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ABSTRACT: Artificial nanopores functionalized with weak
polyelectrolytes are an interesting and important class of stimuli-
responsive nanofluidic devices. So far, the effects of the dielectric
properties of the supporting nanopore surface on the behavior of
the nanopore are largely unexplored. Here, we theoretically
investigate the influence that the dielectric mismatch between
solvent and nanopore surface has on the charge regulation of weak
polyelectrolyte brushes inside the nanopore. Our approach is based
on a molecular theory that explicitly incorporates the coupling
between molecular organization, physical interactions, and
chemical equilibrium. It is further extended to consider both the
dielectric properties of the supporting surface of the nanopore as well as those of the nanopore solvent and polymer layer. We find
that the surface polarization plays a crucial role in modulating the charge and structure of the weak polyelectrolytes that are end-
tethered to the inner wall of the nanopore. Likewise, the surface polarization influences the nanoscale transport through the
nanopore. We demonstrate that different dielectric properties of the nanopore membrane can result in large changes in the local ion
distribution and electrostatic potential around the ionizable groups of the weak polyelectrolytes, which simultaneously alter the
charge and structure of the polyelectrolyte layer inside the nanopore. Our quantitative approach systematically reveals how various
intrinsic and external factors such as bulk salt concentration, polymer grafting density, and polymer length influence the surface
polarization and its effects on properties such as the charge of the polyelectrolyte layer. For specific conditions, we report a high
sensitivity of translocating cargoes to the changes in the dielectric properties of the polyelectrolyte-coated nanopore surface.

■ INTRODUCTION
End-grafted polyelectrolytes, also known as polyelectrolyte
brushes, have become a versatile way to fabricate function-
alized interfaces with externally programmable character-
istics1−4 and have been extensively used in a wide range of
applications such as colloidal stabilization5−7 and surface
lubrication.8−10 They have been the focus of both theoretical
and experimental research to understand their unique
properties and potential applications.
Recent advancements in manufacturing and polymer

synthesis techniques have made it possible to graft polymer
chains to the inner walls of artificial nanopores.11−15 The use
of responsive and switchable polymers allows the function-
alized nanochannel to alter its structural morphology in
response to external environmental changes and cues. Their
morphological changes can be utilized to, for example, control
the conduction and endow the nanopore with gating
abilities.12,16−22 The possibility of incorporating responsive
functions into confined geometries represents a significant step
forward in the development of smart nanochannel systems. As
a representative example, weak polyelectrolytes have been
widely integrated into the nanopores to create a pH-responsive
transport system.23−28 The nanoconfined environments inside
nanopores greatly enhance the coupling between physical

interactions, chemical equilibrium, and molecular organization.
As a result, the behavior of polymers under nanoconfinement
can be very different from that in solution.29,30 For end-
tethered weak polyelectrolytes in nanopores, a shift of acid−
base equilibrium compared to that of the same polymer in a
dilute solution occurs. Changes in charge are also accompanied
by variations in the electrostatic interaction and polymer
structure.
With the high demand for nanopores in a variety of

applications, a wide spectrum of materials, including both
low31,32 and high33−36 dielectric materials, are being proposed
as substrates in synthetic devices. The substrate permittivity is
another variable that affects the properties of polyelectrolytes
inside nanopores. The dielectric mismatch between the solvent
and the nanopore surface induces surface polarization charges
that will alter the electrostatic interactions within the pore, and
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this can affect the charge regulation of the weak polyelec-
trolytes when anchored to the pore’s substrate. Moreover, prior
theoretical research for bare nanopores functionalized with
surface moieties that carry fixed charges demonstrated that the
polarization effect influences the properties of the nano-
pores.37,38 Taken all together, this suggests that polarization
effects have the potential to modulate the electrostatic
environment and impact the charge regulation process of
weak polyelectrolytes under nanoconfinement. So far, the
effect of substrate permittivity on the properties of nanopores
functionalized with charge regulating polyelectrolytes has not
received much attention yet, both experimentally and
theoretically. This is mainly due to the difficulty of
experimental visualization of nanoconfined spaces and a lack
of simulation techniques that can integrate polymer con-
formations, chemical reactions, and dielectric boundary
conditions. Only recently, Luijten and co-workers39 using
molecular dynamics (MD) demonstrated the effect that surface
polarization has on the ion distribution near a strong
polyelectrolyte brush grafted to the planar surface. Strong
polyelectrolytes have fixed charges, opposite to weak
polyelectrolytes, whose degree of ionization is variable and
depends on pH, salt concentration, and polymer density. An
enhanced concentration of counterions near high-permittivity
substrates is observed whereas the opposite situation happens
near low-permittivity surfaces. Dielectric modulation of
polyelectrolyte structures has later been investigated in the
system of a planar strong polyelectrolyte brush40 and a strong
polyelectrolyte confined in a spherical cavity.41 Lujiten et al.
also applied MD simulations to study surface-functionalized
nanoparticles and investigated the combined effect that surface
polarization and charge regulation of chemical surface moieties
have on the self-assembly of these nanoparticles.42 So far,
efforts to understand the impact of dielectric surface properties
on the behavior of polyelectrolytes, tethered or free, have
focused on strong polyelectrolytes. The influence of surface
dielectric on weak (tethered) polyelectrolytes has not been
studied, as far as we are aware. However, the recent findings for
strong polyelectrolyte systems suggest that dielectric mismatch
will affect the properties of surface-tethered weak polyelec-

trolytes inside the nanopore. Because of the pH-responsive
nature of weak polyelectrolytes, we anticipated a stronger and
more complicated effect of dielectric mismatch. Hence, here
we investigated how the relative permittivity of the pore
membrane will influence and control the properties of weak
polyelectrolytes end-grafted to the inner surface of the
nanopore.
We employ a molecular theory to study the effect of the

dielectric properties of a nanopore surface on the charge
regulation of weak polyelectrolytes confined in the nanopore.
This molecular theory has been proven to be powerful in
quantitatively predicting the structural and thermodynamical
properties of various systems involving end-tethered polymer
layers.26,27,29,43−45 Theoretical predictions from our theory
were shown to be in good agreement with the experimental
observations.29,46−48 For example, the ionic conductance of a
nanochannel functionalized with weak polybases predicted
from the molecular theory was found to agree well with
experimental measurements.29 The predictive power of the
molecular theory gives us confidence in its ability to properly
represent the behavior of polymer-grafted nanopores and to
accurately characterize relevant properties such as polymer
charge and structure.
In our previous studies of functionalized nanopores and

nanochannels, it had been assumed that the membrane
consisted of a low-dielectric material whose dielectric constant
can effectively be considered to be zero (εmem = 0).26,28,29 For
εmem = 0, the electric (displacement) field inside the membrane
is zero by construction, and we do not explicitly need to
consider the electric field inside the membrane. Here we
extended the theoretical approach and included the electro-
static interaction of the membrane by explicitly solving the
electrostatic governing equation inside the membrane as well.
This allows us to investigate nanopores with membranes that
have different (nonzero) dielectric constants.
A schematic of the nanopore studied here is shown in Figure

