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ABSTRACT: Close-packed nanoparticle monolayers have re-

cently been shown to form mechanically robust, free-standing
membranes. We report the first measurements of molecular

transport through such ultrathin sheets, self-assembled from
dodecanethiol-ligated gold nanocrystals. For aqueous solutions
we find filtration coefficients 2 orders of magnitude larger than
those observed in polymer-based filters, sieving of large solutes,
and for smaller solutes a pronounced dependence of rejection

on being charged. These results open up new possibilities for

controlled delivery and separation of nano-objects.
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or increased nanofiltration performance, and in particular
Fhigher throughput at lower applied pressure, reduction of the
filter thickness is advantageous. ~* However, reaching the limit
of a few nanometers is difficult when mechanical robustness and
tightly controlled pore size are also required. Here we introduce a
new ultrathin membrane that achieves this. It consists of sheets of
well-ordered ligand-coated metal nanocrystals that are draped
over a microfiltration disk for mechanical support. We use simple
drying-mediated self-assembly, which is known to produce sheets
that are strong mechanically and can be suspended over holes up
to micrometers across.” ° In filters formed from monolayers of
5 nm diameter gold nanocrystals with dodecanethiol ligand shells,
we find filtration coefficients (volume flux/pressure) around
10% m/(s-kPa) for aqueous solutions, ~100 times larger than
in typical polymer-based nanofiltration systems. At only ~82 kPa
pressure across the membrane, the membranes exhibit pro-
nounced charge sensitivity for a variety of dyes and other
molecules with effective cross section <1.6 nm: rejection is
45—60% for charged molecules compared to ~10% when they
are uncharged. Objects with cross section >1.7 nm are rejected
completely. Guided by atomistic molecular dynamics simula-
tions, we propose that molecular transport occurs through
porelike regions of reduced ligand density in the interstices
between close-packed nanocrystals and that dielectric exclusion
dominates the charge-dependent rejection.

Figure la shows a typical image of a monolayer of dodeca-
nethiol-ligated gold nanocrystals (5.0 & 0.5 nm in diameter; see
Figure S1 in the Supporting Information for a histogram), self-
assembled on the surface of a water drop and imaged by
transmission electron microscopy (TEM) after drying. The
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one-step drying method results in a well-ordered, close-packed
particle sheet that can drape itself over solid substrates’ as well as
across holes.’® For a given particle type and size, the ligands
establish a characteristic interparticle spacing and provide for
mechanical strength of the assembly.” In typical nanofiltration
membranes transport occurs through 0.5—2 nm diameter pores
or channels, while reverse osmosis membranes are based on
diffusion through polymeric networks.'® Well-defined open
pores do not exist in close-packed nanocrystal assemblies be-
cause the ligands extend into the interstices (Figure 1c). In panels
a—c of Figure 1 the distances between nanocrystals directly
facing each other are of similar size as the length of the
dodecanethiol (1.7 nm), which implies not only a dense but
also a highly interdigitated ligand arrangement in those regions.
However, in the center of triangles formed by three neighboring
particles, the ligands are packed less densely (more chain ends,
less interdigitation) and this makes these regions the most likely
spots for molecular passage (white circle in Figure 1c). Clearly,
transport will be blocked for molecules that cannot fit at all into
the interstices between neighboring particles. The question we
focus on here is what happens for aqueous solution of somewhat
smaller molecules.

In general, transport through a membrane can be described as
arising from two contributions, diffusion due to concentration
gradients and convection due to pressure gradients."" As a first step
to ascertain the relative magnitude of the two terms, we determine
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Figure 1. Self-assembled nanoparticle monolayers. (a) Transmission electron microscopy (TEM) image of monolayer of dodecanethiol-coated gold
nanocrystals, self-assembled by a one-step drying method. (b) TEM with higher magnification detail of the close-packed nanoparticle arrangement. (c)
Snapshot from an atomistic simulation of the nanocrystal layer. Image shows a regular lattice; effects of disorder and fluctuations are discussed in the
Supporting Information. For clarity, water molecules are not depicted. (d) Schematic view (in cross section) of the drop drying process. After
nanoparticle-containing solution (in toluene) has been applied to the top of a water droplet, the solution quickly spreads and, after evaporation of the
solvent, forms a nanoparticle monolayer that completely covers the water droplet while it dries. (e) Images of the covered water droplets at different
drying times. (f) Mass loss Am of the water droplet as a function of time interval At. Here Am is normalized by the drop surface area A (at time t). At=0
corresponds to the point in time when the nanoparticle monolayer has fully formed and enveloped the water droplet. The lines represent best fits. See the

