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ew physical phenomena arise when
condensed matter is confined to
length scales similar to the range
of intermolecular interactions.'* From the
fundamental point of view, confinement of
soft materials in the nanometer regime
(nanoconfinement) could lead to interest-
ing behaviors that result from the interac-
tions between physical and chemical forces
and system size and shape. For example, the
radius of long cylindrical channels controls
the extent of confinement, modulating the
delicate interplay between interactions. As a
result, different morphologies, sometimes
quite unexpected,® may arise. Confinement
plays an important role in other relevant
systems in nanotechnology, such as nano-
patterned surfaces, as well as in biology, for
example in nuclear pore complexes (NPCs).®
In this article, we present systematic the-
oretical studies of the morphological beha-
vior of polymers end-grafted to the inner
surface of short nanopores that connect two
macroscopic reservoirs (see Figure 1). This
geometry enables us to demonstrate the
importance of shape and size on polymer
nanoconfinement. We will show the non-
trivial interplay between conformational
statistics and geometry as a function of
the quality of solvent, presenting the first
predictions, to the best of our knowledge, of
solvent-induced microphase separation of
polymers end-grafted in nanopores. Our
results show that the properties of confined
polymers as a function of solvent quality
differ dramatically from those reported
in previous studies of planar polymer
films*>7# and of infinite polymer-coated
cylindrical nanochannels.”'®
Polymer-modified pores are extremely
important from the experimental point of
view, beyond being a paradigmatic exam-
ple of how nanoconfinement controls
phase behavior. State of the art nanofabri-
cation techniques enable the preparation of
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ABSTRACT The properties of polymer layers end-grafted to the inner surface of nanopores
connected to solvent reservoirs are studied theoretically as a function of solvent quality and pore
geometry. Our systematic study reveals that nanoconfinement is affected by both pore radius and
length and that the conformations of the polymer chains strongly depend on their grafting position
along the nanopore and on the quality of the solvent. In poor solvent, polymer chains can collapse to
the walls, form a compact plug in the pore, or self-assemble into domains of different shape due to
microphase separation. The morphology of these domains (aggregates on pore walls or stacked
micelles along the pore axis) is mainly determined by the relationship between chain length and
pore radius. In other cases the number of aggregates depends on pore length. The presence of
reservoirs decreases confinement at pore edges due to the changes in available volume and
introduces new organization strategies not available for infinite nanochannels. In good solvent
conditions, chains grafted at the pore entrances stretch out of the pore, relieving the internal
osmotic pressure and increasing the entropy of the polymers. Our study also addresses the
experimentally relevant case of end-grafted chains on the outer walls of the membrane surrounding
the nanopore. The effect of these polymer chains on the organization within the nanopore depends
on solvent quality. For good solvents the outer chains increase the confinement of the chains at the
entrance of the pore; however, the effect does not result in new structures. For poor solvents the
presence of the outer polymer layer may lead to changes in the morphology of the microphase-
separated domains. Our results show the complex interplay between the different interactions in a
confined environment and the need to develop theoretical and experimental tools for their study.

KEYWORDS: nanopore - soft matter - nanoconfinement - competing interactions -
microphase separation

solid-state nanopores with diameters and
thicknesses of a few nanometers,"’ and
thus, in forthcoming years, their chemical
functionalization will be developed as a
logical next step toward the preparation of
responsive nanofluidic devices.'*'® For in-
stance, the past few years have witnessed
the first developments of supramolecular
modified synthetic nanochannels and
nanopores.">'* Their potential applications
range from analytics'® to energy trans-
duction.”® The organization of the poly-
mer layer plays a key role in these applica-
tions, and therefore it is important to
understand their response to different ex-
ternal stimuli. As an example, lithographi-
cally patterned nanopores modified with
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Figure 1. Schematic representation of the two types of
cylindrical nanopores considered in this work, including the
definition of the coordinate system used throughout. In
system |, the inner wall of a single nanopore of radius R and
length L is modified by grafting polymer chains at surface
coverage o. Each polymer molecule contains N segments.
Each pair of polymer segments interacts through excluded
volume repulsions and effective attractive interactions
whose strength is measured by the parameter y (higher y,
stronger segment—segment interactions, lower solvent
quality). System Il is equivalent to system |, but chains are
also grafted on the walls facing the reservoirs (outer walls)
up to r = Rp.

grafted PEG chains can switch from extended confor-
mations occluding the pore in good solvent (closed
pore) to collapsed to the wall conformations in poor
solvent (open pore).'” Modulation of the effective pore
cross-section by the collapse to the walls mechanism
has been used in the past to explain changes in
nanochannel conductivity triggered by solvent quality
or temperature changes."'® However, as it is shown
here, the collapse of polymer chains to the channel
walls is only one of the possible collapse mechanisms
for polymers tethered in short nanopores, and the
realm of possibilities for control of polymer nanoarch-
itecture within the pores is very extensive.