1. The nanopore is functionalized by end-grafting weak
polyelectrolytes to the inner wall of the pore. The
polyelectrolytes are composed of basic monomers, and the
pKa is set to be 7.5, which corresponds to a weak polybase such

Figure 1. Schematic representation of the nanopore: (A) side view and (B) top view. The cylindrical nanopore has radius R in a membrane of
thickness L. The membrane connects two identical reservoirs containing salt anions and cations as well as protons and hydroxyl ions. The inner wall
of the pore is modified with weak polybase chains. The governing equations for the electric potential inside and outside the membrane as well as
the boundary conditions at the membrane interface are listed in the figure.
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as poly(2-(dimethylamino)ethyl methacrylate) (PDMEA-
MA).49 On the basis of the relative dielectric constant of the
inner pore wall, we can separate three different dielectric
constant regimes, namely (i) the low εmem regime, where εmem
< εs (εs, the dielectric constant of the solution, is set as 78.54 to
represent water); (ii) the intermediate εmem regime, where
εmem = εs; and (iii) the high εmem regime, where εmem > εs. We
investigated representative cases for each of the different
regimes. More specifically, we considered εmem equal to 0, 2,
78.54, and 300. εmem = 2 corresponds to the relative dielectric
constant of a lipid membrane.50 Other examples of low
dielectric constant materials are quartz and mica.31,32,51−53 The
case of εmem = 0 is also included here to compare with the
membrane that has a dielectric constant of εmem = 2. We
compare both cases to verify and validate our previous
approximation of zero dielectric constant for low-permittivity
nanopore membranes. Oppositely, materials, such as titanium
dioxide and strontium titanate, can be considered to have a
“high” dielectric constant, as compared to water, and have a
dielectric constant in the range 150−300.34−36,54 We also
studied the membrane with εmem = 78.54, which reflects the
absence of any dielectric mismatch between the inner pore wall
and the solution.
We found that the dielectric properties of the membrane,

depending on environmental conditions such as pH and salt
concentration, can have a large effect on the charging behavior
of weak polyelectrolytes inside the nanopore. When the
nanopore membrane has a low dielectric constant, εmem < εs,
the shift of acid−base equilibrium toward neutral state is even
more significant compared to a pore wall that has no dielectric
mismatch with its aqueous polymer solution region, εmem = εs,
while a relatively smaller shift in the chemical equilibrium is
observed for a nanopore whose membrane has a high dielectric
constant, εmem > εs. We also observe morphological changes in
the polyelectrolyte brush. The observed changes stem from the
fact that the permittivity mismatch at the solvent−membrane
interface gives rise to a surface polarization, which provides
additional electrostatic interactions between the nanopore
surface and the charged polyelectrolytes. The translocation of a
nanoparticle through the nanopore is also investigated to
illustrate how the structural changes induced by different
dielectric membrane properties affect the transport perform-
ance of large cargoes. Moreover, we systematically show that
the influence of dielectric mismatch on charge regulation of
polyelectrolytes can be controlled by varying different system
conditions such as bulk salt concentration, polymer grafting
density, and polymer length. The insights from this work
deepen our understanding of the role dielectric surface
properties play in the charge regulation of end-tethered
polyelectrolytes and guide the rational design of bioinspired
nanodevices.

■ THEORETICAL METHODS
The theoretical framework in this work is based on a
previously developed molecular theory26,29,44,55,56 that explic-
itly incorporates the molecular details of the system such as the
size, shape, charge distribution, and conformations of all
molecular species in the system. It also takes into account the
relevant intramolecular and intermolecular interactions as well
as the chemical equilibrium of the basic monomers. To model
the structural and thermodynamic properties of the current
system, we extended the theory by considering the dielectric
mismatch between the solvent and the membrane. The free

energy functional that describes a nanopore modified with end-
tethered weak polyelectrolytes has several distinct contribu-
tions, which can be summarized as follows:

= + + + +F TS TS E F E Epoly mix vdW acid base
mix

electro rep

(1)

Here, the first two terms in eq 1 describe the conformational
entropy of the polyelectrolyte chains and the mixing (or
translational) entropy of the solvent (water) and mobile ions.
The next contribution EvdW stems from the nonsteric van der
Waals effective energy between polymer beads. The next two
terms are related to the free energy associated with the acid−
base chemical equilibrium and the electrostatic interaction.
The term Erep represents the steric repulsion between all
species. Next, we discuss each of the contributions in more
detail.
The conformational entropy of the polymer is given by

=
S

k
P Pr s r s r s s( ( )) ( ( ), ) ln( ( ( ), )) dpoly

B
g

(2)

where s is a parametrization of the membrane interface area
that is tethered with chains. ds is the area element, and the
integral runs over the area where the polymers are anchored.
σg(r) is the grafting density of chains at r, and P(r,α) denotes
the probability of finding a polyelectrolyte chain anchored at r
in a certain conformation α. In principle, the sum includes all
possible polyelectrolyte conformations. In practice, we
generate a large unbiased set of polymer confirmation using
the rotational isometric state model (RIS).57 We only consider
those conformations that are self-avoiding and do not overlap
with the walls of the nanopore.
Next, the mixing or translational entropy of all mobile

species is given by

= [ ]S
k

vr r r( ) ln( ( ) 1 d
i

i i
mix

B
w

(3)

where ρi(r) is the number density of the species i and index i
runs over all the molecular species, which are water, Na+, Cl−,
H+, and OH−.
The term EvdW represents the effective van der Waals

interactions between all polymer segments and accounts for
the solvent quality. It is represented as follows:

=
| |

E
g r r

r r r r
( )

2
( ) ( ) d dvdW p p (4)

Here, χ is the strength of the attractive interactions between
the polymer segments, g(|r − r′|) accounts for the distance
dependence of the interaction,26 and ⟨ρp(r)⟩ is the average
density of polymer segments at position r. ⟨ρp(r)⟩ is
determined by the probability of the chain conformations,
P(r,α), through the following expression: ⟨ρp(r)⟩ =
∫ ds′∑ασg(r′(s′))P(r′(s′),α)np(r′(s′),α,r) , in which
np(r′(s′),α,r) dr is the number of monomers that a chain
grafted at r′(s′) has in the volume element between r and r +
dr when it is in conformation α. The area element is denoted
by ds′, and the integral runs over the region where the
polyelectrolytes are anchored. The effective van der Waals
attractive strength is equal to 0 kBT and 1 kBT. The former
corresponds to the good solvent condition, and the latter
equals the marginal poor solvent condition.
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For a single basic molecule B in an aqueous environment,
the acid−base reaction can be written as

++ +FBH B H (5)

and the free energy contribution arising from this acid−base
equilibrium is

= [ + ]

+ [ + ]+

F
k T

f ln f f f

f f

r r r r r r

r r r r

( ) ( ) ( ( )) (1 ( )) ln(1 ( )) d

( ) ( ) (1 ( )) d

p

p B

acid base

B

BH
0 0

(6)

Here, f(r) denotes the fraction of basic monomers that is
charged. The first and second integrals represent the mixing
entropy of the charged and uncharged groups, while the
remaining integral corresponds to the internal free energy of
the charged and uncharged state of the monomers, with μBH+

0

and μB
0 being their respective standard chemical potentials.

