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ABSTRACT: The combination of block copolymer templating with electrostatic self-assembly 

provides a simple and robust method for creating nano-patterned polyelectrolyte multilayers over 

large areas. Understanding the deposition of the first polyelectrolyte layer is crucial for achieving 

successful buildup of patterned multilayers. Here, we focus on two-dimensionally confined 

“dots” patterns afforded by block copolymer films featuring hexagonally-packed cylinders that 

are oriented normal to the substrate. Rendering the cylinder caps positively charged enables the 

selective deposition of negatively charged polyelectrolytes on them under salt-free conditions. 

The initially formed polyelectrolyte nanostructures adopt a toroidal ("doughnut") shape, which 

results from retraction of dangling polyelectrolyte segments into the “dots” upon drying. With 

increasing exposure time to the polyelectrolyte solution, the final shape of the deposited 

polyelectrolyte transitions from a doughnut to a hemisphere. These insights would enable the 

creation of patterned polyelectrolyte multilayers with increased control over adsorption 

selectivity of the additional incoming polyelectrolytes. 

1. Introduction 

Layer-by-layer (LbL) deposition has become a leading technique for creating functional 

coatings with controllable thickness and composition with nanometric resolution.[1, 2] This 

method relies on the sequential application of polyelectrolytes (PEs) with alternate charges to a 

charged substrate, which leads to the formation of polyelectrolyte multilayers (PEM).[3-9] The 

electrostatic polyelectrolyte adsorption is entropically driven due to the release of counter ions to 

the solution.[10] The LbL technique has been applied to various types of substrates, 

compositions,[11-14] and geometries[1, 15-19] using a range of PEs, including biopolymers, 

nanoparticles, and clays.[20-26] PEM coatings are widely applicable in medicine, sensing, 

molecular electronics, and surface modifications.[27-40] 
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Constructing PEMs on patterned substrates opens another dimension in LbL construction, 

which may be useful for applications that require lateral structuring or high surface area (e.g., 

photonics, catalysis, controlled release, and membranes). Hammond et al. studied the deposition 

of PEs on micron-scale patterns prepared by micro-contact printing.[41-45] These studies 

directly addressed the selectivity of PE adhesion to different substrates, and revealed the effects 

of ionic strength and PE molecular weight on the selectivity. One of the interesting observations 

was that high molecular weight PEs give rise to smooth deposition over the preferred stripes, 

while simultaneously PEs accumulated along the stripe edges. This accumulation was attributed 

to dangling chains of anchored PE chains that retracted from the repelling matrix.[41] Jonas et al. 

studied PEM construction on nano-patterned substrates prepared by electron-beam 

lithography.[46, 47] The main observation was that much thicker PEM deposits formed on the 

nano-patterned domains compared to on laterally homogeneous substrates. This behavior was 

attributed to the strong lateral confinement imposed by the domain dimensions.  

The pioneering research described above provided important fundamental insights on confined 

LbL construction. However, the realization of patterned PEMs for advanced technological 

applications requires a simple and economic approach. Recently, we reported on sodium poly(4-

styrene sulfonate) (PSS) patterning on thin films of a polystyrene-block-poly(2-vinylpyridine) 

(PS-b-P2VP) block copolymer (BCP) featuring a periodic pattern of positively charged 

stripes.[48] This study demonstrated that the deposition process is completed within a few 

minutes, and is followed by slower structural changes attributed to penetration of PEs and 

solvent molecules into the quaternized P2VP domains. Additionally, two types of PSS 

deposition, attributed to local variations in charge density, were observed. 
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In this study, we show that the utilization of films featuring hexagonally-packed dot patterns as 

electrostatic templates imposes two-dimensional confinement, which leads to the formation of 

doughnut-shaped PSS deposits. Prolonging the exposure of the substrate to the PSS solution and 

monitoring structural changes during “annealing”, provides additional insights into the evolution 

of PEs that are selectively adsorbed onto periodic nanoscale patterns. 

