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T
he diffusion of polymers on solid
surfaces has broad implications in
diverse chemical processes, including

surface-based biosensors,1 polymer sepa-
rations,2 lubrication,3 heterogeneous cataly-
sis,4 surface-mediated supermolecular self-
assembly,5 etc.Moreover, surface transport,
and its underlying mechanisms, greatly
influences the efficiency of chemical pro-
cesses that rely on molecular searching
for surface targets.6 While polymer surface
diffusion has been intensively explored in
the past decade,7�17 there is little under-
standing of the impact of surface hetero-
geneity on surface transport mechanisms.
The traditional view of polymer surface

diffusion is based on a picture of adsorbing
flexible chains, in which a chain adsorbs at a
liquid�solid interface due to noncovalent
interactions between polymer segments
and the particular surface chemistry.18�20

In this context, the binding energy of each
segment of a poly(ethyelene glycol) (PEG)
chain to a hydrophobic surface is estimated
to be 0.5�1 kBT.

7 In this picture, the ad-
sorbed polymers eventually adopt an equi-
librium distribution of surface conforma-
tions, traditionally labeled “loop-train-tail”
conformations, and are expected to exhibit

surface diffusion based on reptation and
transitions within this ensemble of confor-
mations. However, it has been recently
demonstrated in two independent labora-
tories that polymers, in fact, exhibit inter-
mittent hopping at the liquid�solid
interface.17,21,22 The details of this motion
are inconsistent with the conventional view
of 2D diffusion of adsorbed flexible chains,
but are in line with the observations of
long flights for adsorbed small molecules
on a solid surface.23�25 The intermittent
motion of polymers, small molecules, and
biomolecules has been successfully de-
scribed as a continuous-time random walk
process (CTRW).26�28 A proposed mechan-
ism for this behavior is that the hopping is a
desorption-mediated process where a poly-
mer chain desorbs from the surface, diffuses
through the bulk liquid, and finally reat-
taches at a new location.16,21,22,29,30 In this
picture, the height, density, and connec-
tivity of surface nanostructures would
potentially have a significant influence. For
example, corners and edges could serve as
sites where polymers are entropically sta-
bilized, and high-points on the surface
could serve as obstacles to interrupt some
three-dimensional flights. The experiments
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ABSTRACT Using high-throughput single-molecule tracking, we

studied the diffusion of poly(ethylene glycol) chains at the interface

between water and a hydrophobic surface patterned with an array

of hexagonally arranged nanopillars. Polymer molecules displayed

anomalous diffusion; in particular, they exhibited intermittent motion

(i.e., immobilization and “hopping”) suggestive of continuous-time random

walk (CTRW) behavior associated with desorption-mediated surface diffu-

sion. The statistics of the molecular trajectories changed systematically on

surfaces with pillars of increasing height, exhibiting motion that was increasingly subdiffusive and with longer waiting times between diffusive steps.

The trajectories were well-described by kinetic Monte Carlo simulations of CTRW motion in the presence of randomly distributed permeable obstacles,

where the permeability (the main undetermined parameter) was conceptually related to the obstacle height. These findings provide new insights into the

mechanisms of interfacial transport in the presence of obstacles and on nanotopographically patterned surfaces.
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described here are designed to test these hypotheses.
While the influence of roughness on surface diffu-

sion has been recognized,31 the detailed role of surface
topography on the surface transport remains largely
unexplored due to the lack of precise control of
topography on nanometer length scales. Several ap-
proaches are available to fabricate nanometer-scale
surface structures, including high-resolution litho-
graphic methods such as electron-beam and interfer-
ence lithography,32 ion beammilling and multiphoton
adsorption polymerization.33 Here, we employed an
approach known as block copolymer lithography,34

which is based on the self-assembly of periodic struc-
tures in thin films of diblock copolymers comprised of
two immiscible polymer blocks.35 Advantageously,
block copolymer lithography enables high-throughput
fabrication of periodic nanostructures with tunable
dimensions in the range of 5�100 nm.36�39 In parti-
cular, polystyrene-b-poly(methyl methacrylate) (PS-b-
PMMA), thin films with varying PS fractions have
been observed to form various periodicmicrodomains,
including hexagonally arranged spots or periodic lines
after thermal or solvent annealing.40�42