Next, the electrostatic contribution to the free energy
functional is given by

=

+

+

i
k
jjj y

{
zzz

i
k
jjj y

{
zzz

F V

V

S S S

r r r

r r r

d ( ) ( )
1
2

( ( ))

d ( ) ( )
1
2

( ( ))

d ( ) ( )

q

q

q

electro mem 0 mem
2

s 0 s
2

(7)

where εmem and εs correspond to the relative dielectric constant
of the pore membrane and solvent, respectively. The variable
ψ(r) represents the electrostatic potential, ⟨ρq(r)⟩ is the
average charge density at position r, and σq is the surface
charge density. Inside the membrane, the charge density is
assumed to be zero, i.e., ⟨ρq(r)⟩ = 0 ∀ r ∈ Vmem while the
charge density in the aqueous solution is given by

= += + + q f qr r r r( ) ( ) ( ) ( )q i i i qNa ,Cl ,H ,OH p, where the
sum in the first term runs over all charged mobile species with
qi being the charge of species i (i = Na+, Cl−, H+, OH−). The
charge density stemming from the charged basic monomers is
represented by the second term. In our system, the surface of
the nanopore is assumed to have no free surface charges, which
means σq = 0. It only carries an induced polarization or bound
charge density σb. Variation of the electrostatic energy
functional with respect to the electrostatic potential, ψ(r),
yields

=
=

V

V

r r r

r r r

( ( )) ( )

( ( )) ( )
q

q

0 mem mem

0 s s (8)

The electrostatic boundary conditions for the interface
between the pore surface and solvent are also given by
functional variation:

| · | · =n nr r( ( ) ( ) )V V qmem smem s (9)

Here n̂ is the normal vector of the interface that points from
the solution side to the membrane side of the interface.
Observe that we employ cylindrical coordinates (r, z, θ) to
exploit the symmetry of the nanopore system. To improve
computational efficiency, we assume azimuthal homogeneity,
which means that all-position-related quantities change
exclusively in the radial and axial directions. Therefore, for r
= 0 (along the pore axis), the electrostatic potential obeys the
following symmetry condition:

=
=

r z
r

( , )
0

r 0 (10)

Finally, the boundary condition at the reservoir edges follows
the no flux boundary condition:

· =nr( ) 0 (11)

Here n̂ is the normal vector of the z-plane that separates the
nanopore system from the reservoir.
It is important to emphasize that eq 8 is the mean-field

equivalent of the Poisson equation for electrostatics since the
electrostatic potential and the charge number density
correspond to the ensemble averages. It can be considered as
a generalized Poisson−Boltzmann equation. Notably, here, the
thermodynamic averaged charge density of the ions and
polyelectrolyte results from the free energy minimization and
therefore contains the molecular details of the system, which
include, among others, the inter- and intrachain correlations of
the polyelectrolyte chain. It is important to realize that for a
neutral noncharged polymer system, under good solvent
conditions, our theory includes intrachain correlations exactly
since we explicitly include chain conformations. On the other
hand, interchain interaction is treated in a mean-field level.
Similarly, electrostatic interactions are only considered at the
level of the average charge density, and as such, electrostatic
interactions do not contain intrachain correlation directly but
only implicitly via the chain conformation. As a result, the
theory goes well beyond the traditional Poisson−Boltzmann
approximation. Notice also that we solve this generalized
Poisson equation for both the aqueous solution region and the
membrane region. Previously, it had been assumed εmem = 0,
and hence we did not need to solve for the Poisson equation
inside of the membrane.
The last term in the free energy, Erep, describes the excluded

volume interactions between all molecules, which are
considered by assuming that the system is incompressible at
every position:

+ =
= + +

v vr r( ) ( ) 1
i

i i
w,Na ,Cl ,H ,OH

p p
(12)

Here vi is the volume of mobile species i and vp is the volume
of the polymer segment.
Minimization of the free energy results in explicit

expressions for the system variables ρi(r), P(r,α), and f(r),
which are listed in the Supporting Information. The unknowns
that need to be determined are the lateral pressures, π(r), and
the electrostatic potentials, ψ(r). To solve the molecular
theory, the equations for the system variables, such as the
densities, are substituted into the incompressibility constraint
(eq 12) and the generalized Poisson−Boltzmann equation (eq
8), resulting in a set of integro-differential equations. To solve
this problem numerically, we discretize the space to convert
the differential equations describing the system into a set of
coupled nonlinear equations, which we can then solve self-
consistently58 for those unknowns. For brevity, we have
discussed here only the important details of molecular theory.
More information about the description of the free energy
expression and minimization as well as numerical implementa-
tion can be found in the Supporting Information and our
previous publications.59
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■ RESULTS AND DISCUSSION
Dielectric Effect on Charge Regulation Process. First,

the charging behavior of polyelectrolytes end-tethered to the
nanopore membrane with different dielectric constants is
reviewed. To characterize the charging of weak polyelectro-
lytes, it is convenient to introduce the average degree of
protonation of the basic groups, which is given by

=+
+

f
fr r r

r r

d ( ) ( )

d ( )BH
BH B

B (13)