2. Materials and Methods 

2.1 Materials. PS-b-P2VP diblock copolymer (Mn 185 kDa, PDI = 1.24, 67 wt% PS, 99 nm 

bulk period, denoted as PS124P2VP61) was synthesized by standard anionic polymerization using 

sec-butyllithium in tetrahydrofuran (THF) under nitrogen atmosphere. The molecular weight, 

size distribution and polystyrene weight fraction were all determined by gel permeation 

chromatography (GPC) in THF against PS standards for the PS block and comparison of the 
1
H 

NMR signals for phenyl and pyridine groups, respectively, for the P2VP block. The periodicity 

of the BCP was determined by SAXS measurements. Sodium poly(4-styrenesulfonate) (PSS), 

Mw ~70 kDa was purchased from Sigma-Aldrich and used after soxhlet extraction for a week in 

ethanol. The PSS was diluted in ultrapure water (conductivity of 0.055 siemens cm-1
) to form 

a 0.1 M monomer concentration (20 mg mL-1
). 1,4-diiodobutane was purchased from Alfa-Aesar 

and used as received. The electrolyte solution for the reference system was prepared with tosylic 

acid in ultrapure water at a concentration equal to the molar equivalent of the sulfonate units of 

the PSS. The pH of the electrolyte solution was adjusted to the pH of the PSS solution (pH 4.7) 

using concentrated NaOH and HCl solutions to produce a sodium tosylate (TsONa) solution. 

2.2 Sample preparation. Silicon oxide wafers were pre-cleaned in a sulfuric acid-NoChromix 

(purchased from Sigma-Aldrich) overnight and then rinsed with triply distilled water. 

PS124P2VP61 was dissolved in a 60:40 w/w mixture of THF and toluene (weight fraction of 
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60:40, respectively) to form a solution with a concentration of 0.8%w/w. Prior to casting the 

solution was filtered through a 0.22 m PTFE syringe filter. Thin polymer films (~50 nm 

thickness) were obtained by spin casting the appropriate solutions at 3000 rpm for 40 s onto 

hydrophilic silicon oxide wafers with 3 nm-thick native oxide. The films were annealed in a 

closed petri dish under saturated chloroform atmosphere for different time intervals. 

The dot pattern was obtained by annealing 50±1 nm-thick of cylindrical PS124P2VP61 films for 

9 min. Homopolymers films of PS, P2VP and PS/P2VP blend were prepared; the blend films 

were obtained after 4 min annealing in chloroform. For the STXM measurements, films were 

initially cast on KBr pellets, floated on distilled water by dissolving the KBr substrate, and 

transferred onto silicon nitride membrane windows (Silson Ltd.) by slowly drawing the windows 

from the solution. 

To prepare the ESA templates, films and vials containing 1,4-diiodobutane (DIB) were placed 

in a specially designed sample holder, inserted into a glass tube oven (Büchi GKR-50) and 

heated to 75 °C under vacuum for 42 hours.  

2.3 Deposition process. The ESA templates were dipped in PSS solutions for various time 

intervals, dipped in ultrapure water for a few seconds, and washed with ultrapure water (for a 

few seconds) while spinning at 2000 rpm for 30 s. The samples were then placed under vacuum 

at ambient temperature for at least 24 hours prior to characterization.  

2.4 Characterization. GPC measurements were performed on a Polymer Standards Service 

(PSS) system consisting of a PSS SDV linear M column, refractive index, and UV detectors 

(Thermo), multiple angle light scattering (MALS) detector (BiMwA, Brookhaven), and an online 

viscometer (ETA 2010, WGE Dr. Bures). Data analysis and universal calibration (with PS 

standards) were performed using PSS WinGPC software. High resolution scanning electron 
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microscopy (HR-SEM) images of the films were acquired with a Sirion microscope (FEI 

