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Two liquids wetting properties as a surface polarity probe for hydrophobic coatings

G. Bonfante™, S. Chevalliot®, B. Toury®, B. Berge®, M. Maillard®

A model describing a non-polar liquid spreading on a surface within a polar medium is described theoretically, according to Fowkes Good and Girifalco
approximations on interfacial tension. We demonstrate both theoretically and experimentally that surface polarity measurements using contact angle from
two immiscible liquids minimize drastically the measurement error. The present method has been successfully applied to various substrates of variable
polarity and overall surface energy. We also demonstrate that this method allows a direct measurement of surface sensitivity to pH.
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Introduction

Surface energy and more specifically introduction of polar and apolar components by Fowkes™?in the 50’s have been a breakthrough in the
understanding of not only liquid wettability but also more complex systems implying a competition of spreading or adhesion of two or
more compounds3 on a surface due to a hydrophilic - lipophilic balance between compounds. A fairly large scientific and technologic
domain concerning non adhesive coatings relies on reliability of non-polar coatings like Micro Electro Mechanical Systems (MEMS) or
optical coatings. Adhesion of proteins and living cells* in organisms are also related to adhesion in a surrounding medium®". This has been
made possible by an extended theoretical work from the Young's equation8 in the early 19" century to more recently the establishment of
the method®™ from Owens, Wendt, Rabel and Kaelble (OWRK), measuring contact angle from at least two liquids of known surface
tension, and having a large chemical difference in terms of polarity. This method is, now, widely used and very well adapted for most
surfaces. It is based on the contact angle measurement of one liquid surrounded by its vapor, but consequently it does not mimic exactly
the situation where adhesion or spreading from one element occurs in a condensed medium. In this case, spreading is a competition
between two compounds chemical affinity with a surface. Also, measuring contact angle from a non-polar liquid in absence of water, does
not take into account specific interactions of aqueous or polar medium with the substrate of interest. In particular, it cannot take into
account that surface somehow reacts with one of the liquid phase, by pH-dependent proton exchange, surfactant adsorption or material
swelling for instance’. Some alternative method® using contact angle hysteresis12 and electron donicity13 have been developed, in
particular for biological interactions, but are also limited to low surface energy since they imply only one liquid spreading at a time, on a
surface.

Theory

The most standard method for determination of surface energy and surface polarity is based on Owens, Wendt, Rabel and Kaelble (OWRK)
method”’. This method relies on Young’s equation combined with Owen, Good and Girifalco approximation. Young’s equation describes
contact angle 8; from a drop of liquid [ at equilibrium of interfacial forces at the triple line between a supporting solid, the liquid and its
vapor:

Ys = Vs +vic0s6; (1)



with ¥, vs and y; the surface energy, solid-liquid interface tension and liquid-vapor surface tension. Owen, Good and Girifalco
approximation is based on dispersive and polar interactions, and describing interfacial tension as a function of individual surface tensions:

Ysi=Vs+v1—2 /ysdhd -2 vPy? ()

With ylp and yld corresponding to polar and dispersive components from liquid surface tension and ysp and y& corresponding to polar and
dispersive components from surface energy. Combining equations 1 and 2 leads to a linearized equation as a function of both polar and
dispersive components from surface energies:

P
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leading to a linear equation Y=AX+B with X = X= and ¥ = = (1 + cos6),).
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In this equation the square root of polar and dispersive surface energy components correspond to the slope and y-intercept of the affine
function, respectively.

Increasing the number of measurements, further improves accuracy of polarity measurements but substrates can be sensitive to probing
liquids. In addition, it is sometimes required to use a fresh sample for each measurement because a previous liquid deposition can
influence the next measurement, which makes it more complex in terms of sample reproducibility. Increasing the required number of
measurements obviously makes it also more difficult for a routine test in industrial applications. This method is also limited to low surface
energies, since liquids having a lower surface tension than supporting substrates are in a total spreading situation according to Zisman
Iaw“, which of course prevents from any surface polarity measurement on high surface energy substrates.

Experiments

One and two liquids contact angle measurements have been performed on a Kruss easydrop® goniometer and contact angle has been
measured with the associated software Drop Shape Analysis using waterls, decanels, octanels, diodomethane”, ethylene glycollg’w, and
bromonaphtalene18 as reference liquids. Aqueous solutions of variable pH have been obtained diluting hydrochloric acid and sodium
hydroxide in ultra-pure water. In the present work, we used Parylene C coatings20 and SiOC, covered or not with fluorinated coatings of
Cytop and fluoropel as substrates (see details in ESI S1).