Figure 2 presents the average degree of charge as a function of
pH in three different dielectric constant regimes: (i) low εmem

regime, where εmem < εs; (ii) intermediate εmem regime, where
εmem = εs; and (iii) high εmem regime, where εmem > εs. The
bulk salt concentration is 1 mM. As we can see in Figure 2, the
degree of charging of the polyelectrolytes in a nanopore is
uniformly decreased as compared to the average protonation
fraction of a single isolated monomer in dilute solution
regardless of the value of εmem. For comparison, the top line
labeled “ideal titration” shows the degree of charge of the
isolated base monomer in ideal solution, which, assuming ideal
solution chemical equilibrium, corresponds to f BH+ = 1/(1 +
10(pH−pKa)). The observed “titration” behavior can be explained
as follows. For low pH values protonation of a single isolated
monomer would be favored, but then the concentration of
charged monomers within a confined nanopore would be
considerable. This would result in strong electrostatic
repulsions. The system employs several mechanisms to
counteract these unfavorable electrostatic repulsions. A process
known as charge regulation is one of those responses that can
mitigate electrostatic repulsions. It involves shifting the acid−
base equilibrium toward its uncharged state to reduce the net
charge of the confined polymers. This reduces electrostatic

repulsions, but simultaneously, chemical work needs to be
performed to shift the acid−base chemical equilibrium. Two
other mechanisms that reduce unfavorable electrostatic
repulsions are counterion confinement and chain stretching.
Namely, the system can introduce additional counterions into
the brush, hence increasing electrostatic screening. A loss of
translational entropy of the counterions occurs as a result of
counterion confinement. Moreover, the polymer chains can
stretch to reduce electrostatic repulsions within the chain.
However, chain stretching will cause a decrease in the
conformational entropy of chains and cannot negate electro-
static repulsions between neighboring charged segments along
the chain. Although all these processes are entropically
unfavorable, they are compensated by a reduction in
electrostatic repulsions. Thus, the fraction of protonated
monomers and the structure of the polymer layer inside the
nanopore result from a delicate balance and interplay between
the different opposing chemical and physical interactions,
which include the conformational entropy of the polymers, the
translational entropy of the ions, and electrostatic interactions.
A significant finding, apparent from Figure 2, is that there is

a considerable difference in the degree of dissociation of the
basic monomers for the three permittivity regimes. For
example, at pH = 6 we predict ⟨f BH+⟩ = 0.55 for εmem =
78.54 and find that the average degree of charge increases by
more than ∼25% to ⟨f BH+⟩ = 0.69 for a membrane with a
relative dielectric constant of εmem = 300. On the other hand,
for a membrane with εmem = 2, we find that the average degree
of charge reduces to ⟨f BH+⟩ = 0.44, more than 25% reduction.
Consequently, there is almost a 50% change in the average
degree of charging. Observe that the “titration” curve for a
membrane with a dielectric constant of εmem = 0 is very similar
and almost identical with that of a membrane with a
permittivity of εmem = 2 because the difference in membrane
permittivity is very small. Therefore, the past approximation of
assuming εmem = 0 for low-permittivity membranes is valid. In
general, if the charging behavior of a membrane case εmem = εs
is chosen as a reference state, we observe that, relative to this
state, the degree of charge regulation is suppressed when the
membrane has a high dielectric constant, whereas the opposite
trend happens in the presence of a low-permittivity substrate.
This phenomenon can also be clearly observed from the local
degree of protonation shown in Figure 3D−F (for pH = 6).
Not only does the local degree of protonation change
significantly as a function of dielectric constant, but also, for
example, the charge distribution profiles inside the nanopore
with different εmem presented in Figure 3G−I (for pH = 6)
demonstrate a permittivity-induced change in polyelectrolyte
charges. It is clearly observable that increasing εmem causes a
substantial rise in polyelectrolyte charges. More specifically, the
maximum polymer charge density rises from 0.11 to 0.26 e/
nm3 when εmem is changed from 2 to 300.
To explain the occurrence of these differences, as well as to

understand how the dielectric surface properties impact the
charging behavior of weak polyelectrolytes, it is instructive to
consider the shape and the size of electrostatic potential,
because the strength of the electrostatic interactions
determines the amount of charge regulation. First, an induced
surface polarization charge density, σb, occurs as a result of the
permittivity difference at the solvent−membrane interface. It
can be calculated as follows:

Figure 2. pH dependence of the average fraction of charged basic
monomers in weak polybases that are end-tethered to the inner
surface of the nanopore. The lines correspond membranes with
different dielectric constants. From bottom to top the lines
correspond to εmem = 0, 2, 78.54, and 300, respectively. The top
line (cyan colored) represents the degree of protonation of the
monomers in the bulk dilute solution. In this calculation, the pore
radius and length are chosen as R = 4 nm and L = 10 nm. The chains
in the polyelectrolyte-modified pore have chain length N = 10 and
grafting density σg = 0.030 nm−2. Good solvent conditions are
assumed. (The strength of the interaction between monomers is χ = 0
kBT.) The bulk salt concentration is equal to 1 mM.
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Here P⃗s and P⃗mem are induced polarization at the solution and
membrane side of the interface, respectively, and n̂ is the unit
normal vector that points from the solution to the membrane
side of the interface. The magnitude and sign of the bound (or
polarization) surface charges are determined by the dielectric
mismatch. As shown in Figure 4, the low dielectric wall has a
positive polarization surface charge density, while the high
dielectric one has a negative polarization surface charge
density. For εmem = εs, there is no dielectric mismatch, and
the bound surface charge density is zero. For a low-dielectric
surface (εmem < εs), the positive surface polarization charge
density results in an additional electrostatic repulsion between
the surface and the positively charged monomers, which is
mitigated by shifting the acid−base equilibrium toward the
neutral, uncharged state further. Thus, the fraction of charged
monomers drops as compared to the case where the surface
and solvent do not have a dielectric mismatch, i.e., εmem = εs.

Simultaneously, the polymers adopt more extended conforma-
tions, i.e., stretch, in an effort to negate the additional

Figure 3. Color maps of the (A−C) polymer volume fraction, (D−F) fraction of charged basic monomers, and (G−I) charge distribution inside
the nanopore with εmem = 2 (top), εmem = 78.54 (middle), and εmem = 300 (bottom). The bulk pH is chosen as 6. Other calculation parameters are
the same as in Figure 2.

Figure 4. Surface polarization charge density profiles along the axial
position of nanopore membrane. The density profile is observed for
the nanopores formed in the membrane with εmem = 2 (red), εmem =
78.54 (blue), and εmem = 300 (black). The bulk pH is chosen as 6.
Other calculation parameters are the same as in Figure 2.
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electrostatic repulsions between the positively induced surface
charges and positively charged monomers. As can be observed
from the polymer morphologies (Figure 3A−C) and the radial
distribution of polymer segments (Figure 5A,B), the polymers
are more elongated in the axial direction for a low-dielectric
surface as compared to a surface with εmem = εs. As another
important mechanism to offset the electrostatic repulsions,
negatively charged counterions will be localized within the
nanopore and confined close to charged monomers and the
surface charges to increase electrostatic screening, while co-
ions are expelled from the nanopore. This is clearly visible in
the radial and axial ion distribution profiles shown in Figure 6.
The figure indicates that the expulsion of the co-ions from the
interior of the nanopore causes the co-ion concentration to
drop by more than an order of magnitude as compared to the
reservoir concentration. Notice also in Figure 6 the sizable
difference the co-ion and counterion distributions have inside
the nanopore as a function of dielectric properties of the
membrane.
For a high-dielectric surface (εmem > εs), the opposite

