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Layer with reduced viscosity at water-oil interfaces probed by fluorescence correlation spectroscopy
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The two-dimensional diffusion of isolated molecular tracers at the water–n-alkane interface was studied with
fluorescence correlation spectroscopy. The interfacial diffusion coefficients of larger tracers with a hydrodynamic
radius of 4.0 nm agreed well with the values calculated from the macroscopic viscosities of the two bulk phases.
However, for small molecule tracers with hydrodynamic radii of only 1.0 and 0.6 nm, notable deviations were
observed, indicating the existence of an interfacial region with reduced effective viscosity and increased mobility.
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I. INTRODUCTION

Water is the most common liquid on Earth and constitutes a major part of living organisms. Not surprisingly,
therefore, its structure, properties, and interactions with other
substances have been continuously studied from ancient times
to nowadays. One particularly interesting question is what
exactly happens when water meets hydrophobic molecules
or surfaces [1,2]. The term hydrophobic is commonly used
to describe nonpolar molecules, e.g., n-alkanes (or oils in
general) that, when mixed with water, separate into water-rich
and oil-rich phases. The reason for separation is the fact that
nonpolar molecules are not able to form hydrogen bonds
with the polar water molecules. As a result, water repels
them in favor of bonding with itself to form a randomly
fluctuating network [1,3]. Proximity of water to an extended
hydrophobic surface, however, disrupts the hydrogen-bonding
pattern, as supported by existence of dangling OH bonds, and
thus changes the water properties near the interface [4–7].
Theoretical considerations suggested the presence of a region
of reduced water density adjacent to hydrophobic moieties
[1,8,9]. Indeed, on solid hydrophobic surfaces this so-called
“hydrophobic gap” has been observed experimentally by x
ray [10–13], by neutron reflectivity [14], and confirmed by
computer simulations [15]. The overall picture emerging from
these studies is consistent with an interfacial depletion length
corresponding to less than a monolayer of water. The origin of
the observed molecular scale depletion includes contributions
from the reduced density of terminal methyl groups [16],
generic packing effects of liquids adjacent to a solid wall [17],
and the complex interplay between the water structure and the
topography of the hydrophobic surface [13,15].
With respect to fluid water-hydrophobic interfaces, in 1994
Du and coworkers found that the sum frequency generation
spectra in the OH-bonding region at the water–n-hexane
interface exhibit a large similarity with the signal from the
liquid-vapor surface while those recorded on a hydrophobic
solid substrate show remarkable differences [4]. Today this
difference is commonly attributed to a different arrangement
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of water molecules near a thermally fluctuating fluid interface
compared to a rigid hard wall [18]. These differences may
also be the reason why theoretical [19–21] and experimental
[22,23] studies reported controversial results on the existence
of a depletion layer at liquid-liquid interfaces. To rationalize
the situation, new data, preferably obtained with complementary experimental techniques, are required.
Here, we applied the technique of fluorescence correlation
spectroscopy (FCS) [24] to study the diffusion of tracer
molecules with different sizes at water–n-alkane interfaces and
explored the properties of the interfacial layer. Compared to
other techniques, FCS is well suited as it offers the possibility
to monitor subnanometer size objects with high mobility at
very low surface coverage [25].
II. EXPERIMENTAL DETAILS

