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ABSTRACT The inherent pore-scale heterogeneity of many natural and synthetic porous materials can
make it difficult to model and predict porous transport because the underlying microscopic processes are
often poorly understood. Here we present the results of single-particle tracking experiments in which we
followed the pore-scale diffusion of individual nanoparticles, deep within a three-dimensional porous
material of moderate porosity. We observed significant hydrodynamic damping of particle motion at

subpore length scales, resulting in heterogeneous and spatially dependent mobility. The accessibility of the void space was strongly dependent on particle

size, and related to the heterogeneous hydrodynamics. Our results suggest that pore-scale diffusion is more heterogeneous and volume accessibility more

limited than previously expected. The method demonstrated here will enable studies of a broad new class of materials including porous polymers of

technological interest.
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rom the fissured stone underground
to the engineered membranes used to
separate chemicals, porous materials
are found throughout nature and technol-
ogy. The solid porous matrix imposes bar-
riers to diffusion within the void space. In
some cases, like filtration membranes’ and
size-exclusion chromatography,” hindered
transport is required for technological func-
tion. In other cases, like porous tissue
scaffolds,>* treatment of tumors® and re-
source extraction,®” slow transport through
the porous network may be undesirable.
Whether or not it is beneficial, hindered
diffusion within porous materials is critical
to many phenomena and applications, but
we have an incomplete understanding of
the microscopic processes that combine to
produce the macroscopically observed
transport. Most theoretical models used
to describe porous diffusion, start with a
microscopic description of particle dynamics
at the length scale of a single pore®~'* The
dynamics are then averaged over the
heterogeneous porous structure to arrive
at the macroscopic transport properties.
However, most experimental efforts have
focused on the dynamics over length scales
larger than a single pore or measured
ensemble behavior, where the microscopic
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mechanisms that gave rise to porous trans-
port are obscured.' " This has made it
difficult to determine the underlying origin
of the frequently observed anomalous
diffusion in heterogeneous environments,
particularly in in biological systems. 2023

Pore-scale dynamics are particularly
important when chemical reactions take
place within the confines of the porous
medium.>** For heterogeneous catalysts
and biological systems, pore-level details
can influence reactions and signaling
events by modifying the statistics of the
underlying search process. Significant pro-
gress has been made in describing the
statistical properties of complex diffusion
processes,*® particularly in their application
to biological systems.?” Predictions have
also been made for how confinement
geometry can influence mass transport in
unexpected ways.*®2° With a deeper under-
standing of pore-scale diffusion, it may be
possible to design more efficient catalysts
and mass separators.

To uncover the microscopic mechanisms
of porous transport, experiments are needed
that track the motion of individual particles
from subpore to macroscopic length scales.
Pioneering work from the Brauchle group
used single molecule trajectories to visualize
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the heterogeneous structure and diffusive dynamics in
porous silica.3**! Other experiments have focused on
high porosity gel networks,***3 colloidal suspensions®*
or microfabricated models.3>* What has been missing
are single-particle experiments in three-dimensional
porous materials of moderate porosity that go beyond
system specific behavior.

To address this need, we developed an experimental
system that allows imaging of single particle motion
deep (~20 um) within a three-dimensional porous
polymer film. Optical imaging of porous materials is
difficult because refractive index differences between
the voids and solid matrix refract light. In the past, this
difficulty has been overcome by using either sub-
wavelength pores (e.g., nanoporous glass*°) or sub-
wavelength solid matrix (e.g., gel networks®>33). The
other solution is to permeate the voids with a liquid
that has the same refractive index as the solid matrix.
Until now, this index-matching technique has been
restricted to solid matrices composed of fused
silica'”"® or poly(methyl methacrylate),®* thus limiting
the scope of technologically important porous materi-
als that could be studied.

In the first part of this work, we present a method for
index-matching a porous polymer material, which will
enable imaging within a broad new class of materials.
The method involves permeating the pores with a
unique, polar and high refractive index liquid, thio-
diethanol (TDE). The polarity, miscibility with water and
high refractive index (n = 1.52) of TDE enables optical
imaging within a variety of technologically relevant
porous materials, including those often used in sepa-
ration processes, like borosilicate glass (n ~ 1.52),
poly(vinylidene fluoride) (n ~ 1.42), and nitrocellulose
(n ~ 1.50), and biomaterial scaffolds, like poly(ethylene
glycol) (n ~ 1.46) and poly(.-lactic acid) (n ~ 1.46).