Company) at 3-5 kV acceleration voltage. XPS data was acquired with a Kratos Axis Ultra X-ray 

photoelectron spectrometer (Kratos Analytical Ltd., Manchester, UK) using an Al Ka 

monochromatic radiation source (1,486.7 eV) with 90° takeoff angle (i.e., analyzer is normal to 

sample). The high-resolution XPS spectra were collected for C 1s, I 3d, N 1s, and S 2p levels 

with 20 eV pass energy and 0.1 eV step. The binding energies were calibrated relative to C 1s 

peak energy position at 285.0 eV. Background subtraction and data analysis were performed 

using Casa XPS (Casa Software Ltd.) and Vision data processing program (Kratos Analytical 

Ltd.). All spectra where normalized to the C 1s intensity. 

AFM images were acquired by a Dimension 3100 Scanning Probe Microscope (SPM) with a 

Nanoscope V controller, Veeco, Santa-Barbra, USA. The images were corrected by first-order 

flattening and processed using Nanoscope Analysis program (V1.40, Bruker). Total film 

thicknesses were determined by AFM profiling of a scratch made in the film using the step 

function. Doughnut height profiles shown in Figure 5 were obtained by averaging 18 cross-

sections for each time point after centering the dimples of all profiles. The BCP height images 

were analyzed using the built-in particle analysis tool. For each time point of the PSS-treated (or 

TsONa-treated) samples, six (four) images measuring 22 m
2
 were processed by the particle 

analysis implemented in the Nanoscope software. The depth histogram of each image (0.1 nm 

bin size) (see Figure S1b for a representative example) was processed by Savitzky-Golay 

smoothing (20 point window, second order polynomial). The histograms were fitted to three 

Gaussians. A threshold was set to exclude 99% of the area of the Gaussian representing the 

darkest pixels (corresponding to the deepest domains, i.e., the PS matrix; see Figure S1b). Figure 

S1c shows the qP2VP domains as turquois dots, and Figure S1d shows the corresponding 
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diameter histogram, showing a bimodal distribution (attributed to wide and narrow dots). Setting 

a threshold at the weighted average point between the two peaks of the diameter histogram 

enabled separate analysis for the narrow and wide dot populations (Figure S1e,f, respectively; 

turquois and blue dots in each image represent selected and excluded domains, respectively). 

After manually excluding irregularly shaped particles and particles at the boundary of the image, 

the average height and diameter of each population were calculated by the software (see text 

below Figure S1e,f).  

Soft X-ray scanning transmission X-ray microscopy (STXM) is a synchrotron-based 

spectromicroscopy technique that images samples by raster scanning them in a focused (c.a. 30 

nm) X-ray beam. The incident X-ray energy can be tuned to specific regions within the near edge 

X-ray absorption fine structure (NEXAFS) region to highlight particular elements or chemical 

functional groups. It has been used frequently to characterize atmospheric particles[49, 50] as 

well as polymer photoresists[51] and polymer blends,[52, 53] and technical details about STXM 

can be found elsewhere.[54] STXM/NEXAFS measurements were performed at beamline 11.0.2 

of the Advanced Light Source at Lawrence Berkeley National Laboratory. The STXM images 

were processed by Fourier analysis using a high pass Gaussian filter (Figure S2). 

3. Results and Discussion 

Figure 1 schematically depicts our approach for assembling PSS on dot patterns featured by 

cylindrical PS-b-P2VP in thin films where the P2VP cylinders are oriented normal to the 

substrate. The dot pattern is obtained by spin-coating a 0.4% solution of the block copolymer in 

CHCl3 followed by drying and brief solvent annealing in CHCl3 vapor (see Experimental 

section). Subsequent reaction with 1,4-diiodobutane (DIB) quaternizes the pyridine rings and 

cross-links the P2VP domains, rendering the template amenable for electrostatic self-assembly 
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(ESA) (Figure 1b).[55-57] The reaction is performed in the gas phase to prevent structural 

changes to the surface pattern. In the next stage the ESA template is dipped into a PSS solution, 

which adsorbs on the P2VP domains (Figure 1c).  

