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G. Yakubov, Langmuir 14 (1998) 5023-5031]. CWC is a concentration above which a transition from par-
tial wetting to complete wetting occurs at spreading over moderately hydrophobic surfaces, hence, the
CWC is associated with the beginning of the superspreading. The latter shows that the knowledge of the
CWCs is important for many wetting/spreading applications. We suggest a new method, which allows

_I;flj; ‘i"l/g;iie determining CWCs for a range of trisiloxanes using wetting behaviour of aqueous trisiloxane solutions
Spreading on highly hydrophobic smooth Teflon AF coated silicon wafers. Using the new method the CWCs for

trisiloxane surfactants, T, with a wide range in the number (n=4-9) of ethylene oxide units have been
measured. The critical aggregation concentration (CAC) for trisiloxane surfactants has been measured
using the surface tension methods. Additionally, spreading kinetics of all trisiloxane surfactants studied
over moderately hydrophobic substrates has been investigated. It has been found that for all trisiloxanes
studied the CWCs are several times higher than their corresponding CAC values. The CWCs for Tg and
Tg trisiloxanes obtained according to our approach are in agreement with those measured by Svitova et
al. [T. Svitova, R.M. Hill, Y. Smirnova, A. Stuermer, G. Yakubov, Langmuir 14 (1998) 5023-5031] for the
case of complete wetting. It has been verified that indeed at CWCs estimated according to our approach
trisiloxane surfactant solutions demonstrate superspreading behaviour on moderately hydrophobic sur-
faces with the exception of trisiloxane T4, which still shows only partial wetting. Thus, the CWC does not
depend on the degree of hydrophobicity of substrates and could be considered as a distinct property of
surfactants that characterize the highest limit of their spreading capability.

Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.

Critical wetting concentration

1. Introduction

In a number of wetting processes such as painting, coating, and
herbicide delivery applications an efficient wetting of water mix-
tures on solids is required. A simplest solution to that problem is to
reduce the surface tension of both the liquid-vapor and liquid-solid
interfaces of the water droplets through the addition of surfactants.
However, in the case of hydrophobic surfaces not all of the sur-
factants are able to provide effective wetting. In the early-1990s
trisiloxane surfactants (silicon-based surfactants) have been rec-
ognized possessing an unusual ability to induce a fast spreading of
the water mixtures over low energy surfaces such as Parafilm and
polyethylene. This phenomenon was referred to as “superspread-
ing” [1-5]. Trisiloxane surfactant molecules in aqueous solutions
spontaneously form dispersions of bilayer aggregates as the con-
centration of monomers exceeds a certain value, which is referred to
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as critical aggregation concentration (CAC). Although the air-liquid
surface tension of water trisiloxane solutions at concentrations
above those at which the CAC is reached are at a relatively low value
~20mN/m, it is not the lowest surface tension of water solution,
which could be obtained by adding surfactants [6]. However, in spite
of that fact, the trisiloxane surfactants can promote rapid spread-
ing of water droplets over hydrophobic surfaces and even wet them
completely. It has been revealed in [7] an existence of some criti-
cal wetting concentration (CWC) for trisiloxane surfactants above
which the transition from partial wetting to complete wetting takes
place on some moderately hydrophobic surfaces, leading to “super-
spreading”. It means that the CWC is associated with the beginning
the superspreading process. The CWC for trisiloxanes with 6, 8 and
12 ethylene oxide units is substantially higher than the correspond-
ing CAC and is independent of the surface energy of the substrates
[7,8] on which a droplet of solution spreads out.

Hence, the CWC is a very important parameter, which character-
izes the superspreading behaviour of aqueous trisiloxane surfactant
solutions and very essential for herbicide delivery and in other
deposition applications. With the exception of the idea put forward
in [7,8] there are not well elaborated methods for measurements of
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Table 1
Physical characteristics of polymer films and silicon wafers coated with polymers.

Scanned area, pm x pLm

The roughness of polymer surfaces, RMS, nm

Silicon wafers coated by polymers Parafilm® M Polypropylene
PTFE AF Polystyrene
5/4 0.51/ /0.755 7.74/ /5.8+2.6 [13]
20/25 /0.93 /1.29 35.85/ <2[12]
50 2.84 2.46 63.91 -
100 4.15 5.47 104.90 51+15[14]
Contact angle of pure water (°) 117 +£1 89+3 106 +2 9741

the CWC for trisiloxanes, while various methods for the measure-
ment of CAC/CMC for a wide range of surfactants is available in the
literature [9].