Supporting Information for a discussion of the temperature dependence of the mass loss and the resulting activation energy.

the water flux Ji, due to diffusion through the nanoparticle sheet,
using the droplet drying process itself. As the data in Figure 1d—f
show, water droplets covered with a nanocrystal monolayer
evaporate much slower than bare droplets. The monolayer
membrane forms during evaporation of the nanoparticle solvent
(toluene) at the early stage of drying. After that, it completely
covers the whole water drop. Measurement of the mass loss Am
during the subsequent water evaporation therefore provides
direct access to the permeability P = DS, i.e., the product of
diffusivity, D, and solubility, S, via J, = Am/(ApAt) = DS/I. Here
A is the surface area of the droplet, p the water density, | the
monolayer thickness (*8.4 nm for a S nm diameter gold core
plus two layers of ligands), and At the time after monolayer
formation. If we account for the fact that the area shrinks during
drying and compute A(At) from images of the evolving drop
shape (Figure le), we find that Am/A grows linearly with time,
corresponding to a Jp &~ 1.7 x 10 ¢ m/s under ambient
conditions (21 °C). Given that ~55% of the area of our
nanoparticle monolayers is taken up by gold particles, this leads

to Pgand ~ 3 X 10" g/(cm-s) for the water permeability
through the interstices. To estimate the diffusivity we express
S =C,, — C, as the difference between the water concentrations
at the water (C,,) and air (C,) sides of the membrane. Since the
water evaporates to open air, C, & 0. For C,, we take the solubility
of water in dodecane,'* 4.83 x 10~° g/cm?®, which is a good
approximation since the thiol groups are attached to gold surfaces.
This gives D A 6 X 10~ 7 cm?/s, a diffusion coefficient similar to that
for water diffusing in low density polyethylene'® and at least a
factor 100 larﬁer than in aromatic polyamide membranes used for
desalination."

In order to measure the flux under an applied differential
pressure, we incorporate the Au nanoparticle membranes into a
nanofiltration unit as shown in Figure 2. It consists of nanopar-
ticle monolayers prepared by drop drying, transferred onto a
polycarbonate filter disk for mechanical support (Figure 2a,b).
This type of filter disk (Whatman Cyclopore) contains 100 nm
diameter pores (see Figure S3 in the Supporting Information for
AFM characterization) over which the nanocrystal layers drape
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Figure 2. Nanoparticle-based filter. (a) Optical image of a 13 mm diameter water droplet covered with a gold nanoparticle membrane that is one
monolayer thin. (b) Polycarbonate filter covered by a stack of four gold nanoparticle membranes, fabricated by lifting monolayers from drops as shown in
panel a. The polycarbonate contains larger holes, 100 nm in diameter. (c) Cross section of the device used for the filtration experiments. Zoomed-in
sketch shows nanoparticle membrane stack on top of polycarbonate filter and stainless steel mesh for mechanical support. The TEM image is a view
through the four-membrane stack (inset: computed diffraction pattern), while the computer simulation visualizes a cross-sectional slice. The rendered
volume is accessible to solvent (blue), while empty spherical portions represent the inaccessible volume (nanoparticle cores plus 1 nm shell accounting
for the region of most densely packed ligands). In the simulation, four layers of Lennard-Jones spheres with diameter distribution as in the experiments
were prepared and equilibrated separately at T'= 300 K, then stacked on top of each other with random relative orientations but only briefly equilibrated.

