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Monolayers of Stober-silica nanoparticles (ca. 40 nm diameters) at the water—air
interface have been studied in a Wilhelmy film balance. Scanning angle reflecto-
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INTRODUCTION

The wetting behaviour of fine particles is of great importance in
numerous technological processes including froth flotation, demul-
sification, antifoaming procedures [1—4], and coal industries [5, 6].
Moreover, nanoparticles with special surface properties were proven
to be suitable to prepare well-packed nanolayers that give an entry
to the fabrication of advanced materials [7—10]. Hence, the character-
ization of wetting properties of particles (by contact angles) has
attracted significant attention for a long time [11—26].

Contact angles of nano- and microparticles can be determined by
the film balance technique [19, 27] According to this traditional
method, contact angles can be calculated from the surface pressure
(IT) versus surface area (A) isotherms of monoparticulate layers using
Langmuir or Wilhelmy film balances. It is widely accepted that the
measurable (“effective”) surface tension (or surface pressure) can be
related to the work necessary for the compression of (nano- or micro-)
particulate layers and for particle removal from the liquid—gas
interface [19, 25, 27]. Although in certain cases the measurements,
provided useful information about the particle—particle and particle—
subphase interactions [7, 19, 20, 25, 27], several questions remained
unanswered. Using Langmuir and Wilhelmy film balances, it was
found that there was not satisfactory agreement between the calcu-
lated (from IT-A isotherms) and the measured (directly on the beads)
contact angles of medium hydrophobicity range for relatively large,
spherical model particles (diameter: 75pum) [20, 28]. Similar model
investigations cannot be carried out for nanoparticles due to the
extremely small particle sizes.

The main purpose of this work is to study the wettability of silica
nanoparticles (ca. 40 nm diameters) at the water—air interface in the
range of low hydrophobicities. The results obtained by the traditional
film balance technique will be compared to the results of a laser
optical method, scanning angle reflectometry (SAR), which has not
yet been used for wettability investigations. Computer simulations
of the film balance experiments are also accomplished in order to
calculate the surface pressure—surface area isotherms and to com-
pare them with the real ones that also allows us to assess the contact
angles.

In this article we give a short description of the applied methods
and model materials used.
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THEORETICAL BACKGROUND OF THE APPLIED METHODS

Determination of Contact Angles from Surface Pressure
versus Surface Area Isotherms

The traditional film balance method for the determination of contact
angles of monodisperse spheres at the water—air interface can be
applied by using the following relationship, provided, that the layer
is noncohesive [27]:

ywaR?n(1 — cos(0))?= Vi, + [IA, (1)

rep

where ywa is the water—air surface tension, R is the radius of the
particles, © is the contact angle, I, is the collapse pressure, A} is
the collapse area given for an individual particle, and = is the geo-
metric constant. V*rep, the repulsive potential energy normalized for
one particle, is proportional to the I area, and II.A% is proportional
to the II area in Figure 1. The sum of V;,, and II.A% is considered
as the adhesion energy of one particle if the particle is removed from
the interface into the water phase during the collapse. In our opinion,
the second stage (II) of the n-A isotherm (in case of non-hexagonal
ordering and/or polydisperse particles, i.e., if the particles have differ-
ent potential energy during the compression (Figure 2) [29]) includes

161
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IT (mN/m)

0 T T T \ T
60 70 80

90
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FIGURE 1 Experimentally obtained surface pressure (I1, surface area (A) iso-
therm; CCSA, contact cross-sectional area; I, collapse pressure; A, collapse
area.
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FIGURE 2 Potential energy map of particles. The darker the particles the
lower the potential energies. The particles with higher potential energy are
always situated at the boundaries of the hexagonally ordered domains and
at the lattice defects.

not only the energy related to the particles’ removal but an extra
energy dissipation that relates to the continuous particle removal.