The use of block polymer lithography allowed us to
study the role of well-defined surface topography on
polymer surface diffusion by systematically varying the
height of the surface nanostructures. In particular, we
studied PEG chains (MW = 40 kg/mol) on a surface
patterned by hexagonally arranged pillars with heights
in the range of 3�7 nm. The selectedmolecular weight
ensured a flexible polymer chain because the radius of
gyration (1.5 times larger than the hydrodynamic
radius in a θ-condition,19 ∼ 7.5 nm for PEG with
MW = 40 kg/mol) is much greater than the persistence
length of PEG (∼0.3 nm).43 Using high-throughput
single-molecule tracking, we found that polymer
motion exhibited intermittent hopping on the pillar-
patterned surfaces where the waiting times between
hops and the step-sizes associated with hopping
events were systematically influenced by the pillar
heights. The details of the molecular trajectories were
well-described by simulations using a continuous-time
random walk (CTRW) model obstructed by randomly
distributed semipermeable obstacles. Consistent with
expectations for desorption-mediated diffusion, the
trajectories of polymers were influencedmore strongly
by taller obstacles.

RESULTS AND DISCUSSIONS

Surface Nanostructures. Following a previously de-
scribed approach,44 we fabricated an array of silica
nanopillars using PS-b-PMMA thin films as a template.
Figure 1a shows a schematic representation of the
fabrication process. PS-b-PMMA solution was spin-
coated on a fused-silica surface functionalized with a
random copolymer of PS-r-PMMA with a monomer
ratio of 64:36 (PS:PMMA). The thin film of block

copolymers self-assembled upon thermal annealing,
exhibiting an array of PMMA cylindrical microdomains
oriented normal to the surface (Figure 1a-1). The
PMMA blocks were then removed using UV irradiation
and washing by acetic acid (a good solvent for PMMA
but a nonsolvent for PS), and the remaining PS
template was processed with an oxygen-plasma to
further remove any remaining PMMA (Figure 1a-2).
The nanostructured template after PMMA removal is
shown in Supporting Information Figure S1 where a
hexagonal array of nanopores was observed. Linear
polydimethylsiloxane (PDMS) solution was then spin-
coated onto these PS template films (Figure 1a-3) and
vacuum-annealed at 80 �C to allow the PDMS to diffuse
into the nanopores (Figure 1a-4). This annealing tem-
perature was well below the glass transition tempera-
ture of PS. The organic materials on surface were then
totally degraded by an oxygen-plasma treatment,
while transforming the PDMS in the nanopores into
silica (Figure 1a-5). An additional etch in CF4 plasma
was used to remove any remaining traces of PDMS.

Figure 1b,c shows images of a representative pat-
terned surface observed by scanning electron micro-
copy (SEM). The average diameter of the pillars, deter-
mined using quantitative image analysis (ImageJ), was
24 nm. Figure 1d shows a fast Fourier transform (FFT) of
a small area of Figure 1b and exhibits sets of six
symmetrical hexagonally arranged spots, correspond-
ing to a two-dimensional hexagonal lattice with a
regular lattice spacing of 37 nm. The presence of three
distinct sets of spots in the FFT is indicative of poly-
crystallinity in the patterned features over large areas,
in this case with three grains of different orientation
being observed.

Figure 1. (a) Schematic view of the preparation procedure
for an array of silica pillars. (1) Self-assembly of PS-b-PMMA
thin films. The blue and red indicate the PS and PMMA
blocks, respectively. (2) PMMA domains are removed from
the thin film. (3) Spin-coating of PDMS solutions onto the PS
template films. (4) PDMS diffuses into the nanopores. (5)
Silica pillars are formed after oxygen plasma treatment. (b)
A representative SEM image of an array of silica pillars
patterned on the surface. (c) Amagnified image of a smaller
area of the pillar array. (d) A fast Fourier transform of a
portion of (b).
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The height of the pillars was controlled by using
PDMS solutions with different concentrations. Ellipso-
metrymeasurementswere used to determine the pillar
height, yielding values of 3.4, 4.5, and 6.9 nm. Finally,
the patterned surfaces were functionalized with a
hydrophobic monolayer of tetramethylsilane (TMS).
The experimental methods are detailed in the Experi-
mental Details section.