 

 

Figure 1. Schematic illustration of the approach for the formation of a dot-patterned 

polyelectrolyte layer using electrostatic self-assembly. Plus and minus signs in (b,c) denote the 

sign of the net surface charge of the domain. 

3.1 Characterization of the ESA template. XPS analysis of the changes in the intensity of the 

nitrogen and iodine peaks after DIB treatment confirms that pyridine alkylation as well as cross-

linking at the film surface has indeed occurred (Figure S3; see supporting information for 

additional details). From the intensities of the N and N
+
 XPS signals we estimate that about 26% 

of the pyridine rings at the film surface have been alkylated, and the fraction of pyridine units 

that are cross-linked out of the total number of pyridine units in the volume sampled by the XPS 

is estimated to be ca. 16% (see supporting information for additional details). 

Figure 2a-f show SEM and AFM images as well as cross-sectional cartoons of the dot-

patterned BCP and the ESA template, prepared from a cylindrical PS124P2VP61 copolymer 

(subscript numbers denote Mn of the respective block in kDa; see Materials and Methods in the 

Experimental section). Comparing the SEM images corresponding to the dot template before and 

after reaction with DIB (Figure 2a,d respectively) shows contrast reversal. This indicates a 
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change in topography from P2VP depressions to protruding cylinder caps after crosslinking. This 

conclusion is supported by atomic force microscopy (AFM) images (Figure 2b,e), which show 

that the height contrast between the P2VP and the PS domains is reversed.  

 

Figure 2. (a,d,g) SEM images and (b,e,h) AFM height images of PS124P2VP61 thin films after 

solvent annealing (BCP pattern; a,b), after reaction with DIB (ESA template; d,e), and after 30 

min PSS deposition (ESA template/PSS; g,h). All scale bars correspond to 200 nm; insets in 

AFM images show magnified regions (b,e – height contrast; h – phase contrast, in which the 

dimple in the center of the cylinder is clearly visible). (c,f,i) Illustrations of the cross-sections of 

the top part of the P2VP cylinders at different stages of the process, showing the averaged 

diameters, height differences, areal fractions and number densities of cylinders. Height is 

enlarged by 50% compared to the width for clarity.  
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The transformation of the P2VP cylinders from depressions to protrusions upon DIB treatment 

is somewhat surprising considering that crosslinking usually shrinks the material. The changes in 

the volumes of the cylinders could be assessed using particle analysis, which enables quantitative 

determination of the average heights as well as the average diameters (see Experimental Section 

and Supporting Information, Figure S1 for the further details). Applying this protocol to the 

AFM height images of the BCP pattern reveals a mono-modal distribution of P2VP cylinder 

diameters centered at 42 nm. Overall, the cylinders occupy 20% of the surface area of the BCP 

pattern. However, crosslinking the P2VP domains leads to a clear bi-modal size distribution of 

the qP2VP cylinder diameters, which is also visually apparent in Figure 2e. This is accompanied 

by reduction in the surface area occupied by the cylinders to only ~10% of the surface of the 

ESA template. Indeed, out of the ~5,500 cylinders analyzed, about half have shrunk from 42 nm 

to about 39 nm, whereas the average diameter of the other half has considerably decreased to 

about 18 nm (Figure 2c,f). Nonetheless, the total number density of the cylinders has not 

increased.[58]  

The last observation suggests that the qP2VP cylinders are crosslinked only at their top. 

Considering the increase in cylinder heights and the decrease in diameters and the expected 

shrinking in volume of the crosslinked part, we calculate that the penetration depth of the 

crosslinks from the original P2VP cylinder top to be at least 5 nm. The reason for the bi-modal 

distribution relates to inhomogeneous quaternization of the P2VP domains. Support to this 

assumption is found at an intermediate stage during the reaction with DIB, where the film 

displays both depressions and protrusions (Figure S4). This suggests that the crosslinking of a 

P2VP cylinder is a cooperative process, where the initial quaternization of pyridines in a domain 

facilitates the continuation of this process. We speculate that the transformation from depressions 
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to protrusions increases the exposed area of the P2VP cylinders at the surface of the film, and 

thus expedites the adsorption of additional DIB molecules; however, other explanations (e.g., the 

effect of changes in local dielectric constant) are also possible. Narrow cylinders apparently 

originate from P2VP domains that have started their crosslinking earlier in the process of 

forming the ESA template. In that sense, the wide cylinders represent an intermediate state, and 

feature a lower average charge density than the narrow cylinders. 