Determination of the Contact Angle by Scanning Angle
Reflectometry

Scanning angle reflectometry (SAR) together with Brewster angle
microscopy (BAM) [30, 31] are powerful tools for the investigation
of very thin layers of nanoparticles deposited or spread on the sur-
face of a bulk material. Both reflectance methods are nondestructive
and can be applied in situ. They also can be realized by the same
optical setup. They use the special property of p-polarized light
waves—that the reflectance of a perfectly abrupt, smooth interface
between the medium of incidence and a semi-infinite bulk is zero
at the Brewster angle. Any deviation of abruptness, a rough interface
or an interfacial layer, increases the reflectance. Scanning angle
reflectometry, on the other hand, measures reflectivity as a function
of the angle of incidence, R(0), near the Brewster angle. The reflec-
tance curves are compared with that of the clean surface, which exhi-
bits a minimum; this minimum shifts, and the minimum reflectance
increases, if an interfacial layer is present. Even layers of a few tens
of nanometers thickness cause well-detectable change in the shape of
the R(0) curves.

The question is how to extract reliable information about the
structure of an interfacial layer formed by nanoparticles, and about
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the particles themselves, from the reflectance measurements. The sim-
plest method of evaluation is when one approximates the interface be-
tween the two phases with a homogeneous (uniform) layer and finds the
effective refractive index and thickness that corresponds most closely
to the measured reflectance curve. This uniform layer approach is valid
if the particles are small compared with the wavelength and their
refractive index does not differ much from that of the host material
[32]. For particles of size comparable with the wavelength, the
light scattering must be taken into account [33].

Reflectance in the Uniform Layer Model

Assume a layer of thickness, /, and refractive index, n, between air
and a semi-infinite substrate with refractive index, n and ny, respect-
ively. R, the reflectance for a p-polarized light beam of wavelength, 2,
and angle of incidence, 0, can be determined from the Fresnel reflec-
tance coefficients of the interfaces ro; and rqo:

o n2 — n2sin’(0)
9”9k ith g =Y : (2a)
qi +qk n;

rip =
and from the phase change in the layer 9,

0 =2n-1/i-\/n? —n2sin®(0), (2b)

g -
as

_ rZ +r2, + 2ro1r12 cos(26)
1+r3,r3, + 2r3;r2, cos(26)

(2¢)

The reflectance of the uncovered substrate is R, = ros2. This is zero at
the Brewster angle of the substrate material,

0p = arctan(na/no). (3)

The reflectance curves intersect the curve of the substrate at a certain
angle, the Brewster angle of the layer material, 0; (Figure 3), where
the reflection coefficient of the air-layer interface vanishes; ro; = 0.
This fact offers a simple tool to estimate the effective refractive index
of the layer [34], n.z

Nef = 1 tan(0r). (4)
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FIGURE 3 Typical measured reflectance curves: reflected intensity versus
angle of incidence both for water and spread layer. 0 is the Brewster angle
of the water substrate; 0, is the same for the layer. In the frames of the homo-
geneous model, n.4and [ can be obtained by a fitting procedure, but n.;can be
calculated also from the intersection of the two curves (n.4 = tan 61), and the
thickness can be estimated from the position of minimal reflectance, 0,,;,.

Estimation of the Average Refractive Index of a Monolayer
of Spherical Particles [35]

We constructed a simplified model for the monolayer of silica
particles, shown in (Figure 4). The particles are assumed spherical,
of uniform size, and arranged hexagonally at the air—water interface.
The silica spheres are partially submerged in water. That means
that the air—water interface is inside the layer; & is the immersion
depth, the particle diameter is d, and distance between the particle
centers is D (Figure 4). The average refractive index can be approxi-
mated by the effective medium approach [36] by calculating the refrac-
tive index from the volume fraction of the components and from their
bulk refractive indexes. In the regular hexagonal arrangement, the
volume fraction of silica at height z is

o=——=2(d —2). (5)

In the simplest approximation, the square of the refractive index at
height z is a linear combination of those of the constituents, the square
of refractive index of the particles (n,), and that of the environment
(n.), which for water is z < h, and air above:

n(z)? = ocng + (1 - a)n?. (6)
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z

FIGURE 4 Optical model for the monolayer of spherical particles (also see the
text).

We obtain the effective refractive index of the layer by averaging
Equation (6) for the whole height, d:

27
63

n2p =n2+ (02 —n2)g + 212 — n2) - *(3 - 29) (2, — n2)].