Single-Molecule Trajectories. Total internal reflection
fluorescence microscopy was used to track the motion
of individual polymer chains at the interface between
the water and either flat or pillar patterned surfaces
(Figure 2a). All surfaces were hydrophobically modified
with a trimethylsilane monolayer. Because the pillars
and the underlying substrate were both comprised of
silica, both the substrate and pillars were modified by
trimethylsilane and were nominally identical in terms
of their chemical interactions with PEG. Because of
their fast mobility in the bulk water phase, unadsorbed
polymer molecules were blurred, and the dynamics of
polymer chains were resolved only for molecules
adsorbed at the interface. The center-of-intensity posi-
tions of nearest-neighbor objects in consecutive
images were connected to construct molecular tra-
jectories as described previously.45 Approximately
800�1000 trajectories (with a surface residence time
longer than 1 s) were accumulated for each type of
surface. A typical set of trajectories is shown in
Figure 1b. We observed significant heterogeneity
between trajectories of individual molecules. The tra-
jectories could be categorized into two distinct classes:
more than 50% were immobile during their entire

period of adsorption (1 in Figure 2c), while the remain-
der exhibited intermittent hopping in which the poly-
mer jumped from spot to spot with a distribution
of waiting times. Trajectories often contained multiple
hops, which occasionally spanned distances over 1 μm
(3, 4 in Figure 2c). We identified immobile mole-
cules by measuring the distance between the first
and the last position; a threshold of 0.2 μm was used
to define immobility. As illustrated in Figure 2d, the
fraction of immobile polymers increased systematically
as the pillar height increased. A further increase of the
pillar height resulted in essentially complete immobi-
lization of PEG on the surface. This scenario was
ascribed to the enhanced interaction between the
surface and PEG chains due to increased surface area.
This findingwas robust with respect to variations in the
threshold. For example, changing the distance thresh-
old used to define immobilization by (0.04 μm re-
sulted in a ( 7% change in the fraction of immobile
polymers and negligible change in the approximate
power-law exponent in the waiting time distribution.
The fact that the presence of nanostructured topogra-
phy significantly increased the fraction of immobile
polymers is not to say that they are necessarily com-
pletely immobile, but they certainly exhibited long
waiting times, suggestive of an increased number of
strong binding sites, perhaps at sites of high negative
surface curvature (e.g., corners).

To quantify the polymer motion, we first calculated
the ensemble-average mean squared displacement
(MSD), according to ÆΔr(τ)2æ = Æ|r(t + τ) � r(t)|2æ, where
r is the position in the x�y plane and τ is the time

Figure 2. (a) Cartoon of polymer chains (colorful coils) adsorbed on a pillar patterned surface. (b) Representative trajectories
of PEG on a patterned surface. (c) Representative trajectories showing the lateral position of PEG as a function of time. (d)
Fraction of immobile polymers as a function of the pillar height.
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interval. The brackets denote averaging performed
over all trajectories. Figure 3a shows plots of MSD
vs τ for PEG on all surfaces studied. For PEG chains on
the flat TMS-coated silica surface, the MSD increased
approximately linearly with τ (Figure 3a) as expected
for Fickian diffusion, consistent with previous observa-
tions of a similar system.17,21 However, we observed
that the MSDs became systematically smaller as the
pillar height increased. The MSD data were fitted using
the power law relation MSD = 4Dτξ, and exhibited
systemically smaller exponents with increasing pillar
height. In particular, the exponent decreased from 0.87
for 3.4 nm pillars to approximately 0.70 for 6.9 nm
pillars, suggesting an increasingly subdiffusive process.

To further quantify the lateral diffusion, we calcu-
lated the ensemble-averaged step-size distribution
G(r, τ) as described previously.46 Figure 4a,b shows
G(r, τ) for PEG on a flat surface and a patterned 4.5 nm
pillar surface. Qualitatively, the shapes of G(r, τ) on flat
and patterned surfaces were similar and could be
divided into two parts: a narrow central peak and
extended tails.

The central peaks for all surfaces were invariant as a
function of τ, and could be described by a Gaussian
G(r, τ) ∼ exp[�Δx2/2σ2], yielding a width σ ≈ 0.08 μm
due to imperfect localization precision (both static and

dynamic). Motions smaller than this limit during peri-
ods of immobilization were not resolvable. Therefore,
the possible slow diffusion described by in situ TEM/
AFM methods was treated as immobility.47�50 As
shown in Figure 3c, themagnitude of the central peaks
increased qualitatively for surfaces with taller pillars,
consistent with the increasing fraction of immobile
polymers (Figure 2d). This evolution of the central peak
for different surfacesmade a significant contribution to
the observed trends of the ensemble averaged MSD
illustrated in Figure 3a; i.e., some of the apparent
subdiffusive behavior was due to an increasing immo-
bile fraction of steps for surfaces with higher pillars.

