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By directly observing molecular trajectories on a chemically heterogeneous surface, we have identified

two distinct modes of diffusion involving (1) displacements within isolated surface islands (crawling

mode), and (2) displacements where a molecule desorbs from an island, diffuses through the adjacent

liquid phase, and readsorbs on another island (flying mode). The diffusion coefficients corresponding to

these two modes differ by an order of magnitude, and both modes are also observed on chemically

homogeneous surfaces. Comparison with previous results suggested that desorption-mediated diffusion is

the primary transport mechanism in self-assembled monolayer formation.
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The mobility of molecules at the solid-liquid interface is
of critical importance to several applications of surface
science, including self-assembled monolayer growth
[1,2], surface reactivity [3,4], and molecular recognition
associated with both biomembranes and biosensors [5–7].
In these applications, a fundamental issue involves the way
in which a molecule identifies a target on a surface. If
molecular-surface transport is slow, then direct adsorption
from solution onto the target is, by default, the dominant
mechanism for molecular targeting. As surface mobility
increases, both the magnitude and mechanism of diffusion
becomes important for molecular targeting. For example,
heterogeneous surfaces can have spatial barriers to purely
surface-bound diffusion [8]. However, if adsorbate mole-
cules can undergo desorption-mediated surface diffusion
[9], then molecules can ‘‘fly’’ over these barriers.

The flying diffusion mechanism is particularly important
for molecular targeting with low solution concentrations
(and, consequentially, low adsorption rates), since the
magnitude of diffusion is significantly larger than purely
surface-bound diffusion. The larger diffusion coefficient
allows the molecules to ‘‘explore’’ larger areas of the
surface to find a target. With increasing solute concentra-
tions, adsorption or desorption rates will become increas-
ingly important; however, previous theoretical work
suggests that surface diffusion still remains a critically
important factor in determining the efficiency of targeting
under relevant conditions [6,7]. Also, even at arbitrarily
high solute concentrations, the flying mode will still in-
crease the rate of any kinetic process in which surface
diffusion is important, such as in the formation of self-
assembled monolayers [1,2].

While some phenomena associated with the solid-liquid
interface (e.g., adsorption and desorption) share many
commonalities with those of other interfaces, the immobile
nature of the solid phase creates a unique situation with
respect to molecular mobility. In particular, the dominant
qualitative mechanism of molecular diffusion at a gas-
liquid [10–16] or liquid-liquid [10,17–22] interface is

directly analogous to diffusion within a homogeneous fluid
medium, involving Brownian motion amidst mobile sol-
vent molecules. On a solid surface, however, an adsorbate
molecule must ‘‘detach’’ to some degree in order to relo-
cate. In general, two competing pictures have been used to
describe this process. In the dominant paradigm, molecular
mobility is considered an activated process consisting of a
series of ‘‘hops’’ between localized binding sites that are
separated by small energy barriers [8,23,24]. In this pic-
ture, the binding sites are spatially separated by atomic or
molecular length scales. O’Shaughnessy and co-workers
considered an alternative model, called desorption-
mediated diffusion, where adsorbate molecules are imag-
ined to detach completely from the interface, diffuse
through the liquid phase, and readsorb at the interface
[9]. They suggested that under some conditions, this
mechanism of interfacial diffusion may be dominant, and
theoretically described the statistical details of such a
hypothetical mode, showing that it would lead to anoma-
lous diffusion, including long flights. To date, it has
proven difficult to directly test this prediction. In principle,
of course, both types of diffusion may be operative
simultaneously.
It is challenging to study surface diffusion under condi-

tions where other surface processes are occurring simulta-
neously. Under special conditions, fluorescence recovery
after photobleaching (FRAP) can be used to study the
surface diffusion [25] of adsorbates in contact with aqueous
solution. In general, however, it is impossible to unambig-
uously separate the fluorescence recovery associated with
lateral diffusion from that due to adsorption and desorption
[26]. Similarly, fluorescence correlation spectroscopy can
be used to measure surface diffusion [27], but is susceptible
to the same issues involving adsorption to and desorption
from the surface. On the other hand, total internal reflec-
tance fluorescence microscopy (TIRFM), when used to
track individual molecular trajectories, can explicitly iden-
tify and distinguish surface adsorption, diffusion, and de-
sorption processes for every individual molecule that
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adsorbs to the surface. Our group has exploited single-
molecule TIRFM to determine mechanisms of surfactant
behavior at the solid-liquid interface, including activation
energies of adsorption [28,29] and interfacial diffusion [8],
consequences of surface heterogeneity [30], and multiple
diffusive modes related to molecular conformation [24].

