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Microparticle Brownian Motion near an Air-Water
Interface Governed by Direction-Dependent Boundary
Conditions

Stefano Villa!, Christophe Blanc?, Abdallah Daddi-Moussa-Ider!, Antonio
Stocco®, Maurizio Nobili®"

Abstract

Hypothesis

Although the dynamics of colloids in the vicinity of a solid interface has
been widely characterized in the past, experimental studies of Brownian dif-
fusion close to an air-water interface are rare and limited to particle-interface
gap distances larger than the particle size. At the still unexplored lower dis-
tances, the dynamics is expected to be extremely sensitive to boundary con-
ditions at the air-water interface. There, ad hoc experiments would provide
a quantitative validation of predictions.

Ezxperiments

Using a specially designed dual wave interferometric setup, the 3D dy-
namics of 9 pm diameter particles at a few hundreds of nanometers from an
air-water interface is here measured in thermal equilibrium.

Findings

Intriguingly, while the measured dynamics parallel to the interface ap-
proaches expected predictions for slip boundary conditions, the Brownian
motion normal to the interface is very close to the predictions for no-slip
boundary conditions. These puzzling results are rationalized considering
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current models of incompressible interfacial flow and deepened developing
an ad hoc model which considers the contribution of tiny concentrations of
surface active particles at the interface. We argue that such condition governs
the particle dynamics in a large spectrum of systems ranging from biofilm
formation to flotation process.

Keywords: Brownian diffusion, Air-Water interface, Boundary conditions,
Microscopy, Particle tracking.

1. Introduction

The presence of an interface in an otherwise unbounded fluid breaks the
isotropy and homogeneity of the space. For a particle moving in close vicinity
of the interface these broken symmetries manifest themselves in a tensorial
and space dependent particle drag the values of which are determined by
boundary conditions (BC) at the interface. Theoretical expressions for the
translational mobilities are well known for sphere motion parallel and per-
pendicular to a planar interface in both cases of full slip and no-slip BC
[T, 21, B, 4] (see for a report of the models). In the case of a
water-air interface, the particle drag is expected to be governed by the free
slip BC as predicted for free fluid surfaces [, 3].

For particle-interface gap distances d larger or comparable to the particle
radius a, the translational diffusive dynamics of micrometric particles along
the directions parallel and perpendicular to a liquid-gas interface has been
found in agreement with theoretical predictions taking into account full slip
BC [4, B, 6 7, 8]. Although these works seem to validate the use of the
classical models of low Reynolds-number hydrodynamics, they did not probe
the short gap distance regime (d/a < 1), where the dependence on the
BC is expected to be stronger [4]. Moreover, and more importantly, recent
results by Maali et al. [9] on the perpendicular drag experienced by a bead
forced to oscillate very close to an air-water interface contradict the classical
model for a free fluid surface. These authors observed indeed a frequency
dependent drag, which at low frequency assumes values predicted for no-slip
BC. The observed frequency dependence has been rationalized by Maali et
al. considering the effect of surface active species at the interface, whose
presence in real systems cannot be completely avoided because of the large
air-water surface tension. These results show that a consensus in the field is
still lacking.



A number of works have recently addressed the effect of surface active
species on the dynamics at the interface [10, 11, 12], mainly focusing on
how they affect the interfacial flow. The role of surface active agents on
the Brownian motion of a particle very close to the interface, however, has
never been considered and experimentally verified. Far from being a mere
fundamental physics topic, a full understanding of this process is demanded
to properly describe and predict various natural and industrial processes.
Prime examples include biofilm formation [13], bacterial dynamics [14], waste
water treatment [I5] and the formation of Pickering emulsions [16, [17].

In this Paper, we report on experimental measurements of the hydrody-
namic mobility of spherical microparticles in the still unexplored close vicinity
of a fluid interface. Analyzing the Brownian motion of the microparticles we
are able to extract both parallel and perpendicular particle translational drag
near the interface for gap distances in the range of 5-1073a < d < 1.5-1071a.
For the same particles the measured dynamics along the two directions are
compatible with predictions for different BC: slip for motion parallel to the
interface and no-slip for the orthogonal one.

2. Materials and Methods

The experimental set-up and the tracking method are detailed in Ref.
[18]. The sample cell, sketched in Figure [Ib, is made by an hollow glass
cylinder (8 mm inner diameter and 4 mm height) closed on the top by a
glass slide and open on the bottom. The cell is completely filled with water
solutions made of deionized water (Millipore Milli-Q) filtration system) and
NaCl at different molar concentrations. The formed water-air interface is
stabilized by the pinning of the contact line on the lower edge of the cylinder.

Polystyrene latex beads with nominal radius of a = 4.35 £ 0.45 pm and
refractive index n, = 1.59 are added to the solution at a concentration 102
g L. Because of gravity, particles sediment towards the air-water interface
until they reach an equilibrium gap dy determined by the balance between
gravity and DLVO forces. The latter can be finely tuned by changing the
amount of NaCl thus adjusting dy from 500 nm (molar concentration of
sodium chloride p = 5-107% M) to 50 nm (p = 1072 M). Such a system allows
the study of particle dynamics in the particular interesting range of extremely
low values of d/a, between 1.5 - 107! and 5 - 1073, where the translational
diffusion coefficient is expected to strongly depend on the distance [I}, 2 [3].
The concentration of particles at the interface is low enough to guarantee



inter-particles mean distance of hundreds of micrometers. The hydrodynamic
coupling between particles can then be safely neglected.

The dynamics of microparticles near the interface is affected by drifts
parallel to the air-water interface mainly due to air displacement close to
the water surface. In order to reduce drift, the region between the sample
stage and the objective is enclosed in a chamber made of cellulose acetate
and nitrile butadiene rubber, lined inside by an alluminium foil to screen
electrostatics charges. The chamber reduces evaporation and lowers drift
from values of the order of 10 pm s to 1 pm s!.