Short nanopores with exquisite control of function
are found in biology. In eukaryotic cells, the primary
translocation pathway for exchange of biomacromo-
lecules between the cytoplasm and the nucleus is
through NPCs. These structures are cylindrical nano-
pores that perforate the nuclear envelope.'® Intrinsi-
cally disordered proteins, the FG-nups, are tethered to
the inner surface of the pore. As they interact with
potential cargos, the FG-nups are essential to the
highly selective translocation mechanism of proteins
and of MRNA.?° Yet, the structural organization of the
FG-nups is actively debated, and the field lacks a
definitive consensus.® In particular, it is not clear how
the nanoconfinement affects the spatial distribution of
the FG-nups inside the pore and how this in turn is
integrated into the translocation mechanism that en-
ables the selective transport of different size proteins.

RESULTS

Adistinctive characteristic of the system under study
is the presence of several interactions competing on
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different length scales within a complex geometry.
The quality of the solvent is measured by the segment—
segment attractive interaction strength y (larger yx
corresponds to higher effective segment—segment
attractions and poorer solvent conditions). Attractive
interactions favor the formation of dense polymer
aggregates, while repulsions and osmotic forces
promote swelling of the layer. For polymer—solvent
mixtures in solution, strong segment—segment attrac-
tions lead to phase separation into a polymer-rich and
a polymer-poor phase. However, unlike a polymer solu-
tion, irreversibly grafted chains cannot phase separate on
macroscopic scales due to the constraint imposed by the
grafting (the grafted polymers lack translational degrees
of freedom).” Therefore, they microphase separate,
forming aggregates of high polymer density and varying
shapes that, for a planar grafted layer, include micelles,
stripes, and holes filled with solvent.*?'?? The question
thatarises is how does the domain formation change due
to confinement in nanopores, Figure 1, and how the
balance between the different competing interactions
and the resulting molecular organization is affected by
the geometry, when the pore dimensions are of the
same order of magnitude as the characteristic size of
the polymers.

Effect of Surface Coverage and Quality of the Solvent. In
Figure 2 we present a morphology phase diagram for
polymers of different degree of polymerization, N, end-
grafted to the inner surface of a nanopore (system | in
Figure 1), in the plane of quality of solvent (strength of
segment—segment interactions, y) vs surface coverage
(0). The phase diagram also shows color polymer
volume fraction maps for each of the different condi-
tions calculated. First, let us consider the thermody-
namic manifestation of microphase separation. As
mentioned above, the grafted polymers do not have
translational degrees of freedom and, therefore, the
polymer chemical potential is not a relevant thermo-
dynamic quantity for phase equilibrium. However, the
point at which the derivative of the chemical potential
of the polymer in the homogeneous layer with respect
to the surface coverage becomes negative defines the
limit of stability of the homogeneous phase and is an
indication of the onset of microphase separation.*’
Therefore, we first construct an outline of the phase
diagram by determining the onset of microphase
separation for the case of an infinitely long pore, where
we assume that the system can be inhomogeneous only
along the radial direction. Correspondingly, the solid
lines in Figure 2 give the onset of microphase separa-
tion: above the line the system will microphase separate,
while below the line the homogeneous phase should
be stable. The explicit molecular organization within the
pore under different conditions is shown for several
different points on the phase diagram. The color maps
demonstrate that the prediction for the infinite pore
may be used as a useful guideline: self-assembled
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Figure 2. Phase diagram for system | (chains grafted only on the inner walls, L = 24 nm, R =7.5 nm) in the interaction strength
(x) grafting density (o) plane, for polymerization degrees of N = 45 (panel A) and N = 75 (panel B). Solid lines show the onset of
stability for the homogeneous layer in an infinite cylinder as predicted by thermodynamic stability (see text). Polymer volume
fraction 2D color maps show the morphologies predicted by the molecular theory at the shown points on the phase diagram.
Note that the color scale varies among different maps, in order to emphasize the morphology in each case.

aggregates along the z coordinate appear at high y and
low 0. These microphase-segregated structures can be
defined as toroidal (o = 0.05 chain-nm™2, 5 = 1.1 kT,
N = 45) or stacked disk-shaped (¢ = 0.05 chain-nm 2,
x = 1.1 kT, N = 75) aggregates. At this point, we should
note that the assumption of homogeneity in the angular
coordinate imposes a limitation on the structures that
can form, and therefore, in a real three-dimensional
case, one could expect inhomogeneities in 6 in addition
to those observed for the axial coordinate.?'