All n-alkanes were purchased from Sigma-Aldrich and
purified following a procedure described in the literature [26].
For the aqueous phase either pure Milli-Q water or Milli-Q
water-glycerol mixtures with 5, 10, 20, and 30 vol % glycerol
were used. Glycerol was purchased from Sigma-Aldrich and
used without further purification. To degas the liquids, vacuum
was applied to liquid flasks with a Teflon stirrer. Continuous
stirring was used to shake off the bubbles nucleated on the
surface of the Teflon stirrer. The system was kept under vacuum
for longer than 2 h until no bubble formation was seen on the
Teflon stirrer [27].
As tracers we used water soluble, fluorescent core-shell
dendrimer molecules with a hydrodynamic radius of RH =
4.0 nm and the smaller PDI1 (RH = 1.0 nm) and Rhodamine
6G (RH = 0.6 nm) dye molecules. Their chemical structures
are presented in Fig. 1. The Rhodamine 6G was purchased
from Sigma-Aldrich. The water-soluble perylene dye PDI1 and
the PDI-G1-PAEMA dendrimer were prepared as described
previously [28,29]. The rhodamine is a standard dye, commonly used in fluorescence correlation spectroscopy (FCS)
studies and its hydrodynamic radius is known from previous
studies [30]. The hydrodynamic radii of the PDI1 and the
dendrimer were measured by FCS in bulk water.
The water–n-alkane interfaces were prepared in an
Attofluor cell chamber (Invitrogen, Leiden, Netherlands) with
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FIG. 2. (Color online) (a) Schematic of the FCS setup. (b) A
fluorescence intensity scan through a water–n-decane interface on
which rhodamine is adsorbed. Scanning was carried out by moving
the focus from water into the n-alkane phase in steps of 200 nm.
(c) Typical autocorrelation curves and their representation with Eq. (1)
(solid lines) for rhodamine diffusing at water-decane (black squares)
and water-dodecane (blue triangles) interfaces. The autocorrelation
curve for rhodamine diffusing in bulk water (magenta circles) is
shown for comparison.

FIG. 1. Chemical structures of the used tracers: (a) rhodamine,
(b) PDI1, and (c) dendrimer.

a thin microscope cover glass bottom. An aluminum foil O-ring
with inner diameter of 0.5 cm and thickness of approximately
0.3 mm was fixed on the cover glass to restrict the sample
volume and surface. This O-ring was first filled with degassed
water to a height of approximately 100 μm. Then a drop of
0.5-μl aqueous solution of the fluorescent tracer molecules
with a concentration of 10−11 M was added. Finally, the
alkane phase was carefully added on top of the aqueous phase.
The tracer molecules absorbed fast on the interface, reaching

saturation after ∼5 min at a typical surface coverage of 0.5 μm2
per molecule.
FCS experiments were done using a commercial setup
comprising the module ConfoCor2 and an inverted microscope Axiovert 200, (Carl Zeiss, Germany). The fluorescent
molecules were excited by the 488-nm line of an argon laser
focused in the middle of the interfaces [Fig. 2(a)] by a water
immersion microscope objective, C-Apochromat 40 × , NA
1.2 (Carl Zeiss, Germany). The fluorescent light was collected
by the same objective, passed a confocal pinhole and LP530
long pass emission filter, and finally directed to an avalanche
photodiode detector that enabled single-photon counting. This
arrangement results in the formation of a confocal detection
volume Vd around the laser focus. The detection volume has a
three-dimensional (3D) Gaussian shape and typical dimension
of ∼300 nm in the radial direction and 1.5 μm in the normal
direction [24]. Only the fluorescence originating from species
within Vd can be delivered to and detected by the avalanche
photodiode detector.
The confocal detection volume was scanned across the
interface (in 200-nm steps) by moving the microscope
objective that is mounted on a high-precision electromechanical stage. No fluorescence could be detected if Vd was moved
away from the interface [Fig. 2(b)], which indicates that there
were negligibly few fluorescent molecules diffusing in the
bulk aqueous or n-alkane phases. As a next step, Vd was
positioned exactly at the interface, i.e., at the point of maximum
fluorescence intensity [Fig. 2(b)]. The fluctuations δF (t) =
F (t) − F (t) of the fluorescence intensity F (t) caused by
the interfacial diffusion of the tracer molecules through the
confocal detection volume were recorded and evaluated in
terms of an autocorrelation function G(t) = δF (t  )δF (t  +
t)/F (t  )2 [Fig. 2(c)]. For each sample a series of 6–18
independent autocorrelation curves were measured (50 s
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each) and averaged; data sets influenced by occasional large
aggregates were excluded. The experiments were repeated
at least five times on different days with freshly prepared
samples.
For the case of two-dimensional diffusion considered here
the autocorrelation function has the form [24]


1
XTr −t/τTr 1

.
e
G(t) = 1 + 1 +
(1)
1 − XTr
N 1 + τt
D
Here, N is the average number of diffusing molecules in
the focal volume that is reversely proportional to the surface
coverage, XTr and τTr are the fraction and the decay time of the
triplet state, and τD is the diffusion time. It is directly related
to the two-dimensional diffusion coefficient by D = x02 /4τD .
Here x0 = 220 nm is the lateral dimension of the confocal
detection volume, Vd . It was determined by measuring the
diffusion time of rhodamine in bulk water and using the
literature value for its diffusion coefficient (3.82 × 10−10 m2 /s
at 22 ◦ C [30]).
III. RESULTS

interfacial diffusion coefficients D obtained for all tracers
diffusing at the studied water–n-alkane interfaces are plotted
versus the n-alkane viscosity in Fig. 4(a).

