or at the

plasma-substrate interface, during the off-period of the pulse cycle.

Most previous studies have utilised the Zisman method to assess low critical surface
tension coatings. The critical surface tension values, Y., measured for solution phase

polymerised 1H,1H,2H,2H-heptadecafluorodecyl acrylate and other long chain

perfluoroacrylates and methacrylates can be as low as 10 mN m™ [10], [11], [40], [46],
[47]. In fact, the lowest Y. value mentioned in the literature is 6 mN m' for a

monomolecular layer of CF;(CF;);0CO;H (7], [9]. Lower critical surface tensions
51



have been hinted at, however no values have been reported [48]. It appears that the
value of 7, = 4.3 mN m™ attained in the present case for the pulsed plasma polymer
coatings is comparable. The errors for the mean values plotted on the Zisman plots are
% 0.06. It should be noted that the data could also be fitted with a curve, giving a
critical surface tension of y. = 7 + 3 mN m™ for the pulsed plasma polymer coating,
comparable to the surface energy data obtained using the geometric mean method. All
previous data represented in this manner was fitted using a straight line [10], [11], [40],
[46], [47] and hence the method used here. From raw data values it is clear that the
contact angles obtained here are greater then those reported. The micro-roughness
discernible in the AFM micrographs could potentially distort the Zisman plot to give

anomalous ¥, values.

If the roughness causes air to become trapped in the voids (i.e. the liquid cannot
penetrate into the troughs), then a composite interface will be formed in accordance
with the Cassie-Baxter relationship [49]. In fact this is how high water repellency has
been achieved in the past for powdered plasma polymer films [21], [50], [51], [52],
[53]. However such behaviour appears to be unlikely, since the low contact angle
hysteresis normally associated with a composite interface [21], [54] is absent for the
pulsed plasma polymer layers (advancing and receding contact angle values, 6,4, / 6.
= 134° / 66° and 74° / 35° for water and octane respectively). The observed contact
angle hysteresis is more consistent with the surface roughness only being sufficient to
produce an effective increase in surface area without pore formation. This can be
described in terms of Wenzel's law [21], [50], [55], [56], which predicts that surface
roughening decreases / increases the repellency of liquids which make a contact angle
of less / greater than 90° on the corresponding flat surface. In the present case, any
distortion in the critical surface tension value to an abnormally small value due to a
consequence of surface roughness is unlikely, since the chosen series of low surface
tension alkane probe liquids all exhibit contact angles less than 90°. According to
Wenzels law [55], surface roughness will actually make the measured liquid contact
angle lower than the true value [57], [58], hence cos@ will be greater for each probe

liquid on the Zisman plot; thereby shifting the measured ¥, value artificially higher.



2.5. CONCLUSIONS

Pulsed plasma polymerisation is an effective method for the
functionalisation of solid surfaces. Short duty cycle on-times in conjuncti
off-times enable selective activation of reactive bonds contained within
Precursors  containing long  perfluoroalkyl chains (e.g. i
heptadecafluorodecyl acrylate), yield low surface energy coatings, w

excellent repellency towards low surface tension liquids.
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CHAPTER 3

PLASMACHEMICAL FUNCTIONALISATION OF
SOLID SURFACES WITH LOW SURFACE
ENERGY PERFLUOROCARBON CHAINS

3.1. INTRODUCTION

Low surface energy finishes are important for many everyday applications [1], [2], [3],
[4], e.g. protective coatings, biocompatible layers and stain resistant textiles.
Conventionally, these have been made using solution phase polymerisation methods
and applied by solvent casting techniques [5]. Here we describe an approach based
upon plasma polymerisation, which offers a number of benefits: control of film
thickness and composition regardless of substrate geometry [6], good adhesion to the

underlying substrate geometry, minimal energy consumption, and negligible waste.
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Plasma polymerisation comprises electromagnetic excitation of a precursor monomer
vapour to produce ions (both positive and negative), neutrals, secondary electrons, and
photons. Under favourable conditions, this can lead to coating deposition. Recently it
has been demonstrated that highly specific polymerisation mechanisms can be
investigated by modulating the electrical discharge [7], [8]. Therefore, since long
terminal perfluoroalkyl chains are renowned for their liquid-repellency (oleophobicity
as well as hydrophobicity [9]), pulsed plasma deposition of perfluorinated alkenes of
the type C.Fa,.1CH=CH, (a typical example being 1H,1H,2H-perfluoro-1-dodecene
(CyoF2CH=CH,)) is reported. The deposited fluorocarbon films have been
characterised using X-ray photoelectron spectroscopy (XPS), infrared spectroscopy,
atomic force microscopy (AFM) and surface energy measurements. The comparison
between deposition rates and functional group retention is also made for

C,0F21CH=CH, and its saturated analogue C,oF,CH,-CHj.