In [10] the spreading of droplets of trisiloxane (with 6 and
8 ethoxy groups) solutions over polytetrafluoroethylene (PTFE)
copolymer coated silicon wafers was investigated. It was found that
at concentrations C> CWC (the CWC values were taken from [7]),
these solutions showed only a partial wetting with the final contact
angles of about 50-60°. It was shown in [10] that for both surfac-
tants the dependency of the final contact angle of the spreading
droplet on concentration had a sharp change at the concentration
close to the CWC value. Hence, the determined CWC values [10]
even in the case of partial wetting case coincided with those values
obtained for the case of complete wetting [7]. Based on those find-
ings [10] we suggest below a new method of measurement of the
CWC values for aqueous trisiloxane surfactant solutions.

The main advantage of the new method is as follows: on silicon
wafers coated with amorphous copolymer Teflon AF droplets of sur-
factants (trisiloxanes and some other nonionic surfactants) reach
finite non-zero contact angles which can be easily measured [10]
as compared with the complete wetting cases [7] where droplets
could reach very low barely measurable contact angles. The silicon
wafers are molecularly smooth surfaces [11], therefore even coated
by Teflon AF copolymer they remain smooth on a molecular scale
[12] (see also data in Table 1 below). Hence, there is no roughness,
which can affect the final contact angle and the spreading dynamic
of droplets.

The objective of the present work is to investigate the depen-
dency of final contact angles on concentration of trisiloxane
surfactants with different ethoxy group’s length from 4 to 9, and
the commercial Silwet® L-77 surfactant using spreading of aque-
ous trisiloxane solution droplets over the silicone wafers coated
with amorphous copolymer Teflon AF in a wide range of concen-
trations. The CWCs for all trisiloxanes studied are determined from
those measurements.

2. Experimental
2.1. Materials and methods

Nonionic ethoxylated trisiloxane surfactants [(CH3)3SiO],
Si(CH3)(CH;)3(0OCH,CH;),OH, denoted as Ty, with n=4, 6, 8 and
9 ethoxylate groups were provided by Dr. R. Hill (Dow Corning
Corporation) and used without further purification. Commercially
available trisiloxane surfactant (polyalkyleneoxide modified hep-
tanemethyltrisiloxane), Silwet® L-77, with n = 7.5 ethoxylate groups
was purchased from Momentive Performance Materials Gmbh
and Co KG, Germany. Poly[4,5-difluoro-2,2-bis(trifluoromethyl)-
1,3-dioxole-co-tetrafluoroethylene] denoted as PTFE AF (or Teflon
AF) was purchased from Sigma-Aldrich, UK. The Fluorinert F75
solvent was purchased from 3M, UK.

Hydrophobic substrates were prepared in the following way.
PTFE AF polymer (0.5g) was dissolved in 200 mL of Fluorinert
F75 solvent. The silicon wafer pieces measuring approximately

1cm x 1 cm were carefully cleaned according to the following pro-
tocol: 30 min ultrasonication in isopropyl alcohol, then rinsing in
distilled water and soaked in chromic acid for 1h, intensive rinse
in distilled and DI water, and then dried in a strong jet of air. Then
silicon wafer pieces were placed in a covered Petri dish and PTFE
AF solution was deposited on each piece. After this procedure the
silicon wafer pieces were left for 24 h in order to evaporate the sol-
vent. The macroscopic contact angle of a pure water droplet was
found to be 117 & 1° on those substrates (see Table 1). The three
other polymers such as polystyrene, polypropylene and Parafilm
were also used to compare the spreading ability of the trisilox-
ane solutions. The procedure for the preparation of the polystyrene
substrates was similar to those for PTFE AF that is, polystyrene
(1g) was dissolved in 100mL of dichloromethane solvent and
then this solution was deposited onto the silicon wafers which
were pre-cleaned according to the above procedure. Polypropylene
films were kindly provided by Dr. J. Venzmer (Evonik Goldschmidt
GmbH). Parafilm® “M” film was purchased from Sigma-Aldrich,
UK. The properties of all polymer surfaces used are summarized
in Table 1.