A. Large tracers

For the large dendrimer tracers (RH = 4.0 nm) a gradual
decrease of D with alkane viscosity ηa was observed [circles
in Fig. 4(a)]. In first approximation to a more complex theory
[31] the diffusion coefficient of tracer molecules along the
fluid-fluid interface is described by the Stokes-Einstein relation
for spherical particles. Here we assumed that the viscous drag
on the sphere can be approximated as the sum of contributions
from the water and the alkane phases. The relative weighting
of each contribution is given by the cross-sectional area of
the sphere in the respective phase [Fig. 4(b)]. The position
of the three-phase contact line is characterized by the contact
angle . The cross-sectional area of the sphere in the alkane
phase is Aa = R 2 (2 − sin 2)/2, and that in the water phase
is Aw = π R 2 − Aa . With this simple model we can estimate
the dependence of the diffusion coefficient on the viscosities

Typical autocorrelation curves measured for rhodamine,
PDI1, and the dendrimer diffusing at various water–n-alkane
interfaces are shown in Figs. 2(c) and 3. The values of the
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FIG. 3. (Color online) Normalized autocorrelation curves of (a)
dendrimer and (b) PDI1 diffusing at various water-alkane interfaces
and the corresponding fits with Eq. (1) in the main text (solid lines).

FIG. 4. (Color online) (a) Interfacial diffusion coefficient D
versus viscosity of the alkane phase measured for the dendrimer
(solid circles), PDI1 (triangles) and rhodamine (squares) molecules
at various water-alkane interfaces. The dashed line is a guide to
the eye for rhodamine. The continuous line represents the values
obtained with Eq. (2) for the dendrimer using R = 4.0 nm and
 = 90◦ . The dotted line represents Eq. (2) with R = 1.0 nm and
 = 90◦ for the PDI1. The Cj on the top of the figure indicates the
carbon number of the alkane used. The error bars evaluated from
the statistical deviations of the measurements are smaller than the
symbol size. (b) Schematic of a spherical particle at a water-alkane
interface.
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FIG. 5. (Color online) Interfacial diffusion coefficient versus viscosity of the aqueous phase for rhodamine tracers at aqueous-hexane
(open squares), aqueous-decane (open diamonds), and aqueousdodecane (open triangles) interfaces. The solid circles represent
the dendrimer tracers diffusing at aqueous-dodecane interfaces. The
viscosity of the aqueous phase was adjusted by mixing water with
glycerol.

of the two phases:



2π
kT
.
DA =
6π R
2π ηw + (ηa − ηw )(2 − sin 2)

molecules diffuse approximately 1.15 times faster than in bulk
water. This indicates that in contrast to the larger dendrimers,
the small PDI1 tracers sense the presence of a very thin
interfacial layer with reduced effective viscosity.
The existence of such layer is further confirmed by the
diffusion data for the smallest (RH = 0.6 nm) rhodamine
tracers. At the water-decane interface, the rhodamine diffuses
approximately 1.4 times faster than in bulk water. Moreover,
as shown in Fig. 4(a), the rhodamine tracers exhibit a
qualitatively different dependence of D on the alkane phase.
While its viscosity is changing gradually by one order of
magnitude between hexane and hexadecane, the value of
D was constant (5.5 × 10−10 m2 /s) for alkanes with up
to ten carbon atoms. Between decane and dodecane the
diffusion coefficient decreased to 2.4 × 10−10 m2 /s. Then it
remained constant up to hexadecane. Clearly this stepwise
behavior cannot be represented by Eq. (2). In contrast, D of
rhodamine showed a continuous dependence on the viscosity
of the aqueous phase (Fig. 5). However, this dependence also
cannot be represented by Eq. (2).
C. Possible artifacts

(2)