Those states in the diagrams lying below the stabi-
lity curves correspond to a homogeneous system in z.
We should mention that z-homogeneous systems exist
only in the case of infinite channels, since in finite pores
the presence of the reservoirs breaks the symmetry of
the polymer distribution. The terms homogeneous and
nonmicrophase-segregated systems are therefore
used here in the sense of a system that would present
z-independent density profiles for L = e, Systems with
strong segment—segment attractions but outside the
instability region present collapsed (but not micro-
phase-segregated) polymer layers with morphologies
that depend on the relationship between chain length,
surface coverage, and pore radius. For N = 45, the
polymer chains collapse to the walls of the pore with
practically no polymer density in the reservoirs (o = 0.3
chain-nm™2, ¥ = 1.1 kT, N = 45). Nonsegregated
systems for N =75 and y = 1.1 kT form a uniform and
compact plug. At low grafting density, ¢ = 0.1
chain-nm™2, this plug does not fill the pore comple-
tely. However, as o increases, the size of the plug
increases (while the inner polymer volume fraction
stays constant around {(¢p) ~ 0.35—0.45), and for
o = 0.3 chain-nm 2 the ends of the plug are located
at the reservoirs. It is clear from these observations that
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there is an optimal monomer density (which depends
on y) for the collapsed layer, which in this case is
around (¢p)°P™M ~ 0.4. In other words, long chains
collapse to the center of the pore, forming a plug, even
when the total number of segments is slightly larger or
smaller than that required to reach (¢p)°P"™" In those
cases, the plug becomes slightly shorter/longer than
the pore to compensate for this lack/excess of seg-
ments. This is an interesting result that shows how
overall optimization is achieved in this complex geo-
metry. The reservoir plays an important role in this
organization strategy since it acts as a buffer where the
excess of polymer segments can be located, enabling
optimal interplay between molecular organization,
conformational entropy, and solvent quality.
Decreasing the attractive interaction between seg-
ments leads to the good solvent regime. Systems in
good solvent (y =~ 0 kT) and high surface coverage
(0=0.3 chain- nm™?) exhibit a large number of segments
that are expelled from the pore into the two reservoirs.
Under these conditions the polymer chains would like
to swell as much as possible, and therefore the ability
to position a large number of segments within the
reservoirs allows minimizing steric interactions be-
tween segments and maximizing the conformational
entropy of the chains and the translational entropy of
the solvent. While for a planar brush the balance
between excluded volume interactions and conforma-
tional entropy determines the degree of chain
stretching,?® in a short nanopore the confinement
imposed by the pore walls introduces a new variable.
The number of conformations accessible to a chain
located inside the pore will be restricted with respect
to those available in the planar case due to the
presence of the surrounding wall, ie., the negative
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Figure 3. 2D projections of the single chain average segment density in the (x, z) plane for a chain grafted normal to the y axis
at different positions (different zy,.¢). The calculations correspond to system |, R =7.5 nm, L =24 nm, N=75,0=0.3
chain-nm~2, and y = 0 kT (good solvent). The grafting positions are marked in the figure. The solid walls of the membrane are

shown in gray.

curvature of the grafting surface. While stretching part
of the chain so that the remaining segments can get
access to the reservoir produces a loss of conforma-
tional entropy, these segments now have access to a
larger number of configurations, and therefore there is
an entropic gain that overcompensates that loss.
Therefore stretching the chains toward the reservoir
produces a net increase in the conformational entropy.
The translational entropy of the solvent (osmotic
pressure) increases because relocating the polymer
segments to the reservoirs yields a lower polymer
(and thus higher solvent) concentration within the
pore. The resulting (partial) replacement of polymer
by solvent inside the pore increases the overall entropy
since confinement imposes a weaker constraint on the
free small solvent molecules than on the grafted
polymer chains. The increase in polymer concentration
outside the pore (increasing the osmotic pressure
contribution) is proportionally much smaller, due to
the large available volume, than the decrease within
the pore (reducing the osmotic pressure contribution).