We then present results of experiments imaging the
diffusive motion of submicron fluorescent colloidal
particles (40, 100, and 200 nm) within a porous polymer
film of moderate porosity. The disordered network of
0.1—10 um pores and voids gave rise to heteroge-
neous, non-Gaussian and subdiffusive particle dy-
namics. Spatial maps of particle occupancy indicated
surprisingly strong pore-exclusion effects, with larger
particles being confined to a few large pores. The data
also highlighted the significance of hydrodynamic
interactions on the motion of confined particles: even
at length scales much smaller than the pore size,
particle motion was much slower than in the uncon-
fined bulk liquid.

RESULTS

Tracking Particles in the Disordered Pore Space. In order to
image particle motion microns deep in the porous
polymer, it was necessary to fill the void space with a
liquid of the same refractive index as the polymer
matrix, n = 1.52. We required a liquid that (1) was
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Figure 1. Imaging colloid motion in the void space of a
porous film. (@) Scanning electron microscopy (SEM) image
of the porous sample, showing the free surface, the surface
in contact with the microscope coverglass and the approx-
imate imaging plane. (b) A composite illustration showing a
higher magnification image of the porous sample and the
relative size of the fluorescent tracer particles.

transparent, (2) had a refractive index n ~ 1.52, and
(3) did not swell or dissolve the solid matrix or tracer
particles. The requirement that the liquid not swell the
polymer matrix greatly reduced the number of candi-
date liquids because many liquids with a refractive
index n ~ 1.52 are also nonpolar and good solvents
for organic compounds. Thiodiethanol (TDE) met
the above requirements; it has a refractive index of
n =1.52, it is sufficiently polar to make it miscible with
water, and it is transparent.’ To test the suitability of
TDE with the polymer sample materials, we immersed
a bulk NOA65 sample in TDE and found there to be no
change in material properties after 1 week, and there
was no evidence of fluorescence leaching from the
polystyrene particles suspended in TDE for more than
3 months.

We permeated the void space of the porous poly-
mer samples with TDE containing a dilute concentra-
tion of fluorescent colloidal particles (volume fraction
107* < ¢ < 10 or number density n ~ 10°/mL). The
refractive index match between TDE and polymer
matrix enabled the use of epifluorescence microscopy
to track the motion of individual particles as they
diffused within the voids near the midplane of the
porous film (Figure 1). In initial experiments, we found
that particles were completely immobilized within
the voids, presumably adsorbed to the pore walls.
Although transient binding to the pore walls may be
valuable to study in future experiments, our goal in this
work was to understand purely geometric obstruction
effects, so we added 17% by volume of a nonionic
detergent, Triton X-100, to the TDE permeating liquid,
which mobilized the particles and only slightly
decreased the refractive index of the liquid solution
(n ~ 1.51). Plotting the accumulated two-dimensional
particle trajectories revealed the underlying void space
structure (Figure 2). The reduced spatial extent of the
larger particle trajectories, which is integrally related to
hindered particle dynamics, will be discussed later in
the paper.

To characterize the void space morphology, we
used confocal laser scanning microscopy to image a
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Figure 2. Single particle trajectories confined to the void space. (a) SEM image of the porous network with porosity ¢ =0.50
0.07. (b) The chord length (gray) and confinement length (black) distributions measured in the void space (symbols). The
mean chord length / (i.e., mean void size) and the mean confinement length, / ,, obtained from a fit to the k-Gamma
distribution (solid line, see Methods S1 of the Supporting Information), are annotated. Displayed at the same spatial scale as
the SEM image (a) are trajectories of 40 nm (c), 100 nm (d) and 200 nm (e) particles. The absence of trajectories near the

perimeter in (c), (d) and (e) is the result of different illuminated areas in the experiments.