themselves, forming membranes that cover the pores. To miti-
gate the effect of occasional defects, such as particle vacancies,
dislocations, or grain boundaries, additional layers were depos-
ited on top of the first. In our study, stacks of four monolayers
were found to be sufficiently robust and defect tolerant (total
membrane thickness L = 4/ &~ 34 nm). We note that, since
individual layers in the stack are deposited sequentially, they are
not in registry with each other. Consequently, even in a four layer
thick membrane there is a significant probability for (nearly)
vertical passage through much of the stack, as demonstrated by
the multitude of bright spots in the TEM image of such stack in
Figure 2c. Since TEM images do not show the ligands and cannot
directly indicate the network of interconnected pathways avail-
able to the aqueous solution, in Figure 2c the accessible inter-
stitial space between nanoparticles is visualized by showing a 3D
vertical slice through a simulated four-layer stack. In this simula-
tion spherical particles with the same size distribution as in the
experiments were used, but the effective particle size was
increased such that the average pore diameter in the equatorial
plane of each layer corresponds to that of the white circle in
Figure lc. As already seen in the TEM image, passage is not
blocked in a multilayer stack and typical pathways span top to
bottom by meandering sideways no more than a few nanometers.

The polycarbonate disk with the four-layer nanoparticle
membrane stack was placed on a stainless steel mesh in the
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filtration unit, a 82 kPa pressure differential AP was applied by
pulling a vacuum downstream (Figure 2c), and the resulting total
flux ] was measured. For aqueous solutions, the filtration
coeflicient J/AP, i.e., the ratio of water flux through the active
area of the membrane (given by the area occupied by the 100 nm
pores, roughly 3% of the total) to pressure drop, was &1 x 10™°
m/(s-kPa). Such large filtration coefficient, 2 orders of magni-
tude bigger than for typical polymer-based membranes," is a
direct consequence of the nanoscale thickness of the membrane.

For a variety of dyes and larger fluorescent molecules with
weights ranging from 200 to 43000 and charge states from +1
to —4 the filter performance was measured by comparing the
permeate concentration, C,, to that of the feeding solution,
Cy determining both by spectroscopy from the peak intensities in
the UV—Vis spectra (Figure SS, Supporting Information).
Figure 3 shows the rejection, R = 1 — C,/Cj; as a function of
the effective diameter d of the smallest cross section of each
molecule. For ovalbumin and water-soluble Au nanoparticles
(see Figure S4 in the Supporting Information for a TEM image),
both with d = 2 nm, rejection was >99%. Below a cutoff near
1.6 nm, the nanocrystal filter exhibits strikingly little size or shape
sensitivity, or dependence on the particular charge state of the
solute, except that when charge is present, rejection jumps to
45—60% from ~210% for uncharged species. In both cases the
size cutoff is remarkably sharp, clearly demonstrating the absence
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Figure 3. Nanofiltration performance. Rejection R is plotted as a
function of the diameter d of the smallest cross section of each molecule.
Data for molecular species with a wide molecular weight range, shape,
and charge state are shown, as indicated by the legend (see Supporting
Information for a detailed listing). The oval shaded areas show total
rejection for objects larger than 1.7 nm in diameter (gray), ~10%
rejection of smaller uncharged species (light blue), and 45—60%
rejection for smaller charged species (pink). The red dashed line
represents the diameter of the circle drawn in Figure 1c, indicating the
upper limit of pore size predicted by standard pore flow models. The red
and blue lines are predictions from a model for R(d) based on sieving, as
explained in the text. In this model, nanopores result from low ligand
density regions in the interstices and the width of the transition in R(d) is
determined by small variations in the diameter of the nanoparticles. The
lines correspond to a mean pore diameter d;, = 1.65 nm and a pore
diameter spread 0, = 0.25 nm, in line with TEM analysis of the
nanoparticle diameter variation. To account for the effects of residual
steric hindrance and for dielectric exclusion of the charged species,
diameter-independent offsets were allowed for R(d). This approach
does not consider the shape of the solute; of the charged species tested
only Auramine O is the most compact and spherical, which could be the
reason for its lower R value. The inset shows the rejection of tryptophan
at different pH values.

of significant defects in the membrane stack and ruling out
transport through any type of larger holes.