3.2 Characterization of the PSS deposition process. Dipping the ESA template into the PSS 

solution further increases the heights and diameters of the dots while retaining the 2D pattern 

(Figure 2g-i). XPS analysis shows a prominent sulfur peak that is attributed to PSS (Figure S3c). 

The combination of topographical and compositional data suggests that selective deposition of 

PSS over the quaternized P2VP (qP2VP) domains indeed occurred. Supporting evidence for this 

conclusion is provided by Scanning Transmission X-ray Microscopy (STXM), which enables 

local elemental mapping of a scanned area with ~25 nm resolution by tuning the energy of the 

scanning beam to the corresponding absorption edges. Figure 3 shows an image of PS-

qP2VP/PSS taken at the energy corresponding to the absorption edge of oxygen after image 

enhancement (see Experimental Section and Supporting Information, Figure S2 for further 

details). Due to enhanced absorption, the oxygen-rich PSS regions appear as round blue domains 

(i.e., lower intensity of transmitted photons), confirming the selectivity of the PSS adhesion to 

qP2VP cylinder caps. This is in agreement with insights gained from XPS analysis (see 

Supporting Information, Figure S3 for further details) and with the results of our previous study 

on PSS deposition on a striped pattern.[48] 
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Figure 3. STXM image taken at the absorption peak in the O K edge for a PS124P2VP61 sample 

after PSS deposition. Blue indicates strong absorption, i.e. higher oxygen content.   

A closer examination of the SEM image of the PSS-covered template (Figure 2g) reveals non-

uniform deposition on top of each cylinder. The borders of the qP2VP/PSS domains appear to be 

thicker than the center of the domain (i.e., a ‘doughnut’ shape). The same pattern is visible in the 

AFM image (Figure 2h, particularly in the magnified phase image), which rules out the 

possibility that the doughnut shape is merely a beam-induced charging artefact. We speculate 

that the reason for this pattern arises from retraction of dangling segments of adsorbed PSS into 

the qP2VP domains upon solvent drying.[41] 

To gain further insights on the factors governing the process of polyelectrolyte adhesion to the 

qP2VP domains, we monitored the evolution of PSS deposition. Figure 4 shows representative 

AFM and SEM images taken at different time intervals during the course of PSS deposition, as 

well as quantitative analysis of the cylinder dimensions from the AFM images. In parallel, we 

studied the structure of ESA templates treated with sodium tosylate (TsONa) with the same 

monomer concentration and pH as the PSS solution (Figure 4i,j; empty symbols). This reference 
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system enables isolating the contribution of domain swelling from the structural changes 

imposed by the deposition of PSS. 

 

Figure 4. PSS patterning over PS124P2VP61 at different deposition times: (a-d) SEM images; (e-

h) AFM images. Insets show high magnification images; height scales for AFM images are 

shown in the bottom right corners. (i,j) Changes in the diameter (i) and height (j) of the dots with 

respect to the PS matrix with deposition time (t = 0 represents the bare ESA template). Red and 

blue symbols correspond to the narrow and wide P2VP cylinders, respectively; empty symbols 

correspond to measurements performed on TsONa-treated ESA templates. Bars correspond to 

the standard deviation of the distribution; lines are added to guide the eye. The dashed lines 

represent the diameter and relative height of the cylinders in the BCP pattern for visual reference. 
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Exposure to the TsONa solution (control experiment) leads to a slight increase in the heights of 

the narrow and wide cylinders, whereas their respective diameters do not show a clear change. 

