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Abstract

Single particle tracking with a wide field microscope is used to study the solid liquid
interface between the viscous liquid tetrakis(2-ethylhexoxy)-silane and a silicon dioxide
surface. Silicon dioxide nanoparticles (5 nm diameter) marked with the fluorescent dye
rhodamine 6G are used as probes. The distributions of diffusion coefficients, obtained by
mean squared displacements, reveal heterogeneities with at least two underlying diffusion
components. Measurements on films with varying film thicknesses show that the slower
component is independent of the film thickness, while the faster one increases with the
film thickness. Additionally, we could show that the diffusion behavior of the particles
cannot be sufficiently described by only two diffusion coefficients.

keywords: diffusion, single particle tracking, squared displacements, msd, csdd, hy-
drodynamic boundary conditions, ultra-thin liquid films

1. Introduction

Single particle tracking (SPT) in living cells is one of the most commonly used tech-
niques for real-time in-situ studies of dynamics on a molecular level. For this purpose,
biological complexes are labeled with fluorophores. Since organic fluorophores suffer
from photobleaching nanoparticles containing a bunch of fluorophores as a kind of reser-
voir are then an alternative tool. Therefore it is essential to characterize the principle
diffusion behavior of such fluorophoric systems. But also in other fields of science such
as chromatography and wetting it is mandatory to know how the diffusion of particles
changes by the transition from bulk liquid to ultra-thin films.

In bulk liquids the diffusion coefficient of a spherical particle in a highly diluted solu-
tion is given by the Stokes-Einstein-relation
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where T is the temperature, 77 the viscosity of the solvent, a the diameter of the particle
and kg the Boltzmann constant.

In ultra-thin liquid films the diffusion of a particle is influenced by the properties of
the confining boundaries. The velocity of the liquid near a solid interface is equal to that
of the solid. For investigations of ultra-thin films via wide field microscopy the solid
boundary is formed by a stationary substrate. Consequently, also the velocity of the film
is zero near the interface to the substrate. In continuum mechanics this hydrodynamic
boundary condition is named non-slip boundary.

In contrast to this, the so-called slip boundary condition is valid on the free interface
between liquid and ambient air. This means that the liquid near the free interface pos-
sesses the same velocity as the bulk. Due to this the diffusion of particles depends on the
distances to both interfaces. The resulting diffusion coefficient can be calculated by

D, ()

9a 3 a
] 2

D=D |1-——+—
32z 16d-z

where d is the film thickness and z the distance between the center of the particle and the
substrate surface [1,2].

An important characteristic of the diffusion process is the mean first passage time,
which is the average time the observed particle needs for vertical diffusion through the
investigated film. In our experiments the mean first passage time is much smaller than the
used exposure time (in the range of ten milliseconds) due to the thickness of the investi-
gated films which is in the range of a few molecular layers only. Consequently just an
average diffusion coefficient can be observed, which is given by

p=_" J':_sz[l—iﬁ+i a }dz. 3)
d—ag 32z 16d-z

Beside these dynamic heterogeneities caused by the distances to the boundaries there
are also static ones which influence the particle diffusion. E.g. functional groups on the
substrate surface could be reasons for the in- or decrease of the observed diffusion coeffi-
cients of the particles [3,4].

2. Experimental Details and Evaluation Methods

In the experiment we investigated ultra-thin films of liquid tetrakis(2-ethylhexoxy)-
silane (TEHOS, ABCR GmbH & Co. KG) on silicon wafers with a 100 nm thick ther-
mally grown silicon dioxide layer (ZfM, Chemnitz University of Technology). To mini-
mize the amount of contaminations the substrates were cleaned carefully. For this the
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substrates were immersed into a piranha solution for about one hour at 70 °C and after-
wards glowed in the flame of a propane burner.

As fluorescent tracers we used silicon dioxide nanoparticles with a diameter of 5 nm
which are marked with thodamine 6G molecules. The tracers were added to a solution of
a few percent of TEHOS in n-hexane (Aldrich) in a single particle concentration. The
deposition of the films was carried out by dipping the substrates into the TEHOS solu-
tion. After the dip coating process, a waiting time of 30 minutes is necessary for the com-
plete evaporation of the solvent. The thicknesses of the resulting films were determined
by ellipsometry [5]. Experiments have been carried out for 7 nm, 10 nm and 30 nm thick
films.