In this Letter, we present the results of single-molecule
TIRFM measurements of the dynamics of a fluores-
cently labeled surfactant on both homogenous and hetero-
geneous hydrophobic surfaces. By exploiting surface
features of the heterogeneous (i.e. ‘‘patchy’’) trimethylsilyl
surface, we show directly that adsorbate molecules exhibit
both a slow surface diffusion mode (crawling) and a
desorption-mediated fast mode of diffusion (flying), and
describe these modes quantitatively.

Surfaces were prepared by photodegradation of
hydrophobically modified fused silica (FS) surfaces [30].
A 50 mm-diameter FS wafer (MTI Corp.) was cleaned in
hot piranha solution for�1 h followed by UV-ozone treat-
ment for another �60 min . The clean hydrophilic sub-
strate was placed in a sealed glass container containing
hexamethyldisilazane (HMDS, 99.8% purity, Acros
Organics) and positioned �5 cm above the liquid to ex-
pose its surface to HDMS vapor for�48 h. In contrast with
solution deposition of SAMs, this vapor-deposition process
ensured that the trimethylsilyl (TMS) layer contained
no fluorescent impurities as confirmed by control TIRFM
experiments carried out with pure deionized water
(Millipore, Milli-Q UV, 18:3 M� � cm). These TMS-
modified surfaces were then exposed for the desired deg-
radation time to UV illumination from a Hg pen lamp
(UVP 254 nm) held �5 mm from the surface. The inten-
sity was�0:3 mW=cm2 at this distance. The surfaces were
then exposed to solutions of fluorescently labeled dodeca-
noic acid (Invitrogen Bodipy� FL-C12) at concentrations
of 2� 10�13 M for photodegraded TMS surfaces and
2� 10�15 M for TMS surfaces. A time series of TIRFM
images was obtained by continuous sampling for 7 min,
with each frame having an exposure time of 400 ms.

Figure 1 shows the cumulative (i.e., integrated) squared-
displacement distribution, Cðr2; tÞ, of the dodecanoic acid
molecules on a uniform TMS surface. On this semilog plot,
a straight line would indicate a single Gaussian mode of
diffusion. However, the systematic deviation from the best
fit to a single exponential (dashed line in Fig. 1) indicates
that multiple modes of diffusion are needed to describe the
trajectories. The overall surface diffusion is a weighted
average of these different modes of diffusion, where the
weights are the fraction of steps in each mode. A double
exponential (solid line in Fig. 1) provides satisfactory
agreement with the data. This analysis suggests that there
is a fast mode (Dfast ¼ 0:153� 0:001 �m2=s) that corre-
sponds to 90% of the displacements, and a slow mode
(Dslow ¼ 0:019� 0:003 �m2=s) representing the remain-
ing 10% of displacements.

Multiple modes of diffusion are common for interfacial
diffusion [8,20,24,31], and can be due to a number of
factors including multiple binding modes, molecular con-
formations, lateral heterogeneity, etc. For the gas-liquid
and liquid-liquid interfaces, theoretical models involving
modifications of Stokes-Einstein diffusion for 2D systems
[32,33] provide a direct connection between a diffusion
coefficient and the apparent hydrodynamic radius. This
connection has been exploited to determine molecular
conformations associated with interfacial diffusion coeffi-
cients at the oil-water interface [21]. However, the solid-
liquid interface has no such theoretical model directly
linking a particular diffusive mode to a specific molecular
mechanism. Such a connection requires additional infor-
mation beyond the diffusion coefficient itself. For example,
in previous work studying interfacial diffusion of proteins
at the solid-liquid [31] and liquid-liquid [21] interfaces, the
fluorescence intensity and surface residence times of pro-
tein objects were correlated with diffusion to determine
that diffusion modes were primarily associated with the
oligomer state of the protein. In another study with fatty
acids diffusing at the solid-liquid interface [24], the tem-
perature dependence of diffusion showed that one mode of
diffusion was an Arrhenius activated process. In the current
work, the heterogeneity of the surface itself was used to
determine the mechanism of the fast diffusion mode.
As shown in Fig. 2, MAPT (Mapping Accumulated

Probe Trajectories) was used to characterize the spatial
heterogeneity of partially degraded hydrophobic surfaces.
MAPT is a superresolution imaging technique [34] based
on distributing the various accumulated properties of many
single-molecule trajectories (adsorption, diffusion, desorp-
tion, etc.) into spatial areas and then computing spatial
maps of these properties. In Fig. 2(a), a MAPT image of
surface coverage shows the spatial density of accumulated