three-dimensional section of the permeating liquid,
which was fluorescently dyed. The confocal data re-
vealed a disordered void network similar to that ex-
posed in the SEM images, albeit at lower resolution
(Figure S1 of the Supporting Information). Using the
two-dimensional confocal sections, we measured the
void volume fraction ¢ = 0.50 & 0.07 (i.e., porosity), the
distribution of chord lengths (Figure 2b),*® which
characterize the size of the void spaces, and the
distribution of minimum chord lengths (i.e., confine-
ment lengths), which characterize the length scale of
maximum confinement (Methods S1 and Figure S1 of
the Supporting Information). An independent measure
of porosity based on the change in sample mass upon
saturating with fluid, ¢ = 0.52 4 0.02, agreed well with
the confocal value.

Hydrodynamic Interactions and Spatially Heterogeneous
Diffusion. We expected the confined particles to diffuse
more slowly due to geometric confinement by the
solid matrix, but we found that hydrodynamic interac-
tions between the particles and pore walls had a more
significant influence on particle mobility. At even the
shortest times accessible experimentally, particle mo-
tion was slowed compared to the unconfined bulk
(Figure 3). At short times, based on the particles' bulk
diffusion coefficients (Table S1 of the Supporting
Information), we expect few collisions between the
particles and the pore walls. In 0.1 s, on average, the 40,
100, and 200 nm particles moved 187 nm, 122 and
89 nm respectively, which was an order of magnitude
less than the average void size, but the diffusion
coefficients were reduced by 50, 49 and 60%, respec-
tively (Figure 3 and Table S1 of the Supporting
Information).

To isolate the influence of geometric confinement
on particle dynamics, we performed lattice Monte
Carlo simulations of random walks within the imaged
void space (Methods S2 of the Supporting Information).
The simulations, which did not include hydrodynamic
effects, produced only a minor reduction in the
diffusion coefficient at short times (solid lines in
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Figure 3. Confinement leads to a decreasing time-
dependent diffusion coefficient. (a) The time-dependent
diffusion coefficient, D(At) = (r*)/4At, for each of the particle
sizes, in unconfined bulk liquid and confined within the
porous network. The lines connecting the symbols are a
guide to the eye. Error bars are the standard deviation
between data from n > 3 porous samples or n = 5 subsets of
data in the unconfined bulk. Solid lines are results from
random walk simulations within the porous voids as
described in the text. (b) The time-dependent diffusion
coefficient normalized by the bulk diffusion coefficient D,
and an analytical prediction for the limiting diffusion coeffi-
cient based on the porosity of the medium*® (dashed line).

Figure 3). The experimentally observed reduction in
confined diffusion coefficient was also much greater
than analytical predictions for diffusion in the pres-
ence of circular obstacles in the absence of hydro-
dynamics.>® For a porosity of ¢ = 0.5, the effective long-
time diffusion coefficient is predicted to be Dgs (¢p) =
Do/(1 4+ 0.5(1 — ¢)) = 0.8(Dy), where Dy is the uncon-
fined bulk diffusion coefficient (Figure 3b).3° Taking
into account higher order correlations in the porous
structure further reduces the effective diffusion coeffi-
cient, Degt (¢ = 0.5) ~ 0.75(D,).>° This reduction is similar
to what we observed in the simulations (Figure 3) at
long time intervals, but the predicted values remained
much greater than the experimentally measured va-
lues of ~0.5D,. We attribute this greater than expected
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reduction in diffusion coefficient to the presence of
long-range hydrodynamic damping of confined parti-
cle motion.