We also found that the mobile fraction of steps
exhibited subdiffusive behavior on the pillar-pat-
terned surfaces. To see this clearly, we normalized
G(r,τ) (calculated for different values of τ) by the factor
xnorm = r/τ0.5 to account for the dependence of r∼ τ0.5

expected for Fickian diffusion. As expected, we found
that the tails of the normalized G(r,τ) at different
τ were similar to those for PEG on flat surfaces
(Supporting Information Figure S3a), again consistent
with approximate Fickian diffusion during hopping.
However, the tails of the normalized G(r,τ) for PEG on
patterned surface did not collapse onto a master curve
(Supporting Information Figure S3b), demonstrating that

Figure 3. Mean squared displacement versus time interval. Symbols represent data from (a) experiments for PEG on either
flat (0 nm) or pillar-patterned surfaces, or (b) Monte Carlo simulations using the parameters shown in Supporting Informa-
tion Table S1. In all cases, the solid lines represent power-law fits to the form MSD = 4Dτξ. The best-fit exponents are
annotated at right.

Figure 4. Step-size distribution of PEG on a (a) flat surface and (b) surface patterned with topography of 4.5 nm in height at
τ = 0.1 and 1 s. (c) Step-size distribution of PEG on flat and pillar patterned surfaces at τ = 1 s. The symbols denote the
experimental data, and the solid lines indicate the simulation results using the models described in the main text. The
parameters in the simulation were listed in Supporting Information Table S1. The gray line in (c) represents the result of a
simulation with completely permeable obstacles as described in the text. The curves in (c) were shifted downward by factors
of 1/9, 1/50, and 1/500 for PEG on the surfaces with 3.4, 4.5, and 6.9 nm topography, respectively.
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the hopping motion itself was subdiffusive on the
pillar-patterned surfaces.

The overall shape of G(r,τ) depended on the value of
τ. For short time intervals (e.g. τ = 0.1 s), the distribu-
tions were heavy-tailed, decaying more slowly than a
Gaussian distribution. Interestingly, for larger time
intervals (e.g. τ = 1s), the tails of G(r,τ = 1s) reverted
to an approximate Gaussian (Supporting Information
Figure S2 and Figure 4) form, consistent with expecta-
tions from the central limit theorem. Qualitatively, we
observed decreased step-size statistics with increasing
pillar height (Figure 4c).

The intermittent hopping was further evaluated by
calculating the waiting-time intervals, τdes, between
two consecutive hops in a trajectory. The threshold
distance used to distinguish hops from immobilization
was defined as 0.2 um, consistent with the parameters
that were used to define the fraction of immobile
polymers. Figure 5 shows the waiting-time distribu-
tions of PEG on both flat and patterned surfaces after
removing the immobile polymers of trajectories. For all
samples studied, the distribution could be character-
ized by approximate power-law behavior ψ(τdes) ∼
τdes

�(1þR) with R decreasing systematically from 1.7 to
1.1. In the case of a single binding energy barrier, the
waiting time distribution would be a decaying expo-
nential. The observed power-law distribution, there-
fore, suggested a spectrum of binding energies, as
was also observed in previous work with a variety of
molecular species.22 Interestingly, on the pillar-
patterned surfaces, the power-law parameter R in the
relation ψ(τdes)∼ τdes

�(1þR) decreased with increasing
pillar height suggesting that the increased surface
area, and/or increased area of curved surface, asso-
ciated with the topographically patterned surfaces
may have facilitated strong binding with a wide variety
of polymer configurations.

It is important to note that while the waiting time
distributions and the fundamental step-size distribu-
tion (as discussed further below) exhibited approxi-
mate power-law behavior within experimentally acces-
sible time and length scales, these are only approx-
imate expressions and do not necessarily reflect the
behavior at extreme values. Presumably, the deviation
from power law behavior at shorter/longer time and
length scales results in well-behaved distributions that
satisfy the central limit theorem (i.e., they have well-
defined first and second moments).