2.1. Dual Wave Reflection Interference Microscopy

In order to track the three-dimensional motion of particles dispersed in
water and close to the interface with air a specifically designed Dual Wave
Reflection Interference Microscopy (DW-RIM) setup has been employed [1§].
It consists of an interferometric system mounted on a custom inverted reflec-
tion microscope. The optical signal is generated in imaging configuration by
the superposition of light originated from two narrow band LEDs, respec-
tively centered at wavelengths )\, = 625 nm and A\, = 505 nm E| Each beam
is reflected both from the particle and from the interface (see Figure [1])
giving rise to an interference pattern made of concentric rings (see Figure
for a typical example). Optimal imaging of the pattern is gathered when the
microscope focal plane lies within the gap distance. The center and phase of
the pattern respectively give the position of the particle in the plane of the
interface (z.,y.) and the particle-interface gap distance d, i.e. the particle
surface-to-interface minimal distance (as depicted in Figure [lh).

The choice to use two different sources, simultaneously recorded in dis-
tinct channels of an RGB camera EL is made to unambiguously determine the
particle-interface gap distance [I8]. From each wavelength, indeed, particle-
interface gap distance can be measured up to an additive factor as d =
dio + mgpAe/ (2n), with my being an integer number and k& = r and b for
wavelengths A\, and )\, respectively. The values of m, and m; are deter-
mined as the ones for which d, = d, = d. Residual ambiguity on d due to
matching periodicity of d, and d;, as m, and m, increase is prevented by the
limited coherence length of the employed light sources (in water equal to 13

4 Thorlabs collimated LEDs M625L3-C2 and M505L3-C2.
5Basler dart camera daA1280-54uc.



(a)

Figure 1: Experimental setup. (a) Geometry of the interferometric pattern formation, the
particle radius a and the gap distance d from the air-water interface. Green and purple
arrows depict respectively the optical paths of the incoming and the reflected beams. (b)
Sketch of the sample cell, filled with the water solution containing particles which sediment
towards the interface because of gravity (red arrow). (c¢) Typical fringe pattern, obtained
from the red channel of the camera focusing the microscope on the gap distance d (yellow
scale bar 1 pm). In the inset, image of the middle plane of the same bead from which
particle radius can be measured (yellow scale bar 2 pm).



pm and 5 pm for red and blue LEDs respectively). Experimental interfer-
ence patterns for beads at a distance of more than 1 pm exhibit indeed a
sensibly lower contrast than the one reported in Figure [Ik, and they almost
disappear for distances of more than 4 pm. All particles measured at the
equilibrium gap distance show a well-contrasted interference pattern, thus
limiting for them the possible values of my in the range 0 — 5. With such
a limited set of values, cross-check between the two interference patterns
allows an unambiguous determination of d. A validation of the described
method comes from the observation of trajectories of beads followed from
sedimentation to dy and than observed while they are adsorbed at the in-
terface. The latter event occasionally occurs in experiments at the higher
explored salt concentrations of the water solution. Particle interface breach-
ing can be unambiguously determined as the contact line is clearly visible
on the image. On these datasets d (t) is therefore directly measured from
the single interference pattern. These trajectories can be therefore used to
validate the procedure for particle-interface gap distance measurement from
the cross-check of the two interference patterns.

For the analysis, a custom tracking algorithm has been specifically devel-
oped to determine both (z.,¥.) and d with respective resolutions of 50 nm
and 10 nm. Using this method we measured the trajectories at the equilib-
rium of 65 different polystyrene particles at 35 frames per second collecting
and analyzing 5000-10000 frames per particle.

The radius of each particle has been measured moving the focal plane to
the particle middle-plane, where a bright circular corona is visible whose di-
ameter corresponds to the particle size (inset of Figure[I). Corona radius is
recovered from a parabolic fit of its azimuthal average with a precision of the
order of 50 nm, due to the error in localizing the center of the corona. The
precise relation between the corona diameter and real particle size has been
statistically investigated. The distribution of all the corona sizes measured
during the experimental campaign has been compared with the distribution
of particles radii obtained from bright field images of dried sample. To obtain
the latter, a drop of solution containing particles has been deposited on a glass
slide and dried in an oven. Clusters of touching particles formed and particles
radii have been obtained measuring the particles center-to-center distance.
Comparison between the distributions revealed that measured corona diame-
ter is systematically larger than particle real size by a factor 1.04. We checked
the absence of a significant dependence of this factor upon particle radius re-
peating the characterization on a different bunch of microparticles with a
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Figure 2: Typical mean square displacements of a particle a = 4.48 £+ 0.06 pm at an
average distance d = 260 + 10 nm from the interface. The ordinate axis on the left
corresponds to MSD,, (green) and MSD,, (purple), while the one on the right to MSD,
(yellow). Shadows delimit experimental incertitude while black dashed lines represent
data best fits. From the fits of the parallel dynamics compatible diffusion coefficients
D, = (6.07£0.05) - 10~ m?s! and D, = (6.00 £ 0.04) - 10~ m?s! are found. From
MSD, fit, parameters wy = (4.12 +0.03)-10% s'! and w,, = (2.3 £0.2)-10° ! are obtained,
which corespond to a 0.27 + 0.02 s characteristic time for reaching the plateau and to a
diffusion coefficient D, = (0.23 4-0.02) - 10714 m2s7L.

nominal distribution diameter of 6.2 + 0.4 pm. We recovered for them the
same corrective factor 1.04. For the data reported in the text we therefore
obtain the single particle radius by dividing by this factor the radius of the
corona imaged in reflection.