Hydrodynamic interactions increase the frictional
damping of particle motion, and expressions have
been developed to estimate the magnitude of hydro-
dynamic damping in simple geometries, such as
cylinders and near flat walls.*® To estimate the hydro-
dynamic drag on the particles confined in the hetero-
geneous void space, we used the superposition
approach shown by Imperio et al. to accurately de-
scribe hydrodynamic damping in microcavities.*® We
approximated confinement with a cubic box of side
length h, and calculated the average hydrodynamic
drag on a particle of radius R by summing over the
contributions from each of the six walls (Methods S3
of the Supporting Information). We then averaged
over different confinement lengths h, given by the
experimental distribution of minimum chord lengths
(Figure 2b). Using this model, we expected a reduced
diffusion coefficient of 0.72, 0.57, and 0.43 for the
40 nm, 100 and 200 nm particles. While this calculation
provided significantly improved agreement with the
measurements, the estimates were systematically
higher than the experimental values of 0.50, 0.51 and
0.40, and the difference systematically increased with
decreasing particle size. A possible explanation for this
discrepancy is that the limited confocal resolution
(~200 nm) produced an overestimate of the mean
confinement length, and limited our ability to charac-
terize some void spaces accessible to the smallest
particles. The significance of hydrodynamic interac-
tions in determining the reduced diffusion of confined
particles has been observed in other experiments at
large length scales."' Our results highlight the im-
portance of hydrodynamics at subpore length scales,
and short time scales, where geometric obstruction has
less influence.

Although the tracer particles varied in size by al-
most an order of magnitude, the normalized time-
dependent diffusion coefficient, D(At)/D,, behaved
similarly in all of the experiments (Figure 3b). (The
similar time-dependence was also reflected in the
temporal scaling of the mean square displacement,
i.e., the anomalous diffusion exponent (Figure S2 of the
Supporting Information).) This was probably due to the
broad distribution of void sizes (Figure 2b). It has been
shown that diffusion in highly disordered structures is
insensitive to particle size, because particles, regardless
of size, experience similar confinement*' A greater
dependence of diffusion on particle size is expected in
ordered porous structures, and was observed in
a number of experiments.'”” Interestingly, with
ordered cylindrical obstacles, the reduction in diffusion
was more modest than we observed,? and might
reflect the difference in hydrodynamic interactions
with obstacles of different dimensionality (i.e., quasi
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Figure 4. Distributions of particle displacements are non-
Gaussian when particles are confined in the porous medi-
um. (a) Displacement probability distributions for each
particle size confined to the porous medium and in uncon-
fined bulk liquid, calculated for At = 0.1 s. The dashed lines
are Gaussian fits to the porous 200 nm data and unconfined
liquid 40 nm data. (b) The non-Gaussian parameter
a = {AxM/[3(Ax*)?] — 1 as a function of lag time (o = 0 for
a Gaussian). The lines connecting the symbols are a guide to
the eye. Error bars are the standard deviation between data
from n = 3 porous samples or n = 5 subsets of data in the
unconfined bulk.

1D cylinders versus extended 3D objects).*> Porous
materials are generally categorized by a few structural
classes,” such as fibrous gels and packed fiber filters or
extended three-dimensional obstacles, like the materi-
al we studied, so the influence of hydrodynamics may
be qualitatively different in these different cases.
Non-Gaussian Displacements. The influence of hydro-
dynamic interactions was also evident in the probabil-
ity distributions of particle displacements (G;), which
were non-Gaussian over the full experimental range
of time intervals (Figure 4b). Even at the shortest
experimental time scales, when there were few direct
particle—wall collisions and the mean square displace-
ments were approximately Fickian (ie., D(Af) =
constant (Figure 3)), the displacement distributions
decayed more slowly than a Gaussian. Although
the smallest particles appeared to be the most non-
Gaussian (Figure 4b), the noise in the measurement
prevented us from assigning physical significance
to the differences between particle sizes. (The noise,
which is related to dividing two large, approximately
equal numbers, also limited the time range of the mea-
surement.) In the heterogeneous void space of the
porous medium, we expect that hydrodynamic
particle-wall interactions would give rise to a spatially
varying diffusion coefficient that would depend on the
local void size and position of the particle within the
void. In fact, spatial maps of mobility and trajectory
based analysis revealed spatially dependent mobility

VOL.9 = NO.2 = 2148-2156 = 2015 K@}Nﬁ@i{\j

WWwWW.acsnano.org

2151



and increasing heterogeneity with increasing particle
size (Figure S4 and Discussion S1 of the Supporting
Information). As a result, the ensemble displacement
distributions would reflect a collection of local diffusive
processes, each with a corresponding Gaussian of
different variance.