(7)

where n, n,, and n, are the refractive indexes of air, water, and
particle, respectively, and ¢ =h/d, f=d/D. Calculated effective
refractive index—immersion depth curves are shown in Figure 5 for
different values of f.

From the effective refractive index, the immersion depth can be
approximated with the help of formula (Equation (7)). The immersion

1.40

1.38

neff

1.36

1.24

FIGURE 5 Effective refractive index (ngs) as a function of the immersion (q)
and packing density (f).
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depth depends on the wettability of the particles, characterized by the
contact angle, ®. For spherical particles, the contact angle and the
immersion, q, are related according to the formula:

cos® =2g — 1. (8)

Computer Simulation of the Surface Pressure versus Surface
Area Isotherms

Once the layer was compressed beyond the collapse point and we
withdrew the moving barrier and compressed the film again, the IT — A
isotherm was not reproducible. This fact points to irreversible
removal of particles from the interface. We suppose that the collapse
pressure (I1,) of the layer can be associated with the contact angle of
the particles. To reveal the nature of the relation, we developed a
molecular dynamics computer simulation.

Implementation

A more detailed description of the implementation can be found in
Agod et al. [29]. The simulation of the compression was performed
for N = 1000 spherical particles in a rectangular cell with periodic
boundary conditions. The size distribution could be set according to
experimentally measured values. The particle—particle (p—p) interac-
tions were derived from the experimentally gained isotherms in a
manner described in the literature [37]. The compression of the layer
was simulated by decreasing the area of the simulation cell by 0.5%
and by rescaling the positions of the particles proportionally after
every compression step. Between the steps, the layer was left to reach
a local equilibrium state [29]. The surface pressure of the layer was
derived from the virial theorem [38—40]:

m,v+ Flr,>
<Z (Z,J: oY NkT 1<

H:
" ON

ZFUFU> 9)

where r;; = 77 — 7; is the separation between the centers of mass of
particles i and j, (i,j) are the interacting pairs, Fj; is the force between
particles i and j (derived from the interaction potential), n = ZXV, v; is the
velocity of particle i, & is the Boltzmann constant and 7 is the ambient
temperature.

In the simulation, the particles were allowed to leave the water—air
interface (simply by eliminating them from the system) if their poten-
tial energy exceeded the adhesion work attributed to a single sphere
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immersed in water to its equilibrium depth (Equation (1)):

Vi= Z Vr(rij) > ypeRin(1 - cos(0))?, (10)
J

where V; is the potential energy of the ith particle arising from the p—p
interactions (V7). 7, is the water—air surface tension, R; is the radius
of the ith particle, and O is its water contact angle.

Model Materials: Stober Silica Particles

The synthesis of silica particles by controlled hydrolysis of tetraethyl-
orthosilicate (TEOS) in ethanol (in the presence of an aqueous solution
of ammonia) has been known for more than thirty years [41]. The
so-called Stober silica has many advantageous properties for model
investigations. The near-spherical, inorganic particles show narrow
size distribution and are compact above a certain particle size (ca.
20nm diameter) [42]. Moreover, the particles can be transferred into
water from the alcoholic phase, and the hydrosol was found to be
stable without any additives [43] due to a stabilizing water film
between the surfaces of the particles. On the other hand, a mixture
of alcosol and chloroform can be spread at the water—air interface,
and the particles form a monoparticulate layer without significant loss
of particles, as was shown earlier [7, 8]. The partial wetting of native
Stober silica particles can be attributed to the presence of non-
hydrolyzed ethoxy groups and the “Si—O-Si” parts of the silica
surface [44].

Stober silica particles were found to form a weakly cohesive layer at
the water—air interface due to the DLVO, capillary and dipole—dipole
forces [37] with the secondary energy minimum at a particle—particle
distance that corresponds to the contact cross-sectional area (CCSA,
Figure 1) of the surface pressure—surface area isotherm. Hence, we
can calculate the contact angles of particles by the traditional way
(Equation (1)), integrating the isotherm from the area of CCSA.