Taken together, the experimental observations
described above clearly indicated that the pillar-
patterned surfaces influenced the polymer motion
in several ways. In particular, they systematically
decreased the polymer surface mobility with increas-
ing pillar height, specifically resulting in an enhanced
fraction of immobile species, a broader distribution of
waiting times, increasingly subdiffusive MSD curves,
and a narrowing of the non-Gaussian step-size dis-
tributions.

CTRW Simulations with Obstructions. In previous work,
the intermittent hopping of molecules on surfaces was
successfully modeled as a continuous time random
walk (CTRW) using power-law step-size (approxi-
mating the predictions of analytical theory) and
waiting-time (based on empirical observations) dis-
tributions.21 The CTRW model is typically used to
describe stochastic switches between immobilization
and mobilization with given distributions of jump
lengths and waiting times. Due to the topographic
complexity of the patterned surfaces, a standard CTRW
model was not sufficient to describe the polymer
diffusion on such surfaces. Therefore, we hypothesized
that a CTRW incorporating obstacles could potentially
describe the statistics of the trajectories observed
here and provide insight into the mechanistic role of
the topographical heterogeneity. We chose to model
the height of pillars by incorporating semipermeable
obstacles, with the idea that a taller pillar would have a
greater chance of interrupting a givenmolecular “hop”
than a shorter pillar. The computational details of the
CTRW simulations with obstructions can be found in
the Experimental Details section. It should be noted
that in the simulations, a PEG molecule can adsorb on
both the pillars and substrate, but obstruction can take
place only when a diffusion molecule attempts to
move to a lattice site that is occupied by a pillar.

The parameters used in the simulations were
designed to be as similar as possible to the associated
experimentally measured values. For example, we
placed randomly distributed obstacles on the simu-
lated “surface” with an areal coverage of 32.6% be-
cause the volume fraction of PMMA in the PMMA-b-PS
block copolymer thin film (the template) was ap-
proximately 30% and the areal coverage of the pillar
array was determined to be 32.6% using direct image

Figure 5. Distribution of waiting times between intermit-
tent hopping events. Symbols denote the experimental
data for PEG on flat and topographically patterned surfaces
after removing trajectories of the immobile polymers.
Curves for data on 3.4, 4.5, and 6.9 nm topographically
patterned surfaces are shifted downward by factors of 1/10,
1/100, and 1/1000, respectively. The solid lines show ap-
proximate power law exponents, �(1 þ R), for flat and
6.9 nm patterned surfaces, as annotated.
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analysis of electron micrographs. Also, the molecules
were divided randomly into two groups, immobile
polymers and mobile polymers, based on the experi-
mentally measured immobile and mobile population
fractions (Figure 2d). The immobile polymers were fixed
at the same lattice site for a given lifetime. To model
the mobile polymers, we simulated two-dimensional
CTRW dynamics using power law functions for the
waiting-time distribution ψ(τdes) ∼ τdes

�(1þR) and the
step-size distribution f(r) ∼r�β based on our experi-
mental observations. The values of parameters
used in the simulations are listed in Table S1 in the
Supporting Information. In the simulations, the para-
meter P, which determined the permeability of the
obstacles, was the most significant undetermined
parameter.

Comparison between Experiments and Simulations. The
CTRW simulations with obstructions were compared
with the experimental observations. As mentioned
above, four main features, the step-size distribution
f(r), the waiting time distributionψ(τdes), the fraction of
immobile species F, and the permeability parameter
Pwere required tomodel the surface diffusion in CTRW
simulations. The parameters associated with the step-
size distribution f(r), the waiting time distribution
ψ(τdes), and the fraction of immobile species F were
chosen to be similar to the experimentally measured
values, leaving the parameter P (conceptually related
to pillar height) as the only undetermined parameter in
the simulations. By systematically increasing P from 0
(on the flat surface) to 0.5 (on the 6.9 nm patterned
surface), the simulations successfully represented the
experimental step-size distributions at different values
of τ (Figure 4a,b), or at the same value of τ on patterned
surfaces with different pillar heights (Figure 4c). The
values of P that best described our data were 0, 0.30,
0.35, and 0.50 for d = 0, 3.4, 4.5, 6.9 nm, respectively.
This suggested that 3.4 nm pillars have a 30% prob-
ability to block a flight encountering the obstacle,
while the blocking efficiency increased to 35% and
50% for the 4.5 and 6.9 nm pillars, respectively.

