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Abstract

The molecular-level study of the electrical double layer is key to understanding ion solvation,

adsorption, and transport in many electrochemical and biological systems. Here, we combine

the modified Gaussian renormalized fluctuation theory and molecular dynamics simulations

to investigate the microscopic structure of counterion condensation near a charged nanofiber

created by self-assembly of amphiphilic polypeptoids in water. Our theory shows a peak shift of

the counterion distribution, indicating the existence of a water monolayer between condensed

counterions and surface charges. Without any fitting parameters, the peak position and the shape

of the counterion distribution predicted by our theory are in quantitative agreement with recent
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experimental results using cryogenic electron microscopy. We provide a possible explanation

for the underlying mechanism for the formation of such solvent-separated ion pairs as the image

charge repulsion at an interface with a dielectric mismatch. This important feature arising from

electrostatic fluctuations cannot be captured by either classical Poisson–Boltzmann theory or

simulations using non-polarizable force fields.

The study of the electrical double layer (EDL) lies at the heart of colloidal and interfacial

science, which affects a wealth of structural and dynamic properties in many physicochemical and

biophysical systems.1–5 The distribution and condensation of ions in the EDL are usually modeled

by the classical Gouy–Chapman theory based on the Poisson–Boltzmann (PB) equation.6,7 The

classical theory is built upon the primitive model with ions immersed in a dielectric medium,

describing the EDL at a continuum level.

There has been growing interest in the microscopic study of the double layer structure. The

molecular details of the interplay between surface charges, salt ions, and water molecules are

essential for ion solvation, adsorption, and transport. These play a vital role in understanding

and fine-tuning electrocatalytic activity,8 charge storage in supercapacitors,9,10 and ion selectivity

in biological channels.11,12 Various experimental techniques, such as in situ nuclear magnetic

resonance (NMR),9,10 atomic force microscopy (AFM),13,14 ambient-pressure X-ray photoelectron

spectroscopy (APXPS),15,16 neutron reflectometry (NR),17 and scanning electrochemical potential

microscopy (SECPM)18 have been utilized to probe different charged surfaces and test the

validity of the classical theory. Recently, Seidler et al.19 used cryogenic electron microscopy

(cryo-EM) to obtain atomic-scale images of condensed counterions near positively charged

9N-Nte6-NBipe6·Cl polypeptoid nanofibers. This polypeptoid consists of six hydrophilic Nte

monomers (N-2-(2-(2-methoxyethoxy)ethoxy)ethylglycine), five hydrophobic NBipe monomers

(N-(2-(4-biphenyl)ethyl)glycine), and an N-(2-(4-aminophenyl)ethyl)glycine monomer introduced

at the ninth position from the N-terminus. The amine is protonated with hydrochloric acid to

form the chloride salt. The chemical structure of the polypeptoid is shown in Figure 1(a). The

polypeptoid self-assembles into crystalline nanofibers in water, where the strands adopt an extended
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conformation and pack into rows. Two of these rows pack next to one another to form a bilayer

nanofiber, where the charged aromatic groups are exposed to solvent. The authors found that the

distribution of halogen counterions peaked at distances of about 5 Å away from the fixed positive

charge (see the cryo-EM image in Figure 1(b)), indicating the presence of a layer of water molecules

between surface charges and condensed ions. However, this experimental finding contradicts the

prediction from the classical theory, where it is generally accepted that condensed counterions

form close contact ion pairs as this would directly neutralize surface charges. The discrepancy

suggests that the microscopic picture of the EDL, particularly the solvation structure of condensed

counterions, remains unclear. The charged-interface/aqueous-solution system hence behaves in a

more complicated way than the simple sum of its parts, highlighting the inadequacy of the classical