Aqueous trisiloxane surfactant solutions were prepared using
ultra pure water (Millipore filter, 18.2 M2 cm). The solutions were
used within 5h of their preparation. Before the experiments the
solutions were thoroughly shaken and then ultrasonicated for
10 min.

The spreading experiments were conducted under the following
conditions: 22 4+ 1 °C temperature, and at saturated humidity in a
closed chamber. A droplet of the surfactant solution of about 3 pL
was deposited on a PTFE AF coated wafer with a precision syringe.
The small size of the droplet allowed the action of gravity to be
neglected. The droplets were assumed to have a spherical shape
and to spread axisymmetrically, which was confirmed by analysis
of droplet images. The side view of the spreading process was cap-
tured using a CCD camera at arate of 30 frames per second. Captured
images were analyzed using Drop tracking and evaluation analysis
software (Micropore Technologies, UK) to monitor the time evolu-
tion of the diameter of the droplet base, height, radius of curvature,
contact angle and volume of the spreading droplets. For each solu-
tion, the experiments were repeated from 5 to 8 times to control
the reproducibility. Contact angles were averaged with an error of
1-3¢.

For the surface tension measurement experiment all the trisilox-
ane solutions were made in a phosphate buffer in order to avoid
hydrolysis and were prepared just before use. The dynamic surface
tension has been measured with a combination of two techniques.
A Kriius K10 plate tensiometer with a roughened Pt-plate, and a
home-made pendant drop technique with ADSA software were
used for measurements in the long-time regime (t>2s). Mea-
surements were taken every second. The glass cell used in the
plate tensiometer was designed in order to minimize evaporation;
the stability of the height of the liquid-air interface was checked
through the reflectivity of a He-Ne laser beam. In both techniques
the temperature was controlled to within +0.02° by circulating
water from a Techne thermostat.
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Roughness measurements were carried out using an Multimode
atomic force microscope (AFM) with a Nanoscope Illa controller
(Veeco, Santa Barbara, CA) in the contact mode.

3. Experimental results and discussion
3.1. Parameters affecting spreading

The contact angle of a liquid droplet on a substrate and the
spreading kinetics of the droplet depend on a number of param-
eters such as the roughness of the substrate, ambient humidity and
volume of the droplet. Since the proposed approach relies on the
contact angle measuring the influence of those parameters in our
case should be taken into consideration.

3.1.1. Topology and roughness of substrates

Some researchers [2,15] have claimed that the roughness of sub-
strate surfaces does not affect the spreading behaviour, however,
there are some papers [8,16,17] which reported on a dependency
of the spreading kinetics of surfactant solutions [8] as well as
the morphology of adsorbed surfactant layers [16] on the rough-
ness of solid substrates and the final contact angle of a droplet
[17].

Usually the roughness of substrates is characterized by the root
mean square (rms) distribution of the heights of asperities on the
surface of interest without paying much attention to the lateral dis-
tribution of asperities on the surface. Meanwhile, the peak-to-valley
distance could be crucial to the rms value measured on the millime-
ter scale or even at a hundred microns [8,11]. We have measured
the roughness of our PTFE AF coated silicon wafers as well as the
roughness of polystyrene coated silicon wafers, and Parafilm sur-
faces using AFM with different scan sizes (Table 1). The rms data for
commercially available polypropylene film were taken from the lit-
erature [12-14]. Table 1 shows that in the case of the surface of PTFE
AF coated silicon wafers the rms is little affected by the increased
scan size in comparison with the other three polymers used. The
average asperity radius and distance between them were estimated
for PTFE AF surfaces using the model proposed by Rabinovich et al.
[18]. The rms parameter for a 25 um x 25 um scanned area was
less than 0.93 nm. According to the model [18] the asperity radius
is 1.42 nm whereas the periodicity between asperities is 9 nm. Thus,
the surfaces of silicon wafer pieces covered by PTFE AF copolymer
can be considered as smooth solids, with the roughness too small
to affect the contact angles and spreading dynamics.