3.2. EXPERIMENTAL

Experimental procedures were the same as reported in Chapter 2. The fluoromonomers
used, 1H,1H,2H-perfluoro-1-dodecene and (perfluoro-n-decyl) ethane, were both

obtained from Fluorochem and were 97% pure.

3.3. RESULTS

3.3.1. (a) 1H,1H,2H-perfluoro-1-dodecene (C,¢F2;CH=CH,)

The C(1s) XPS envelope for each deposited plasma polymer coating was fitted to six
Gaussian Mg Ko, » components [10] with equal full-widths-at-half-maximum (FWHM)
[11]: C,H, at 285.0 eV, C-CF, at 286.6 eV, CF, at 287.8 eV, CF-CF, at 289.3 eV, CF,
at 291.2 eV, and CF; at 293.3 eV, Figure 3.1. Additional Mg Ko+ X-ray satellite
peaks shifted by ~9 eV towards lower binding energy [12] also needed to be taken into
consideration. Continuous wave (CW) plasma polymerisation experiments indicated

the rising perfluoroalkyl tail incorporation (i.e. the relative proportion of -CF,- groups)
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Figure 3.1 XPS C(ls) envelope for pulsed plasma polymerisation of 1H,1H,2H-
perfluoro-1-dodecene at 1,, = 20 ps, #,;= 20,000 ps, and P, =70 W.
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with decreasing electrical discharge power, Figure 3.2. Even better structural retention
was achieved by pulsing the system on the ms-ys timescale, Figures 3.3a, 3.3b and
3.3c. The optimum conditions were found to be P, = 70 W, 1,, = 20 ps and 1,5 =
20,000 ps, which is equivalent to an average power, <P>, of 0.07 W. A good
correlation was found between the elemental composition of these films and the

structure of the 1H,1H,2H-perfluoro-1-dodecene monomer unit, Table 3.1.

Treatment Average Power (<P>) | F:C Ratio % CF, % CF3

Theoretical - 1.75 75.0 8.3
Optimum Pulsed 0.07W 1.56 +£0.07 | 59.1£3.7 | 16614
Continuous Wave 5W 1.31+0.07 | 28.0+7.0 | 125%+11.3

Table 3.1 Compilation of the theoretical (corresponding to the monomer structure,
CH,=CHC,(F,,), and actual chemical environments measured by XPS for 1H,1H,2H-
perfluoro-1-dodecene.

The higher than predicted concentration of CF; functionalities in the C(1s) envelope for
the pulsed plasma polymer layer can be attributed to the surface sensitivity of the XPS
technique, detecting the alignment of perfluoroalkyl chains away from the surface to
give a greater signal from the CF; group. Similar behaviour has been observed

previously for solution phase polymerised perfluoroalkyl monomers [13].

Preferential loss of the following characteristic alkene infrared absorption features was
observed upon plasma polymerisation of 1H,1H,2H-perfluoro-1-dodecene [14]: 1424
cm (alkene in-plane deformation), 710-1067 cm™ (CH, out of plane deformation,
wagging and twisting vibrations as well as CH in- and out-of-plane deformations),
Figure 3.4.
perfluoroalkyl chain absorption bands [14] at 1120-1280 cm™ (CF,) and 1120-1350

Pulsed plasma polymerisation produced less broadening of the

cm” (CF3). This is consistent with greater structural retention compared to continuous

wave conditions (i.e. less rearrangement, fragmentation and crosslinking reactions).
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Figure 3.2 XPS C(1s) spectra of continuous wave plasma polymerisation of 1H,1H,2H-
perfluoro-1-dodecene at various powers.
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Figure 3.4 Infrared spectra of: (a) 1 H,1H,2H-perfluoro-1-dodecene monomer; (b)
optimum pulsed plasma polymerisation conditions (Z,, = 20 ps, o7 = 20,000 ps, and P,
=70 W); and (c) 5 W continuous wave.
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A maximum deposition rate was attained at close to 1 W average power, Figure 3.5a
and 3.5b. In this range, greater deposition is observed during pulsed compared to
continuous wave conditions. The most likely explanation for this being that the plasma
sheath potential and VUV flux are significantly lower during pulsing conditions [15],
and therefore ion-assisted ablation and VUV damage will be less likely during
deposition.