The equilibrium position the particles reach after sedimentation has a
transient nature. Because of thermal fluctuations, indeed, beads can even-
tually get absorbed at the interface [19] or move between two metastable
equilibrium positions [I8]. These dramatic events have a clear signature in
the trajectory orthogonal to the interface [18]. In order to avoid artifacts
in the analysis, we therefore visually inspected the orthogonal dynamics of
all the recorded particles and excluded from the analysis the beads mov-
ing between metastable equilibria or adsorbed at the interface during the
experimental time window{}

SFor more details on the nature of the metastable equilibrium, we refer to the work
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2.2. Mean Square Displacement Analysis

For each translational degree of freedom the Mean Square Displacement
at lag time 7

MSDy, (1) = <[k: (t+7) —k(t)]2>t, (1)
where k is either x = z., y = y. or z = d, is obtained after removing from
x and y the ballistic contribution due to drift. On experimental time scales,
particles drift parallel to the interface at constant velocity. Drift correction
is therefore made before computing the MSDs by subtracting from x (t) and
y (t) quantities v,t and vyt respectively, where v, and v, are obtained as the
coefficient of the linear fit of z and y over time. Typical experimental M .S Ds
for the Brownian motion of particles fluctuating around the equilibrium gap
distance dy are reported in Figure 2l The linearity and the equal slope of
MSD, and MSD, are respectively signatures of free diffusion and motion
isotropy in the plane parallel to the interface. Accordingly, the diffusion co-
efficients D, and D, are obtained by linearly fitting MSD, and MSD, as
MSD, = 2D,7r. The MSD, shows a different behavior, with an increasing
trend at short lag-times followed by a plateau at larger lag-times, pointing
out the confinement in z due to the potential well rising from gravity and
the interaction with the interface. At short lag-times, the dynamics of the
particle is close to the one of a free particle. As the particle is confined in
an energy well around the potential minimum, however, the explored dis-
tances are bounded due to the increasing restoring forces which gives rise to
a plateau at larger lag-times. In order to fit the MSD, we use the analytical
solution of the Langevin equation in the overdamped regime assuming the

presence of a harmonic potential [20, 21]:
MSD, (1) = 2ksT [1 — e T (cosh &7 + % ginh &17)] : (2)

mwy? w

in Ref. [I§], where data obtained with the same setup of the present work are used to
investigate the DLVO interaction between the particles and the interface. Briefly, existence
of metastable solutions is due to the eventual presence of nanometric air-bubbles stuck on
the particle surface that, depending on the bead orientation with respect to the interface,
could affect the DLVO interaction between the particle and the interface. Beads considered
in the present work all lie in the first equilibrium position, where air bubbles are far from
the interface and thus do not affect the dynamics. It is important to note that only
a small fraction of the considered tracked particles present surface air-bubbles and that
their dynamics around the first equilibrium position is indistinguishable from the one of
the beads without air-bubbles.



where kgT is the product of temperature and Boltzman constant, m is the
particle mass, wy is the characteristic frequency of the potential well, w, =

kgT/2D,m and @ = ,/wi — w?. Low experimental values of wy compared

to w, safely allow the overdamped approximation @ ~ w, — w3 /2w, thus
resulting in the MSD, expression:

MSD, (r) — 2rel (1 - 6‘535) . (3)

The validity of the harmonic approximation for the DLVO and gravita-
tional potential has been verified through dedicated simulations comparing
Brownian dynamics in harmonic and non-harmonic potential wells. Results
show that, for the considered potentials and at experimental temperatures,
non-harmonic contributions to the diffusion coefficient can be neglected.

3. Results and Discussion

3.1. Ezxperimental Diffusion Coefficients

In the following we consider the diffusion coefficient parallel and per-
pendicular to the interface Dy = (D, + Dy) /2 and D, = D, respectively.
Figure and report the ratios of the measured diffusion coefficients
fi = Dy/Do and f, = D, /Dy respectively normalized by the bulk diffusion
coefficient Dy = kpT'/6mna as a function of the normalized particle aver-
age distance from the interface (d) /a. Experimental agreement with the
expected value of Dy has been verified with an ad hoc bright field experi-
ment. There, the Brownian dynamics of few beads in the focal plane has
been measured in a density matched mixture of water and deuterium, in
order to prevent sedimentation. Agreement of the measured diffusion with
theoretical expectations Dy = (5.6 +0.6) - 107 m?s! has been found within
the experimental incertitude: (74 2)-1071* m?sL.

In Figures [3p and |3b each point corresponds to a different particle. Mea-
sured particles come from different bunches and have been measured in dif-
ferent days. Measurements performed on the same particle for more than
200 s and on different particles at the beginning and at the end of a single
experiment (time scale of few hours) do not reveal any aging of the interface.
In the plots the theoretical predictions for f| and f, for both slip and no-slip

BC (Appendix Al) are also reported. Experiments and theory show a depen-
dence of f| and, to a lower extent, f| on the particle-interface distance. Note



that such a dependence in principle affects the above MSDs analysis that has
been performed assuming a constant drag coefficient all along the trajectory.
The relevance of this effect has been addressed by taking the weighted av-
erage of the theoretical predictions (P (d) f; (d)),, where ¢ indicates either
motion parallel and normal to the interface and P(d) is the probability dis-
tribution function of d around the potential minimum. We found negligible
deviations between the calculated (P (d) f; (d)), and the measured f; ((d)),
thus validating our analysis.

From Figure it can be seen that the experimental f| approaches the
expected predictions for full slip BC (blue line), although remaining sys-
tematically lower by on average 14%. On the other side, f; deviates from
expectations and follows instead the predictions for no-slip BC (red dashed
line in Figure [3p).

3.2. Possible Sources of Additional Dissipation

Theoretical predictions for slip and no-slip BC are made considering
spheres with perfectly flat surface. AFM measurements of the used parti-
cles revealed an average roughness of the order of 5 nm with occasionally few
isolated imperfections of tens of nanometers [I§]. Importantly, no differences
in the dynamics has been observed between beads with and without large im-
perfectionsﬂ Moreover, an alteration of the dynamics due to deviation from
ideal surface flatness is expected to be more relevant at shorter distances
(comparable with the surface roughness) and negligible at larger distances
because of the aforementioned agreement of the bulk drag with theoretical
expectations.