EXPERIMENTAL
Experimental Methods, Instruments and Materials

Preparation and Characterization of Silica Particles

The alcosol of silica particles was prepared according to the Stober
method [41] by choosing appropriate reagent concentrations, 10 cm®
tetraethyl—orthosilycate, and 10cm?® 25% aqueous NHj solution in
250 cm® absolute ethanol, resulting in a mean particle diameter of
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43 + 5nm. The solid content of alcosols (mg/cm®) was determined from
the amount of residual solids after solvent evaporation in a drying
oven at 80°C. A JEOL JEM-100 CX II transmission electron micro-
scope (JEOL, Peabody, MA, USA) was used to assess the particle size
and shape. The samples from the layer were deposited on Formvar"
film-coated carrier grids. Particle sizes were determined by measuring
the diameters of (400—500) nearly spherical particles from which the
particle size distribution and the sphere-equivalent mean particle
diameter were determined. The mean cross section and mean volume
(V) of the particles for the analysis of pressure area isotherms were
also calculated from the individual data [37].

Measurements

Film balance investigations. A laboratory-built and computer-
controlled Wilhelmy film balance was used to determine the surface
pressure (II) versus surface area (A) isotherms of monoparticulate
layers at ambient temperature (23 + 1°C). The sols for spreading were
prepared by diluting the silica suspensions with chloroform (1 vol.
alcosol + 2 vol. chloroform) then homogenizing in an ultrasonic bath
for 10 min. An appropriate amount of sol was spread on the surface
of the water in the film balance. After the evaporation of the spreading
liquid the II-A isotherms were obtained at a rate of 3.35 cm/min of the
moving barrier (corresponding to 33.2 cm?/min). In order to assess the
reproducibility, the film balance experiments were repeated five
times, in most cases by spreading the same volume of the sol. The
water contact angles for the characterization of the particles’ surfaces
were determined by using Equation (1) at different amounts of spread
particles by an extrapolation method in order to take into consider-
ation the surface pressure gradient along the layer [37, 45]. The num-
ber of spread particles (Z) was determined from the spread amount
(my,;) of particles in the following way:

Z = mtot/(pV), (11)

where p = 2060 kg/m3 [43].

Optical investigations. For the optical measurements a computer-
controlled and homemade SAR instrument was used [34]. The source
was a 17mW polarized-beam HeNe laser, (Melles Griot, Carlbad, CA,
USA; 2=632.8nm) and a PD200 silicon photodiode (Edmund
Industrial Optics, Barriugtou, NI, USA) was used as a detector. The
source arm and detector arm moved simultaneously, driven by a Little
Step-U unipolar stepper motor (New Lynn, New Zealand). The
reflected light intensity was measured around 53.1°, the Brewster
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angle of water, in 0.1° or 0.05° steps. First, the reflectance curve of
pure water was scanned, the layer was spread, and the moving barrier
of the film balance was set to reach the desired surface pressure. Then
the reflectance curve of the layer was measured. Twenty measure-
ments were taken at each angle and the data had been averaged.
The angles, averaged data, and standard deviations were stored in
the measurement data file for further processing. All measurements
were performed at room temperature, T = (23 &= 1)°C. In the calcula-
tions, the following refractive index values were used: 1.000 for air,
1.333 for water, and 1.450 for silica [46]. The refractive index of the
silica particles was found to be between 1.43 and 1.45 [8].

Materials

For the synthesis of Stober silica tetraethyl—orthosilycate (TEOS,
>98% GC; Fluka, Buchs Sci. Switzerland), absolute ethanol (A.R.,
>99.7%; Reanal, Budapest, Hungary), and ammonium hydroxide
(25% aqueous solution of NHjs; A.R., Reanal, Budapest, Hungary)
were used as received. For the film balance experiments chloroform
(>99.8% “Baker Resy Analysed,” J. T. Baker Inc., Phillipsburg, NJ,
USA) and distilled water (Millipore Milli Q) were used.