AFM analysis gave RMS roughness values of 0.7 nm for the flat glass substrate and 11
nm for the 1H,1H,2H-perfluoro-1-dodecene pulsed plasma polymer coating, Figure 3.6.
Surface roughness on the sub-micron scale was clearly discernible in the corresponding

AFM phase image.

Water contact angle measurements taken on plasma polymer coated flat glass substrates
confirmed there is a correlation between liquid repellency and the extent of
perfluoroalkyl chain retention, Figure 3.7. For optimum structural retention, the
combined geometric mean-Young’s equation gave surface energy values as low as y =
8.3 mN m” (where 1."=82 mN m” and y,” = 0.1 mN m™). The presence of negligiblé
polar contribution to the total surface energy under these conditions meant that it was
valid to use a homologous series of alkane probe liquids to make a Zisman plot; this
yielded y, = 1.5 mN m™, Figure 3.8. This is significantly lower than for PTFE (y. =
18.5mN m™) [16].

The optimum pulsed plasma deposition conditions were subsequently used to coat
pieces of cotton fabric in order to test for hydrophobicity and oleophobicity towards a
range of liquids with varying surface tensions [17], Chapter 2. This comprised placing
3 drops of each test liquid onto coated cotton fabric. The surface was considered to
repel each liquid if after 30 s (for oleophobicity and 10 s for hydrophobicity), the drops
remained spherical / hemispherical, i.e. absence of any penetration or wicking into the
fabric at the liquid-fabric interface. Repellency was observed for water / isopropyl
alcohol (IPA) mixtures of up to 90% IPA (hydrophobicity), and also alkane chains as

short as dodecane (oleophobicity), Figure 3.9.
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Figure 3.5b Deposition rate efficiency studies for 1H,1H,2H-perfluoro-1 -dodecene.



Figure 3.6 AFM micrographs of pulsed plasma polymer of 1H,1H,2H-perfluoro-1-dodecene (t,, = 20 ps, tyy = 20,000 ps and Pp = 70 W): height

image shown on LHS (z = 100 nm) and corresponding phase image on RHS.
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Figure 3.7 Water contact angle versus (%CF, + %CF;) concentration in the plasma
polymer films using the sessile drop technique.
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Figure 3.8 Zisman plot of pulsed plasma polymer coated glass slide (7,,= 20 ps, 7,5 =
20,000 ps, P, =70 W).

3.3.2. (b) Role of the Polymerisable End-Group

The pulsed plasma  polymerisation of  1H,1H,2H-perfluoro-1-dodecene
(C,oF2,CH=CH,) was compared with its saturated analogue (perfluoro-n-decyl) ethane
(C,0F>;CH,-CHj;) as a function of pulse frequency at a fixed duty cycle and peak power.
XPS showed that greater structural retention of the perfluoroalkyl chain for the alkene
monomer, and this improves at shorter on-times, Figure 3.10 (R = CoFy). A

comparison of deposition rates at the duty cycle pulse frequency corresponding to the
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Figure 3.9 Optical images illustrating liquid repellency (2 pl droplet volume) for
1H,1H,2H-perfluoro-1-dodecene pulsed plasma polymer layer deposited onto cotton
fabric (1,, = 20 ps, 1,7 = 20,000 ps, P, = 70 W): (a) pure water droplet; and (b)
dodecane droplet.
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Figure 3.10 Comparison of pulsed plasma polymerisation of 1H,1H,2H-perfluoro-1-
dodecene versus (perfluoro-n-decyl) ethane: as a function of pulse frequency
(1/(ton+1,), where average power = 0.07 W and Pp =70 W) and (%CF, + %CF5) group

retention.
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optimum conditions showed that the alkene is more amenable to pulsed plasma

polymerisation, Table 3.2.