How do solute molecules move through the membrane and
what is the relative magnitude of the diffusive and convective
contributions? To elucidate this, we performed atomistic molecular
dynamics simulations of the relative free energy profiles, AG(z),
using an adaptive biasing force method'®™'® (see Supporting
Information for details). As shown in Figure lc, each nanocrystal
is modeled as an icosahedral shell covered by dodecanethiol (one
ligand per three surface gold atoms). The unit cell has flexible
boundaries, allowing lateral fluctuations of the membrane. To
address the effect of charge, the passage of tryptophan was
simulated for three cases, corresponding to three pH conditions:
zwitterion (—NH; ", —COO™), neutral (—NH,, —COOH),
and negatively charged (—NH,, —COO ™). In Figure 4 we plot
AG(z) as a function of distance, z, of the solute molecule from
the midplane of the nanoparticle monolayer for trajectories
through the center of the white circle shown in Figure lc. The
energy difference, AAG = AG(2)|,24nm — AG(2)|.=0, between
outside and midway inside the membrane is negative in all cases,
indicating the solubility is higher in water than in the alkane
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Figure 4. Atomistic simulations of solutes approaching the membrane
from the interface with bulk water. (a) Free energy profiles, AG(z), are
shown for water (pink) and different charge states of tryptophan
(neutral, black; zwitterion, red; negative, blue), as a function of the
distance, z, between the solute and the midplane of the membrane (z =
0). Bulk water corresponds to the region z > 4 nm. The solute
approaches the membrane along a trajectory that goes through a 3-fold
coordinated interstitial site (center of dashed red circle in Figure 1c). As
aresult of the wide mouth of a pore at this location, the solute interacts
with the alkane environment only at close approach (z < 2 nm). (b) Cut-
away view of a tryptophan molecule (blue and white) moving toward the
“pore” region formed between three gold nanoparticles, each modeled as
an icosahedral shell (red atoms on the faces, blue atoms along the edges,
and yellow atoms at the vertices). Dodecanethiol chains as well as water
molecules are shown. Parts of the system in front of the tryptophan are

excluded for clarity.

environment of the membrane. Already for nonionized trypto-
phan the fact that AAG is found to be roughly twice the value for
water would imply exceedingly small passage rates. For the
charged species the solubility barrier is even higher, predicting
a rejection much larger than the roughly S-fold increase for
R seen in the experiments when compared to the uncharged
species (Figure 3). Furthermore, in experiments using trypto-
phan where we increased the pH to ~10, just over pK,,, so that
70—80% of the molecules were negatively charged, R only
doubled (Figure 3 inset).

These results imply that transport is unlikely to occur by
diffusion through interstices that are as densely filled with ligands
as simulated under equilibrium conditions for a perfectly regular
nanoparticle lattice (Figure 1c). Instead, they point to a mechan-
ism driven by convective pore flow. Porelike regions can occur
for a variety of reasons, even if the particles are in a well-ordered,
close-packed arrangement. Besides the possibility that ligands
reorganize dynamically during the solute passage (something our
simulations did not include), other factors are small variations in
particle size and position, and temperature-driven fluctuations
(for a discussion, see Supporting Information and Figures S6 and
S7). A picture of transport dominated by convective pore flow is
also supported by the measured water flux ] which, at AP = 82 kPa
through a stack of four layers, was about 82 X 10~ °m/s or almost
S0 times larger than the flux Jp from self-diffusion through a
single monolayer. Thus, ] & Jc, where Jc is the flux due to
pressure-driven convection.

How big would the pores have to be to account for the
measured flux? Certainly the holes visible in Figure lc are too
small (the atomistic simulation did not account for rearrange-
ment of the ligands during flow or a distribution of nanocrystal
diameters). To obtain an effective pore diameter, dy, we use the
standard expression '° J¢ = e7td,’AP/(32uL), where € is the surface
porosity, i the water viscosity, and L the pore channel length.
Taking L = 4] ~ 34 nm for the four-layer membrane and
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assuming that each nanocrystal is surrounded by six pores, i.e.,
¢ = (6md,>/4)/(3/3/2s%), where s = 6.7 nm is the average
center-to-center spacing for our dodecanethiol-coated Au parti-
cles, we find d, ~ 1.7 nm. If instead only 50% of the possible
pores were actually open, d, would increase by a factor 2% 1o
~2.0 nm (the diameter of the white circle in Figure 1c). Without
the need to assume a modified water viscosity inside the pore,’
this range of d,, values is in excellent agreement with the cutoff
diameter for molecular passage seen in Figure 3.