behavior can be observed as compared to a low-dielectric
surface. Namely, the negatively induced surface polarization
charges cause an extra electrostatic attraction with the
positively charged monomers. This results in a shift of the
acid−base equilibrium toward the charged state, and the
fraction of charged monomers increases as compared to the
case εmem = εs. At the same time, the polymers adopt more
compact conformations to bring the negative surface charges
and the positively charged monomers closer together (see
Figures 3A−C and 5A,B). Concomitantly with charge
regulation and changes in the polymer conformation, negative
counterions are confined by the charge brush. However,

because the surface is now negatively charged, positively
charged ions accumulate near the surface rather than negative
ones, and sodium ions, together with the positively charged
monomers, act as counterions for the surface charges. This
difference is noticeable in the increase of the sodium ion
distribution close to the surface, as shown in Figure 6D.
Overall, the permittivity-induced variations in polyelectrolyte
charge, surface polarization charge, and ion distribution result
in different electrostatic environments inside the nanopore, as
demonstrated by color maps of electrostatic potential for
varying εmem in Figure 7A−C. A maximum change of up to
46% in local electrostatic potential can be found when εmem is
changed. This difference is particularly evident in the radial
profile of electrostatic potential near the inner surface of the
nanopore (Figure 8A). Observe, for example, that the surface
electrostatic potential for a low dielectric membrane equals
about 100 mV while the high-dielectric membrane has a much-
reduced surface electrostatic potential of around 55 mV. Here,
we can clearly distinguish three entirely different electrostatic
environments, which are a result of the effect of the dielectric
mismatch. Note also that the normal gradient of the
electrostatic potential, i.e., the electric field, is discontinuous
across the dielectric boundary as stipulated by the electrostatic
boundary conditions (see eq 10 and Figure 8B).
The degree of protonation of tethered polybases is closely

correlated to the local environment the monomers experience.
As explained above, the charge and structure of the polybase
layer, the electrostatic potential, ion distribution, and the size
of the bound surface charge density are all coupled together.
Thus, variations in the charging behavior of the polybases due
to changes in the dielectric properties of the substrate can
alternatively be understood by considering the ion distribu-

Figure 5. Radial profiles of polymer volume fraction within the nanopore in the case of various membrane permittivities at (A) pH = 3, (B) pH = 6,

(C) pH = 7, and (D) pH = 8. Here, ⟨ϕp(r)⟩ is calculated by =r L r z z( ) 1/ ( , ) d
L

L
p /2

/2
p The red, blue, and black lines correspond to cases

where the dielectric constant of the nanopore membrane equals to 2, 78.54, and 300, respectively. Other calculation parameters are the same as in
Figure 2.
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tions. Hence, it is instructive to study the distributions of the
different charged components in the system as a function of
the dielectric constant of the membrane as well. We illustrate
this for pH = 6 (see Figures 6 and S1). The distributions of all
mobile ions are affected by the dielectric characteristics of the
pore membrane. When the pore wall has a low dielectric
constant, εmem < εs, the positive surface polarization charges
attract the negatively charged ions (Cl− and OH−) to the
surface and, on the other hand, repel positively charged ions
(Na+ and H+) and positively charged monomers from the
surface. In contrast, the negative polarization of a high-
dielectric pore wall, εmem > εs, suppresses the concentration of
negatively charged ions while enhancing that of positively
charged ions within the pore. The local chemical balance of the
basic monomers shifts toward the charged state when the local
concentration of hydroxyl ions is lowered, and the equilibrium
shifts in the opposite direction as it increases. Thus, the
hydroxyl distribution offers a complementary explanation for
the observation that the average protonation fraction is larger
for εmem > εs and lower for εmem < εs compared to εmem = εs.
We have also investigated the effect of having polyacids

instead of polybases, as illustrated in Figure S2. This “titration”
curve, similar to Figure 2, shows the average charge fraction of
polyacids end-tethered to the inner wall of nanopore as a
function of pH. Identical dimensions and conditions are
assumed for this system. We find similar qualitative charging
behavior as a function of membrane permittivity for polyacids
as compared to polybases. Obviously, the trends are reversed
as a function of pH. Likewise, changing the solvent condition
from χ = 0 kBT (good solvent) to χ = 1 kBT (marginal poor

solvent) showed similar trends in the dissociation behavior
(see Figure S3). But the quantitative features, like the amount
of charge and polymer and its distribution, are slightly different
because reducing the solvent quality leads to an increased
attraction among the monomers, which results in increased
polymer density, causing a potential increase in the number of
charges in the layer. In response, the system charge regulates
and shifts the chemical equilibrium further to the neutral state.
For instance, at pH = 7 the average charge fraction equals
⟨f BH+⟩ = 0.210 for good solvent but ⟨f BH+⟩ = 0.207 for marginal
poor solvent conditions when εmem < εs. The differences are
noticeable for higher pH. Because at higher pH values the
number of charges, i.e., electrostatic interactions, decreases, the
van der Waals interactions become more important. This
difference also illustrates that the various physical and chemical
interactions as well as the structural organization occurring
within a polymer nanopore are all coupled together. We have
not explored larger van der Waals attractions between the
monomers because poor solvent conditions can lead to
polymer collapse and phase separation within the polymer
layer.45,60 Here in this study, we focus on how the dielectric
properties of the supporting membrane affect the delicate
balance between physical and chemical interaction and
structural organization of the polymer within the nanopore.

Dielectric Effect on Polymer Morphology. The
discussion above demonstrates that the permittivity contrast
between membrane and solution not only alters the ion
distribution and charging behavior of the ionizable monomers
but also affects the structure of the polyelectrolyte layer. Here,
we examine in depth the pH dependency of the surface

Figure 6. (A, C) Cross-sectional averaged anion and cation concentrations along the axis of the nanopore. Here, =C z R C r z r r( ) 1/ ( , ) di
R

i
2

0
.