A possible further source of dissipation are electrokinetic effects, rising
from the particle and air-water interface double layer perturbation induced
by their relative motion. Electrokinetic contribution is however expected to
be negligible in the present system. On the basis of existing theories, indeed,
electroviscous drag in the bulk is expected to be for the present system 4 order
of magnitude lower than hydrodynamic one [22]. As a particle approaches
the interface, electroviscous drag increases approximately as (d/a)* [23, 24],
against the trend ~ d/a of the hydrodynamic one. The stronger spatial
dependence of the electroviscous drag, however, is not sufficient to make its

"Except for few cases where rotational lock occurs because of DLVO interaction (for
details, see reference [I8]). These particles have been excluded from the present analysis.
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contribution significant in the range of d/a values explored in the present
work, as it remains 10? times lower than viscous drag (see [Appendix B]).

3.3. Surface Active Species Contribution

In order to rationalize the experimental results one needs to consider
that due to the particle proximity to the interface, the particle dynamics
is strongly influenced by the hydrodynamic boundary conditions and espe-
cially by the nature of the 2D flow at the interface. The experimental results
suggest that the 2D hydrodynamic flow at the interface induced by the par-
ticle movement does not follow the one predicted by hydrodynamics theory
of a pure fluid interface. In particular, the data agreement with the no-slip
BC model for particle movement perpendicular to the interface hints to the
absence of interfacial flow, whereas the slip conditions for the parallel dy-
namics is the signature of its presence. These observations suggest some
peculiar boundary conditions for the interfacial flow that neither a pure fluid
interface nor a solid boundary can fulfill. Since the flow field at the interface
U, generated by a particle moving perpendicularly to the interface is purely
radial, a sufficient condition to prevent surface flow in this case would be
V - s = 0. Note that for a generic motion of the particle with respect to the
interface such condition still allows an interfacial flow (e.g., a dipolar flow
field).

A similar boundary condition has been recently invoked by Maali et al.
to explain the measured drag of a bead glued on an AFM tip and forced to
oscillate orthogonal to an air water interface [9]. In such experiment, the de-
crease of the forcing frequency w corresponds to an increased measured drag
which goes from the one corresponding to full slip to the one equivalent to
no-slip BC. This frequency dependence reveals the existence of an interface
characteristic frequency w,. which is strictly linked to the presence of surface
active species at the interface: w, = C(’:TLZT, where ¢ is the surface concentra-
tion of active species and 7 the water viscosity. Even if stringent precautions
are taken, low concentrations of surface active species (and molecular ionic
species as well) are indeed always present and need to be taken into ac-
count when dealing with the dynamics close (or at) an air-water interface
[9, 25], 26], 27]. Accordingly to the model in Ref.[9], if the forced bead os-
cillation frequency is low enough compared to w,., bead dynamics timescale
is lower than the one of surface active agents, which thus instantaneously
react to the bead-induced surface flow through Marangoni stress, preventing
concentration gradient formation. This results in the condition of surface

12



incompressibility V - 75 = 0 equivalent, for dynamics normal to the interface,
to no-slip boundary conditions. In the opposite limit, when w > w,., the
surface active species are not able to follow the rapid movement of the bead:
they only ’feel’ its average which is zero. Consequently no stresses build up
and full slip BC apply.

By fitting experimental data collected in different days, Maali et al. ob-
tained an average surface active species concentration ¢y = 75- 10 m™ with
a 16% daily variation. It is important to notice how such a concentration,
corresponding to an average area per molecule of 13 nm?, is far too low for
being detectable through surface tension measurements [28]. Moreover, the
low variability of concentration points out to a relatively robust characteristic
frequency w,. where the transition from slip to no-slip BC is expected.

If the model proposed by Maali et al. is applied to our case, assuming a
surface concentration of active species comparable to the one of Maali et al.
one finds w,. ~ 10 s1. It is worth noting that our low sampling frequency of
v =175 s! < w, (corresponding to 35 fps) filters out all the high-frequency
components of the Brownian motion 'feeling’ slip BC. As a consequence we
expect that the measured behavior corresponds to an incompressible flow at
the interface and no-slip BC.

This argument applies also to the motion parallel to the interface. Numer-
ical simulations by Blawzdziewicz et al. [29)] of a colloidal particle translating
parallel to an incompressible air-water interface, indeed, predict a diffusivity
reduction of the order of 12% with respect to slip BC for the range of relative
gap distances explored in our work. As it can be seen in Figure [3p, a satisfac-
tory agreement is found between experimental values of drag parallel to the
interface and Blawzdziewicz et al. simulations (green line). This represents
the first experimental evidence on the effect of surface incompressibility for
a particle motion close and parallel to a fluid interface.

The collapse on the same curve, within the experimental variability, of all
the measured particles, whose trajectories have been measured in different
days and at different times from the sample preparation, suggests that the
concentration at the interface of surface active agents is rather constant and
that the related adsorption process occurs within the first few minutes after
the sample preparation.

3.4. Frequency Dependent Mobility Normal to the Interface

In order to have further confirmations and verify whether the high fre-
quency limit of the model of Maali et al. can be reached in a thermally