PB theory in describing the EDL.4

Due to its mean-field nature, an obvious factor missing in the classical PB theory is the fluctuations

of the electrostatic field. These fluctuations lead to the self energy of ions, which contains a local

contribution in terms of the Born solvation energy and other long-range contributions.20 In particular,

near a surface with a dielectric mismatch, the distortion of the electrostatic potential at the interface,

usually known as the “image charge effect”, is an important component of the long-range part of

the self energy. This is commonplace because of the much lower dielectric constant of polymers,

lipid membranes, and colloidal particles (𝜀 ∼ 1) than that of the aqueous solution (𝜀 ∼ 80). Using

weak-coupling theory, Wang and Wang predicted that image charge repulsion causes a depletion of

counterions from the surface.21,22 It should be noted that the image charge effect cannot be captured

by either the classical PB theory or molecular simulations with non-polarizable force fields.21,23,24

It is thus desirable to systematically incorporate this molecular-level image charge effect into the

continuum classical theory to validate (or negate) experimental findings.

In this Letter, we address the puzzle of the microstructure of condensed counterions near a

charged polypeptoid surface observed by Seidler et al.19 Using the modified Gaussian renormalized

fluctuation theory,25,26 we show that the peak of the distribution of halogen counterions is shifted

away from the charged surface toward the aqueous solution. Combining the theory with molecular
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Figure 1: Schematic illustration of counterion condensation near a positively charged polypeptoid
surface. (a) The chemical structure of 9N-Nte6-NBipe6·Cl polypeptoid. (b) Cryo-EM images of
the nanofibers. The bright dotted lines show the presence of condensed Cl– counterions, which
are highlighted by the arrows. (c) Atomic model of crystalline polypeptoids with V-shaped motifs
assembled in the 𝑎–𝑐 plane. Charged −NH +

3 groups (red) are in the 𝑎–𝑏 plane and halogen
counterions nearby are shown by green spheres. (d) A simplified model of a rectangular cuboid
with uniform surface charges in the 𝑎–𝑏 plane. (e) A one-dimensional counterion distribution in
the direction normal to the 𝑎–𝑏 plane, where polypeptoid and aqueous solution are taken to be
continuous dielectric media with dielectric constants 𝜀p and 𝜀w, respectively. The boxes highlight
the targeted ion and its image charge due to the dielectric mismatch.

dynamics (MD) simulations, we suggest that a possible molecular origin of such a peak shift is the

image charge effect.

Modified Gaussian renormalized fluctuation theory. The atomic-scale cryo-EM images

of Seidler et al.19 show two rows of parallel crystalline peptoid molecules in V-shaped motifs,

oriented in the 𝑎–𝑐 plane as shown in Figure 1(c). Our model assumes this morphology for the

nanofiber. The protonated 4-aminophenyl groups lie in the 𝑎–𝑏 plane. These charged groups are

introduced as fixed surface charges. Halogen counterions are distributed nearby to maintain charge

neutrality of the system, in line with the experimental setup by Seidler et al.19 This corresponds
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to the “counterion-only” system in the EDL theory. The chemical system can be modeled by a

rectangular cuboid with fixed charges on the 𝑎–𝑏 plane as shown in Figure 1(d). To further simplify

the system, we ignore the edge effect and only consider a one-dimensional distribution of counterions

in the direction perpendicular to the 𝑎–𝑏 plane as shown in Figure 1(e). This simplification is valid

if the distance between the nanofiber surface and the counterion is small compared to the width

of the nanofiber along the 𝑏 axis (𝐿𝑏 = 16 Å).27 Fixed −NH +
3 groups are simplified as uniform

surface charges, because the distance between fixed charges (𝑎-spacing) 𝐿𝑎 = 4.6 Å is less than

the Bjerrum length of water, 7.1 Å. The surface charge density can thus be approximated by a

uniform value 𝜎 = 1 𝑒/𝐿𝑎𝐿𝑏 = 1.36 𝑒/nm2, where 𝑒 is the elementary charge. The polypeptoid

and aqueous solution are both taken to be continuous dielectric media with dielectric constants 𝜀p

and 𝜀w, respectively, leading to a dielectric contrast at the interface.