For N=45,an inhomogeneous profile is observed in
the radial direction (Figure 2A, 0= 0.3 chain-nm ™2,y =
0 kT). On the other hand, N = 75 is long enough that a
rather constant density inside the pore is observed. In
this case, the reservoir once again plays an important
role since the chains close to the entrances are com-
pletely stretched out from the pore (0 = 03
chain-nm™2, 5 = 0 kT, N = 75 in Figure 2B). At this
pointitisimportant to emphasize that there are several
competing length scales: the dimensions of the pore (R
and L), the radius of gyration of the isolated polymer
chains (which is a function of the quality of the solvent),
the length of the completely stretched chain, and the
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average distance between grafting points (6~ '?). It is
therefore not obvious if there is a dominant length
scale that determines the behavior of the system. For
polymer brushes at high surface coverage on planar
surfaces, the height of the layer is linear in the degree
of polymerization.*®* However, the nanoscale curvature
of the pore surface implies that stretching of the
polymers is rather different from the planar case.
Furthermore, the geometry implies a highly inhomo-
geneous stretching of the chains in the different
directions, as a function of the quality of the solvent.
The difficulty in identifying the relevant length scale
that determines the behavior of the polymers in the
nanopore can be observed in the single chain average
distribution of segments for different grafting points.
This is shown in Figure 3 for polymers in good solvent.
The single chain profiles demonstrate that chains tend
to reach the reservoir in order to maximize the degree
of swelling. The number of segments outside the pore
depends on the distance of the grafting point from the
reservoir. Thus, chains grafted close to the reservoir
have virtually all their segments out of the pore (note
that we have chosen a chain grafted at (x = 7.5 nm,
y = 0, 2) for this representation). This enables the
polymer chain to swell as much as possible, at the cost
of orienting a few monomers close to the grafting point
(and therefore losing their confomational entropy). It is
interesting to note that even when the distance of the
grafting point to the reservoir is a substantial portion of
the stretched length of the chains, the optimal struc-
ture is such that a portion of the chain is stretched (the
one close to the grafted end) in order to maximize the
conformational entropy (swelling) of the other portion
of the chain. Only chains grafted in the middle of the
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pore (for the given dimensions in the example) have all
of their segments within the pore. The single chain
profiles in Figure 3 also show that chains that reach the
reservoir have a finite density close to the pore edges.
The sum of the contributions from different grafting
distances produces the small region of very high
segment density just at the corner of the channel that
is observed in the volume fraction color maps (i.e., in
Figure 2B for ¢ = 0.3 chain-nm™2, 5 = 0 kT, N = 75).
Changing the quality of solvent results in a qualita-
tive change of the role of the reservoir, as can be seen
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Figure 4. 2D projections of the single chain average seg-
ment density, on the (x, z) planes for two systems shown in
Figure 2B (system |, R=7.5 nm, L =24 nm, N =75, 0 = 0.05
chain-nm~2), and x = 0 kT (good solvent, column A) or y =
1.1 KT (poor solvent, column B). In both panels, chains
located at the center (upper row) and the periphery (lower
row) of the pore are shown. The solid walls of the membrane
are shown in gray.
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Figure 5. Effect of the pore dimensions on morphology. Polymer volume fraction color maps for system I, N=75, 5=0.05 chain- nm ™%,

in the phase diagram, Figure 2, and in the individual
chain profiles displayed in Figure 4. While in good
solvent the chains at pore edges escape the channel
even at relatively low surface coverages (Figure 4A, 0 =
0.05 chain-nm™2, 5 = 0 kT, N = 75), in poor solvents
polymers grafted around the edge of the pore
(Figure 4B, o = 0.05 chain-nm 2, 5 = 1.1 kT, N = 75)
are collapsed into the channel due to the strong
polymer—polymer attractions. In the microphase-seg-
regated regime (Figure 4B), chains tethered at the
center of the pore, z = 0, present an average segment
distribution that contributes to the two aggregates in
the system. This is an interesting situation where the
chains, in the equilibrium conditions, have equal prob-
ability of belonging to each one of the aggregates. The
presence of a region with zero polymer density be-
tween the aggregates may impose kinetic limitations
on the exchange of chains between domains, which
can lead to interesting dynamical properties in the
collapsed, segregated films.

Effect of Pore Dimensions. The discussion above con-
centrated on a pore with fixed geometry and variable
grafting density, quality of solvent, and chain length.
Since the polymer density profile inside and around
the hairy pore is the result of having several relevant
length scales competing with each other, we now
proceed to examine the rich morphologies that arise
when we vary the dimensions of the pore and, there-
fore, change the ratios of polymer length, pore radius,
and pore length.