13
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Figure 4: Time derivative of MSD, for a bead recorded at 4000 frames per second (yellow
points). Particle has measured radius a = 4.42 pm and equilibrium gap distance dy = 550
nm. The sodium chloride molar concentration is p = 5- 10~ M. Shadowed yellow region
includes experimental error intervals. The corresponding MSD, is reported in the inset
(yellow points) with the no slip BC prediction (dashed black line). In the main plot,
dotted lines represent the expected values for a free Brownian motion orthogonal to an
interface with full-slip (dotted blue line) and a no-slip (dotted red line) BC, while black
dashed line is the derivative of the MSD, prediction with no slip BC. Continuous lines
represent predictions for a Brownian confined motion with a surface concentration cg of
surface active species, with ¢y ranging from 10'* m2 to 75 - 10'®* m™2 with a logarithmic
spacing. The ticker continuous line corresponds to the best fitting cg = 9 - 104 m™ and
the shadowed purple region highlights its incertitude range of concentrations. The arrow
points to the prediction for ¢y = 75 - 10® m2.
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driven dynamics, we have explored the fast dynamics of the beads by record-
ing particle trajectories at 4000 fpﬂ. In Figure [4] it is reported an example
of the first derivative of the MSD, with respect to the lag time as a function
of 7. Also shown in Figure |4] are the predicted values of the derivative for
a purely diffusive motion for no-slip (red dotted line) and slip (blue dotted
line) BC. The measured MSD, slope is not constant with 7 but is lower than
theoretical predictions at large 7, it then crosses the expected value of no slip
BC and tends to intermediate values between slip and no-slip BC at very low
7. The behavior at large 7 is known to be dominated by confinement effects
due gravity and to the interaction potential between the particle and the
interface. As a guideline, it is also reported as a black dashed line in Figure
the 7 derivative of equation 3| for a bead diffusing in a harmonic poten-
tial of stiffness K, = mw3. There, the diffusion coefficient D is evaluated
from no-slip BC predictions and is thus fixed once the bead radius and the
particle-interface distance are knownﬂ. The potential stiffness is obtained
from a parabolic fit of the potential AU (d) = —kgT - In [P (d)] recovered
from data. As it can be seen in the inset of Figure [d] there is a good agree-
ment between theoretical (with no free parameters) and measured MSD.,.
The agreement is also very good between their derivatives for 7 > 0.03 s,
while at short lag times theoretical prediction extrapolates to the value of
the diffusion coefficient for no-slip BC while experimental points continue
increasing as 7 decreases. The effect of bead confinement, while reducing
the effective diffusivity, cannot in any way cause a diffusion larger than the

8 Phantom VEO 1310 camera.

9Since the fast camera has a monochromatic sensor, these particular measurements
are performed only with the red source beam. The average gap distance (d) is therefore
known up to an additive factor as (d) = (d.) + mA,/2n , where m = 0,1,... and d, is
the distance directly recovered from the red channel interference pattern. An additional
step is thus required to obtain the distance. Determination of m is made by first fitting
the experimental points reported in Figure [4] with the derivative of eq. [3] keeping d as
the only free fitting parameter (wp is measured as described in the text). Fit is made
for 7 > 0.1 s in order to exclude small timescales where the frequency dependence of the
diffusion parameter is expected to be more relevant. The obtained gap distance value dy;;
is then compared with the possible values given by (d,) +mA/2n and m is thus univocally
determined as the integer minimizing the difference between the discrete values and the
fitted distance.
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one expected in a free Brownian motionlﬂ. Data at high frequencies (short
lag time) larger than the asymptotic limit means therefore that the effective
diffusion coefficient is not constant but increases, in qualitative agreement
with the model of Maali et al.

In order to be more quantitative we derived an analytical expression for
the MSD considering the effect of the presence of a surface concentration ¢y of
surface active species on the dynamics of a sphere orthogonal to the interface.
Details of the model are reported in [Appendix C| Briefly, building up on
Maali et al. model, we recover the frequency dependent drag coefficient
for oscillatory dynamics. We then generalized the expression beyond the
lubrication approximation including Brenner’s general full slip and no-slip
expressions (Eq. as the limit for w > w, and w <K w, respectively.
Using a generalized Langevin equation also including the potential well, we
finally derive an expression for the MSD in the overdamped limit including
the frequency dependent drag:

MSD = Z (2A + 4T — X e+ — X_e™*7), (4)

where parameters Z, I', A and X4 and frequencies w4 are defined in
Frequencies w_ and w, are related to the characteristic times of
the potential well and of the surface active species reaction to the surface flow
respectively. Please note that the MSD in Eq. [ includes contribution of both
viscous and elastic response of the interface. For the present physical sys-
tem and in the explored range of frequencies, however, the elastic response
is much smaller than the viscous one [9] and a proper characterization of
the two separate contributions can hardly be made. Here the displacements
resulting from the whole visco-elastic response of the interface are there-
fore studied, leaving to future studies a deeper investigation on the complex
modulus building on the model in

In Figure [4 are reported different plots of the time derivative of Eq. [4]
i.e.:

0
8_MSD =Z (wiXye ™ +w X e ¥T), (5)
-

10Please note that, although we are considering very small time scales, we are still far
away from the value 7, at which the thermal dynamics is expected to became ballistic:
T, =m (6mna)”" < 3-107C s, where m is the particle mass.
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for different values of ¢y, ranging from 10 m™2 to 75 - 10" m with a loga-
rithmic spacingjﬂ. As it can be seen, for surface active species concentrations
of the order of 10'* m™ the particle dynamics is slightly affected by the re-
sulting Marangoni effect and the MSD time derivative decays exponentially
from the full slip diffusion prediction (blue dotted line) to zero because of the
bead confinement in the potential well. As ¢q increases, the two exponential
decays become distinguishable, with a first decay from the full slip to the
no-slip nominal values of 2D, followed at the characteristic potential well
time scale by a second decay to zero. Continuing increasing ¢y, the model
prediction becomes closer and closer to the confined dynamics expected or-
thogonal to a no-slip interface. Consequently, if the lowest experimentally
accessible time scale is larger than 1/w,, like for the particles of Figure ,
the measured MSD is the same as the one for a no slip BC.

The ticker violet line at a concentration ¢y = (94 4) - 10! m™ corre-
sponds to the best fit of the experimental data while the leftmost model
curve (pointed by the black arrow) corresponds to the average surface active
species concentration found by Maali et al. The latter is almost two orders
of magnitude larger than the one obtained for the present system. The lower
degree of purity in the Maali et al. system can be explained by the fact that
an AFM tip is immersed in the solution, thus making possible an additional
source of pollution to the system.

4. Conclusions

In conclusion, using specifically designed Dual Wave Reflection Inter-
ference Microscopy (DW-RIM) we achieve to measure the still unexplored
dynamics of the three-dimensional movement of thermal spherical particles
in close vicinity of an air-water interface. In such conditions the particle
dynamics is expected to be extremely sensitive to the boundary conditions
at the interface. Intriguingly, measured dynamics parallel and normal to the
interface are close to predictions for slip and no-slip BC respectively. Such
puzzling results can be rationalized in the theoretical framework of Maali et
al. [9] and Blawzdziewicz et al. [29] that considered an incompressible flow
at the interface. For a radial flow at the interface, induced by a particle or-
thogonal movement, the incompressibility condition is equivalent to a no-slip

11 All other parameters are fixed to the measured experimental values.
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boundary [9]. Conversely, for motion parallel to the interface this condition
only yields a slight deviation from the slip BC predictions [29]. Both these
models are in agreement with our experimental findings.