However, certain aspects of the data point to differences with
typical models for pore flow. A first aspect is the steplike behavior
of R(d) we observe. Usually, a variety of hindrance factors,
describing the interaction of the solute with the solvent inside
the pore as well as with the pore geometry, start to contribute to
rejection well before the ratio A = d/d, approaches unity,
producing a much more gradual increase. For ultrathin nano-
crystal monolayer membranes, it instead appears that, at least to
first approximation, all solutes with diameter d smaller than the
effective size of a given pore can pass through equally well, with
the key difference being whether or not they are charged. We
attribute this to the fact that the ligands are tethered with one end
to the nanocrystals, resulting in hour-glass-shape pores with wide
entrance and exit regions and a short bottleneck around z = 0. In this
scenario the shape of R(d) simply reflects the cumulative bottle-
neck size distribution.'' For a Gaussian distribution this implies
R ~ 1+ erf[(d — d,)/(y/20,)], where erf(x) is the error
function, d, is the mean bottleneck diameter, and 0, its standard
deviation. If we assume that 0}, is primarily due to variation in
nanoparticle diameters, d = (5.0 £ 0.5) nm as determined by
TEM analysis (Figure S1, Supporting Information), and that the
stack of nanoparticle membranes acts like four sieves in series, we
can set 0, = 0.5 nm/+/4 = 0.25 nm and find that R(d) should
follow the curves given by the solid lines in Figure 3, in very good
agreement with the data (see Supporting Information for more
details). The bottleneck size d, & 1.65 nm obtained from a best
fit to the rejection data is the same for charged and uncharged
solutes.

A second difference arises from the finding that solute charges
from +1 to —4 give rather similar values for R. This is in contrast
to typical polymer-based nanofiltration membranes where a
combination of electric (Donnan) and dielectric effects implies
that highly charged species are rejected more strongly.'” Our
nanocrystal sheets are not charged, which makes the dominant
mechanism dielectric exclusion, ie., the repulsion of charged
solutes due to image charges of the same sign that build up at
interfaces of significant dielectric contrast, such as the water/
ligand interface inside the pore."””** In our system the channels
are sufficiently narrow that the charged solute ions travel together
with counterions,”' resulting in an independence of R on the
charge state.'”**** Nevertheless, polarization of the metal na-
noparticles might be thought to counteract this repulsion by
producing image charges that attract solute ions. However,
penetration of the electric field into the metal needs to be
accounted for and, as a result, even in fully metallic membranes
dielectric exclusion is expected to dominate for pore sizes
<4 nm.”?

Our findings demonstrate that nanoparticle sheets combine
several desirable characteristics for nanofiltration, namely, strong
size and charge selectivity at low pressure, with ease of fabrication
offered by drying-mediated self-assembly. Since the membranes
form into close-packed monolayers at an air—liquid interface far
away from any substrate and since they exhibit exceedingly small

bending stiffness before they have dried, they can be draped
over surfaces of arbitrary topography or shape, as demonstrated
by the fact that they easily conform, without rupture, to
predeposited electrodes” or deep steps etched into in SiN.”*
With improved processing, it should in principle be possible to
provide filtration down to the extreme limit of single, ~10 nm
thin monolayers. Furthermore, different particle—ligand com-
binations could be used to control the pore size.>” This makes
them promising candidates for applications not only for nano-
filtration and separation but also for controlled delivery and
encapsulation.**2°
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© Supporting Information. Detailed experimental meth-
ods for preparation and characterization of nanoparticle mem-
branes and procedures for filtration, as well as molecular dynamic
simulations. This material is available free of charge via the
Internet at http://pubs.acs.org.
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