Figure 5A,B shows the color density maps for a
variety of pore radii and lengths for N = 75, o = 0.05
chain-nm~2 in good (Figure 5A) and poor (Figure 5B)
solvent conditions. Table 1 compiles the absolute

B) poor solvent (¥=1.1 kT)

L=48 nm

L=6nm

L=12nm|L=24nm

R=5nm

7.5nm

R=

10nm
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2

and different pore dimensions, as marked in the figure, for (A) good solvent and (B) poor solvent conditions.
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TABLE 1. Number and Fraction of Segments Outside the
Channel for the Systems in Figure 5

¥ =0.0KkT x="11kT

R L total % number % number
(nm) (nm) number outside outside outside outside

5 6 707 80.2 567 11.01 78

5 12 1414 69.3 980 1.63 23

5 24 2827 50.7 1433 0.4 n

5 48 5655 30 1697 0.2 n

15 6 1060 743 788 6.92 3

15 12 2121 61 1294 0.7 15

15 24 94 422 1790 0.32 14

75 48 8482 24 2036 0.16 14
10 6 1414 70.4 995 12.03 170
10 12 2827 55.6 1572 0.9 25
10 24 5655 36.6 2070 1.24 70
10 48 11309 20 2262 0.2 23

number and fraction of segments lying outside the
pore (segments at z > L/2 and z < —L/2) for each case.
Increasing length L for fixed radius R in good solvent
conditions leads to an increase in the local concentra-
tion of segments (note the common color scale for all
panels in Figure 5A). In this regime, segments tend to
be expelled from the pore in order to maximize the
conformational entropy of the chains and to minimize
osmotic pressure and polymer repulsions inside the
channel. This is easily achieved for short pores; for
example for L = 6 nm and R =5 nm only ~20% of the
segments are located inside the channel. For longer
pores, the entropic cost associated with stretching
chains in order to reach the reservoir becomes too
large, and as a consequence the fraction of segments
outside the channel decreases with L (see Table 1).

In good solvent conditions, making the pore wider
(for fixed L and surface coverage) leads to a decrease of
the chain overlap near the pore axis (r=0) and thus to a
decrease in the internal polymer volume fraction. As a
consequence, the excluded volume repulsion inside
the pore decreases and there is no need to stretch the
chains out from the channel, and the number of
segments in the reservoirs decreases with R (Table 1).
Note that the volume of the pore (slice) increases as R?,
while the total number of segments inside the pore for
a fixed surface coverage increases as the inner area, i.e.,
as R. Therefore, as the pore width increases, the chains
find more available volume to increase their conforma-
tional entropy and reduce the osmotic pressure, with-
out the need to stretch the chains in order to reach the
reservoir.

The overlap of chains near the pore axis plays a
different and important role in the poor solvent re-
gime, as compared to good solvents. As this overlap is
increased by decreasing the radius of the pore, the
morphology changes from aggregates on the walls of
the system (toroids, R=10 nm) to in the center (stacked

PELEG ET AL.

micelles, R =7.5 nm) until finally a dense plug is formed
(R = 5 nm). For high y values the density of the
aggregates (or the plug) does not depend on L, but
rather corresponds to the optimal volume fraction for
that quality of solvent. Therefore, even for short pores
the major fraction of the polymer segment is located
inside the channel; see Table 1. For those cases where
the system is prone to microphase segregation (i.e., R =
7.5 and 10 nm), the length of the pore determines the
number of aggregates that are formed.

The phase diagram for end-tethered polymer layers
in good solvent and for an infinite cylindrical pore has
been studied by Binder and collaborators using scaling
arguments and Monte Carlo simulations.>** Chains
much shorter than the pore radius (unperturbed radius
of gyration Rg = (N/6)"?a < R) exhibit the well-known
morphologies for the planar grafted layer: the mush-
room and the brush regimes for low and high o,
respectively. For long chains (longer than those used
in the present study) and low surface coverage, the
polymers are predicted to be in a cigar-like
conformation.®?* In this regime, chains are elongated
in the axial direction in order to avoid the channel
walls. This situation imposes an interesting challenge
to synthetic methodologies since “grafting to” ap-
proaches for such a narrow pore will probably lead to
clotting at the entrances.'® On the other hand, “graft-
ing from” approaches have been shown to be success-
ful in growing polymer brushes within very long and
narrow channels? and therefore it is interesting
whether the hypothetical cigar-like morphologies can
be experimentally addressed with this method. In-
creasing the surface coverage for narrow channels
leads to the compressed cigars and to the overlapping
and the compressed brush regimes. From these con-
siderations, the x component of the radius of gyration
(Rgy) is predicted to be larger than that in the z (axial)
direction (Rg,) when R>> N"2a (brush-like regimes, see
Figure 6a-ii). On the other hand, for R < N'2a, Ry < Rg,
(cigar-like regimes, Figure 6a-i). Itis intriguing therefore
that the chains in Figure 4a (o = 0.05 chain-nm™2, ¥ =0
kT, and N = 75) are elongated in the z direction, even
though they have an unperturbed Rg = (N/6)%a =
1.8 nm, much smaller than the pore radius, R = 7.5 nm.
In order to understand this result, in Figure 6b we show
the different components of Rg as a function of the
grafting position (zgrar) for R = 10 nm and three
different pore lengths (L = 6, 24, and 48 nm). For
L = 48 nm, we find that Rg, > Rg; for zgrase = 0 (pore
center), as expected from scaling arguments.