The same sum-of-Gaussians interpretation has
been used previously to explain diffusion in colloidal
systems,*® but in that case diffusion was temporally
heterogeneous rather than spatially heterogeneous as
observed here. Spatially dependent diffusion pro-
cesses have also been investigated theoretically***>
and observed in biological systems.*® Pursuing this line
of reasoning, we modeled the experimental displace-
ment distributions as a weighted sum of Gaussians,
Gy(Ax) = [ p(Ax,D)w(D) dD, where p(Ax,D) are elemen-
tary Gaussians corresponding to a diffusion coeffi-
cients D, and w(D) are the weights. Again using the
superposition model for hydrodynamic drag in micro-
cavities of size h,** and the experimentally measured
distribution of confinement lengths f(/,i») (Figure 2b),
we numerically calculated G4(Ax) = f P(AX,Dp—;, Jllmin)
dD; . With no adjustable parameters, aside from a
multiplicative constant, we found G4(Ax) to be non-
Gaussian, but quantitative agreement with the experi-
mental data was poor (Figure S5 of the Supporting
Information). This may reflect the heavily simplified
model used to estimate hydrodynamic drag, and we
would expect better agreement if we treated the
hydrodynamics in the true disordered void space, but
to our knowledge, there are no simple expressions for
hydrodynamics under such general conditions.

The non-Gaussian and non-Fickian diffusion that
we observed is expected to be transient. At long times,
after the particles have fully sampled the distribution of
diffusion coefficients w(D) and the distribution of void
sizes, the dynamics should converge to normal Gauss-
ian diffusion with reduced mobility governed by the
effective medium of the porous network. This raises
two questions: at what time and length scales will
diffusion become homogeneous and in what scenarios
is it important that the dynamics are heterogeneous
and anomalous at intermediate times? Regarding the
first question, we expected a transition to normal
diffusion at length scales greater than the correlation
length of the void space, r > &, which in our porous
sample was similar to the average void size, & ~
3.1 um (Figure S6 of the Supporting Information). The
length scale at which this transition occurs depends on
the structure of the void space; in particular for a highly
disordered space, the transition may not occur until
reaching a length scale an order of magnitude larger
than the correlation length.*” In our case, this would be
approximately 30 um, which is approaching the thick-
ness of the porous film (Figure 1a), and would cor-
respond to a time scale on the order of hours. Thus, it
might be important to consider diffusion heterogeneity
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when the physical dimensions of the porous material
(e.g., particle diameter or film thickness) approach the
correlation length of the porous network. Pore-scale
heterogeneity would also be important in the context
of confined transport-limited reactions and signaling
when sources and sinks are spatially localized (e.g., cells
immobilized in a porous scaffold) because local reac-
tion rates would be highly heterogeneous. Even
the average reaction rate can depend on pore-scale
details, because they modify the statistical properties
of the diffusing reactant.?* The influence of heteroge-
neity would be even more significant in cases where
reactive/binding sites themselves are spatially cor-
related because transport between sites might be
different than the average bulk transport rate. It has
also been shown that with increasing confinement,
reaction kinetics depend crucially on the spatial cor-
relation of the reactant and reactive site, giving rise to
so-called “geometry controlled kinetics”.%>

Transport-Dependent Pore Accessibility. We return now
to the discussion of the size-dependent accessibility of
the void space (Figure 2¢,d,e). We first address possible
equilibrium mechanisms before considering kinetic
mechanisms related to the confined hydrodynamics,
which we ultimately determined were responsible for
the observed void accessibility. The particles were
introduced into the void space along with the per-
meating liquid, so the initial particle configuration may
not have been at equilibrium. Therefore, the focus of
this discussion is on the extent to which particles, once
in the voids, explored the accessible volume. Surpris-
ingly, only the smallest 40 nm particles explored
a sizable fraction of the void space, despite the fact
that the mean void size, ~ 3.1 um, was an order of
magnitude larger than even the largest 200 nm particle
(Figure 2). The larger 100 and 200 nm particles
accessed systematically lower fractions of the void
space. This was true even when we normalized by
the total number of observations (Figure S7 of the
Supporting Information), which accounts for differ-
ences in statistical sampling related to the slower
diffusion of larger particles.