3.1.2. Air humidity

It was shown in [2,19,20] that the spreading of trisiloxane sur-
factant solutions is sensitive to ambient humidity. However, it was
reported in [21] that varying the relative humidity between 30 and
80% does not affect the spreading dynamics significantly. On the
other hand, in the case of smooth hydrophobic surfaces a weak
influence of humidity on the spreading was reported in [19]. It
is obvious that the rate of evaporation of the spreading droplet
depends on humidity and hence the contact angle values are in
turn affected by humidity because the evaporation mostly occurs
at the edge of the droplet [22].

In our test experiments on PTFE AF coated silicon wafers it was
observed that at relative humidity above 90% a decrease of the
droplet volume due to evaporation was not more than 5% after a
few minutes of spreading. For instance, the spreading of droplet
of Tg solution (C~0.015 mmol/L) with an initial contact angle of
~110° was completed in ~3 min with a final contact angle of 92°.
During that time the droplet lost about 4% of its volume. After that
moment the diameter of the droplet did not change. Over the next
12 min a slow evaporation resulted in a volume decrease with a
simultaneous ~2° decrease of the contact angle. At 60-70% relative
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Fig. 1. Surface tension isotherms at 25 °C for all trisiloxanes studied. The lines are
fitting curves using the Frumkin isotherm.

humidity the change of droplet volume within approximately 1 min
after deposition of the droplet on the substrate was also insignifi-
cant.

In order to decrease an influence of evaporation on the values
of contact angles measured the experiments were carried out in a
closed chamber at saturated humidity conditions.

3.1.3. Volume of droplets

The final contact angle value is not affected by the volume of
a spreading droplet until its radius no longer exceeds the cap-
illary length (a=(y/pg)~'/?). The capillary length takes on the
values of 2.7mm for pure water and about 1.5mm for trisilox-
ane solutions at the CAC because of the lower surface tension
(~20mN/m). At high concentrations (above CWC) the maximum
radii of 3 uL sessile droplet on PTFE AF substrates were less
than 1.5 mm; therefore gravity does not affect the contact angle.
In the case of 10 pL droplets the values of final contact angles
were lower by 2-3° than those for 3 pL droplets. The profile of
10 L droplet (at C>CWC) became “pancake” shaped and there-
fore could not be fitted well by a spherical segment using our
software. To avoid these additional errors in the contact angle
measurements in our experiments small (<3 L) droplets were
used.

3.2. Measurement of equilibrium surface tension and CAC

Fig. 1 shows the equilibrium isotherms for all the trisiloxane
surfactants studied. There is no substantial difference between the
data obtained using the plate (roughed Pt sensor) and the drop
(glass capillary hydrophobized with Teflon) tensiometers. The lat-
ter allows us to discard wetting effects on the surface tension
measurements. The critical aggregation concentrations, CAC, were
calculated from the yeq versus logC data by noting the break
in the slope and the subsequent plateau in the surface tension.
Those results are collected in Table 2. For Tg at 25°C we have
obtained CAC=0.094 mmol/L, that compares favourably with the
value 0.09 mmol/L given by Kumar et al. [23], and also with the val-
ues given by Svitova et al. [7] and by Ananthapadmanabhan et al.
[1] for a commercial trisiloxane T75 (Silwet L-77). For the case of Tg
our value (0.06 mmol/L) is smaller than the value of Svitova et al.
(0.096 mmol/L) [7]. Even though the small number of data points
for T4 do not allow a precise estimation of the CAC it seems that the
presented data are hardly compatible with the value 0.11 mmol/L
reported by Kumar et al. [23]. The present results indicate that
the CAC slightly increases with the length of the polyether chain
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Table 2

Critical aggregation concentration and critical wetting concentration of the trisiloxane solutions at 25 °C. The estimated uncertainty in the CAC is +0.003 mmol/L.