We also developed a theoretical model which takes into account the effect
of surface active agents on Brownian dynamics close and orthogonal to the
interface. The agreement between the model and data acquired at high frame
rate is remarkably good. The low value of the obtained best fitting surface
active species concentration justifies the ideal gas approximation. It also ex-
plains why at typical acquisition frame rates the surface active species effect
on the sphere dynamics orthogonal to the interface cannot be distinguished
from the no slip BC case. The agreement of the measured diffusion coeffi-
cients parallel to the interface with the surface incompressibility prediction
by Blawzdziewicz et al. [29] also supports this interpretation.

Future works should clarify the nature of the surface active species. Sur-
face incompressibility can originate from low concentration of ionic species
(such as bicarbonate) at the interface, due to the equilibrium between water
and atmosphere [30]. An illuminating test in this direction would be a repeti-
tion of our experiment in a controlled-atmosphere environment. Additionally,
controlled addition of either insoluble and soluble surfactants at the inter-
face [28] would shed more light on the phenomena described in the present
paper, also exploring eventual effects of surfactants desorption rate on the
bead dynamics [4, [31]. The extremely low concentrations of the present and
Maali et al. works as deduced from the models makes it difficult their direct
measurement by the means of standard techniques. In this sense, further
investigations in this direction could proceed by combining optical tweezers
[32, 8] with bead tracking in the close vicinity of the interface, in regimes
inaccessible with standard methods [4]. We believe that our technique imple-
mented with an optical tweezer with intermittent and tracking-synchronized
trap will open new avenues of research in interfacial rheology.

Recently, the effect of surface incompressibility upon interfacial dynam-
ics at air-water interface is gaining rising interest [26] (11, [12]. Here we first
show how it also affects the 3D dynamics of Brownian colloids in its vicinity.
Practical declinations of the observed effect are expected to be important
when describing biological phenomena and industrial processes involving mi-
crometric objects approaching air-water interfaces. A bright example of this
can be found in Bianchi et al. [14], where surface active species presence at
the air-water interface has to be taken into account to explain the dynamics
of bacteria close to water surface. In this framework future studies including
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non-spherical colloidal particles, also exploring surface incompressibility ef-
fect on rotational degree of freedom, would contribute to make an additional
step forward in the direction of realistic natural systems.
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Appendix A. Exact Predictions for the Mobility of a Sphere Close
to Full Slip and no-Slip BC Interfaces

Translational mobility for a sphere of radius a orthogonal to an infinite
plane interface was obtained by Brenner in 1961 [I]. He determined the
full series solution of the quasi-static Navier-Stokes equations for both full-
slip and no-slip boundary conditions on the plane. By expressing the spatial
dependency with the parameter 2’ = cosh™' (1 + d/a), where d is the particle-
interface gap distance, Brenner’s exact solutions for the ratio f; between
mobility p; orthogonal to an interface and the one in the bulk p = 1/ (67na)
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are:

1 4. - n(n+1)
- _Zginhh :
FFs —3° 2. 2n—1)(2n +3)

dcosh® (n+2) W' + (2n + 1)* sinh? A/ )
2sinh (2n + 1) W — (2n + 1) sinh 24/ 7

n=1

o)

L4 nin+1)
W‘z&smhhz(zn—l)(znw)

n=1

(A.1b)

2sinh (2n + 1) ' 4 (2n + 1) sinh 20" .
4sinh® (n+ ) B/ — (2n + 1)*sinh® A ’

where F'S and NS denotes, respectively, the full-slip and no slip BC at the
interface cases. An analytical solution for the motion parallel to the interface
is more difficoult to obtain due to the coupling between translational and
rotational motion. The d dependency of the drag on a finite size object,
indeed, causes a non-zero torque on the particle upon the application of a
parallel translational force. Goldman, Cox and Brenner (GCB) [2] first found
numerical solutions of Stokes equation for a sphere moving parallel to a solid
wall. Nguyen and Evans [3] then found the corresponding exact numerical
solutions for full slip BC on the plane. They also developed approximate
solutions of both their and GCB’s numerical solutions for the whole range of
separating distances. Their approximated formula for the ratio f; between
mobility j parallel to the interface and p are:

; a\ 0-986 1.027Y 0-979
e framfulanr o)

0.979

1.027
# - {1 +0.498 {m {1.207 (3)0'986 + 1} } } . (A.2b)

Appendix B. Electrokinetic Effects

From the coupling of hydrodynamics and electric forces a number of phe-
nomena arise which are grouped under the name of electrokinetic effects.
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Since the present work addresses the hydrodynamic interaction between a
sphere and an interface both negatively charged [18], these effects should
be in principle taken into account. Electrokinetics is indeed source of addi-
tional dissipations rising from the distortion of the double-layer due to the
flow which, in turn, alters the local hydrodynamic flow around the particle
leading to an increment of energy dissipation.

Effect of such electroviscous drag on a charged spherical particle of Zeta
potential (, translating in a bulk solution has been studied by Ohshima
et al. [22]. They consider the presence of two ionic species with valency
Ji, diffusivity D;s; and bulk number density n?, where i = 1,2 refers to
counter-ions and co-ions respectively. In the small Peclet number and Debye
screening lengths limit they found for the electroviscous drag &, the following
expression [24]:

¢ _487r(eoe)2(kBT)3( G? . H? ) B1)
“ 64(”??124'”8]3)@ j12Dis,1 j22Dis,2 ’ .
where
ew (Go2)
Gp=In S (B.2)
and
14 exp (—;Zec;)
H,=1In 5 B (B.3)

Since the water solutions considered in the present work are obtained
dissolving Sodium Chloride in deionized water, we can restrict here to the
case of symmetric electrolytes (nY = nd =: n® and Dj;s; = Diso =: D;s) of
valency j = 1. Accordingly, &., can be rewritten as

oo = 24C (G2 + H)) | (B.4)
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where C' := 7 (eo€)” (kgT)* /e*naD;.