For the investigations we used a

ﬁ‘;;"ﬁ;: - laser _ home-built wide field microscope,
in-coupler schematically depicted in figure 1. The

tracers were excited with the 476 nm

fibre line of an argon/krypton-ion laser

out-coupler (Coherent, ITnnova 70C). For this the

laser beam was focused on the back-

gg“l;ﬁirzer focal plane of 100x0.9 NA objective

(Zeiss, Epiplan Neofluar). The emis-

pinhole sion light of the tracers was collected

neutral filter by the same objective and focused via

laserline filter 476 nm  Jeng (focal length 250 mm) onto a

o back-illuminated electron multiplying

objective charge-coupled device (EMCCD)

H- camera (Andor, iXon DU897, cooled

EMOCD ~chip dichroic cross table  4OWI tO -70 °C) in the frame-transfer
beamsplitter with sample mode, which was used as a photon

detector. The fluorescence signal of

Figure 1: Schematic drawing of the wide field the tracers is separated from backscat-
setup. tered excitation light using a dichroic
beamsplitter and a long pass filter

long pass 502 nm

(502 nm).

The focal depth of the microscope is about 3 um, which is much larger than the thick-
ness of the investigated films. Therefore the observed motion of the tracers is a two-di-
mensional projection of the three-dimensional diffusion onto a plane parallel to the sam-
ple.

The recorded movies consist of 36000 or 45000 images at frame rates of 20 fps and
50 fps (50 ms and 20 ms per frame, including a read-out delay of 1.74 ms), respectively.
The size of the images was 200 pixels x 200 pixels corresponding to an area of about
21 um x 21 um. The movies were analyzed semi-automatically by software, which is
described in [6] and [7]. The tracers appear as diffraction-limited bright spots whose
positions could be determined by the software. For that purpose a two-dimensional Gaus-
sian function is fitted to the spots. With an average signal-to-noise ratio of about seven,
the localization accuracy of 30 nm is higher than the diffraction limit. The detected spots
are linked to trajectories.
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The obtained trajectories are analyzed in two different ways. In the first method a dif-
fusion coefficient is calculated for each trajectory by a weighted linear fit of the de-
termined mean squared displacement (msd)

(@) = ([(x)-O)F ) = 4D @

along the trajectory [6]. All determined diffusion coefficients are plotted in histograms.

The msd yields accurate diffusion coefficients for homogeneous isotropic diffusion.
In previous studies it could be shown that diffusion in ultra-thin films and nanopores is
heterogeneous [5, 9 - 11]. Therefore the msd yields an average diffusion coefficient
which depends on the underlying diffusion coefficients.

In a second method we calculated the squared displacements (sd) for the detected
tracer positions between succeeding frames. From those sd the cumulative squared dis-
placement distributions (csdd) were calculated as described recently [10]. These distribu-
tions represent the probability of finding a tracer outside a circle of the radius r after a
time interval 7. In the following we rescaled the obtained squared displacements by divid-

ing by

ﬂ =di, 5)
41

where 7 is the time between two succeeding frames and di is named diffusivity [11]. We
chose the name diffusivity to make clear that by dividing the squared displacement with
47 the resulting quantity is a short range diffusion coefficient between two succeeding
frames whereas the diffusion coefficient D according to Stokes-Einstein denotes a macro-
scopic diffusion coefficient. The latter describes the long time diffusion behavior of the
whole system, for which it is necessary to observe one single particle over a long period
of time [12]. In contrast the distribution of diffusivities reveals the behavior within het-
erogencous subsystems. Hence it is necessary to observe many particles over shorter
times due to the stochastic character of the diffusion. As a result of the photobleaching of
the fluorophores and their diffusion out of the recorded volume the observation time is
limited. The evolution of squared displacements between succeeding frames offers the
opportunity to use datasets of particles which are just visible for a few frames whereby
the confidence level of the obtained mean diffusion coefficients is enlarged. As a result
the mean diffusion coefficient could be determined from the diffusivities by