One possible explanation for the surprisingly small
accessible volume is that there were long-range repul-
sive interactions between the particles and pore walls,
which reduced the effective void size. We believe that
this is unlikely because in the absence of surfactant,
there was strong attraction between the particles and
solid matrix and it is unlikely that the addition of
nonionic surfactant changed the attractive interaction
into a micron length scale repulsive interaction. We
also used the diffusion coefficient in pure liquid to
estimate the hydrodynamic diameters of the particles
based on the Stokes—Einstein equation, D = kT/67tyR,
and the estimated sizes (62, 126, and 234 nm) were
systematically larger than the nominal sizes provided
by the manufacturer (40, 100, and 200 nm) but still
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much less than the typical void size. Another possible
explanation for the limited void accessibility is that the
connectivity of the void space was such that large
voids were only connected via a small number of
narrow passages. Void connectivity is not captured
by the distribution of void sizes, so we investigated
this possibility using confocal volumes and the simu-
lated random walks. After thresholding the confocal
volumes to identify the void space, we found that the
void space was fully connected (i.e., percolating) by
passages larger than the 100 nm dimensions of the
confocal voxels. We also simulated random walks with-
in the three-dimensional void space and we found that
even for 200 nm particles, the void space was fully
accessible (Figure S8 of the Supporting Information).
The random walks were simulated on the three-dimen-
sional lattice defined by the confocal volumes, where
during each simulation time step (determined by the
particle's diffusion coefficient) the particle was allowed
to execute a nearest neighbor step onto lattice sites
corresponding to void and not matrix. (Additional
simulation details are in Discussion S2 of the Support-
ing Information.)

Having ruled out equilibrium explanations of the
size-dependent accessibility of the void space, we
considered possible kinetic mechanisms involving
hindered transport. The initial random walk simula-
tions confirmed the connectivity of the void space, but
they did not account for the spatially dependent
hydrodynamics or the finite duration of the experi-
ments. It may be that the hindered particle diffusion
prevented particles from fully exploring the void space
within the approximately 1 h time scale of the experi-
ments. To test this possibility, we first simulated ran-
dom walks in which we accounted for the average
hydrodynamically reduced pore diffusion and the
finite duration of the experiments (Figure 5a). This
was implemented by adjusting the waiting time
between each simulated lattice displacement and
limiting the total length of the simulated trajectories.
In this case, the simulated trajectories accessed a smaller
fraction of the void space than before (Figure S8 of the
Supporting Information), but still the simulated walks
explored more of the voids than the experimental
trajectories (Figure S7 of the Supporting Information).
However, when we simulated random walks in the
presence of a spatially dependent diffusion coefficient
defined by the hydrodynamics, the walks accessed a
much smaller volume (Figure 5b). In this case, we
implemented a variable waiting time on each lattice
site, which was determined by the estimated local
hydrodynamic drag. These data suggest that the void
accessibility was dependent on the full heterogeneous
hydrodynamic details of the confined particle diffu-
sion. Accounting only for the average reduced mobility
was not enough because a gradient in diffusion coeffi-
cient, in this case the result of varying hydrodynamics,
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Figure 5. Space-dependent mobility slows particle explora-
tion of the void space. (a) The spatial probability density of
observing a simulated random walk within the imaged void
space, taking into account the average reduced particle
diffusion and (b) the spatially dependent diffusion coeffi-
cient. (c) The morphological skeleton, or medial axis, of a
portion of the imaged void space showing the selected path
along the skeleton used for further analysis. (d) The varying
confinement length (black traces) along the selected path
created a position dependent diffusion coefficient. Simulat-
ing diffusion along the path with an inhomogeneous diffu-
sion coefficient resulted in a larger mean escape time from
the indicated void compared to the case where the particle
experienced a constant average diffusion coefficient.

enforces a local drift in the particle displacements.*®4°
This in turn increases the time for a particle to escape
from a confining void. To illustrate this more clearly, we
extracted a random path through the imaged void
space and measured the confinement length as a
function of position along the path (Figure 5c). We
then simulated diffusion along this one-dimensional
path with either a position dependent diffusion coeffi-
cient given by the local confinement length, or a
constant average diffusion coefficient. We found that
the mean escape time from a particular void was ~60%
greater with a spatially dependent diffusion coefficient
compared to a constant average diffusion coefficient
(Figure 5d). This means that the rate at which particles
explore the void space is dependent on the full
description of locally varying hydrodynamics.