To account for the dielectric mismatch at the polypeptoid interface, we apply the modified

Gaussian renormalized fluctuation theory, which estimates the fluctuation of the electrostatic

field using a Gaussian variational approach. The appearance of the self energy of ions in the

Boltzmann factor unifies non-perturbative feedback of various effects including Born solvation

energy, ion correlation, and long-range image force. The theory is particularly effective in modeling

inhomogeneous electrolytes with spatially varying ion correlation and dielectric permittivity. It

successfully captures anomalous phenomena driven by ion correlation, such as “charge inversion”

and “like-charge attraction”.21,22,25,26 For a planar charged surface perpendicular to the 𝑧-axis, the

theory yields the following self-consistent equations for the electrostatic potential 𝜓(𝑧), counterion
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density 𝑐c(𝑧), self energy of counterions 𝑢c(𝑧), and correlation function 𝐺 (r, r′):

−∇ · [𝜖 (𝑧)∇𝜓(𝑧)] = 𝜎𝛿(𝑧) + 𝑞c𝑐c(𝑧), (1)

𝑢c(𝑧) =
𝑞2

c
2

∫
dr′dr′′ℎc(r − r′)𝐺 (r′, r′′)ℎc(r − r′′), (2)

𝑐c(𝑧) =
𝑛c exp [−𝑞c𝜓(𝑧) − 𝑢c(𝑧) − 𝑣c𝜂(𝑧)]∫
d𝑧′ exp [−𝑞c𝜓(𝑧′) − 𝑢c(𝑧′) − 𝑣c𝜂(𝑧′)]

, (3)

−∇r′ ·
[
𝜖 (𝑧′)∇r′𝐺 (r′, r′′)

]
+ 2𝐼 (𝑧′)𝐺 (r′, r′′) = 𝛿(r′ − r′′), (4)

where 𝜖 (𝑧) = 𝑘B𝑇𝜀0𝜀(𝑧)/𝑒2 is the scaled permittivity with 𝜀0 the vacuum permittivity, and 𝑞c = −1

is the valence of counterions. Instead of using a point-charge model, we assume counterions have

a finite charge spread in terms of a distribution function ℎc(r, r′). For mathematical convenience,

we consider ℎc(r, r′) to be Gaussian. 𝑛c = 𝜎/(|𝑞c |𝑒) is the number of counterions per unit area

determined by the surface charge density 𝜎. 𝜂(𝑧) = −(1/𝑣w) ln[1 − 𝑣c𝑐c(𝑧)] is the field that

accounts for incompressibility with 𝑣c and 𝑣w, the excluded volume of counterions and solvent

molecules, respectively. 2𝐼 (𝑧) = 𝜖 (𝑧)𝜅2(𝑧) = 𝑞2
c𝑐c(𝑧), where 𝐼 (𝑧) and 𝜅(𝑧) are the local ionic

strength and the inverse of the screening length, respectively. The detailed derivation of the theory

is provided in Section S1 of the Supporting Information.

The dielectric mismatch is modeled by a step function 𝜀(𝑧) = 𝜀p for 𝑧 < 0 and 𝜀(𝑧) = 𝜀w for

𝑧 > 0. This discontinuity of the dielectric constant leads to the boundary condition of the correlation

function 𝐺 (r′, r′′) as a requirement of the continuity of the electric displacement in the normal

direction, 𝜀p𝜕𝐺 (r′, r′′)/𝜕𝑧′|𝑧′=0− = 𝜀w𝜕𝐺 (r′, r′′)/𝜕𝑧′|𝑧′=0+ . Due to the less polarizable nature of

the polypeptoid, 𝜀p = 7.5 is used, a common value for the dielectric constant of less polarizable

polymers such as polyethylene oxide (PEO).28 In contrast, 𝜀w = 80 for the aqueous solution.