FIG. 1. Cumulative squared-displacement distribution for do-
decanoic acid on a trimethylsilyl surface. The dashed and solid
lines correspond to single-exponential and double-exponential
fits as described in the text.
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molecular positions on a small region of the surface. In this
image, we see three local regions where the molecules
reside, with gaps in between where the molecules are never
present on the surface. The white outlines in Figs. 2(b) and
2(c) provide guides to the eye to represent these areas of
high coverage. The high-coverage regions on the degraded
TMS surface represent areas of higher residual hydropho-
bicity, as previously predicted by simulation [35], while the
regions of low coverage represent hydrophilic ‘‘bare’’
fused silica regions from which the TMS monolayer has
been removed [34]. In Fig. 2(b), a MAPT image shows the
magnitude of the local diffusion coefficient. It is important
to note that, by convention, the diffusion coefficient is
mapped at the midpoint of displacements, not at recorded
molecular locations. In Fig. 2(b), six distinct regions are
present, with slow diffusion (blue and green) on the regions
corresponding to high surface coverage [from Fig. 2(a),
marked by white outlines] and fast diffusion (yellow and
orange) directly between the high-coverage regions, in
areas with little or no surface coverage. In Fig. 2(c), a
MAPT image of direction shows the average direction of
the local diffusion coefficient, using a color coded ‘‘com-
pass’’ showing whether the displacements are in the verti-
cal direction (blue and green) or horizontal direction (red
and yellow). In Fig. 2(c), the displacements within the
high-coverage regions (marked by white outlines) have
random directions. However, the displacements in-
between the high-coverage regions are consistently hori-
zontal (between the two regions on top) or vertical
(between the lower region and both of the regions above).
The combined evidence from the magnitude and direction
of these diffusive steps associated with regions of no
surface coverage indicates that they are due to displace-
ments that started in one region of high surface coverage
and ended in another region of high surface coverage. By
definition, these displacements are desorption-mediated
displacements (flying mode), because molecular positions
are never recorded for most of the region where the flying
mode of diffusion occurs.

An important experimental consideration involves
the question of whether the apparent flying mode

displacements are, in fact, an artifact due to coincidental
desorption of one molecule and adsorption of another
molecule in consecutive movie frames. We have addressed
this question statistically by calculating the expected num-
ber of such ‘‘coincidental events’’ based on independent
measurements of adsorption and desorption rates. In
Fig. 3(a), a lower magnification MAPT image of the sur-
face shows many areas of high surface coverage (orange
in color), similar to the areas magnified in Fig. 2(a),
present throughout the surface. The mean adsorption rate
(0:5� 0:3 molecules s�1 �m�2) and desorption rate

FIG. 2 (color). MAPT images of (a) surface coverage (10�12 �m�2 s�1 M�1), (b) diffusion magnitude (�m2=s), and (c) diffusion
direction for a selected region of the degraded TMS surface.

FIG. 3 (color). (a) MAPT image of surface coverage
(10�12 �m�2 s�1 M�1) with a relatively uniform area denoted
by the yellow box. (b) Cumulative squared-displacement distri-
bution for flying mode, crawling mode from Fig. 2, and bare area
denoted by the yellow box in (a).
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(0:65� 0:47 molecules s�1) was measured for 28 of these
regions. Using these adsorption and desorption rates for
two independent adsorption sites, 100 stochastic simula-
tions were performed to determine the number of coinci-
dental desorption and adsorption events in consecutive
frames. In our simulations, we allowed for multiple mole-
cules to exist on one adsorption site at the same time, with
independent desorption. We calculated 1:0� 1:0 coinci-
dental events per experiment in the simulations, compared
to the 98 observed flying displacements between the two
regions on the left in Fig. 2(a). Therefore, apparent flying
mode displacements due to coincidental events represent a
negligible fraction of the total number of observed events.

It is interesting to compare the magnitudes of the crawl-
ing and flying modes found in Fig. 2(a) (that are charac-
terized on a local region of extremely high surface
coverage) to diffusion within uniform areas of the de-
graded TMS surface, representative of the majority of the
surface area. Figure 3(b) shows the cumulative squared-
displacement distributions for the steps between regions of
high coverage (flying mode), the steps within regions of
high coverage (crawling mode), and all steps within a large
area of uniform surface coverage that is denoted by the
yellow box in Fig. 3(a). The uniform area exhibits both
slow (Dslow ¼ 0:026� 0:001 �m2=s) and fast (Dfast ¼
0:179� 0:002 �m2=s) diffusive modes that are similar
in magnitude to those observed on the undegraded TMS
surface (Fig. 1). The degraded TMS surface, however,
exhibits a larger fraction (30%) of slow-mode displace-
ments than does the undegraded TMS surface (10%).
Interestingly, Dslow and Dfast correspond closely to the
apparent diffusion coefficients of the crawling and flying
modes, respectively. In particular, the apparent crawling
mode diffusion coefficient within high-coverage areas
(0:0138� 0:0001 �m2=s) was within a factor of 2 of
Dslow, and the flying mode diffusion coefficient (0:18�
0:03 �m2=s) was equal to Dfast within experimental un-
certainty. We note that the flying mode apparent diffusion
coefficient was calculated from the slope of the cumulative
step size distribution in the range of 0.175 to 0:300 �m2=s
to avoid artifacts due to the depletion of small step sizes
from the geometrical constraints of the system in Fig. 2.