The dashed lines mark out the location of the axial position of the two ends of the pore. (B, D) Concentration of salt ions inside the nanopore as a

function of the distance to the center of the pore. =C r L C r z z( ) 1/ ( , ) di L

L
i/2

/2
. The different color corresponds to different cases of membrane

permittivity. For all cases, the bulk pH is chosen as 6, and other calculation parameters are the same as in Figure 2.
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dielectric on the polyelectrolyte structure and how this
morphological change influences the nanoscale transport
through the pore. In Figure 5A, we present the radial
distribution of polymer chains inside the nanopore to illustrate
the influence of membrane permittivity on brush structure at a
relatively low pH condition. The basic monomers are nearly
fully protonated at pH = 3, as illustrated in the “titration” curve
of Figure 2. It is reasonable to expect that the dielectric
constant of the pore membrane has only a minor impact on the
charging behavior of the polyelectrolytes, which is confirmed
by both Figure 2 and the local protonation degree in Figure
S4D−F. Even though polymers have an almost identical degree
of charge for all three dielectric conditions, we still observe that
the polymer layer is structurally arranged differently for
different membrane permittivities. For εmem = 2, the strong
electrostatic repulsions between positive induced surface
polarization charges and the likewise positively charged
polymers cause the brush to expand. For εmem = 300, the
negative surface polarization charges attract the charged
polyelectrolyte monomers, which leads to contraction of the

polymer layer. This structural transition is also validated by
comparing the color maps of polymer volume fraction for
different εmem regimes, which are plotted in Figure S4A−C.
Noteworthy is the fact that this difference in polymer
distribution within the nanopore can also result in a
significantly distinct charge distribution, despite the similar
charging behavior of the polyelectrolyte in the three dielectric
substrates at pH = 3.0, as depicted in Figure S4G−I. Figure
S4A−C also shows a feature of the polymer structures shared
by all three εmem cases, namely that the polymers at the pore
edges escape the nanopore at low pH, e.g., pH = 3. The reason
for this behavior is that the segments tend to be expelled from
the nanopore to maximize the conformational entropy of the
chains while minimizing the strong electrostatic repulsions due
to the high concentration of charged polymers inside the pore.
Increasing pH can lead to a drop in the degree of charge and

the polymer structure changes accordingly. For example, the
color maps of polymer volume fraction in Figure S5A−C show
that the chains are collapsed into the nanopore at pH = 8. We
have also plotted the polymer conformation at various pH
values in a single diagram (see Figure S6) to demonstrate this
pH-induced change in polymer morphology in greater detail.
Next, we explore how dielectric effects influence the polymer
structure at higher pH values. As illustrated in Figure 5B−D,
the effect of the dielectric constant of the substrate on the
polymer structure starts to diminish with increasing pH values.
Taking pH = 8 as an example and comparing the polymer

Figure 7. Color maps of electrostatic potential for the nanopore
formed in the membrane with (A) εmem = 2, (B) εmem = 78.54, and
(C) εmem = 300. The bulk pH is chosen as 6. Other calculation
parameters are the same as in Figure 2.

Figure 8. (A) Radial profile of the electrostatic potential near the
inner surface of the nanopore membrane. ⟨ψ(r)⟩ can be calculated by

=r L r z z( ) 1/ ( , ) d
L

L

/2

/2
. (B) Strength of the electric field in

the radial direction, i.e., the derivative of the electrostatic potential
with respect to the radial position, as a function of the distance r from
the nanopore center. Vertical dashed line indicates the position of the
membrane interface. It can be seen clearly that the derivative of the
potential at the interface is discontinuous.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.2c01391
Macromolecules 2022, 55, 8384−8398

8392

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01391/suppl_file/ma2c01391_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01391/suppl_file/ma2c01391_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01391/suppl_file/ma2c01391_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01391/suppl_file/ma2c01391_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01391/suppl_file/ma2c01391_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01391/suppl_file/ma2c01391_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01391/suppl_file/ma2c01391_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c01391/suppl_file/ma2c01391_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01391?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01391?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01391?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01391?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01391?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01391?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01391?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01391?fig=fig8&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c01391?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


distributions for the different cases of membrane permittivity,
as shown in Figure S5A−C, reveal a large degree of similarity
between the structural organization of the polymer layer. Thus,
the results here further evidence the decreasing impact of the
substrates’ dielectric properties on the polymer structure as pH
values are being raised. Increasing pH results in a considerable
drop in the polymer charge, which causes the electrostatic
interactions to weaken, and concomitantly, the surface
polarization charge density is reduced. Consequently, the
effect of dielectric mismatch on the polymer structure at high
pH is only modest. Keep in mind, however, that in this pH
range the dielectric property of the nanopore membrane still
has a significant influence on the charging behavior of
polyelectrolytes. For example, at pH = 8, ⟨f BH+⟩ = 0.07 for
εmem = 2 and ⟨f BH+⟩ = 0.14 for εmem = 300. Likewise, the local
degree of charge and charge density, shown in Figure S5D−I,
are different for distinct dielectric membranes. In summary,
changing pH not only results in a qualitative change of the
polymer structure but also determines the role of membrane
permittivity in polymer structure.
The polymer structure inside the nanopore is closely related

to the ability of the nanopore to transport or filter cargoes. To
investigate how the structural changes in the polymer layer
induced by the dielectric contrast can influence cargo
translocation through the nanopore, the potential of mean
force (PMF) is calculated for a cargo that solely interacts with
the polymers and wall through steric repulsions. The PMF at
position r equals the work required to transport the cargo from
the bulk solution to r, which is expressed as follows:

= = =F F Fr r r( ) ( )PMF cargo cargo (15)

The particle will be unable to pass through the pore if it
encounters a potential barrier that is several times greater than
the thermal fluctuation. The transport test is performed at pH
= 3. This value is chosen because a large effect of the substrate
permittivity on the polyelectrolyte structure is observed for pH
= 3. We limit the PMF calculation to medium cargo sizes
compared to the nanopore radius because small cargoes,
insensitive to the dielectric properties of the membrane, can
diffuse easily through the nanopore, as demonstrated in Figure
S7. On the other hand, in the case of large-sized cargo as
compared to the nanopore radius, the steric repulsion
experienced by the large-sized cargo is dominated by the
large conformational entropy loss of the polymer layer and
therefore obstructs cargo diffusion, irrespective of the
membrane dielectric properties. Observe that the permittiv-
ity-induced changes in polymer structure can greatly affect the
free energy barrier in this scenario. Thus, the transport
efficiency of medium-sized cargoes having a radius of 1.5 and 2
nm through the nanopore with different membrane permittiv-
ity is investigated here. The PMFs for these two different-sized
cargos through the nanopore along the central axis are shown
in Figure 9A,B. Free energy barriers located within the
nanopore are observed for both cargo sizes. The free energy
barrier occurs because the polymer layers are stretched at pH =
3 and sterically hinder the translocation of cargo through the
pore. We also find that for nanoparticles with a radius of 2 nm
the barrier height of the PMF experiences a large decrease
from 4.17 to 1.31 kBT when the dielectric constant of the
membrane changes from a low to a high value. The PMF
likewise reduces from 1.77 to 0.57 kBT for nanoparticles having
a radius of 1.5 nm. This trend in free energy implies that a
change in dielectric properties of the membrane can lead to a

transition in cargo transport from blockage to successful
passage through a nanopore. This behavior can be attributed to
the fact that polyelectrolytes adopt less stretched conforma-
tions at larger εmem. Furthermore, because the influence of
dielectric mismatch on the brush structure is pH-dependent,
one can easily control the permittivity-induced variation in
cargo transport by tuning the pH. This can be seen in Figure
S8, which shows that as the pH increases, the dielectric effect
on the barrier height decreases. The findings in this section
demonstrate that the dielectric membrane properties influence
the molecular transport through the nanopore strongly, and
thus the dielectric properties should be considered when
designing novel nanopores for cargo translocation.