Each surface is tested with at least four different liquids. For each tested liquid, three drops of 3uL are deposited onto the surface,
measuring the advancing contact angle in an ambient medium. Since substrates are made of <100> silicon wafer, surface roughness is

extremely low (r,<1nm) and deposition methods for Parylene C and top-coats do not significantly increase roughnessn’n.

Results and discussion

Based on Fowkes, Good and Girifalco approximations and previously published results™ we develop a predictive model for surface polarity
based on two liquids wetting: assuming an oil drop medium (o) surrounded by a polar and immiscible medium (w) standing on a flat
surface (s) we can write an extended version of Young’s equation: ¥s,, = ¥s0 + Vow €050,y

In the same way, interfacial tension expressions of y, and v, are injected into the extended Young’s equation:

Fowc0n, = = o+ 27878 - V1) + 2 (2 - )

The liquid-liquid interfacial tension y,,, can be either calculated from the same approximation or measured experimentally. Key point from
this model is in equation 4: on first approximation, contact angle is sensitive to surface component difference between oil and polar phases

( ’yod/p - ’y‘z/p) either dispersive or polar. As opposed to the corresponding equation from OWKR’s method (eq. 2), this term can



eventually be neutralized for liquids having similar dispersive component whereas polarity is intrinsically very different between a polar
and a non-polar liquid. According to this, contact angle in two liquids has most of the time a stronger dependency on surface polarity than
dispersive component. This effect explains qualitatively why two liquids measurement is intrinsically more sensitive to surface polarity
when using a polar and a non-polar liquid.

Now similarly to OWKR method, equation 4 leads to a new linearized equation:
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Dispersive and polar components are now given by the square of slope and y-intercept respectively: y& = A% and ysp = B? The
consequence is that polar component y,” now relates to the y-intercept from this equation whereas in the one-liquid method it relates to
the slope of the affine function.

The reason for this inversion relates to uncertainty: using a reduced coordinate Y divided by a value close or equal to zero, makes the error
diverges, so we deliberately choose to divide by polar components difference. Conversely, in the one liquid method, the dispersive
component is the divider, for the exact same reason.

In order to compare latter methods, we used various polar and non-polar reference liquids (table S2 in ESI) to measure contact angles on
various low polarity surfaces including Parylene C, a high surface energy coating of y,=35mN/m (figure 1). We used equation 5 to determine
polar and dispersive components from coatings and compared to OWKR method using same coatings or batches of coatings, but measuring
one liquid at a time in air. Interfacial tensions between liquids used in the two liquids method are calculated according to equation 2 and
given in ESI table S3.
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Figure 1: Linearized coordinates X and Y according to equations 3 and 5 measured experimentally (triangles) on Parylene C according to
OWKR method (left) and 2-liquids method (right) with liquids indicated in table S2 and interface tension indicated in S3. On both graphs, full
line is the linear regression and dashed line is the confidence interval of 95% according to Student’s law.

OWKR’s method is very accurate for moderate or relatively high polar surfaces but has an intrinsic limitation for low polarity coatings
where a large error is observed in the determination of slope and polar component consequently.



Based on figure 1, one obvious observation is that we obtain a much better linear estimation of y-intercept and slope with a coefficient of
regression r2=0.97 with 2-liquids compared to r?=0.61 with the OWKR method.
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Estimated standard deviation from slope A and y-intercept B can be made from a statistical analysiszaz 6}
2 . =7 ~ ~

62 [% + ﬁ] with 82 = w the error variance and y; = Ax; + B the estimated values of y; calculated from measured values slope
- _

and y-intercept A and B. Estimated values from A and B are then expressed with an error of Ft (1 - g) 6% witht (1 - %) the Student’s t-

distribution law providing uncertainty according to a trust percentage a.

Based on this calculation one obtains the results described in figure 1 and table 1. As can be noted, polar components are much more
accurate using the 2-liquids method than the OWKR method.

1 liquid 2 liquids

Table 1
Y (mJ/m?) ¥* (ml/m2) X (mJ/m?) X (mJ/m?)

Parylene C 40.8+0.3 40,1+0.15 0.7+£0.013 0.1+0.001

Fluoropel 11.30+0,05 11.1+0.02 0.3+0.03 0.01 +£0.005

Cytop 13.3+0.07 13.0+0.03 0.05+0.03 | 0.01+0.003

SioC 23.6 £0.05 23.2+0.03 0.06 +0.06 0.08 +0.05

Table 1: Dispersive ( yfd) and polar (¥) surface energy component measured from 1 and 2 liquids methods on various substrate (ESI 54).