Monomer Deposition rate / ng s cm™
1H,1H,2H-perfluoro-1-dodecene 15724
(Perfluoro-n-decyl) ethane 84+04

Table 3.2 Comparison of deposition rates (1,, = 20 s, 7,5 = 20,000 ps, and P, =70 W).

3.4. DISCUSSION

The greater incorporation of >CF, groups observed during electrically pulsed plasma
polymerisation compared to continuous wave conditions is consistent with less
fragmentation and damage of the perfluoroalkyl tail belonging to the monomer, Table
3.1. Lower average powers produces a drop in plasma sheath potential, leading to
milder ion bombardment of the growing film [15], and less VUV irgadiation [18]; both
of these effects will help to minimise surface damage during the plasma on-period. The
low deposition rate observed at very short duty cycles can be attributed to insufficient
monomer activation to effectively sustain polymerisation under these conditions.
Intermediate pulse duty cycles approach a maximum corresponding to the highest ratio

of polymerisable species to non-polymerisable / ablative species in the plasma.

Eventually the deposition rate falls towards continuous wave conditions, as a
consequence of more energetic species making ablation a competing process. In order
to factor out the dependence on average power, the deposition rate efficiency was
considered (defined as deposition rate divided by average power) [19], Figure 3.5b. It
is found that the deposition rate per joule of energy goes up with decreasing average
power. This can be taken as being indicative of the active sites generated during the
on-period (via VUV irradiation, ion or electron bombardment etc.) polymerising via
conventional free radical pathways. This can occur either in the gas phase or at the
plasma-substrate interface. The greater structural retention and deposition rate observed
for 1H,1H,2H-perfluoro-1-dodecene compared to (perfluoro-n-decyl) ethane is

consistent with conventional polymerisation taking place at the double bond during
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the off-period. Compared to conventional solvent-based liquid-repellent coatings, the
described plasma polymerisation method benefits from not requiring additional non-
fluorochemical reagents (e.g: catalysts, crosslinking agents, etc) [20]. Overall this
should produce a cleaner fluoropolymer material, which will contribute towards an
improvement in liquid repellency. This is reflected in the low critical surface tension
value, % = 1.5 mN m™ measured for the pulsed plasma polymer. Any distortion in the
calculated crtical surface tension value, %, to an abnormally low value as a
consequence of surface roughness is unlikely; since the series of alkane probe liquids
all exhibit contact angles less than 90°. This means that Wenzels law [21] would have

predicted

lower liquid contact angles compared to the true values (roughness decreases the
contact

angle for liquids exhibiting contact angles less than 90° on flat surfaces). Therefore
cos@ will be greater for each probe liquid on the Zisman plot, leading to an increase in
%. Porosity in the film leading to a composite interface containing trapped air can also
be ruled out due to the absence of low contact angle hysteresis normally associated with
a composite interface [22], [23] (advancing and receding contact angle values, 6.4, /

6...= 127°/ 86° and 74 °/ 35° for water and octane respectively).

3.5. CONCLUSIONS

Pulsed plasma polymerisation of 1H,1H,2H-perfluoro-1-dodecene produces a low
surface energy coating containing long perfluoroalkyl chains. Comparison with its
saturated analogue, (perfluoro-n-decyl) ethane shows that the alkene bond significantly
improves structural retention and deposition rate by facilitating conventional

polymerisation reaction pathways during the off-period.
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CHAPTER 4

ROUGH SURFACES

4.1. INTRODUCTION

It is well known that repellency is dependent on both the chemistry and roughness of
the solid surface [1], [2]. Chapter 2 addressed how to optimise the chemistry at the
solid surface in order to maximise repellency on flat substrates. It has been the aim of
this piece of work to optimise surface roughness and then to pulse plasma deposit the
repellent coating used throughout Chapter 2 (1H,1H,2H,2H-heptadecafluorodecyl
acrylate) to gain maximum repellency. The work discussed here is divided into three
parts. Part A addresses the theory behind the effect surface roughness has on contact
angle formation. Part B looks at roughening two different solid surfaces. Finally part C
concentrates on the deposition of the fluorinated acrylate onto commercially available
rough surfaces to try and ascertain the optimum rough geometry for maximum contact

angle formation.



4.2. PARTA

Roughening of a solid surface enhances its wettability properties [1]. This could lead

to either an increase or decrease in contact angles, depending on the surface chemistry.