In the same limits of Ohshima et al., Tabatabaei et al. [23] found an
expression of the electroviscous force F,, | exerted on a spherical particle
translating parallel and close (d < a) to a solid plane with no-slip BC and
with Zeta potential ¢, [23, [24]:

a’[ 8
7 %(GJr (TG, +2Gy) + Hy (TH, + 2H,) ) (v + aw) +
8
— E(G, (CYle + OéQGw) + H_ (Oéal + CYQHw) ) (’U — GCU) R (B5>

Fem” =C

where Gy = G, £ G, Hy = H, £ H,,, oy = 10.80625, oy = 4.94467, and
v and w are the particle translational and angular velocities. Constants G,
and H,, are defined for the wall in the same way as G, and H, are defined
for the particle in Eq. and [B.3]

To the best of our knowledge, a theoretical prediction of electroviscous
drag in the vicinity of a free interface is still missing. The development of
a suitable model is far from being straightforward and is beyond the scope
of the present paper. Accordingly, here we simply make a comparison be-
tween the expected order of magnitudes and trends of hydrodynamic and
electroviscous drags.

It is first possible to evaluate Eq. [B.4] for the colloids and the solution
considered in the present paper. In order to do this, we measured the particles
Zeta potential as a function of molarity in the molarity range p € [1075,1073]
mol-I! explored in the experimental campaign [18], obtaining 0 < ¢, < —12.5
mV. Accordingly, the maximum value assumed by &, is &, ~ 3-10712? kg-s7!,
more than 4 orders of magnitudes lower than the bulk hydrodynamic drag
6mna ~ 7-107% kg-st. Electroviscous effect in the bulk is therefore expected
to be negligible.

Close to the interface the dimensioned pre-factors of both hydrodynamic
and electroviscous drags have the same orders of magnitude of the corre-
sponding bulk cases. The additional element that has to be considered is
the distance dependence of the drag. Considering small values of h = d/a,
where lubrication approximation can be applied, hydrodynamic drag scales
as h~!. On the other side, in Eq. electroviscous drag in the wall vicinity
scales as h~2. The first one is therefore expected to increase faster than the
latter as h lowers: the ratio between the two drags is expected to be pro-
portional to h~!. However, the lowest values of h experimentally explored in
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the present work are of the order of 0.01, thus corresponding to a gain of 2
orders of magnitudes in the ratio between electroviscous and hydrodynamic
drags. Although large, such a gain is still not enough to compensate for the
low value of the ratio between the corresponding parameters C' and 67na.
These qualitative arguments allow us to safely exclude electrokinetic effects
from the study of the particles dynamics treated in the present work.

Appendix C. Effect of Surface Active Species on Brownian Dy-
namics: Modelling

In the present appendix the effect on the Brownian dynamics normal to an
air-water interface of a small surface concentration of surface active species
¢o is theoretically addressed.

Appendiz C.1. Frequency-Dependent Hydrodynamic Mobility

Following Maali et al. [9], we assume that the concentration of surface
impurities ¢ is governed by an advection-diffusion equation of the form

oc

e +V - (vsc) = D.V?c, (C.1)
with D, denoting the diffusion coefficient of surface impurities and vg :=
v(r,z = 0) in the system of axisymmetric cylindrical coordinates (r,z).

Equation (C.1)) is subject to the boundary conditions of v,(z = 0) = 0 and
no,v.(z = 0) = 0,11, where II is the pressure associated with the presence
of surface impurities. In the present work, we employ the usual lubrication
approximation and assume a quadratic evolution of the height of the fluid
film between the colloid and the interface of the form h(r) = d + r?/ (2a).
Here, d is the distance to the air-water interface, measured from the bottom
of the sphere of radius a. In addition, by restricting ourselves to the situation
in which |vs - V| < ¢V - vg| >~ [¢oV - vg|, with ¢y denoting the equilibrium
concentration (see Maali et al. [9] for more details), Eq. can then be
expressed in temporal Fourier space as

rm( ac)_Mzo’ (C.2)

we — ——— | rh—
4dnror or 2h?
wherein V' is the frequency-dependent translational velocity of the particle

normal to the interface. Here, we have used the abbreviation I' = cokgT.
A closed analytical solution of Eq. is rather delicate and far from being
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trivial. Therefore, to be able to make analytical progress, we attempt to
obtain an approximate solution.

In the quasi-steady limit of vanishing frequency, the solution of Eq.
that satisfies the underlying boundary conditions is given by c¢(r,w = 0) =
K/h, where K = 3nV R/ (kgT). For arbitrary frequency, we assume as an
Ansatz that an approximate solution of Eq. can be searched for as a
finite series of terms in inverse powers of h in the following form

N
c(r,w) :Zan +Zb ), (C.3)

n=1

where a; and b; are frequency-dependent real quantities that are independent
of r. Notably, Eq. satisfies the regularity conditions % =0atr=0and
¢ = 0 for r — oco. In the following, we outline the derivation steps when
taking only the first term in the series expansion describing the evolution of
the concentration field. An analogous derivation approach can be followed
to obtain more accurate solutions by taking a larger number of terms in the
series expansion given by Eq.