In order to understand the origin of this difference, we also calculated intrinsic error from polar and dispersive component from partial

derivative a_T; on both one and two liquids models for substrate of variable polar and dispersive component:
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Cross calculation on relative error on polar component is not displayed as a function of dispersive component, as it remains constant,
similarly to dispersive component error a function of polar component.

Main difference between the 2 methods is illustrated on figure 2: the 2-liquids method is more sensitive to polar component than
dispersive interaction, and as a consequence the method exhibits a much larger intrinsic error on dispersive component measurement (Fig.
2A). Inversely, relative error on polar component is intrinsically lower and does not diverge as the OWKR method when polar component
tends to zero (Fig. 2B). This particular feature is linked to the fact that, when polar component tends to zero, with one liquid in air, it will
necessarily lower contact angle@,, as overall surface energy increases, whereas using two liquids, contact angle from non-polar liquid will
tend to zero.
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Figure 2: Relative error on polar component calculated on a low surface energy coating y,=20mN/m of variable polarity (A) and relative

error on dispersive component on a moderately polar surface (0.5mN/m) of variable dispersive component (B). Red line is the calculated

error related to the classical OWKR method with water as a reference liquid whereas blue line is the two liquids method with water and
dodecane as reference liquids. Contact angle error was estimated from experimental values as A6=0.4rad

In order to validate this new method, we voluntarily performed the same measurements but limiting to three measurements, i.e. water,
ethylene glycol and diodomethane for the OWKR method and dodecane, bromonaphtalene and diodomethane in water for the 2 liquids
method. This experiment is performed on two low energy fluorinated coatings, Fluoropel and Cytop, and SiOC oxycarbide. It remains
obvious from figure 3 that measurement with 2 liquids provides a much more precise measurement of polar component according to
regression coefficients and estimated error. When standard method using only three drops of different reference liquids is not accurate
enough to estimate polarity from a given surface, two liquids method proves to be largely efficient enough for this kind of determination.
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Figure 3: Linearized coordinates measured experimentally (square) on Cytop (1), Fluoropel (2), and oxycarbide SiOC (3) according to the
OWKR method (A) and 2-liquids method (B). On both graphs, full line is the linear regression and dashed line is the confidence interval of
95% according to Student’s law. Results have been obtained with only three measurements.

The other huge advantage of this method is to be able to measure surface polarity as a function of pH in an aqueous environment. In this
case contact angle from non-polar liquids is measured in water of variable pH. This of course is not possible when measuring only one
liquid, since only water of variable pH will induce a modification of contact angle. In addition, as expressed by equation 4, contact angle
variation is much more sensitive to polar component in 2-liquids method than in OWKR’s. We performed this experiment on Fluoropel and
Parylene C and observed from figure 4 that Parylene C exhibited a much larger polarity variation with pH. This result is consistent with
literature”>?® describing parylene as a coating with a negative zeta potential of -17.5mV due to the presence of carboxylic groups at the
surface of Parylene, related to superficial surface oxidation under oxygen and/or UV light. Our results are also supported by chemical
considerations on structure of Parylene C and fluoropel (ESI S5), as Parylene is a halogenated polymer and potentially exhibit surface
carboxylic acid group whereas fluoropel only has ester function, that are very weakly hydrolysable, leading to both non polar properties
and a better chemical inertia toward pH variation. Since zeta potential measurement on flat surfaces usually involve electroosmotic current
measurement’’ that are experimentally complex, this method could eventually lead to an easier alternate technic.

This measurement capability can also be used to probe differential affinity of a lipophilic compound in a hydrophilic environment, like
proteins or organic compound dispersed in water, as wetting and surface tension are directly linked to adhesion.
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Figure 4: Polar surface energy components on Parylene C (squares) and Fluoropel (triangles) as a function of water pH (measured with
diiodomethane, Bromonaphthalene and octane).

Conclusions

We developed a measurement method based on a two liquids contact angle measurement, allowing much more precise determination of

surface polarity, especially on low surface polarity surfaces. This method is also more accurate when performing measurements with a

limited number of assays. More importantly, it also allows probing surface properties as a function of pH, measuring surface energy for

complex systems where wetting or adhesion is a competition between two compounds varying in lipophilic-hydrophilic nature.
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