4.2.1. Theory

It has already been shown in Chapter 1 that the adhesion tension, 7, is given by
Equation [3]:-

T=Ysv — Vs 4.1
and Young’s Equation [4],
Yov =V +7 Ly COSO 4.2

Where %y, %, and ¥y are the surface energies of the solid-vapour, solid-liquid and the
liquid-vapour interface respectively. If the surface was roughened microscopically and
the roughness factor is denoted by r, then the adhesion tension on a rough surface (7*)

becomes [3]:-

T =1V — V) 4.3

since each surface area and therefore each surface component is multiplied by r. The

apparent contact angle on the rough surface, ¢, will be given by:-

R

cosg = 4.4
LV
r(?sv - YS!.)
SO cosp=————
yLV

therefore cos@ = rcosé

cos
or ¢ =i 4.5

cos @

Equation 4.5 is known as Wenzel's equation where r is the ratio of the area of the

actual surface to that of the smooth surface. It shows that if the true (intrinsic)

79



contact angle of a liquid on a flat surface is greater than 90°, it will increase if the
surface was roughened. Conversely for a surface with a contact angle less than 90°,
roughening the surface will reduce the contact angle. This can be appreciated more
fully by considering Cassie and Baxter’s extension of Wenzel’s theory [5], whereby a
composite interface is considered, Figure 4.1. The rough surface is depicted as a series
of adjacent crests and troughs and the original adhesion tension as shown in Equation

4.3 has been complicated further.

Figure 4.1 Schematic drawing of a liquid droplet sitting on a rough surface.

By considering the polymer-liquid interface to have an area of {2; and the liquid-
vapour interface to have an area of £2;y, the adhesion tension of a composite interface is

given by Equation 4.6:-
¥ =st,(ysv ~Ys)=Qu¥w 4.6

The depth of the crevices in the surface does not alter the contact angle and hence no
additional polymer-vapour interface term is present in Equation 4.6. Therefore the
deciding factors for the surface roughness are the width of the asperities and the
distance between them i.e. 2y and £2;y. Now by substituting Equation 4.6 into

Equation 4.4 gives:-

Qg (7o ~¥a)
cosp= ﬂ(; - o= I 4.7
Lv

and knowing
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(7sv i }'SL )
Yiv

(a rearrangement of Equation 4.2), then

cos@ =

cosp=Q cosd-Q,, 4.8

From Figure 4.1 it can be presumed that the wetting liquid is in contact with two
different fractions of the surface, one of which is the substrate crest (g,) and the other
being the medium in between the crests (g,). If §, and 6, are the intrinsic contact
angles of the liquid on each of the two mediums respectively, then the apparent contact

angle 1s given by [6], [7]:-

cos¢p=¢£,cosb, +&,cosb, 4.9

This equation has two possible simplifications depending on whether the roughened
surface, €,, is hydrophobic or hydrophilic. In the former case, water can not enter the
troughs and so the surface is said to comprise an air / surface composite. As the contact
angle of water on air is 180°, Equation 4.9 is simplified by Equation 4.10 where € is the
fraction of air on the surface and @ is the contact angle of water on the original, flat

substrate surface. When this occurs ¢ > 6.

cosp=(1—&)cosf-¢ 4.10

If, on the other hand, the surface is hydrophilic the water will freely enter the troughs;

and with the contact angle of water on water being 0° Equation 4.9 becomes:-

cos¢p=(1—-€)cosB+¢ 4.11

and ¢< 6.



4.3. PARTB

4.3.1. Ultra-Low Surface Energy from Modified PTFE

4.3.1.1. Introduction

Liquid repellency of solid surfaces is critical for many applications, these include the
prevention of icing in cold weather [8], stopping clotting in artificial blood vessels [9],
and stain resistant textiles [10]. In this context, PTFE is considered to be the
“benchmark™ low surface energy material, displaying water repellency [11] in
combination with other desirable properties such as high thermal stability, chemical
inertness and a low friction coefficient [12]. However, PTFE has limitations in that it
exhibits poor repellency towards low surface tension liquids such as oils. One way to
improve liquid repellency is to combine chemical and geometric factors [1], [2]. e.g.
fractal surfaces [13], functionalisation of roughened substrates with perfluoroalkyl
groups [14], [15], compression of sub-micron diameter PTFE spheres [16], [17],
plasma deposition in the powder regime [18], [19], [20], [21], and others [22], [23]. A
new approach is described, comprising plasmachemical roughening of PTFE substrates
followed by the deposition of low surface energy plasma polymer layers. X-ray
photoelectron spectroscopy (XPS), atomic force microscopy (AFM), and contact angle

analysis have been used to rationalise the observed enhancement in liquid repellency.