As we discussed above, chains grafted at the pore
edges stretch out of the pore in all directions in order to
maximize solvent entropy, and thus, for zgps = —L/2
and L/2 the three components of Rg present rather
similar values. This organization creates extra space
inside the pore along the z axis, and thus those chains
close to pore entrances (but not exactly on the edges)
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Figure 6. (A) Schematic cartoon for the polymer organiza-
tion for (i) a cigar-like regime in a very long nanochannel
(narrow pore, chains elongated in 2), (ii) a brush-like regime
in a very long nanochannel (broad pore and high g, chains
elongated in x), and (iii) a brush-like regime in a short pore.
In the latter case, chains are elongated in x in the center of
the pore and in z close to the ends due to the free space
created by the chains protruding into the reservoirs. (B)
Predicted components of the radius of gyration as a func-

tion of the grafting position (zg,.¢) for pores of different L; in

all cases R =20 nm, y = 0 kT, and o = 0.05 chain-nm~2.

are elongated along the axial direction. This effect
gives rise to the observed maxima in Rg, at Zggq ~
20 nm and —20 nm for L =48 nm and at Zg,¢ &~ 10 nm
and —10 nm for L = 24 nm. Therefore, the cigar-like
shapes in short and wide nanopores arise from the
presence of the reservoirs (see cartoon in Figure 6a-iii)
that decrease the crowding at the entrances of the
pore, allowing the chains close to them to extend in the
z direction. This is in contrast to the mechanism pre-
dicted for long and narrow pores, i.e., a strong confine-
ment in the x—y plane (Figure 6a-i). For a short pore
(Figure 6b, L =6 nm), the two Rg, maxima fuse into one
centered at Zg.¢ = 0. In other words, for short nano-
pores chain conformation is determined not only by
the ratio between the unperturbed R and R (which is
the important parameter for infinite nanochannels) but
also by the ratio between the unperturbed Rg and L.

The results of the detailed calculations demonstrate
the interplay between the many length scales that are
important in determining the behavior of the system
and the difficulty of accounting for them by simple
scaling arguments. This is particularly important for the
nanopores in which some or all of the dimensions are
not much larger than the unperturbed size of the
polymer chains.

Effect of Grafted Polymers on the Outer Membrane Wall. In
Figure 7 we present results for system Il (see Figure 1),
which has chains tethered to the outer membrane
walls in addition to the inner walls. The motivation to
study system Il is straightforward: it is experimentally
easier to modify both the inner and outer part of the
membrane than only the inner part (see, for example,
ref 25). Depending on the desired application, a syn-
thetic route to selectively graft chains inside the pore
may not be required or may not even be desirable. As
we have demonstrated above, the presence of the
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available volume in the reservoir affects the polymer
density profile in the pore, and the introduction of
additional chains competing for the available volume
close to the pore edges should alter the packing in the
pore. Even though such effects have been rarely dis-
cussed in experimental or theoretical studies, we will
demonstrate below that their influence is both impor-
tant and nontrivial.

For good solvent conditions the effect of the chains
grafted to the external surface is to slightly increase the
polymer density inside the pore, for both high
(Figure 7a) and low (Figure 7b) surface coverage. We
showed above that a very important mechanism to
relieve the inner osmotic pressure of the pore and to
gain overall chain entropy is to stretch the portion of
the chains close to the grafting point to enable max-
imum volume for the rest of the chains by entering into
the reservoirs. This effect is partly suppressed by the
chains on the outer walls. In other words, chains
located at the edge of the pore have a smaller fraction
of segments in the reservoirs when other chains are
grafted to the outer walls. It is interesting to note the
decrease in density on the pore corners for system Il (as
discussed above for system |, this high-density region
arises from stretched chains grafted further away from
the entrance). We found that chains grafted at zg.¢ = 0
in systems | and Il present virtually identical single
chain statistics and density profiles (for non-phase-
segregated systems). In conclusion, in good solvent
conditions the effect of grafted chains on the outer
walls on the conformations of the chains grafted inside
the pore is similar to that of increasing the length of the
pore, since in both cases the confinement of the chains
grafted inside the pore is augmented.

In poor solvent conditions and high surface cover-
age (outside the microphase segregation region),
Figures 7¢,d, the effect of the chains on the external
walls is to decrease the inner density in the pore,
opposite to the behavior observed in good solvent.
This process occurs because some segments are redis-
tributed from the interior of the pore, where the density is
high due to confinement, to the collapsed layer adjacent
to the outer walls at the reservoirs. The reason for this
behavior is that in the absence of outside polymers the
high density inside the pore is obtained at the cost of
conformational entropy of the polymers grafted close to
the pore entrance. However, the presence of the outer
polymers enables those same chains to have a local high
density, as needed in the poor solvent regime, without a
large conformational entropy cost.