MD simulations. The simulation box consists of 24 polypeptoid chains and 24 Cl– counterions

solvated by 22000 water molecules. Similar to the experimental setup by Seidler et al.,19 the

simulations also consider the counterion-only system without the addition of extra salt ions. A

CGenFF-based force field is adopted for the peptoid molecules,29,30 and the TIP3P model is used
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Figure 2: Density distribution 𝑐c(𝑧) of counterions (Cl– ) as a function of distance 𝑧 from the charged
surface. The region within the closest contact distance 𝑑 = 𝑎−NH +

3
+ 𝑎Cl− = 3.50 Å is inaccessible

to counterions, where the radii of −NH +
3 and Cl– are 1.48 Å and 2.02 Å, respectively.41,42 Surface

charge density 𝜎 = 1.36 𝑒/nm2 and dielectric constants 𝜀p = 7.5 (polypeptoids) and 𝜀w = 80
(water) are used here.

for water.31 A cutoff distance of 12 Å is set for the van der Waals and electrostatic interactions. The

particle-mesh Ewald summation is used for long-range electrostatic interactions.32,33

Simulations are performed using GROMACS 2022.334 in the NPT ensemble, following the

previously reported protocol.27,35–37 The system first undergoes 10 ns of Langevin dynamics at

450 K for structural relaxation, and is subsequently solvated and equilibrated in the NPT ensemble

at 300 K and 1 atm. A Bussi thermostat is used to maintain the temperature,38 and the Berendsen

barostat followed by the Parrinello–Rahman barostat is used to maintain the pressure.39,40 The

equilibrium simulation is performed for 80 ns.

We first apply the modified Gaussian renormalized fluctuation theory to calculate the distribution

of Cl– near the charged polypeptoid surface, and the results are shown in Figure 2. We also

plot the result obtained from classical PB theory for comparison. Due to the excluded volume

of surface −NH +
3 and counterions, the closest distance that the centers of counterions can access

is 𝑑 = 𝑎−NH +
3
+ 𝑎Cl− , where 𝑎−NH +

3
and 𝑎Cl− are the radii of −NH +

3 and Cl– , respectively. This

leads to a region usually known as the Helmholtz layer. The PB theory predicts a monotonically

decaying counterion distribution, with the peak exactly at 𝑧 = 𝑑. The PB profile thus indicates
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Figure 3: Comparison between our theoretical predictions and experimental results from cryo-EM
images for counterion distributions of (a) Cl– and (b) I– . The radii of Cl– and I– are 2.02 Å and
2.45 Å, respectively.41 Red lines show theoretical predictions of counterion density 𝑐c(𝑧). Blue
dashed lines show image intensities of counterions (normalized by the peak value) and gray dashed
lines represent image intensities of polypeptoids. Experimental data are adapted from Seidler et al.19

that counterions are condensed directly at the outer Helmholtz plane, forming close contact with

surface charges. In stark contrast, the counterion distribution predicted by our theory exhibits a

non-monotonic shape, with the peak shifted by a distance of 1.2 Å from the outer Helmholtz plane.

This shows a depletion of counterions from the polypeptoid surface, where the depletion region

has to be occupied by solvent water molecules. The existence of a water layer between the surface

charges and condensed counterions predicted by our theory is consistent with the observations from

cryo-EM images by Seidler et al.19 It should be noted that the calculated counterion distribution is

not sensitive to the exact value of the dielectric constant of the polypeptoid as long as 𝜀p ≪ 𝜀w (see

Section S2 in the Supporting Information).

To validate our theory, we perform a quantitative comparison between theoretical predictions
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and experimental data from cryo-EM images. Figure 3 plots the theoretical counterion distributions

together with the experimental image intensity profiles for two types of counterions. The radii of

anions (𝑎Cl− = 2.02 Å and 𝑎I− = 2.45 Å) are chosen to be their effective Born radii determined as

the average of the crystal ionic radius and the first peak position in the ion-solvent radial distribution

function,41 whereas the radius of −NH +
3 (𝑎−NH +

3
= 1.48 Å) is the effective ionic radius determined

from a bond-valence analysis.42 For Cl– , the peak position predicted by our theory is 4.70 Å, which

matches the experimental results. For I– , the theoretical peak position of 5.13 Å is also close to

the experimental value 5.50 Å. The outward shift of the peak position of I– compared to that of

Cl– is because the former has a larger contact distance due to its larger radius (i.e. 𝑎I− > 𝑎Cl− ).