The diffusion of the dendrimers could be well represented
[solid line in Fig. 4(a)] with Eq. (2) using a contact angle
value of  = 90◦ and a sphere radius R = 4.0 nm, a value
that is equal to the experimentally measured hydrodynamic
radius of the dendrimer. In the particular case of the waterdecane interface, where the viscosities of the two phases—
ηw = 0.96 cPa s for water and ηa = 0.90 cPa s for decane—
are very similar, the value of D was equal to the diffusion
coefficient of 5.6 × 10−11 m2 /s measured in bulk water.
To get further insight we also measured the lateral diffusion
coefficient D of the dendrimers versus the viscosity of the
polar (aqueous) phase (solid circles in Fig. 5). The viscosity
was adjusted by adding different amounts of glycerol. D can
be described by Eq. (2) using the same R of 4.0 nm and
the same contact angle of 90◦ (the solid line in Fig. 5). This
observation is readily explained by an almost equal immersion
of the large dendrimer molecules in the aqueous and alkane
phases.
B. Small molecular tracers

The lateral diffusion of the smaller PDI1 molecules (RH =
1.0 nm) at various water-alkane interfaces was also studied.
D of PDI1 showed a gradual decrease with the increase
of the alkane phase viscosity [Fig. 4(a)]. This indicates that
the PDI1 molecules penetrate in both phases similar to what
was observed for the dendrimer tracers. However, in contrast
to the larger dendrimers (RH = 4.0 nm), the experimentally
measured values of D for the PDI1 are systematically higher
than the prediction of Eq. (2) for a contact angle of 90◦
[Fig. 4(a)]. Furthermore, these experimental data cannot be
represented by Eq. (2) for any value of the contact angle.
Finally and most importantly, at the water-decane interface,
where the viscosities of both phases are almost equal, PDI1

Before further discussion, it is important to address some
effects that may possibly cause artifacts and errors in the interpretation of the experimental results. First of all, we should
consider the accuracy of FCS in measuring the interfacial
diffusion coefficients of the tracers, D . As discussed in Sec. II
the diffusion coefficient is calculated through D = x02 /4τD ,
where τD is the diffusion time of the tracers and x0 is the lateral
dimension of the confocal detection volume. While τD can be
reliably and reproducibly obtained by fitting the experimental
autocorrelation curves with Eq. (1), the precise value of x0
is not well known. It depends strongly on the geometrical
characteristics of the optical setup and the refractive index
(nS ) of the sample, and therefore an appropriate calibration
is necessary. Typically this is done by measuring and fitting
the autocorrelation curves for freely diffusing (3D diffusion in
bulk samples) dye molecules with known diffusion coefficient,
e.g., rhodamine in water. For the two-dimensional (2D)
diffusion at water-alkane interfaces, however, the accuracy of
this procedure is not self-evident. Indeed, while the calibration
is done in pure water, during the 2D measurements the focus
is partially positioned in the alkane phase, which has a higher
refractive index than water. This may cause optical distortions
and result in a small change in the lateral dimension of the
detection volume and thus a systematic error in the estimated
values of the interfacial diffusion coefficient. Furthermore, as
the different alkanes have slightly different refractive indices,
the eventual error may depend on the alkane length. In order to
estimate the magnitude of these effects we have measured the
diffusion time of organic quantum dots, 545 ITK (Invitrogen,
Leiden, Netherlands), with a hydrodynamic radius of 4.7 nm
in all alkanes, using the same water immersion objective as
for the 2D studies. The plot of the diffusion time against the
alkane viscosity is shown in Fig. 6. The dashed line in the
figure represents the value of the diffusion time calculated on
the basis of the Stokes-Einstein equation assuming the same
lateral dimension of the observation volume for all alkanes.
As can be seen there is a remarkable agreement between the
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FIG. 6. (Color online) Diffusion time of quantum dots in bulk
alkanes as a function of viscosity of alkanes; the red, dotted line
represents the prediction of the Stokes-Einstein equation.