4.3.1.2. Experimental

Oxygen (BOC 99.5% purity) plasma treatments were carried out in an inductively
coupled cylindrical plasma reactor on two types of PTFE substrate: flat sheet
(Goodfellow), and porous film (Tetratex™ membrane 1302, pore size 0.2 pm, 50 pm

thick). The reaction vessel was set up and run as described in Chapters 1 and 2.

For roughening experiments, oxygen was introduced at a constant pressure of 0.2 mbar
and allowed to purge the reactor for 15 min, followed by ignition of the glow discharge.

Once the treatments were complete the chamber was evacuated back down to base
pressure and then brought up to atmosphere. Pulsed plasma polymerisation was carried

out as described in Chapter 2.
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Contact angle measurements were taken using water and decane, see Chapter 2, on: (a)
the untreated sample; (b) O, plasma treated substrate; (c) 1H,1H,2H,2H-
heptadecafluorodecyl acrylate pulsed plasma polymerised onto the substrate; and (d) O,
plasma treated substrate followed by pulsed plasma deposition of 1H,1H,2H,2H-

heptadecafluorodecyl acrylate. The surface tension of the probe liquids are given in
Table 4.1.

Probe Liquid Surface Tension [24]
Ya Yp Y
Water 22.1 50.7 72.8
Decane 23.8 0 238

Table 4.1 Summary of the probe liquid surface tension values.

X-ray photoelectron spectroscopy and Atomic Force Microscopy, as described in

Chapter 2, were also used to analyse the treated PTFE samples.

4.3.1.3. Results and Discussion

Water has a higher surface tension compared to decane and therefore exhibits a larger
contact angle on flat PTFE (Y. = 18.5 mN m™') [25]. An increase in water contact angle
is observed on going to the porous PTFE substrate [26] in accordance with the Cassie-
Baxter relationship [5], Table 4.2. Whereas, the lower surface tension decane spreads

out, probably as a consequence of capillary phenomenon into the large pores [27].

Oxygen plasma treatment is known to micro-roughen PTFE without perturbing its
chemical identity [28]. This occurs as a consequence of ions and high energy photons
from the electrical discharge impinging onto the polymer surface to generate free
radical sites, which then react with atomic or molecular oxygen, followed by polymer

chain scission [29]. AFM confirmed that surface roughening takes place, Figures 4.2a

and 4.2b.
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Figure 4.2a AFM image of flat untreated PTFE substrate, RMS roughness = 97 nm, z
scale = 0.5 pm.

Figure 4.2b AFM image of flat PTFE following oxygen plasma treatment for 5 min at
50 W, RMS roughness = 231 nm, z scale = 2.0 pm.



Treatment Contact Angle / °
Water 3 Decane

Flat Porous Flat Porous
Untreated 109 +2 146 + 1 46 +2 wets
O, Plasma 131 +4 153 +2 55%2 wets
Plasma Polymer 131 +3 144+ 1 831 1454)
O, Plasma + Plasma 148 £ 1 1521 92+3 133+2
Polymer

Table 4.2 Probe liquid contact angles for flat and porous PTFE substrates (oxygen
plasma treatment was carried out at 50 W for 5 min).

Whilst XPS verified the absence of any chemical change at the surface [30], since only
the characteristic CF, peak at 291.2 eV, and its corresponding Mg Ko 4 satellite peak
shifted by ~9 eV towards lower binding energy [31] were present, Figure 4.3. Surface
roughening produced a corresponding rise in water contact angle for both types of
PTFE substrate [28], [32], [33], Figures 4.4a and 4.4b, where both electrical discharge
power and duration of plasma exposure were found to be important parameters.
Oxygen plasma treatment at 50 W for 5 min was chosen as the optimum conditions for
the remaining studies. The increase in decane contact angle for the flat PTFE substrate
suggests that sufficient surface roughening occurs in order to produce an air-PTFE
composite surface which obeys the Cassie-Baxter relationship [34]. As opposed to just
a mere increase in interfacial area, which according to Wenzel's relationship would
have led to a decrease in contact angle [1] (since the contact angle of decane is less than
90° on flat PTFE), Table 4.2. In the case of decane on porous PTFE substrate, it is

thought that capillary action persisted even after oxygen plasma roughening.