D= limt$ 5% ©)
””"Ol’l [=1 4T

with 7 being the number of the gathered squared displacements.
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3. Results and Discussion
In all recorded frames mobile and

“r ;‘ggﬁ[‘; immobile tracers could be observed.
120 ] Detected trajectories of the latter were
wl " i analyzed to assure that the investigated
TR T samples show no drift caused by external

T * :;"f'r‘l,-:; . ] influences. For this purpose the step sizes

T oo . . o : of the trajectories were displayed as
= .1 * _-v;;?-;- * 1 scatter plot starting at the origin. Two
* y R examples illustrated in figure 2 reveal

=T LI I ] that these tracers do not perform a di-
am b . rected motion. Furthermore, the deter-
b o mined msd show no time dependence.

J60 am w0 a0 0 40 s Do 180 Hence it could be assumed that the diffu-
o] sion of the mobile tracer is caused by
Figure 2: Scatter plot of the step size of two Brownian motion.

immobile tracers starting at the origin. For investigation of the influence of
‘ , the film thickness on the diffusion coef-

T ' " ] ficient three films with thickness 7 nm,
° ] 10 nm and 30 nm were analyzed. Figure
3:' ] 3 shows the distributions of the diffusion
gt ® coefficients obtained by msd for all three
8k ] film thicknesses. Therefore over 400
8%k IIIIII'I i ] individual trajectories were analyzed.
3 © 9 They consist of at least 50 frames (corre-
ot b sponding to an observation time of at
o ] least 2.5 s) and exceed an area of 1.1
% o2 o4 08 o2 0 1z 14 um?. This selection criterion is necessary

D [um’ss] to avoid identifying immobile tracers

Figure 3: Distributions of the diffusion coef- Wwith an apparent motion as mobile trac-
ficients D for (A) 7 nm, (B) 10 nm and (C) ers. All three distributions show a broad
30 nm thick TEHOS films. range of diffusion coefficients from
0.025 pm?/s to 1.4 um?s. The analysis of
single trajectories reveals that the diffusion of the tracers is inhomogeneous as has been
shown in previous studies in our group on single Rhodamine 6G molecules in ultra-thin
TEHOS films [9]. Beside periods which can be characterized by different coefficients we
could frequently monitor periods in which the mobile tracers attach to the surface. It was
not possible to clarify whether the tracers are adsorbed on the surface or trapped in a
small region [13]. Through averaging along the trajectories these periods influence the
apparent diffusion coefficients. We find that the distributions show no clear influence of
the film thickness on the diffusion coefficients.
Therefore, in a second step we calculated the squared displacements and rescaled
them using equation 5. The so obtained cumulative distributions are depicted in figure 4.
For homogeneous diffusion a straight line is expected in a semi-log plot of the cumulative
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Figure 4: Cumulative distributions of diffusivities as a function of the film thickness,
which were calculated by rescaling the obtained squared displacements using equation 5.
The red curves (thin lines) show the fits according to equation 7.

distribution versus diffusivity. Our experimentally obtained data, however, yield a bi-
exponential dependency of the form

slow fast

C(di, r) =A, exp[— ij +A, exp(— di j , (7)

where Dy, and Dy, are two mean diffusion coefficients corresponding to two subsys-
tems. The obtained parameters are presented in table 1.

film thickness A Dyiow A, Dt
[nm] [um?/s] [um?/s]
7 (0.94 £ 0.01) (0.06 £0.01) (0.06 £ 0.02) (0.71 £ 0.03)
10 (0.82 +£0.03) (0.07 £0.01) (0.18 £ 0.04) (0.87 +£0.05)
30 (0.71 £0.02) (0.06 £ 0.02) (0.32 £0.03) (1.05 +0.04)

Table I: Diffusion components Dyjyrast and their fractions A .