experimental data and the theoretical prediction [24,32]. Thus,
the results presented in Fig. 6 show that changing the refractive
index from 1.37 for hexane to 1.43 for hexadecane has only a
minor effect (less than 5%) on the detection volume size. As the
refractive index of water, 1.33 is only slightly smaller than that
of hexane; we estimate that the error in the calibration of the
lateral dimension of the detection volume is less than 5%. We
conclude that even if optical distortions cause systematic error
in the estimated values of the interfacial diffusion coefficient,
this error is small and does not depend on the carbon number
of alkanes.
Another possible effect that can influence the tracers’
diffusion is the presence of surface active contamination in
the studied solutions. This was ruled out by measuring the
interfacial tension of all water-alkane interfaces. The obtained
values (Table I) are in good agreement with those reported
in the literature [33], confirming that there were no surface
active compounds in the used solvents. Nevertheless in order
to clarify the effect of such compounds on our results, in a
TABLE I. Interfacial tension of water–n-alkanes (T = 20 ◦ C).

n-Alkane
n-Hexane
n-Octane
n-Decane
n-Dodecane
n-Hexadecane

γ (Water–n-alkane)
(mN/m)a

γ (Water–n-alkane)
(mN/m)b,c

50.80
51.64
52.33
52.87
–

49.7 ± 0.1
50.6 ± 0.1
51.4 ± 0.1
51.7 ± 0.1
52.4 ± 0.1

separate experiment we purposefully added sodium dodecylsulfate or cetyl trimethylammonium bromide with concentrations of 10−6 M into the aqueous phases, and measured the
diffusion of rhodamine at a water-decane interface. We found
that the presence of surfactants, independent of their surface
charge, resulted in a significant decrease (and not an increase)
of the interfacial diffusion coefficient. This finding confirms
that our results are not affected by eventual contaminations.
As the rhodamine molecules carry a positive charge,
the electrostatic interactions between the molecules may
also affect their diffusion. Clearly increasing the rhodamine
concentration at the interface should increase the effect
of the electrostatic interactions. FCS experiments provide
independent information on the tracer concentration at the
interface. In a typical measurement, the area per molecule was
approximately 0.5 μm2 . Our control experiment showed that
when the area per molecule was 0.003 μm2 , the diffusion
coefficient of rhodamine at a water-decane interface was
approximately 15% less than the value measured when the area
per molecule was 0.5 μm2 . In addition, we tested the effect
of salt by measuring the diffusion coefficient of rhodamine
at a water-decane interface and adding 10 mM KCl into the
aqueous phase. The diffusion coefficient did not change. This
indicates that the electrostatic forces do not affect the measured
interfacial diffusion coefficients.
IV. DISCUSSION

After testing and excluding the effect of various possible
artifacts, we now turn to interpretation of the experimental
data. Our results support the following model: At the wateralkane interface there is a reduced viscosity layer. Rhodamine
at the interface is continuously located towards the aqueous
phase while PDI1 and dendrimers span across the interface
(Fig. 7). A different, but in both cases significant, fraction
of the cross-section of each rhodamine and PDI1 molecule
is located within this high-mobility and high-entropy region.
As a result they experience different degrees of the reduced
effective viscosity and diffuse faster than in bulk. A reason for
the existence of this high-mobility region could be the presence
of dangling OH bonds at the water-alkane interface [4,5]. This
picture is supported by recent nonlinear spectroscopy studies
that found ultrafast reorientational motion of water molecules
at the air-water interface [34,35]. The larger dendrimer tracers
with a hydrodynamic radius of 4.0 nm are symmetrically

a

Reference [26].
All interfacial tension measurements reported in this work were done
using a software controlled Du-Noüy ring tensiometer (ring height =
25 mm, ring diameter = 18.7 mm, and wire thickness = 0.37 mm;
Data Physics Instruments, Germany). Samples were measured in a
50-cm3 measuring cell at a temperature 293 ± 0.5 K. Each value
reported in the table is an average of ten measurements with an
accuracy of ± 0.05 mN/m.
c
Our control experiments at water-octane, water-decane, and waterdodecane interfaces showed that one and the same value of interfacial
tension was measured for purified liquids or after degassing within
statistical error.
b