We also compared the simulation results with
experimental MSD measurements. Using the same
parameters that gave satisfactory agreement with
step-size distributions, the plots of simulated MSD
against τ are shown in Figure 3b, where the scaling
parameters ξ of the simulated MSD data versus τ were
in excellent agreement with the experimental results
on various patterned surfaces (Figure 3). In particular,
the simulations for obstacles that were increasingly
efficient at blocking trajectories became increasingly
subdiffusive, as was also observed experimentally for
taller pillars.

To test the sensitivity of this analysis, we kept P = 0
(i.e., completely permeable obstacles) while adjusting
the parameter β in the step size distribution, f(r), and
the immobile fraction, F, to fit the data. However,

manipulating these two parameters failed to provide
good agreement with data in all cases, i.e., the simula-
tions were not consistent with the scaling of the MSD
data and the behavior of G(Δx,τ) at different τ. Like-
wise, if we kept P = 0, systematic changes to the
parameter R in the waiting time distribution, ψ(τdes),
and the immobile fraction F did not produce satisfac-
tory fits for PEG on the various surfaces. An example is
shown in Figure 4c (the gray line) for a simple CTRW
simulation with permeable obstacles (P = 0), that used
parameters appropriate for PEG on the surface with
3.4 nm pillars. Importantly, this indicated that the
observed subdiffusive behavior could not be described
simply by changing the waiting time distribution
and immobile fraction. Taken together, these tests
indicated that it is vital to include obstructed diffusion
to achieve consistency between simulations and ex-
periments.

Microscopic Interpretation. The observations pre-
sented above suggest that pillars influenced the
dynamics of polymer surface transport in three sig-
nificant ways: the immobilized fraction was increased,
the distribution of waiting times broadened, and flights
were obstructed. In the first and second cases, these
conclusions were based on clear empirical evidence,
e.g., the increase of the immobilized fraction shown in
Figure 2d and the broadening of the waiting time
distributions shown in Figure 5. Both of these phenom-
ena occurred on time scales that were directly acces-
sible, and were likely related to the existence of strong
binding sites and/or a greater number of strongly
bound conformational states (entropic stabilization)
in the vicinity of the pillars. As described above, the
heavy-tailed nature of the waiting-time distribution,
suggested the presence of a broad spectrum of bind-
ing energies, possibly related to sequential and inde-
pendent desorption of individual segments. In pre-
viouswork, we carefully studied the dependence of the
waiting time distribution (and mean waiting time) on
molecular weight on “flat” hydrophobic surfaces, and
observed scaling behavior thatwas consistentwith “3D
coil” molecular conformations, as opposed to pan-
cakes, suggesting that molecular relaxation to flat-
tened conformations was slow compared to the
typical desorption rate.21

As demonstrated above, however, the increased
immobile fraction and lengthened waiting-time distri-
butions were not sufficient to describe the observed
phenomena, including the subdiffusive nature of the
mean squared displacement and the narrowing of
the step-size distribution. Therefore, we attempted to
describe these additional effects of the pillars in the
context of desorption-mediated interfacial dif-
fusion.26,51 In this theory, adsorbate molecules detach
from an interface and execute three-dimensional
“flights”, re-encountering the interface with a distribu-
tion of first-return times. Most of the return times are

A
RTIC

LE



WANG ET AL. VOL. 9 ’ NO. 2 ’ 1656–1664 ’ 2015

www.acsnano.org

1662

very short; however, since the readsorption probability
is not unity,mostmolecules executemultiple hops prior
to readsorption. These flights, and their potential
obstruction, occur on time scales that are not experi-
mentally accessible. For example, using results from a
previous study,7 we can estimate a fundamental
time scale associated with the Brownian motion of a
40 kg/mol PEG molecule in the aqueous phase, e.g.,
the time required to diffuse a distance equivalent to the
molecular size, or to the characteristic size of surface
features. Such a calculation results in time scales on
the order of ∼1 μs, which is many orders of magnitude
shorter than the temporal resolution of our experiments.
Because of this discrepancy in time scales, we used
kinetic Monte Carlo simulations to explore the influence
of obstacles on such flights. In particular, it has been
shown that obstructed diffusion can result in decreased
diffusivity52�54 and anomalous diffusion.55�58