As discussed above, for poor solvent conditions and
short chains (i.e., N = 45, Figure 7d), the chains collapse
to the walls since the entropic penalty for forming a
plug in the center is too high. The collapse to the walls
mechanism has been recently associated with changes
in transport through the pore for stimuli responsive
systems.'?*?” Qur results show that for uncharged
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Figure 7. Comparison between polymer morphologies for system Il and system | (L = 24 nm, R = 7.5 nm). The first column
shows the polymer volume fraction color maps in the case where chains are grafted to both the inner and outer walls (system
I). The second column represents the volume fraction of the same system but showing only the contribution of the chains that
are grafted to the inner walls of the pore. The third columniis for the case of system |, i.e., no polymers grafted outside the pore,
for identical conditions to those shown for systems Il. The fourth column shows the volume fraction difference between the
second and the third columns (i.e., A{pp(r)) = (Pp(r))¥*™ " — ($p(r))***™ ') in order to identify regions of increased or

decreased density for the polymers grafted within the pore. Calculation conditions: (A) 6= 0.3 chain-nm 2,y =0kT, N=75, (B)
0 =0.05 chain-nm 2, y =0 kT, N =75, (C) 0 = 0.3 chain-nm 2, 5 = 1.1 kT, N = 75, (D) ¢ = 0.3 chain-nm 2, y = 1.1 kT, N = 45,

(E) o = 0.05 chain-nm 2, y = 1.1 kT, N = 75.

systems that do not microphase segregate, this me-
chanism is qualitatively unaffected by grafting chains
to the outer walls, and thus the synthetic effort to
modify only the inner part of the channels can be
avoided. This result may change for charged systems,
where it was shown that the surface charge of the
outer membrane can affect the ionic conductance of
the pore.®

Unlike the systems discussed in the previous para-
graphs, microphase-segregated layers (low o, high ¥,
Figure 7e) may show important qualitative effects due
to the presence of grafted chains in the reservoir
surfaces. For example, while the system in Figure 7e
forms two aggregates when the chains are grafted only
on the inner walls of the pore, a single aggregate is
formed when the polymers are also tethered to the
outer walls. We found, however, that the specific
organization is highly dependent on all the para-
meters, R, L, N, g, and y. The main conclusion here is
that the optimization strategy that leads to the phase-
segregated states is very complex, and therefore,
simple arguments cannot predict the observed
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behavior. There is another interesting physical insight
here: after analyzing several combinations of L, R, and
Rp we never found aggregates at the pore edge. This
result can be understood if we consider that polymer
aggregates try to minimize their contact area with the
solvent and the walls. Therefore an aggregate in con-
tact with a corner will be disfavored with respect to one
lying on a planar surface because of its larger contact
area with the membrane. The presence of the polymers
grafted to both inner and outer surfaces enables the
formation of aggregates on the outer walls, without
the need of increasing the surface contacts at the
corners.

CONCLUSIONS

In the present work we analyzed the effect of
nanoconfinement on the behavior of a polymer layer
grafted inside a short pore connecting two reservoirs.
The morphological behavior of these systems is very
complex and cannot be described by the simple
theoretical arguments developed for infinite channels
or planar walls. Interesting new phenomena occur at
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the pore boundaries, where physical confinement is
disrupted and polymer chains tend to escape toward
the reservoir in good solvent or to bend into the pore in
most poor solvent scenarios. The microphase-segre-
gated regime is of particular interest due to the
possibility of creating self-structured materials, as was
demonstrated recently for block-copolymer solutions
confined inside silica nanochannels.® Future theoreti-
cal work will be devoted to the study of these aggre-
gates using fully 3D theoretical formalisms accounting
for the interactions between electrostatic and chemical
equilibria in polyelectrolyte- and polypeptide-modi-
fied nanopores.