FIG. 7. (Color online) Schematic illustrating the positions of
the studied tracers at the water-alkane interfaces. The white region
represents the reduced viscosity layer.
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immersed in both the aqueous and the alkane phases. Their
size is much larger than the 2–4 Å correlation length in
bulk water [36,37] that provides the natural length scale over
which structural anomalies at interfaces tend to decay [38–40].
As a consequence, dendrimer diffusion is not significantly
affected by the reduced viscosity layer and could be adequately
represented by the bulk viscosity values of the surrounding
liquid phases.
This model explains our experimental observations for
PDI1 and dendrimer diffusion on all studied water-alkane
interfaces and the rhodamine diffusion on the water-hexane,
water-octane, and water-decane interfaces. However, for rhodamine diffusing at the longer alkanes-water interfaces, i.e.,
dodecane and hexadecane, the situation is more complex.
As shown in Fig. 4(a), for these alkanes D of rhodamine
decreases stepwise to a value of 2.36 × 10−10 m2 /s. This
is even lower than the diffusion coefficient in bulk water
(3.82 × 10−10 m2 /s at 22 ◦ C).
In the following we discuss the relevant length scales that
appear at the water-oil interface, relating them to phenomena
that can explain the stepwise slowdown of interfacial diffusion.
The capillary wave theory predicts the interfacial width of
water-alkane by [41]


(3)
σ 2 = 14 B ln qu2 + κ 2 /κ 2 .
Here, σ 2 is the total intrinsic mean-square surface displacement; B = kB T /π γ where kB is the Boltzmann constant, T
is the temperature, γ is the surface tension at T ; the upper
cutoff qu = 1 Å−1 is provided by the typical molecular length
scale 2π/qu ; the gravitational cutoff κ 2 = ρg/γ , where ρ
is the difference in mass density across the interface and
g is the gravitational acceleration. Then, the total intrinsic
mean-square surface displacement σ of water-alkane is 6.8 Å.
Thus for our water-alkane interfaces, the dynamic contribution
from capillary wave theory to the interfacial width that could
potentially affect interfacial diffusion is approximately 7 Å.
However, this value is almost identical for all investigated
systems and therefore cannot explain the observed stepwise
slow-down.
In water, the relevant length scale that leads to a disruption
of the hydrogen-bond network is provided by the crossover
from volume to surface scaling in the solvation free energy
for hydrophobic cavities. This value of approximately 10 Å is
indicative for the curvature of an interface that allows elastic
rearrangement of the water molecules, thus distorting rather
than breaking their hydrogen-bonding network [1]. However,
this transition happens gradually and therefore is unlikely to
cause the sudden change observed by FCS. Moreover, opposite
to what was observed experimentally, one would expect a
slower diffusion near partially solvated short chain n-alkanes
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that leave the water structure intact, versus faster diffusion at
longer alkanes where the formation of an interfacial depletion
layer becomes more likely due to the increased number of
broken bonds near larger objects.
The next important scale in the problem is given by the size
of the rhodamine molecule, i.e., RH = 0.6 nm or its physical
radius that is around 0.3–0.4 nm. For alkanes, the radius of
gyration provides the characteristic length scale that governs
interfacial properties such as the intrinsic width [22]. The
diffusion slowdown happens between decane and dodecane
that have radii of gyration of 3.0 and 3.5 Å, respectively.
Considering these length scales indicates that the stepwise
decrease of D coincides with alkane coil size that matches
the size of rhodamine. This finding is also consistent with
earlier fluorescence recovery after photobleaching studies
of Kovaleski and Wirth [42], which indicated that not the
viscosity of alkanes, but rather the interfacial roughness is
slowing down the lateral diffusion at water-alkane interfaces.
Such assumption can explain our results, supposing that the
decrease of the rhodamine diffusion coefficient (as compared
to the bulk water value) on the water-dodecane and waterhexadecane interfaces is overcompensated from a slowdown
resulting from, e.g., the interfacial roughness. Finally, it
should be mentioned that in contrast to the rhodamine, the
PDI1 molecules were not directly affected by the interfacial
roughness and did not show a stepwise change in D with
alkane viscosity. This is related to the fact that the larger
and more amphiphilic PDI1 molecules penetrate in both
phases, i.e., they span across the interface and thus their
diffusion is not directly influenced by the gyration radii of
alkanes.
V. CONCLUSIONS

To conclude, we report a strategy to study the controversial
question of the existence and the properties of interfacial water
adjacent to a hydrophobic surface. Rather than measuring
structural and spectroscopic properties we directly probe the
interfacial dynamics via the diffusion coefficient of singlemolecular tracers as a function of viscosity of both liquid
phases and the tracer’s size. Our results indicate the existence
of an interfacial region with reduced effective viscosity and
increased mobility that decays over a length scale on the order
of a water monolayer towards bulk dynamics.
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