Furthermore, the theoretical counterion distribution also has a shape similar to the image intensity

for both types of counterions. The long tail in the theoretical counterion distribution represents

the fraction of non-condensed counterions which diffuse in the aqueous solution and cannot be

identified from cryo-EM images. Therefore, using literature-reported values of parameters, our

theory shows quantitative agreement with experimental results of the counterion distribution.

A possible molecular origin of counterion depletion is the image charge repulsion caused by the

dielectric mismatch at the polypeptoid–water interface. Because of the low dielectric constant of

the polypeptoid nanofiber, the electrostatic field generated by a specific counterion in the vicinity

of the interface gets distorted. This is equivalent to an effective image charge with the same sign

appearing on the opposite side of the interface as illustrated in Figure 1(e). The image charge

exerts a repulsive force on the targeted counterion itself, giving rise to the depletion region in the

counterion distribution. Furthermore, the image charge repulsion originates from the fluctuation

of the electrostatic field due to the appearance of a specific ion at a specific position near the

interface, which is absent in the mean-field classical PB theory. By systematically incorporating

this fluctuation effect as a long-range component of the self energy of ions, our theory successfully

captures the image charge repulsion at the dielectric polypeptoid interface.

The peak position of the counterion distribution can be understood by a simple analysis of

relevant length scales. Consider a test counterion of valence 𝑞c at a distance 𝑧 from the planar charged
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Figure 4: MD simulation of counterions condensed near the polypeptoid surface. (a) Snapshot of
polypeptoid nanofiber and Cl– (yellow spheres) in the simulations. (b) Radial distribution function
𝑔Cl− (𝑟) versus the distance 𝑟 between −NH +

3 and Cl– in a pair for different rescaling factors of
partial ionic charges 𝑓 = 1.0, 0.8, and 0.5.

surface. This test ion bears the attraction from the charged surface as 𝐸att = 2𝜋 |𝑞c |𝑙B𝜎𝑧 = 𝑧/𝑙GC.

Meanwhile, the repulsion between the test ion and its own image charge is 𝐸rep = 𝛾 |𝑞c |2𝑙B/(2𝑧).

Here, 𝑙B = 𝑒2/(4𝜋𝜀0𝜀w𝑘B𝑇) is the Bjerrum length of the solvent, and 𝑙GC = 1/(2𝜋 |𝑞c |𝜎𝑙B) is

the Gouy–Chapman length. 𝛾 = (𝜀w − 𝜀p)/(𝜀w + 𝜀p) represents the dielectric contrast between

the solvent and polypeptoid. Balancing 𝐸att and 𝐸rep results in a characteristic distance 𝑑c =

(𝛾/2)1/2 |𝑞c | (𝑙B𝑙GC)1/2, which corresponds to the peak position in the counterion distribution. For

𝑧 < 𝑑c, image charge repulsion dominates, leading to a depletion layer of counterions in the vicinity

of the charged surface. We note that there are discussions on the dielectric properties of water in the

vicinity of different surfaces.4,5 However, as long as 𝜀w ≫ 𝜀p, we have 𝛾 ≈ 1. The depletion layer

is thus not sensitive to the exact value of the dielectric constant of water.

We also perform MD simulations to help understand the microscopic structure of counterion

condensation. The snapshot in Figure 4(a) shows that condensed Cl– and surface −NH +
3 groups

form contact ion pairs, without water molecules in the middle. This structural information can be

more clearly presented by the radial distribution function 𝑔Cl− (𝑟), which reflects the probability

of finding a Cl– at a distance 𝑟 from a −NH +
3 . As shown in Figure 4(b), 𝑔Cl− (𝑟) shows a sharp
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first peak corresponding to close contact ion pairs and a rather small second peak corresponding

to solvent-separated ion pairs. The first peak is much higher than the second peak, indicating the

dominant fraction of close contact ion pairs. The position of the first peak is 𝑟 = 3.10 Å, close to the

sum of 𝑎−NH +
3

and 𝑎Cl− (𝑎−NH +
3
= 1.48 Å, 𝑎Cl− = 2.02 Å).41,42 Similar results of close contact ion

pairs and the absence of water molecules between them can also be obtained by plotting the density

distributions of Cl– and H2O with respect to the charged surface (see Section S4 in the Supporting

Information). The simulation results using non-polarizable force fields show the absence of water

molecules between condensed counterions and surface charges.