Surfactant CAC, mmol/L CAC?, mmol/L CWC, mmol/L CWC?, mmol/L Molecular weight

Ty 0.022 0.11 [23] 0.312 + 0.050 - 456

Te 0.061 0.096 [7] 0.527 £ 0.030 0.552 [7] 544

Silwet® L-77 0.11 [1]

0.07 for T7 0.13[24] 0.40 £ 0.01 0.410 [26] 610

0.17 [25]

Ts 0.094 0.109 [7]
0.091 [23] 0.698 + 0.080 0.79[7] 632
0.4 [21]

Ty 0.15 - 0.613 + 0.120 - 676

2 Data collected from literature.

of the trisiloxane. The increase of CAC with n is expected because 3.3. Measurement of CWC values of trisiloxane solutions
of the increase of the hydrophilic tail (ethoxy groups) whilst the

hydrophobic head remains the same for all n. The values of the sur- Fig. 2(a-e) shows the plots of final contact angle of droplets of
face tension at the CAC, lies in the range 20-22 mN/m, which is in trisiloxane solutions versus the logarithm of concentration. Fig. 2
agreement with the values given in the literature. clearly shows that for all trisiloxanes T,, (n=4, 6, 7.5, 8, 9) studied
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Fig. 2. Dependencies of the final contact angles on concentration for droplets of trisiloxanes surfactant solutions on PTFE AF coated silicon wafers: (a) Ty, (b) Ts, (c) Silwet®
L-77,(d) Ts, and (e) Ty. Arrows indicate the CAC values.
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the final contact angle gradually decreases with increasing trisilox-
ane concentration until a plateau is reached. A point of intersection
of fitting straight lines for both these parts results in a critical con-
centration above which no further decrease of the final value of the
contact angle occurs. Determined in this way concentrations are
several times higher than the CACs, therefore although the surface
tension of surfactant solutions reached the lowest possible values
at the CAC (Fig. 1) the final contact angles continue to decrease
with the concentration increase. Hence, as mentioned earlier [7,8]
the concentrations determined above (Fig. 2) are really the CWCs
(Table 1) above which the complete wetting or superspreading can
be expected on moderately hydrophobic substrates [7]. Note that
the CWCs presented in Table 1 were extracted from Fig. 2 as an
average value between a concentration corresponding to a point of
intersection of fitting straight lines and the first experimental point
on a plateau.

Note, in case of PTFE AF coated silicone wafers considered above
only partial wetting took place and the final contact angles at
C> CWC were much higher than zero and can be measured much
more reliably. Table 2 shows that the CWCs values for Tg and Tg
surfactants determined here are in a good agreement with data
previously presented by Svitova et al. [7,8] for complete wetting
conditions. Moreover, it was shown earlier in [27] that on mod-
erately hydrophobic substrates aqueous solutions of Tg and Tg
demonstrate transition to complete wetting at concentration close
to the same values of CWCs. In the case of Silwet® L-77 surfactant its
CWC was found close to that obtained for Tg surfactant and almost
the same as it estimated from the dependency of 6y — (C) for Silwet®
L-77 on Teflon published in [26]. Thus, the independently obtained
literature data confirm the validity of our method for measurement
of CWC.

The data for CWC for T4 and both CAC and CWC for Tg trisilox-
anes are not available in the literature and thus our data cannot
be compared with previous results. However the data presented in
Table 1 show that the CWC for Tg is close to that for Tg trisiloxane,
and the CWC for T4 surfactant is 2-3 times smaller than for trisilox-
anes with relatively long ethylene oxide chains. It correlates with
the common tendency for the CWCs values noticed in [7]: the CWC
increases as the hydrophobicity of trisiloxanes decrease.

We verify below that CWCs for T4, To, and Silwet® L-77 obtained
according to our method corresponds to the previously introduced
definition of CWC in the case of moderately hydrophobic sur-
faces. For that purpose 1-2 pL droplets of solutions of all three
trisiloxanes were deposited and spread out over Parafilm and
polypropylene films and over polystyrene coated silicone wafers.
Characteristics of those substrates such as a roughness and wet-
ting properties are summarized in Table 1. Solutions of trisiloxanes
were prepared at different concentrations from 1CAC up to 4CWC.
Values of CAC and CWC were taken from Table 2. In the case of T4
surfactant the CAC was taken as an average one between the CAC
determined in the present paper and that reported in [23], that is
CAC=0.06 mmol/L.