The simulations were based within the framework
of CTRW phenomena, where a waiting time distribu-
tion and a flight-length distribution are required
to describe motion.21,22 The distributions used were
simplified power law distributions based on empiri-
cal observations, with no undetermined parameters.
Semipermeable obstacles were placed randomly at the
experimentally measured density, and the effect of
obstacle permeability was explored. We found that by
systematically decreasing the obstacle permeability,
the mean squared displacement became increasingly
subdiffusive, and the step size distribution (at a given
time interval) became narrower. The same trends were
observed experimentally for obstacles of increasing
height. Notably, we identified particular values of the
permeability parameter P that provided excellent
agreement with all aspects of the measured data

(which could not be explained in the absence of the
obstacles). Interestingly, the data for taller pillars cor-
responded to simulations with less permeable obsta-
cles. This led us to envision the obstacles as serving to
confine the hopping adsorbate molecules, increasing
the number of surface encounters, and therefore re-
ducing the probability of very long flights.

CONCLUSIONS

The present study addresses a fundamental ques-
tion regarding how individual polymer chains diffuse
on surfaces with topographic complexity. Diffusion of
individual polymer chains on the pillar-patterned sur-
face, identified by high-throughput single-molecule
tracking, exhibited intermittent hopping with de-
creased (and subdiffusive) mobility and longer waiting
times than on flat surfaces. This behavior was quanti-
tatively modeled using simulations of CTRW motion
that incorporated semipermeable obstacles.
The obstruction to surface transport created by

topographic structure has significant implications for
real-world molecular processes that involve surface
diffusion, since the aspect ratio of surface structures
(topographically patterned surfaces) is expected to
impact the nature of the motion. For example, in
heterogeneous catalysis, polydisperse nanoparticles
are often deposited on larger inert support powders.
Although the primary motivation for this catalyst
structure is to increase the accessible surface area of
the expensive catalyst, we suggest that catalytic activ-
ity, which depends both on the accessibility of reactive
sites to reactants and the ability of products to be
removed from the surface, may be highly sensitive to
the detailed structure of the catalyst particles, not only
their size, but also their placement.

EXPERIMENTAL DETAILS

Materials. Hexamethyldisilazane was purchased from Fisher
Scientific. Block copolymer polystyrene-b-poly(methyl meth-
acrylate) (PS-b-PMMA) was purchased from Polymer Source,
Inc. (Dorval, Quebec, Canada) and used as received. The number-
average molecular weightsMn of the PS and PMMA blocks were
46 and 21 kg/mol with a polydispersity index (PDI) of 1.09. The
polymer chain, amino-terminated methoxy poly(ethyelene
glycol) (PEG) with Mn = 40 kg/mL was reacted with fluorescein
isothiocyanate (PEG, Nanocs). Our control experiments showed
that fluorescein isothiocyanate did not adsorb on the surface
studied, eliminating the possibility that polymers adsorb by their
fluorescent tag. The PEG was dissolved in 1 mM sodium borate
buffer at concentrationsof 10�14 to10�12M, enabling the surface
coverage to be lower than 0.03 molecule/μm2. We can eliminate
the likelihood for any polymer�polymer interactions at such low
concentrations.

Surface Preparation. To prepare the flat surfaces, fused silica
wafers were washed by a 2% Micro 90 solution and then rinsed
with water. Wafers were then immersed in a 70 �C piranha
solution for 4 h followed by a UV�ozone treatment for 0.5 h and
were finally exposed to hexamethyldisilazane vapors for 24 h at
room temperature in a vacuum desiccator to prepare a tri-
methylsilane (TMS) monolayer. Following deposition, wafers

were rinsed with toluene and water, dried under nitrogen
gas before assembly into a custom-designed flow cell for
experiments.

To prepare patterned surfaces, PS-b-PMMA copolymer was
dissolved in toluene (analytical grade, Fisher) at room tempera-
ture for 24 h to prepare a 1.5 wt%polymer solution. PS-b-PMMA
thin films were fabricated by spin-coating at 4000 rpm for 45 s.
Block copolymer films were annealed at 190 �C for 24 h in a
vacuum chamber. Following thermal annealing, the PMMA was
removed using UV exposure, acetic acid washing and oxygen
plasma etching. Linear PDMS (4000 cSt kinematic viscosity,
Aldrich) in heptane with varying concentrations in the range
of 0.1�0.2wt%was spin-coated onto the PMMA-removed films
at 2000 rpm and annealed at 80 �C for 6 h under vacuum. Then,
the surface was treated by oxygen plasma and a brief CF4
plasma etch. Finally, the surfaces were exposed to hexamethyl-
disilazane vapors for 24 h at room temperature in a vacuum
desiccator and rinsed with toluene and water before imaging.