RESULTS
Contact Angles from the Pressure Area Isotherms

As was mentioned, the II-A isotherms were not reproducible if the
samples were compressed beyond the collapse point, showing an
irreversible removal of particles from the interface. Supporting this
idea, whitish folds were not observed during the collapse, that—
according to former observations for micron-sized particles [20]—also
means the particles sank into the aqueous phase irreversibly. Hence,
we could determine the advancing water contact angles from the II-A
isotherms by the traditional method applying Equation (1). The con-
tact angle, extrapolated to the mass of the particles at the position
of the surface pressure sensor [37, 45], was found to be 69° £ 1°,

Contact Angles from the Computer Simulation

The simulated surface pressure versus surface area isotherm for an
ideal case (monodisperse spheres in a hexagonal array during the
whole compression) is depicted in Figure 6. The particles have the
same potential energy during the compression, and hence they leave
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FIGURE 6 Simulated isotherm for an ideal case: monodisperse spheres with
totally hexagonal ordering during the whole process.

the interface at the same time demonstrating an ideal collapse
phemonenon.

Applying the real polydispersity of 43nm spheres and scattering
them randomly onto the water surface, we get a rather realistic iso-
therm as can be seen in Figure 7. In this case, the simulated isotherms

IT (mN/m)
>
=

2000 2250 2500 2750 3000
A (nm?)

FIGURE 7 Simulated isotherm. The water contact angle of the particles was
set to 37.5°.
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show breakdowns similar to those of the experimentally gained iso-
therms. The noise of the simulated isotherm after the collapse point
is due to the low number of particles (N = 1000) and the finite size
of the compression steps. If a particle leaves the interface the others
around it get more space, so the surface pressure drops and the layer
expands slightly. (The aforementioned extra energy dissapation can be
attributed to this relaxation process.) The experimentally gained iso-
therms were rising after the onset of the collapse (Figure 7), and the
simulation reproduced this behavior. The increasing surface pressure
of the layer after the collapse is the consequence of the different poten-
tial energy of the particles, due to the inhomogeneous layer structure,
and of the polydispersity of the particles.

In real experiments the extrapolated collapse pressure was about
19 mN/m. The water contact angle of the real particles can be
estimated, if we can find a simulated system where the collapse press-
ure corresponds to this value. In Figure 8 collapse pressures of sys-
tems with different water contact angles are presented. The collapse
pressure of the simulated layer was close to the value obtained in
the real experiments if the water contact angle (®) was set between
37.5° and 40° (Figure 8).

45

0] }

35-. %

30
E 5] }
: +
£ 20] ]
=° 151 t

- '

10+ [

5] *
28 30 32 34 36 38 40 42 44 46 48
© (degrees)

FIGURE 8 Collapse pressures (I1.) of systems with different water contact
angles (®). The solid line at 19.0mN/m corresponds to the experimentally
obtained collapse pressure value.
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Contact Angles from the Laser-optical Investigations

It is worth mentioning that the surface pressure below the collapse
pressure showed a slight decrease, keeping the surface area constant
(ca. 0.1 mN/m.min) and showing the metastable state of the layer. The
surface pressure drop can be attributed to the contact angle relaxation
and the rearrangement of structure. No particle loss during the pro-
cess was revealed; that was shown by the reproducibility of the iso-
therms below the collapse pressure. If we stopped the moving
barrier, the surface pressure dropped. When we resumed the com-
pression the surface pressure showed an increase during a very short
time period (some seconds), and the data appeared on the same
envelope (curve).

During the evaluation of the reflectance measurements, first we
converted the measured intensity curves to reflectance, using the
water curve for calibration [34]. The reflectance curves were evaluated
with the homogeneous model by applying a Levenberg-Marquardt
curve-fitting procedure [47] to fit the theoretical reflectance to the
experimental data, which resulted in an effective refractive index
and a layer thickness for each layer of nanoparticles. The starting
value of n.; was obtained from the intersection of the reflectance curve
with that of the water surface (Equation (4), Figure 3). The data are
summarized in Table 1, together with the particle diameters measured
by means of transmisson electron microscopy (TEM). The optical
thickness values agreed quite well with the TEM data, indicating that
the nanoparticles produced monolayers on the water surface;
in addition, the SAR method proved to be an adequate means to esti-
mate the size of hydrophilic silica nanoparticles at the investigated
particle size. The effective refractive indices were used to estimate