Effect of Salt Concentration. In the foregoing section, we
demonstrated the dielectric effect on the charge regulation
process of weak polyelectrolytes. Herein we investigate the
impact of εmem on the brush charge and structure for different

Figure 9. Potential of mean forces (PMFs) of the cargo with a radius
of (A) 2 nm and (B) 1.5 nm through the nanopore formed in the
membrane with different permittivity. The insets in the figure show
color maps of the polymer volume fraction when the cargo is located
at the axial center of the nanopore with εmem = 2 and εmem = 300. The
bulk pH equals to 3. Other calculation parameters are the same as in
Figure 2.
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salt concentrations. In general, as the bulk salt concentration
increases, the electrostatic interactions are screened, and
accordingly, the effects of dielectric mismatch are expected
to reduce since the size of the induced surface polarization
density should decrease. To examine this in detail, the average
protonation fraction of basic monomers for εmem = 2, 78.54,
and 300 are compared under different salt conditions. The
results are shown in Figure 10A−C. At low salt concentrations,
a change in the value of membrane permittivity results in
noticeable changes in the dissociation of monomers. More
specifically, when εmem changes from 2 to 300, the average
degree of protonation increases by 0.11 to 0.43 at pH = 6.
Oppositely for high salt concentration, the dielectric effect has
only a negligible effect on the polyelectrolyte charge because
the screening effect dominates changes in the electrostatic
interactions. For the results presented in Figure 10C, we find
that the maximum increase in ⟨f BH+⟩ is only 0.01 at csalt = 0.1
M. The results clearly indicate that the effect of dielectric
mismatch on the charging of confined weak polyelectrolytes is
strongly dependent on the salt concentration. To explore in
more depth the coupling between screening and dielectric
mismatch, we present in Figure 11 the average degree of
dissociation along the radial direction of the nanopore at
varying salt conditions. Comparing the local degree of
monomer dissociation for the nanopore systems with different

εmem enables us to determine the strength and range of surface
polarization effect. Regardless of salt concentration, the effect
of dielectric mismatch is the strongest in the interfacial region.
We also notice that the charging of the monomers away from
the membrane becomes almost insensitive to the dielectric
properties of the membrane when the salt concentration is
relatively high. This stems from the fact that the electrostatic
interactions between the surface polarization charges and all
ions and charged monomers are gradually screened as more
salts are added to the system. More importantly, the addition
of salt causes a decrease in the surface polarization charge
density (see Figure S9), which weakens the influence of surface
polarization of the membrane even further.

Effect of Grafting Density and Polymer Length. In this
section, we investigate how the grafting density and polymer
molecular weight impact the dielectric effect on the charging
behavior of the polyelectrolyte layer. The panels of the middle
column of Figure 10, from top to bottom, show the degree of
charge for rising grafting density (Figure 10D−F), while the
panels of the right column pertain to increasing polymer length
or molecular weight (Figure 10G−I), and the left column
depicts the degree of protonation for increasing salt
concentrations (Figure 10A−C). Clearly, the polymer grafting
density, σg, is an important parameter that significantly
influences the dissociation. Generally, with increasing grafting

Figure 10. Variation of the protonation degree of basic monomers as a function of pH in the solid-state nanopore with different membrane
permittivity. The permittivity-induced difference in charge regulation behavior has been observed in varying (A−C) salt conditions, (D−F) grafting
densities, and (G−I) polymer length.
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density, the potential number of charged monomers grows. To
avoid excess electrostatic repulsion, the fraction of charged
monomers drops in weak polyelectrolyte layers. Figure 10D
demonstrates that the degree of charge within the brush is
closely correlated to the value of membrane permittivity in the
regime of low grafting density. However, the effect of the
membrane permittivity on the polyelectrolyte charging
diminishes for higher grafting densities, as illustrated in Figure
10E,F. The maximum change of ⟨f BH+⟩ due to variations in the
value of εmem significantly drops from 0.16 to 0.03 as σg
increases from 0.03 to 0.36 nm−2. To elucidate the origin of
this observation, we compare the local variation of the
averaged fraction of charged monomers along radial direction
for different grafting densities in Figure S10. At lower grafting
densities, the surface polarization has a greater impact on the
charging regulation of monomers, and the influence is
noticeable over greater distances. The influence of the
membrane permittivity disappears away from the interfacial
region at high grafting density. This bears qualitative similarity
to the observed effect of salt concentration. This indicates that
the effect of the membrane dielectrics is electrostatically
screened. For a densely grafted and charged polymer layer, a
large number of counterions will be confined in the nanopore.
The confinement of a substantial amount of counterions inside
the polymer layer causes the charged monomers to be
electrostatically shielded from the interactions with surface
polarization charges. Hence, the effects of having different
dielectric surface properties diminish for denser layers.
Oppositely for lower grafting densities, there is a noticeable
influence.
As we previously noted, the magnitude of dielectric effects

on monomer charging varies locally within the nanopore. The
strongest effects are always found near the pore membrane.

This observation suggests that the polymer length will also
have a considerable impact on the extent of dielectric effects
because the polymer length also determines the spatial
distribution of the monomers. To examine this, the charging
behavior of monomers in the nanopores with different εmem are
revisited, but this time we consider different polymer lengths.
Figure 10G−I demonstrates that changing the dielectric
properties of the membrane can significantly alter the
dissociation of the monomers if short polymers are considered
while grafting long polymers reduces the dielectric impact on
the polyelectrolyte charge. The primary reason is that as the
grafted polymers get longer, a considerable fraction of
ionizable monomers are distributed away from the pore
membrane, which is clearly evidenced by the radial distribution
of monomers in Figure S11. Hence, they are electrostatically
shielded from the electrostatic surface interactions and thereby
from potential changes in those surface interactions caused by
different membrane dielectric properties.
Our systematic study reveals that the dielectric effect on

monomer dissociation can be amplified by choosing a low salt
concentration, polymer grafting density, and short polymer
length. When these three extreme conditions are satisfied
simultaneously, the dielectric characteristics of the surface are a
significant factor that affects the charging behavior of weak
polyelectrolytes, as demonstrated in Figure S12, which shows
the fraction of charge as a function of pH for these extreme
conditions.