Substituting the solution form given by Eq. for N = 1 and expanding
the resulting expression around r = 0 up to O (r?) yields

r , 3coV
<2’I7_CL + Zu)) (a1 + Zbl) - ; =0. (04)

By equating the real and imaginary parts on the left-hand side of Eq. to
zero and solving the resulting linear system of equations for the unknowns
a; and by, we readily obtain

3NRcyVT

a(w) = oy (C.50)
I'2 + (2naw)
6n%a%c,V

by(w) = — L LT (C.5b)

2 + (2naw)’

Then, the solution of Eq. (C.2) for the concentration field of surface active
species at the interface can conveniently be approximated in Fourier space

as
3nacyV

(T + 2inaw) h(r)

c(r,w) =

(C.6)
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Moreover, as outlined in Maali et al. [9], the hydrodynamic pressure is
governed by the ordinary differential equation:
dp 3 (nVT 81_[)

(C.7)

or 2n\'h2  or

with II denoting the surface pressure resulting from the presence of surface
active species, resulting in Il = ckgT for an ideal gas. Solving Eq.
upon substitution of the solution for the concentration given by Eq.[C.6] the
pressure field up to a constant is obtained as

(rw) = — 3naV (2I" + inaw)
PR @)= 2h(r)2 (T + 2inaw)

(C.8)

Finally, the hydrodynamic force exerted on the translating particle is
obtained upon surface integration as

FY(w)=2n /Ooop(r,w) rdr. (C.9)

Defining the drag coefficient as v := —F!"/V | we obtain

3mna® (16w, + iw)
Y(w) = o
2d (4w, + iw)

(C.10)

where we have defined w. = I'/ (8na). In particular, we recover the drag
coefficients near a no-slip interface Y% = 67na?/d in the limit w — 0 and
near a free interface with full slip v = 37na?/ (2d) in the limit w — oo.
These results are valid in the lubrication limit such that d < a.

An analogous derivation approach can be followed to obtain more accu-
rate solutions by taking a larger number of terms in the series expansion given
by Eq.[C3] We have checked that the solution converges quickly by taking
only a few terms. For the purpose of comparison with experimental results,
we restrict ourselves for simplicity to the leading term in this expansion.

Appendiz C.2. Generalized Langevin Dynamics

The equation governing the dynamics of a Brownian particle in the pres-
ence of a confining well potential can be described using a generalized Langevin
equation of the form [33]

t
et / vt —t)i(t) dt + mwiz = F(t), (C.11)
0
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with & = dz/dt, x(¢) is the displacement of the particle of mass m, y(t) is the
friction memory kernel, wy is the frequency of the harmonic driving force, and
F(t) is the stochastic random force that models the effect of the background
noise. The latter is assumed to be Gaussian distribute delta correlated with
zero mean. Following Kubo’s approach, Eq. can be written in Fourier
space as

(z'mw (1- j—) n v[w]> Viw) = Flw), (C.12)

where we have used the properties of the Fourier transform of a deriva-
tive V(w) = iwz(w) and denoted by 7[w]| the one-sided Fourier transform;
also sometimes called Fourier-Laplace transform of v(¢). It follows from
the fluctuation-dissipation theorem [34] that the velocity auto-correlation
function (VACF) can be obtained from an inverse Fourier transform of the
form [35]

k‘BT o w it
1) = == .c. ] e*d 1
o(t) 2 ) (m(wg —w?) +iwy(w) te C) et (C.13)

with c.c. denoting the complex conjugate. Here, we have assumed that y(t) =
0 for ¢ < 0 so that y[w] = y(w).

In the overdamped regime, Eq. takes the following particularly sim-
ple form [36, [37]

o) = T 7 ( w ot c.c.) et duw . (C.14)

21 J_ oo \mwi + iwy

Finally, the particle mean-square displacement (MSD) can be obtained
from the VACF as

MSD := ([z(t + 7) — z(t)]*); = 2 /OT (T —1t)o(t)dt. (C.15)

For particle translational motion normal to a surface active species-covered
interface, the drag coefficient in Fourier space is given in the lubrication limit
by Eq.[C.10, The frequency-dependent hydrodynamic mobility is obtained
in Fourier space as p°(w) = 1/v(w). Assuming that the evolution of the drag
between the no-slip and free-slip limits occurs at the same time scale, the
frequency-dependent hydrodynamic mobility in Eq. can be generalized
v  mawp™S 4+ 200N

s
) naw + 2’ (C.16)
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with zN% and 1 denoting the mobilities near a no-slip and free-slip interface,
respectively, for which exact analytical expressions are available [I].

Substituting Eq. into Eq. yields after integration an analytical
expression for the MSD. It can be cast in the form

Y, T Y_T7
MSD = Z (21\ AT — Xye 2 — X_e*zTa> , (C.17)

where we have defined A = namwip™ and

mkpT [ 8Tnaweu™S\ >
Z = 1
W ( vy, ) (C.18)
where
Z,UNS
W= ([A2 —4TA (1 _ R ) 412, (C.19)
L

In addition, X4 = A+2I'+ W and Yy = FA L2 + W.
In particular, for wy = 0, we obtain the solution in the absence of the
confining potential. Specifically,

MSD = ? (,uFS — ,uNS) (1 - G_IGWCT) + 2k T ™57 . (C.20)
0

For ¢y = 0, we obtain

MSD — 2Fel <1 - e—mwﬁﬂFST) , (C.21)
muwg

corresponding to the expected MSD for the confined motion orthogonal to a

free interface in the overdamped regime.

The general MSD for a bead translating orthogonal to a surface active
species-covered interface and confined in a potential well reported in eq.
is a sum of two exponentials with characteristic times 1/w., where frequencies
wy are defined as wy := Y1 /2na. In the overdamped regime and limiting to
the experimental case where w, > w, := (2mp)~!, wy can be easily related
to the typical system timescales. Indeed, under such limits it can be shown
that W ~ 2I" and thus:

2
W~ 2 (C.22a)
2wy
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Figure C.5: MSDs for a sphere moving orthogonal to a surface active species-covered
interface according to equations (black) and (gray). Dotted lines represent
expected MSDs for free Brownian dynamics orthogonal to a full slip (blue) and to a no-
slip (red) interface.

wy ~ 16w, (C.22b)

In equation [C.17] therefore, the first exponential represents the transition
from full slip to no-slip BC resulting from the presence of surface active
species, while the second one describes the DLVO confinement of the sphere
Brownian dynamics. In Figure are reported examples of equations
(black) and (gray) evaluated for the same experimental parameters
corresponding to the data reported in Figure 4l In both cases the initial
transition from full slip (blue) to no-slip (red) can be observed between 1073
s and 1072 s.
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