Fixed atomic charges used in the current MD simulations do not capture charge polarization in

response to the fluctuation of the electrostatic field. In the molecular description, the image charge

effect represents the total equilibrium polarization response of the medium, which requires both

the reorientation of the permanent dipole of molecules and the induced dipole due to electronic

polarization. Although part of the molecular reorientation is already present in the MD simulations

with fixed-charge force fields, electronic polarization is absent. An empirical approach to include

the polarization effect is to reparameterize the force fields. In particular, the rescaling of partial

ionic charges is usually employed in modeling electrochemical and biological systems to enforce

an agreement between simulation and experiment.43–45 Here, we also examine the effect of partial

ionic charges on counterion condensation. Figure 4(b) shows that the peak position of 𝑔Cl− (𝑟)

remains almost the same as we reduce the rescaling factor 𝑓 of partial ionic charges from 1.0 to 0.5.

Meanwhile, the peak value of 𝑔Cl− (𝑟) decreases for smaller 𝑓 . The representative snapshots in MD

simulations with 𝑓 = 0.8 and 0.5 are provided in Section S3 of the Supporting Information. The

rescaling approach thus does not alter the nature of counterion condensation in terms of close contact

ion pairs but only changes the condensed fraction of counterions. Our work demonstrates that a

simple rescaling of ionic charges cannot capture the electronic polarization at the molecular level

and thus the corresponding dielectric response in the continuum description. A more systematic

approach is to involve polarizable force fields based on quantum chemistry calculations to determine

the atomic-level response to local dielectric and ionic environments.46–49
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Figure 5: Schematic illustration of the microstructure of counterion condensation near a polypeptoid
surface. (a) Close contact ion pairs predicted by classical PB theory and MD simulations with
non-polarizable force fields and (b) the existence of water molecules between surface charges and
condensed counterions to form solvent-separated ion pairs predicted by our theory.

The microstructure of counterion condensation predicted by our theory is qualitatively different

from classical PB theory and MD simulations using non-polarizable force fields. As illustrated by

Figure 5(a), both PB theory and MD simulations predict a close contact of condensed counterions

and polypeptoid surface charges. In contrast, the peak position of the counterion distribution

calculated by our theory exhibits a shift of 1.2 Å toward the aqueous solution, approximately the

thickness of a water monolayer. As shown in Figure 5(b), our theory suggests the existence of a

layer of water molecules between condensed counterions and polypeptoid surface charges, which

thus well explains the puzzle observed in cryo-EM images by Seidler et al.19

In this work, we investigate the microscopic structure of counterion condensation near a charged

polypeptoid surface by combining the modified Gaussian renormalized fluctuation theory and MD

simulations. Our theory predicts a peak shift of condensed counterions by a distance approximately

equal to the thickness of a water monolayer. Using only the intrinsic parameters of polypeptoid and

ions, our theoretical predictions of both the peak position and the shape of the counterion distribution

are in quantitative agreement with the results obtained from cryo-EM images. We provide a possible

explanation for the formation of such solvent-separated ion pairs as the image charge repulsion near

a dielectric interface. This important electrostatic feature cannot be captured by classical PB theory

or MD simulations with non-polarizable force fields where electronic polarization is absent. Our

work highlights the importance of the image charge effect arising from electrostatic fluctuations

for the microstructure of electrical double layers. The modified Gaussian renormalized fluctuation

theory systematically incorporates molecular information into the continuum description and can
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be applied broadly to model the structural and dynamic behaviors of charged systems that existing

theories fail to describe.
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