■ SUMMARY AND CONCLUDING REMARKS
In the present work, polyelectrolyte functionalized nanopores
with different membrane properties are studied with a
molecular theory. The theory explicitly considers the coupling
between polymer conformations, chemical reactions, and the
dielectric properties of the nanopore wall. Employing this
state-of-the-art approach, we established a quantitative
relationship between the charge and charge regulation process
of the weak polyelectrolytes and the dielectric properties of the
nanopore surface. The permittivity mismatch at the solvent−
membrane interface gives rise to a surface polarization charge,
which causes a modulation of the charging behavior of
polyelectrolytes. As compared to the membranes that have no
dielectric contrast, the positively polarized membrane (εmem <
εs) significantly enhances the concentration of counterions
inside the nanopore, thereby shifting the acid−base equili-
brium toward the uncharged state to a greater extent. The
opposite trend happens when εmem > εs. The influence of
surface polarization on monomer dissociation of the
polyelectrolyte grafted inside the nanopore can also be
controlled by tuning the salt concentration, grafting density,
and polymer length or molecular weight. In this work, we have
not included the effect of surface curvature on the surface
polarization effect in this work yet. When we narrow down the
nanopore radius (i.e., increase the surface curvature), the
polymers are more confined inside the pore and get closer to
the surrounding membrane. As we discussed before, the
polarization effect is more pronounced in the interfacial region.
As a result, the influence of membrane permittivity on the
charge regulation of weak polyelectrolytes gets stronger. On
the other hand, while widening the nanopore, the monomers
become further away from the opposing surface. Thus, the
influence of opposing membrane on the charging behavior of
polymers gradually fades, leading to a weaker influence of
membrane permittivity on polymer charges. This phenomenon

Figure 11. Variation of the degree of monomer dissociation as a
function of the distance from the center of the pore. Different bulk
concentrations are applied here: csalt = 0.1 M (red), csalt = 0.01 M
(blue), and csalt = 0.001 M (black). ⟨f BH+(r)⟩ = ∫ −L/2

L/2 f BH+(r,z)⟨ρp(r,z)⟩
dz/∫ −L/2

L/2 ⟨ρp(r,z)⟩ dz. For each salt condition, the dissociation
behavior of basic monomers is studied for three different dielectric
constant regimes. The expected ⟨f BH+⟩ from the bulk dilute solution is
marked with a purple dashed line. Other calculation parameters: chain
length, N = 15; surface coverage, σg = 0.060 nm−2; good solvent
conditions (χ = 0 kBT); pore radius, R = 5 nm; pore length, L = 10
nm; bulk pH, pH = 7.0.
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is supported by a comparison of polyelectrolyte protonation
behavior in nanopores of different radii, as depicted in Figure
S13. It will be interesting to investigate the dielectric effect on
the charge regulation inside the planar polymer brush since it is
the limiting case of the radius of curvature going to infinity.
The findings presented here already suggest that the
membrane permittivity will have less impact on the charging
behavior inside the planar polyelectrolyte brush compared with
the pore with high surface curvature. Observe that changing
the nanopore radius or curvature has a similar effect on the
charging behavior of weak polyelectrolyte as changing the
surface grafting density. In both cases, it is polymer density that
controls the amount of charge regulation, i.e., the shift of the
acid−base equilibriums. The effect of surface grafting density
has been described here. Therefore, a detailed study into the
effects of curvature and the dielectric effect on charges inside
the planar brushes is reserved for a separate future study since
the current work focuses on understanding the effect of
dielectric surface properties in the context of nanopore
systems.
For a high-permittivity nanopore wall, the electrostatic

attraction between induced negative surface polarization
charges and positive charges of the polymers attached to the
inner wall of the nanopore can drive the polymers to adopt
more compact configurations. As a result of this compaction,
the free-energy barrier that a particle that is translocated
through the nanopore must overcome to penetrate the
nanopore will decrease. On the other hand, polymers grafted
to a low-permittivity substrate of the nanopore adopt more
extended configurations, which prevent the cargo from being
transported through the pore. Our predictions highlight the
importance of the dielectric properties of the nanopore surface
in controlling transport through the nanopore, which is useful
for future experimental design of synthetic nanopores for
selective translocation.
The molecular theory presented here considers many

important details, such as a molecular representation of
polymer conformations, charge regulation, and electrostatic
interaction. However, it remains a mean-field approach that
does not include electrostatic fluctuations. Another limitation
of the theoretical approach is that we did not consider the
dielectric property of the polymers themselves. We assumed
that the dielectric constant of the polymer layer inside the
nanopore corresponded to that of the solvent. Past
calculations61 of planar polyelectrolyte brushes using a local
dielectric constant, taken to be the linear volume-weighted
average of the dielectric constant of water and the polymer,
showed this to be a reasonable approximation for the low and
intermediate density of polymer layers studied here. Only in
very dense systems does the local dielectric environment
appear to have a significant impact on charge regulation.62

Moreover, we assumed linear polarizability of the aqueous
medium, which is an empirical description of the dielectric
properties of the system. However, the local dielectric constant
is determined by the local polarization, which is coupled to the
local electric field and the local density of polymer and solvent.
The description of the dielectric properties of the aqueous
polymer medium inside the nanopore could be further
improved by considering a polarizable molecular model.63

Our previous investigations29 on nanochannels modified
with weak polyelectrolytes have already shown a strong pH
dependence of the nanochannel conductance. The concen-
tration of major charge carriers inside the channel is

determined by the amount of charged end-tethered poly-
electrolytes, which depends on the reservoir pH. The
permittivity-induced change in the protonation state of
polyelectrolyte discovered in the present work implies a
potential influence of dielectric mismatch on the ionic
conductivity of the pore. The development of a non-
equilibrium steady-state molecular theory to study the ion
transport properties inside the polyelectrolyte functionalized
nanopore with different membrane permittivity will be covered
in a future study. Furthermore, the strong correlation between
nanopore conductance and polyelectrolyte charges provides a
great opportunity for experimentalists to indirectly investigate
the different charging regulation mechanisms of weak
polyelectrolytes inside nanopores with different membrane
permittivity through analyzing the ion transport behavior.
So far, we considered nanopores with purely dielectric

substrates. However, the substrate can also be metallic, or the
substrate interface can have a combination of dielectric,
metallic, and or charge regulating properties. Notably, metals
have been considered frequently as a substrate for nano-
pores.64−66 Metal and dielectric surfaces can also present
charge-regulating moieties, either due to deliberate surface
modification, to improve processability, or as impurities. These
different nanopores can be considered within the current
approach by appropriately modifying the free energy functional
and resulting electrostatic boundary condition.
In summary, we presented a systematic study of how

dielectric surface properties affect structural and transport
properties of polymer functionalized nanopores. The dielectric
properties of the nanopore substrates manifest themselves
through surface polarization. The monomer dissociation and
distribution as well as nanoscale transport through the
nanopore are significantly influenced and coupled with the
surface polarization. The influence of various system
parameters such as salt concentration, grafting density, and
polymer length on the surface polarization and the nanopore
properties has been established. Our theoretical findings here
shed light on the importance of the dielectric properties of the
nanopore substrate, which aid the future development of smart
nanopores.
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