Fig. 3(a) shows that droplets of T4 solutions demonstrated only
partial wetting on all three substrates at all three concentrations
1CAC, 1CWC and 4CWC. Note, that at concentration above the CWC
no further change in the final contact angle was observed on all
three polymeric substrates, as in the case of the PTFE AF surface
(see Fig. 2(a)). Figs. 2(a) and 3(a) prove that the CWC does not
depend on the type of substrate that is in accordance with previous
results for trisiloxanes [7,10]. It means that the critical concentration
determined for the T4 trisiloxane using our method is really CWC.
However, it does not correspond to the transition to complete wet-
ting for that particular trisiloxane, T4, on moderately hydrophobic
substrates. This finding confirms the opinion in the literature that
a trisiloxane surfactant with a short hydrophilic group should not
be considered as a “superspreader” [28].
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Fig. 3. The cosine of the final contact angle versus concentration of trisiloxanes,
Ty4 (), To (b), Silwet L-77 (c), on different polymer surfaces: () Parafilm (PF), (¢)
polystyrene (PS) and (@) polypropylene (PP).

Fig. 3(b and c) presents the dependency of the final contact
angles of droplets of Tg and Silwet® L-77 solutions on concentra-
tions on Parafilm, polypropylene and polystyrene surfaces. Fig. 3(b
and c) confirms that the behaviour of these dependencies abruptly
changes at the concentrations identified as CWC according to Fig. 2
and summarized in Table 2. At C> CWC the droplets of solutions
of both trisiloxanes completely spread out over polypropylene and
polystyrene surfaces for the time span varying from 10s to 1 min.
For instance, on the polypropylene surface 1 L droplets of Tg at
C~4CWC reached the pancake shape over ~2s and then spread
as thin layers whose contact angles could not be measured due to
their small size. On the more hydrophobic and rough Parafilm the
only partial wetting occurs for both Tg and Silwet® L-77 surfac-
tants even at C>CWC, but the spreading ability of Silwet® L-77 on
Parafilm was much higher than that for Tq (see Fig. 3b and c). Note
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that the final contact angles of Silwet® L-77 droplets at C>CWC
on Parafilm and Ty droplets at C~CWC on polystyrene surface
still differ from zero, but their values are quite low and lie in the
range of accuracy of the measurement. Those droplets form rela-
tively thick (tens of microns) pancakes with still detectable contact
angles. Although this case of wetting is still a partial wetting, it could
be characterized as so-called “frustrated-complete wetting state”,
which corresponds to a very small spreading coefficient ~10-¢ N/m
[29].

The latter facts clearly demonstrate the advantage of PTFE AF
coated silicon wafers for precise measurement of the contact angles
of spreading droplets when the CWC needs to be determined as
compared with the others widely used polymers.

4. Conclusions

The CWC was firstly determined in the literature as a concentra-
tion above which the transition from partial wetting to complete
wetting occurs on moderately hydrophobic surfaces. However,
there are hydrophobic surfaces with higher hydrophobicity which
cannot be wetted completely even by superspreaders. We sug-
gested a new approach to estimate CWCs relying on a partially
wetting behaviour of trisiloxane solutions on highly hydrophobic
smooth Teflon AF coated silicon wafers. On those substrates the
droplets of aqueous trisiloxane surfactants reached the constant
final contact angle and no further decrease of the final contact angle
occurs at the concentration, identified as the CWC. The advantages
of the new procedure are the following: in the case of partial wet-
ting the final contact angles can be easily and precisely measured as
compared with the complete wetting cases; because silicon wafers
are highly smooth materials roughness does not affect the final con-
tact angle, the spreading dynamic of droplets and, hence, measured
values of CWCs.

According to the new approach the CWCs for trisiloxane sur-
factants T, with different numbers of ethylene oxide units, n=4,
6, 7.5, 8, 9, have been measured. It has been shown that for all
trisiloxanes studied the CWCs are several times (in some cases
one order of magnitude) higher than their corresponding CAC val-
ues. The value of CWC increases with increasing length of the
hydrophilic tail. Experiments on spreading droplets of aqueous
solutions of all trisiloxanes studied over polystyrene and polypropy-
lene surfaces have verified that the CWCs obtained according to
our approach are in a good agreement with the previously mea-
sured CWCs for the case of moderately hydrophobic surfaces and
complete wetting. It has also been found that the CWC value for
each individual trisiloxane does not depend on hydrophobicity of
substrates.
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