The functional properties of the pore, its ability to
transport small molecules (ions and solvent)?2° or
large cargos (proteins, DNA, etc),'**! are of prime
importance for potential applications and for under-
standing the behavior of biological natural pores, e.g.,
NPCs. While we have not explicitly addressed these
problems here, there are interesting insights that can
be gained from our predictions that are relevant for
those systems as well. For example, changes in pore
conductance with temperature for thermoresponsive
polymer-coated pores'?®*?” have been explained by
the collapse of polymer chains on the walls of the pore.
In contrast, we have shown here that a broad range of
morphological scenarios exists for such systems, that

THEORETICAL METHODOLOGY

Our theoretical methodology is an implementation of a
previously developed molecular theory for hydrophobic poly-
mers on planar and curved surfaces®>~ that it is adapted here
to the more complex geometry of a short pore connecting two
reservoirs. The molecular theory explicitly accounts for the
shape, size, and conformational degrees of freedom of all the
species in the system and the relevant inter- and intramolecular
interactions and van der Waals (vdW) forces.*”>3 The basic idea
of the theory is to look, for each grafting position r, at a very
large number of possible polymer conformations and
through functional minimization of the free energy obtain
the probability for each of those conformations a, Pp(r, o),
depending upon the solution conditions and polymer surface
coverage. The predictions of the theory have been found to
properly describe structural, thermodynamic, and functional
properties of end-tethered neutral and charged polymers as
compared with full-scale computer simulations>*>” and with
experimental observations. #3874 The theoretical ap-
proach is based on writing the free energy functional for
the system, W,

pW = /ps(r)[ln(ps(r)vs) — 1]dr+a/ ZPp(r(s), a) In (Pp(r(s), a)ds
A a

+%/ / g(| r—r)np(¥))ne(F))dr dr’ M

where 8 = 1/kT. The first term accounts for the translational
(mixing) entropy of solvent molecules, with p(r) and v the
number density and volume of the solvent molecules, respec-
tively. The second term in eq 1 is the total conformational
entropy of the polymer chains, where ¢ is the polymer surface
coverage and the probability of chain conformations Pp(r(s), o)
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go far beyond the above mechanism. For instance,
plug formation will occur for chains with contour
lengths longer than pore radius, leading to a decrease
of conductance with decreasing quality of solvent
(for the noncharged polymer chains discussed here). In
the past, the two different mechanisms (collapse to the
walls and plug formation) have been used to explain
the temperature dependence of conductivity in poly-
(N-isopropylacrylamide)-modified colloidal films.>* The
microphase-segregated regime creates intriguing pos-
sibilities for the controlled transport of large cargoes
through the pore. For example, the predicted stacked
disk morphology in poor solvent consists of polymer-
rich plugs along the pore axis, separated by regions of
low polymer density. One can envision the case in
which sudden changes in the quality of the solvent can
lead to trapping (between the plugs) of large mol-
ecules diffusing through the channel.

In recent years synthetic tools have been developed
to produce a variety of systems with complex shapes
and nanoscale dimensions. Competing interactions in
those confining geometries lead to organization me-
chanisms that are not present in simpler, lower dimen-
sional systems. As a consequence, new theoretical
tools and physical intuitions will be required for their
understanding, and the present work represents a step
forward in that direction.

being normalized at each position on the surface r(s) (the ds
integration is over the surface A to which the chains are
grafted). The last term represents the vdW effective attractive
interactions between polymer “beads” (effective chain
segments), where (np(r)) is the number density of poly-
mer segments at r, vp is the polymer segment volume, and
g(r — r'|) is a vdW like distance-dependent attractive inter-

action of the form
6
)= —(— T
o(r=r) = = (17277

fora < |r —¥|< 1.5a; g(|r —¥|) = Ootherwise  (2)

where a is the segment length and 1.5a is a cutoff distance (see
Supporting Information). Note that the parameter y (in kT units)
in eq 1 measures the strength of the attractive interactions. The
intermolecular repulsions are modeled as excluded volume,
and they are incorporated on a mean-field level through the
packing (incompressibility) constraints,

(np()ve + py(Nvs = 1 (3)

where vp=0.095 nm? and v, = 0.03 nm? are used throughout, as
in ref 4. The equilibrium state of the system is determined by
finding the functions Pp(r, &) and p4(r) that minimize W subject
to the packing constraints.

In order to allow for a systematic investigation of the phase
behavior of the system, we take advantage of the symmetry of
the pore and the reservoirs and assume that the system
possesses azimuthal symmetry (all the densities and probabil-
ities are independent of 6); that is, we allow only for inhomo-
geneities in the axial (z) and radial (r) directions (the minimum
number of dimensions needed to model a short nanopore is 2).
The coordinate system is explicitly shown in Figure 1.
The Supporting Information provides details about the
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minimization of eq 1, the generation of the chain molecules,
and the methodology used for obtaining the numerical solution
of the minimized equations. It is important to stress that the
probability Pp(r, @) in eq 1 is computed by generating a large set
of independent conformations of self-avoiding chains that do
not intersect the pore walls (for each grafting position). Once
these sets are generated, they are used for all the calculations
within the same pore geometry, for all the different solvent
conditions (for details, see the Supporting Information).
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