From this it follows that the observed diffusion depends at least on two diffusion mecha-
nisms. The slow diffusion component Dy, remains constant within experimental accu-
racy by increasing the film thickness while the fast component Dy, depends on the film
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thickness. We believe that the slow part Dy, of the distribution is caused by the diffusion
along the substrate, e.g. by interaction of the tracers with silanol groups on the silicon
dioxide surface [4].

To enable a comparison with the hydrodynamic boundary model we calculated the
theoretically expected average diffusion coefficients. Therefore it is necessary to consider
the influence of the applied video microscopy on the observed diffusion coefficients.
Depending on the chosen exposure time /., and the time interval zbetween two succeed-
ing frames, which is given by the chosen number of recorded frames per second, the
obtained diffusion coefficients are reduced by a factor ¢ of

t
c=1—§ﬂ ®)
T

according to [14]. Considering this influence in equation 3 the theoretically expected
average diffusion coefficient is given by

¢ a
p=|1-2ten Ljfzz)w jm2a,3 a g ©)
3 7 )d—-a 3 32z 16d-z

The in this way calculated theoretical values and experimental determined values for the
fast diffusion component Dy, are presented in table 2. The experimental values of Dy,
are reduced by a factor of 8 compared to the theoretical ones. Nevertheless the relative
changes between the different film thicknesses agree with the theoretical values. We want
to outline one possible reason for the discrepancy between experiment and theory of the
absolute values later on.

film thickness experimental diffusion theoretical diffusion coeffi-
[nm] coefficient Dy, cient D
[um?s] [wm?s]
7 0.7 6.0
10 0.9 7.9
30 1.1 8.4

Table 2: Experimentally obtained fast diffusion coefficients Dy, and calculated theoreti-
cal diffusion coefficients D (using equation 9).

We also observed a dependency of the determined diffusion coefficients on the
sample age, similar to previous studies in our group on various dye molecules in ultra-
thin TEHOS films [11, 15]. We investigated the diffusion behavior of the tracers in a
7 nm thick TEHOS film 1 h, 25 h and 49 h after preparation. Because the investigated
system is a fluid, one would expect that the film thickness will decrease due to
evaporation. Consequently the obtained diffusion coefficients will decrease with the film
thickness. As a result of the low vapor pressure the TEHOS film evaporates with 1 nm
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Figure 5: Cumulative distributions of diffusivities as a function of the sample age for a
7 nm thick TEHOS film. The red (thin) curves are bi-exponential fits given by equation
7.

per week [16]. Therefore we expect that the film thickness remains constant during that
time and no change of the diffusion coefficients would be expected.

Sample age A, Dyow A, Dioi
[h] [um’/s] [um?/s]
1 (0.94 £ 0.04) (0.06 £0.01) (0.06 £ 0.01) (0.71 £ 0.03)
25 (0.83 £0.05) (0.11 £0.01) (0.21 £0.01) (0.98 +£0.07)
49 (0.72 £ 0.02) (0.15+0.01) (0.27 +£0.02) (1.16 £ 0.05)

Table 3: Diffusion components Dgjow/sase and their fractions Ay,

Figure 5 shows as a function of time the obtained cumulative distributions of the
diffusivities. The curves were fitted to the bi-exponential function given in equation 7 and
the obtained values are presented in table 3. Again we obtained two diffusion
coefficients, a slow and a fast one which both increase with the sample age. The fraction
A of the slower diffusion component decreases while the fraction A, of the faster one
increases. Assuming that the slow component is caused by diffusion along the surface of
the substrate via interaction e.g. with silanol groups (jumping and sliding between
hydrogen bonds [17]) an increase of the diffusion coefficient could be achieved by
shielding the silanol groups [3]. This could be a result of a chemical reaction between
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Figure 6: Cumulative distributions of diffusivities for a 7 nm thick TEHOS film obtained
from frames recorded with 20 fps and 50 fps. The red (thin) curves are bi-exponential fits
given by equation 7.

TEHOS molecules and water molecules adsorbed on the surface. But there is no finite
answer for the observed increase of the fast diffusion component.