Deposition of 1H,1H,2H,2H-heptadecafluorodecyl acrylate pulsed plasma polymer onto
the flat and porous PTFE substrates gave rise to an improvement in repellency for both
probe liquids. This can be attributed to the long perfluorocarbon chains contained in

the plasma polymer structure having a lower surface energy compared to PTFE, % =

43 mN m and 18.5 mN m"' respectively, Chapter 2 [25], [35]. [36]. Itis of particular
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Figure 4.3 C(ls) XPS spectra for flat PTFE substrate: (a) untreated; (b) following
oxygen plasma treated for 5 min at 50 W; and (c) deposition of pulsed perfluorocarbon

chain acrylate onto (a).
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Figure 4.4a Water contact angle for flat and porous PTFE substrate following oxygen
plasma treatment as a function of electrical discharge power for 2 min.
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restricted to short exposures due to its fragile nature).



interest to note that the high decane contact angle measured for the coated flat PTFE

surface is now sufficient to prevent capillary action into the porous substrate.

The chemical nature of the deposited plasma polymer layer was checked by XPS and
the C(1s) spectra could be fitted to 7 Mg Ko, , components [37], [38]: CH, at 285.0
eV, C-C(0)=0 at 285.7 eV, C-O/C-CF, at 286.6 eV, CF at 287.8 eV, O-C=0/CF-CF,
at 289.0 eV, CF; at 291.2 eV, and CF; at 293.3 eV (there are also corresponding Mg
Ko, satellite peaks shifted by ~9 eV towards lower binding energy [39]). The
oxygenated / hydrogenated carbon centres originate from the acrylate functionality

contained in the monomer, Figure 4.3.

Oxygen plasma micro-roughening of the PTFE substrates followed by pulsed plasma

polymer deposition gave rise to a further enhancement in the water and decane contact

angles; with porous PTFE giving the best values, Table 4.2 and Figure 4.5.

Figure 4.5 Photograph of 6 pl water droplet placed on the porous PTF!E substrate
which has been oxygen plasma treated for 5 min at 50 W and then coated with the long

perfluorocarbon chain acrylate pulsed plasma polymer. e



This can be attributed to the combined effect of the micro-roughened composite surface
and the low surface energy nature of the plasma polymer layer. The observed increase
in decane contact angle, despite it being less than 90° for the plasma polymer coated flat
PTFE surface, is consistent with the Cassie-Baxter theory for composite interfaces [5],
(whereas the Wenzel relationship would have predicted a decrease in contact angle [1]).
Similar behaviour for low surface tension liquids has been observed upon roughening

other types of substrate, which form composite interfaces [40], [41].

4.3.1.4. Conclusions

Oxygen plasma micro-roughening of non-porous and expanded PTFE substrates
enhances water repellency. However, lower surface tension liquids such as decane wick
out on porous PTFE as a consequence of capillary action. Deposition of a low surface
energy plasma polymer coating on top of these micro-roughened PTFE surfaces further
improves liquid repellency, where decane no longer penetrates into the sub-surface of

the expanded PTFE substrate.

4.3.2. Water Repellent Rough Structures

4.3.2.1. Introduction

The structure chosen for the second rough surface was n-hexatriacontane which is a
straight chain paraffinic molecule, exhibiting a highly crystalline form [42]. It also
displays almost identical properties to high density polyethylene [43], [44], [45], such
as atomic. electronic and valence structure [46] and ultraviolet absorption
characteristics [47]. Previously electron microscopy, optical microscopy (48], X-ray
diffraction and atomic force microscopy [49] have been used to study n-

hexatriacontane crystals.

It was believed that CF, plasma treatment of the crystal structures would both roughen
the surface further and incorporate fluorine functionalities to lower the surface energy.

Experiments were carried out to see if the level of roughness would exceed that of the

PTFE, and hence generate a more repellent surface.