Total Internal Reflection Fluorescence Microscopy. Experiments
were performed using a Nikon TE-2000 microscope with a
60� water immersion objective outfitted with a custom-built
prism-based illumination system. An EMCCD camera (model
Cascade-II:512, Photometrics, Inc.) operating at �95 �C was
employed to capture sequences of images with an acquisition
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time of 0.1 s. A Cobalt Samba laser emitting at 491 nmwas used
as the excitation source for the fluorescent label. The laser was
carefully oriented to produce an evanescent field at the inter-
face between fused silica and aqueous solutions. At least 30
movies with 100 s duration were continuously captured on at
least four different surface regions. The measurements were
repeated on multiple days. The movies were analyzed by
binning the movies into small time intervals. Within each bin
the objects were identified and tracked by a custom-designed
tracking algorithm.

CTRW Simulation with Obstructions. Amodified 2D square lattice
CTRW simulation was designed to incorporate obstacles in the
followingway. Each lattice sitewas equivalent to a 0.01� 0.01μm
area, and an obstacle was modeled as a square containing four
lattice sites. The obstacles were randomly distributed on the
lattice with an area fraction of 32.6%. The walker, a PEG chain
with hydrodynamic radius RH ≈ 5 nm occupied a lattice site,
initially chosen at random. Mimicking the experimental results,
the walkers were divided randomly into two groups, immobile
polymers and mobile polymers, based on the experimentally
measured immobile and mobile population fractions. The
immobile polymers were fixed at the same lattice site for
a given lifetime and the apparent position was determined
by a Gaussian distributed noise function, exp(�r2/l2) with
l = 0.06�0.09 μm dictated by the experimental localization
precisionof a given experiment. Formobile polymers, themotion
of the molecules alternated between periods of immobility and
mobility with an experimentally measured waiting time distri-
bution ψ(τdes) ∼ τdes

�(1þR) for tb < τdes < te, where tb and te are
the upper limit and lower limit of τdes. During the waiting times,
the apparent molecular location was represented by a Gaussian
noise function, as mentioned above. During each mobile pe-
riod, a step was drawn from the step-size distribution f(r) ∼ r�β

with rb < r< re, where rb and re are the upper limit and lower limit
of r. For the desorption-mediated hop, the distribution of step-
size scales from f(r) ∼ r�1 to f(r) ∼r�3 at small and large r,
respectively. In our current work, we found that the value of
β= 2.1 was a good representation to sample r over a large range
of length. For each sampled step size r, themolecule executed a
random walk on the square lattice with an appropriate number
of steps to explore the distance r (n = r2/0.0001). During the
random walk, if a molecule attempted to move to an adjacent
lattice site occupied by an obstacle, there was a probability, P,
that the move was not accepted, and particle remained in its
original place and canceled its next two steps to simulate the
interaction between polymer and obstacles. Thus, P was de-
fined to represent the probability that a given obstacle would
successfully block a given step. The detailed simulation param-
eters are given in Supporting Information.

Ellipsometry Measurements. We employed a variable-angle
spectroscopic ellipsometry (J.A. Woollam, Lincoln, NE) to esti-
mate the thickness of patterned surface films. Oxidized silicon
wafers (WRS Materials) were used as substrates for the ellipso-
metry measurement. The chemical properties of the native
oxide of silicon wafers are expected to be similar to the fused
silica. An isotropic three-interface optical model was used to fit
the change in phase and amplitude of the polarized light
measured at varying angles in the range of 60� to 80� with 5�
for each step.

Scanning Electron Microscope. The surface structures were im-
aged by a JEOL JSM-7401F scanning electron microscope (SEM)
operating at a 1 kV sample bias and a 2 kV accelerating voltage.
The emission current used was 1 mA. To optimize the image
quality, silicon wafers were used as substrates for the SEM
measurements. The chemical properties of the native oxide on
silicon wafers are expected to be similar to the fused silica.
Moreover, the surfaces were always functionalized with
a ∼ 5 nm layer of random copolymer PS-r-PMMA. Therefore,
the self-assembly of PS-b-PMMA and the succeeding processes
were expected to be insensitive to subtle differences oxides on
theunderlying substrate. In fact, our control experiments showed
that the surface morphologies in each step of surface processing
were very similar on fused silica and oxidized silicon wafers.
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