Our data suggest that the limited accessibility of the
void space was due to spatially dependent hydrody-
namic damping of particle motion and details of the
pore structure. Simple steric interactions or the
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average reduction in particle mobility alone were not
enough to explain the observed void accessibility. The
interpretation that transport controlled the accessibil-
ity of the void space is at odds with the typical
equilibrium interpretation of size-exclusion chroma-
tography, but there is still ongoing debate regarding
the underlying mechanism of size-exclusion.?*° Qur
interpretation also implies that the observed size-
exclusion was not fundamental to the porous system
we studied, but rather was a function of the time scale
of the observation. This highlights the importance of
hydrodynamics and pore structure in determining the
accessible volume at a particular time scale of interest.
The important point is that a simple comparison of
solute size and average pore size may not be enough to
determine the accessible pore volume and the time
scale for full exploration of the void space might be
much longer than anticipated.

CONCLUSION

We tracked the motion of individual nanoparticles as
they diffused within the disordered void space of a
three-dimensional porous medium. To image particle
motion deep within a porous material of moderate
porosity, it was necessary to permeate the pores with
an index matching liquid. The method we developed,
which uses a high refractive index polar liquid, will
enable studies of many new materials, which go beyond
the high porosity or low refractive index materials
studied in the past. For example, many porous polymers
of technological interest, such as poly(vinylidene
fluoride), nitrocellulose and poly(i-lactic acid) could
be investigated with this method. Using the method
to track the motion of nanoparticles in the liquid filled
voids of a porous polymer, we observed significant
hydrodynamic damping of particle motion that gave
rise to heterogeneous and spatially dependent
dynamics. Even at length scales much less than the
average void size, particle diffusion was reduced com-
pared to the unconfined case. These results highlight
the importance of hydrodynamics in confined diffu-
sion processes. In the context of porous diffusion

METHODS

Porous Polymer Synthesis. The porous polymer films were
synthesized using in situ photopolymerization during the
forced evaporation of an organic solvent (or mixture).>' The
solution consisted of a Norland optical adhesive 65 precursor
(NOAG65, Norland Products) and a cosolvent of carbon disulfide
(CS,, ACS reagent grade, Sigma-Aldrich) and isopropanol (IPA,
certified ACS plus grade, Fisher Scientific) with a formulation
(by mass) of NOA65/CS,/IPA = 10/40/50%. Note that IPA is a
nonsolvent for NOA65. To prepare this solution, NOA65 was first
added to a vial containing IPA and then CS, was slowly titrated
to prevent any precipitation. The film-forming process was car-
ried out in a home-built reaction chamber that allows variable
purging with N, to both remove the O, that is detrimental to
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models based on steric confinement, inclusion of
hydrodynamics would not only dampen motion, but
also introduce an additional degree of heterogeneity
due to subpore variations in diffusion coefficient. The
time scale of the heterogeneity, characterized by
the non-Gaussian statistics, would also increase with
increasing fluid viscosity.

We also observed unexpectedly strong size-exclusion
of the particles within the heterogeneous void space.
We attributed the limited void accessibility to a kinetic
mechanism of restricted transport caused by the spatial
dependence of the hydrodynamic drag. This could be
significant in heterogeneous catalysis applications
where unexpected restriction of pore access could make
a process transport-limited that was expected to be
reaction limited. It also means that separation processes
might become flow-rate dependent at lower fluid
velocities than expected, and because the kinetics of
void access depend on hydrodynamics, the separation
would also depend on fluid viscosity. Kinetic barriers
that slow the diffusive spreading of particles would
also influence the compactness of a search process
and the resulting reaction kinetics.2* It has been shown,
for example, that as the void escape time increases (e.g.,
Figure 5d) and the total diffusion coefficient decreases,
the reaction rate may be higher than the classical
prediction because the particles more thoroughly
explore the volume®* In general, our results suggest
that a simple comparison of particle and pore sizes may
overestimate the particle mobility and accessible
volume of the pore network, whether it be a chromato-
graphic material, drug-laden particle, or the interior
of a cell.