So far all shown results were obtained from frames which were recorded with 20
frames per second, which corresponds to a time interval of 50 ms between two
succeeding frames. Additionally, for the 7 nm film we recorded frames with a time
interval of 7=20 ms (corresponding to 50 fps).Because squared displacements depend
on the time interval between two succeeding frames they will increase with decreasing
frame rate. To enable a comparison of the obtained results of both chosen frame rates we
removed the time dependency of the x-axis by rescaling the squared displacement using
equation 5.

The obtained cumulative distributions of diffusivities are shown in figure 6. The
curves for different frame rates clearly deviate from each other and therefore still show a
time dependency. Both distributions were fitted with the bi-exponential function given in
equation 7, and the obtained values are presented in table 4:

The data obtained with a frame rate of 50 fps yield increased values for both diffusion
components. Additionally, the fraction of the fast component decreases in favor of the
slow one.
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frame rate A, Dyiow A, Dot
[fps] [um?/s] [um?/s]
20 (0.94 £ 0.04) (0.06 £0.01) (0.06 +0.01) (0.71 £ 0.03)
50 (0.96 £ 0.05) (0.08 £ 0.02) (0.04 £0.02) (1.0+£0.2)

Table 4: Diffusion components Dyyy/rs and their fractions A,

Like mentioned above we believe that the slow diffusion coefficient is caused by
diffusion of the tracers along the silicon dioxide surface and the fast one by free diffusion
in the film which is influenced by the hydrodynamic boundary conditions. Due to the
small mean first passage time of the tracers compared to the exposure time we just
observe an average diffusion coefficient. Therefore we model the investigated system as
a two layer system, like depicted in figure 7. The first layer corresponds to the diffusion
of the tracers along the surface, which is characterized by a diffusion coefficient D; and a
dwell time 7; of the observed particles in this layer. The second layer corresponds to the
free diffusion of the particles with an average diffusion coefficient D, and the dwell time
7. To observe the real diffusion coefficient for each layer it is necessary to use time
intervals between succeeding frames which are smaller than the dwell times in each layer
[18]. If the time interval between two recorded frames is longer than the dwell times in
the specific layers the observed tracer will pass from one layer to the next one. This
results in an average of both diffusion coefficients which depends on the dwell times in
each layer [18].

layer2

layer1l Surface diffusion: diffusion coefficient D, dwell time 7,

Figure 7: Schematic of the suggested two layer system

Therefore we suggested that the increase of the fast diffusion component between the
two distributions depicted in figure 7 is caused by dwell times in the film which are
smaller than the time intervals between two succeeding frames. Additionally, this ex-
plains why the obtained fraction of the fast diffusion coefficient is higher for the smaller
frame rate.

Furthermore the short dwell times of tracers in layer 2 compared to the applied time
interval explains the difference between the experimentally obtained values and the theo-
retically expected ones. Due to the long time interval compared to the short dwell time of
the tracers in the free film we just observe an average diffusion coefficient which depends
on the relation of the dwell time in the free film and the diffusion along the surface to the
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time interval between two recorded frames. Therefore it is necessary to use time intervals
which are smaller than the dwell times of the tracers in the film in order to enable the
measurement of the actual diffusion coefficient in the free film.

4. Conclusion

In this paper we could show that the determination of diffusion coefficients by mean
squared displacements is not a suitable tool for the analysis of the diffusion behavior in
ultra-thin liquid films. Due to static and dynamic heterogeneities which lead to average
diffusion coefficients the obtained distributions reveal no clear dependency on the film
thickness. In contrast, the obtained cumulative distributions of diffusivities show two
diffusion components. Thereby the slow diffusion coefficient remains constant and the
faster one increases with the film thickness. Additionally the latter one shows the same
relative changes with increasing film thickness as the values calculated via the hydrody-
namic model. The difference between distributions obtained from recorded frames with
different frames rates (corresponding to different time intervals between succeeding
frames) could be caused by different dwell times in individual layers of the film. Due to
dwell times which are much smaller than the chosen time intervals between succeeding
frames it is only possible to obtain average diffusion coefficients. Measurements with
even higher frame rates may allow to determine the actual underlying diffusion coeffi-
cients. Additionally, a comparison of these results with the obtained data of single dye
molecules will be reported elsewhere [6, 11, 15].
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