Table I summarizes the values of all diffusion coeffi-
cients described in this manuscript. We see that for all
the surfaces and features, there are two distinct diffusion

regimes that differ by an order of magnitude. The slow
regime consists of the slow mode of the undegraded TMS,
the slow mode of the degraded TMS uniform area, and the
crawling mode diffusion within confined regions of high
coverage. The fast regime consists of the fast mode of
undegraded TMS, the fast mode of the degraded TMS
uniform area, and the flying mode diffusion between re-
gions of high coverage. Based on these values, we infer a
mechanistic connection between the diffusive modes cor-
responding to these two widely separated regimes of mo-
bility, in particular, that the modes on uniform surfaces
represented by Dslow are in fact crawling modes and that
the modes on uniform surfaces represented by Dfast are
flying modes (desorption-mediated surface diffusion). The
large fractions corresponding to the fast diffusive mode on
both the uniform TMS surface (90%) and the degraded
TMS surface (71%) suggest that desorption-mediated dif-
fusion is the dominant form of surface transport for fatty
acids on these surfaces.
While we have primarily looked at low concentration

solutions, this flying mode should be relevant over a wide
range of bulk solution concentrations. The surface concen-
tration of surfactant (which is dependent on bulk concen-
tration) is the most important parameter in determining the
relative importance of the two modes of diffusion. At low
surface concentrations, the flying mode is clearly the
dominant mode of surface transport. However, at high
surface concentrations the situation is less clear. For ex-
ample, we hypothesize that at high surface concentrations,
desorption from the surface may be significantly impeded
by lateral interactions with other surfactants. The crawling
mode is also likely to be slowed due to increased crowding
or drag by neighboring surfactant molecules. The effects of
surface crowding on the dynamics (adsorption, desorption,
and diffusion will all be affected) of molecular-surface
interactions cannot be inferred from the data presented in
this letter and should be the focus of future experiments.
As mentioned previously, desorption-mediated surface

diffusion has been theoretically described for both solid-
liquid and liquid-liquid interfaces [9]. This theoretical
model predicts a deviation from typical Gaussian distribu-
tions of step sizes due to the apparent Levy flights
performed by the molecules when projected onto the sur-
face plane. Specifically, the probability distribution of dis-
placements was predicted to be a Cauchy distribution

TABLE I. Summary of diffusion results for TMS surfaces and regions of interest.

Surface/feature Fraction of displacements Dð�m2=sÞ
TMS 0:90� 0:01 0:153� 0:001

0:10� 0:01 0:019� 0:003

Degraded TMS uniform area 0:71� 0:01 0:179� 0:002

0:29� 0:01 0:026� 0:001

Degraded TMS crawling mode 1.0 0:0138� 0:0001
Degraded TMS flying mode 1.0 0:18� 0:03
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characterized by an effective ‘‘speed’’ c ¼ D=h, where c is
the speed,D is the diffusion coefficient in the liquid phase,
and h is the surface displacement length. Our experimental
data are in better agreement with a Gaussian model; how-
ever, using a fit to the Cauchy distribution, we estimate the
effective speed to be c ¼ 0:47 �m=s in the context of this
theory. It is possible that the deviation of our experimental
data from the Cauchy distribution may be due to acquis-
ition time effects, i.e., that observed flying displacements
actually represent a time-weighted average of desorption-
mediated and crawling displacements.

The dominance of desorption-mediated diffusion has
important implications for many surface processes, but
the example of self-assembled monolayer growth kinetics
provides a unique opportunity to make connections be-
tween the current findings and previous experimental esti-
mates of surface diffusion. Kinetic ‘‘population-balance’’
models are widely used to describe cluster nucleation
and growth in epitaxial films [36–39] or self-assembled
monolayers [1,2]. Using these models, the surface diffu-
sion coefficient can be estimated from the nucleation
and growth rates of small patches of self-assembled sur-
factants during the growth of a self-assembled surfactant
monolayer. The surface diffusion coefficient for octadecyl-
phosphonic acid on mica [2] was estimated to be 0:29�
0:03 �m2=s, which is larger but still within a factor of 2 of
the flying mode of diffusion measured in our system. Given
the similarity of these systems, the crawling mode (which
exhibits an order of magnitude lower diffusion coefficient)
would be an unlikely mechanism for a diffusion coefficient
that is faster than the flying mode in our system. The
similarity of the diffusion coefficients suggests that the
flying mode is the main mechanism of diffusion associated
with the formation of self-assembled monolayers.
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