Our results leave several questions unanswered. For
example, how do attractive particle—pore wall interac-
tions influence dynamics and transport dependent re-
actions? In particular, will it be possible to distinguish the
contributions of attractive interactions, hydrodynamics
and confinement in systems where all three are present?
Using the approach that we presented here, we believe
that it will be possible to answer these questions and
further understand and control porous diffusion.

some photo-cross-linking reaction and to control the evapora-
tion rate of the solvent. For each film preparation, the N, stream
was purged for at least 5 min to saturate the reaction chamber
prior to the solution deposition. Subsequently, a 100 uL solution
drop was deposited onto the cover glass (untreated and air
blown for 1 min) by a micropipette and immediately exposed to
UV radiation at ~50 mW/cm? for 5 min, by use of an OmniCure
$2000 spot curing system with a notch filter (320—500 nm) and
a collimating kit. A field emission scanning electron microscope
(FE-SEM) (JEOL JSM-7401F) was used to characterize the cross-
sectional morphology of the as-prepared films.

Imaging Nanoparticle Diffusion. We imaged the diffusion of
submicron colloidal spheres suspended in a liquid that perme-
ated the void space of a porous polymer film. The colloid
spheres were fluorescent polystyrene of three different
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diameters: 40 nm (dark red, F-8789, Life Technologies) 100 nm
(orange, F-8800, Life Technologies) and 200 nm (yellow-green,
F-8811, Life Technologies). The particles were dispersed in a
5:1 mixture of thiodiethanol (TDE, Sigma-Aldrich) and Triton
X-100 (Sigma-Aldrich), by volume. This suspending liquid
matched the refractive index of the polymer matrix (n = 1.52)
and prevented particle binding to the pore walls. The particle
concentration was sufficiently low (volume fraction 107 %< p<
107°) to avoid particle—particle interactions and allow identifi-
cation of individual particles in the single-particle tracking
experiments.

The prepared polymer films were first soaked in isopropanol
(Sigma-Aldrich) for 48 h. Before an experiment, the polymer
sample was blown dry with nitrogen and then sealed in a
vacuum desiccator for approximately 1 h. Approximately
50 uL of fluorescent particle suspension was then pipetted onto
the top surface of the porous film, allowed to infiltrate the pores
and saturate the film (~10 min), and then equilibrated for 1 h.

After saturating the void space with the fluorescent particle
suspension, the porous samples were imaged using a modified
epifluorescence microscope (TE-2000, Nikon). Fluorescence ex-
citation was provided by one of three lasers, depending on the
particle being imaged: a 491 or 532 nm diode-pumped solid
state laser (Cobolt AB), or a 640 nm diode-pumped solid state
laser (Crystal Laser). Excitation light was delivered and the
fluorescence emission collected by a 60x, NA = 1.2, water-
immersion objective (Nikon). The emitted light was passed
through a 1.5 relay lens and imaged on an electron-multiplying
CCD camera (Andor iXon3), resulting in 145 nm/pixel at the
image plane. We imaged particle diffusion 20—30 um above the
polymer-glass interface, near the midplane of the porous film, at
a frame rate of 20 Hz for a total of ~1 h.

To identify and track the motion of individual particles in the
image sequences, we used custom software that implemented
the radial symmetry algorithm.>? Subpixel particle positions were
linked frame-to-frame into two-dimensional trajectories using a
nearest neighbor distance threshold of R=1.25, 1.5,and 2.0 pixels
for the 200, 100, and 40 nm particles, respectively. In some
samples, a small number of trajectories (~10) appeared immo-
bilized, and although they made up a small fraction of the total
trajectories observed (~0.1%), they significantly influenced the
measured dynamics. Therefore, trajectories with an end-to-end
distance <60 nm were excluded from further analysis.
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