TABLE 1 Experimentally Obtained Parameters from the SAR Measurements
and the Contact Angles Obtained by Different Methods

Nefr Contact angles from
[ (nm) (refractive index) q (h/dTEM) different methods drepm (nm)
(a)27—-28°
41+1 1.378—1.386 0.942—-0.947 (b)69-1° 43+5
(c) 37.5—40°

l: thickness of the layer; n.;: effective refractive index of the layer; q: immersion;
h:immersion depth of spheres; drgy: mean particle diameter (from TEM-measurements).
Contact angles from SAR- (a), from film balance measurements (b), from computer
simulations (c).
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the immersion depth and the corresponding contact angles (27—-28°)
with the assumption that the packing density, f, was in the range of
0.91-0.96 at the steepest part of the isotherms [37] where the optical
measurements were carried out. These values of packing density cor-
respond to 2—4nm distance between the particle surfaces [37]. The
refractive index showed a slight increasing tendency when the surface
layer was compressed (Table 1) in the surface pressure range of 2—12
mN/m. For comparison, we collected the contact angles obtained by
different methods in Table 1.

DISCUSSION

The traditional film balance method and the computer simulation pro-
vide contact angles for the same situation, i.e., at the moments of the
particles’ removal from the interface. The particles move toward the
water phase, thus both the measured and simulated contact angles
(due to the real potential energies used in the simulation) have
dynamic and advancing characters, i.e., they provide the maximum
values of contact angles. The simulated values, in our opinion, reflect
the realistic wetting properties of Stober silica particles for the afore-
mentioned reasons. As a first step of the collapse, the particles, due to
the different particle sizes and fluctuations at the interface, should
leave the interface vertically in different directions even at a lower
surface pressure than its collapse value. That is, the monoparticulate
film creases slightly during the compression [20, 48—49], even in the
case of particles of lower hydrophobicity. An increase in the surface
pressure results in more and more creased particulate film, and the
particles at the water side, with the highest potential (repulsion)
energy reaching the collapse pressure, begin to sink irreversibly
into the water. The thickness of the layer, however (Table 1), was
found to be nearly independent of the surface pressure, presumably
owing to the low hydrophobicity of the particles, indicating a moderate
degree of creasing. This means that the SAR provides a static and
average contact angle value including the consequences of receding
and advancing situations, as well. Hence, the contact angles from
the SAR-measurements are in good agreement with the contact angles
obtained from the simulations, also demonstrating that the traditional
film balance method overestimates the contact angles in the case of
low hydrophobicity particles.

Recently, there was a report about the relationship of contact angles
of nanoparticles at two-liquid interfaces with ellipsometric optical
parameters [50]. However, reasonable contact angles could not be
obtained for the 25nm diameter silica particles due to the complex
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layer formation; it would be worth considering the application of that
rigorous model calculation for our systems in the future.

CONCLUSIONS

Wettability of Stéber silica nanoparticles (ca. 40nm diameter) was
studied in a Wilhelmy film balance at the water—air interface. Water
contact angles were determined by the traditional film balance method
and by scanning angle reflectometry (SAR) of the close-packed mono-
particulate layer, as well as from the analysis of the computer-simu-
lated surface pressure versus surface area isotherms.

It was concluded that the scanning angle reflectometry provides an
averaged (between the advancing and receding) static contact angle
and the computer simulation gives dynamic advancing contact angles.
It was shown that SAR and a combination of computer simulations
with film balance measurements give consistent assessments of the
contact angle of silica nanoparticles at the water—air inferface.

Moreover, it was demonstrated that the traditional film balance
method, based on the whole integral of the II-A isotherms, leads to
erroneous contact angles even in the case of the irreversible removal
of particles during the collapse. In our opinion, this finding is attribu-
ted to the continuous particle removal from the interface during the
collapse that results in an extra energy dissipation. The extra energy
term is related to a permanent process of the expansion and com-
pression of the layer as a consequence of the continuous particle
removal.
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