The adsorption of PSS leads to the following observations with respect to the narrow and wide 

cylinders. The behavior of the narrow cylinders is quite similar to that of the reference system 

both in height and diameter. The wide cylinders, however, show a marked increase in both height 

and diameter with increasing deposition time, which is not accounted for by the swelling of the 

qP2VP cylinders (as reflected by the comparison to the TsONa system). As the total number 

density of the dots remains the same as in the original BCP template (Figure 2i), we attribute the 

topographical changes mainly to the deposited PSS. The larger increase in the dimensions of the 

PSS deposited on the wide dots compared to the narrow dots suggests that the positive charge 

density in the wide dots is smaller, giving rise to a more coiled conformation of the deposited 

PSS chains.[48, 59-61] This conclusion is also corroborated by the doughnut shape of deposited 

PSS, which is more apparent on the wide dots. 

The effect of incubation time on the shape of deposited PSS was analyzed by averaging AFM 

cross-sections through the centers of the wide cylinders (Figure 5; see the Experimental section 

for additional details). Upon completion of the adhesion step, after 1 min of incubation, the 

dimple measures 1.3 nm deep and 32 nm wide.[62] As the time of incubation in the PSS solution 

increases, the dimple becomes narrower and shallower. After an hour of incubation, the dimple 

no longer discernible by AFM (Figure 4h) and the deposited PSS appears spherical in shape 

(Figure 5).[63] This gradual change may be viewed as an “annealing” process, which involves 

structural changes that reduce the amount of dangling PSS segments (e.g., penetration of the PSS 

chains into the qP2VP domains). This hypothesis is supported by XPS analysis, which shows a 
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gradual increase in the relative amount of charged pyridines with incubation time (Figure S5d), 

indicating continued protonation.  

 

Figure 5. Averaged cross-sections through the centers of 18 wide cylinders, taken after different 

incubation times in PSS solution. The widths of the gaps marked by the vertical dashed lines are 

provided in the top right corner. Scale bar refers to the y-axis.  

The negligible dependence on incubation time of the height and diameter of the narrow 

cylinders seen in Figure 4i,j (red curves) is explained by the higher charge densities that 

characterize these qP2VP cylinders, which lead to flatter deposition of the PSS chains. Figure 6 

illustrates our hypothesis regarding the dependence of the resulting PSS shapes on incubation 

time for both types of dots as a function of charge density. 

 

Figure 6. Illustration of the PSS structures formed on qP2VP dots after different incubation time 

in the PSS solution.  
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4. Conclusions 

The two-dimensionally confined patterning of polyelectrolytes over square centimeter areas on 

PS-b-P2VP templates featuring a hexagonally-packed dot structure was studied in detail with the 

aim of providing a foundation for creating patterned polyelectrolyte multilayers. The following 

insights were obtained from the characterization of each step of the process. First, the 

quaternization/cross-linking of the P2VP domains using DIB seems to be a cooperative process, 

where the DIB molecules penetrate at least 5 nm into the P2VP cylinders. The reaction causes 

the tops of the P2VP cylinders to shrink in diameter and increase in height, transforming from 

depressions on the film surface to protrusions. This process yields two types of cylinders: highly 

cross-linked narrow cylinders, resulting from cylinders that started crosslinking early in the 

process, and wide cylinders featuring low charge densities. The salt-free deposition of PSS was 

found to be highly selective toward the quaternized P2VP domains. Statistical analysis of 

cylinder heights from AFM images reveals that PSS apparently deposits flatly in stretched 

conformations on the narrow cylinders, owing to the high density of the quaternized pyridines in 

these domains. Conversely, PSS deposited on the wide qP2VP cylinders in a highly coiled 

conformation, giving rise to a substantial increase in cylinder height above the PS matrix and the 

formation of a doughnut shape presumably from contraction of dangling PSS segments during 

drying. Extended incubation time in the PSS solution enables the PSS to reorganize on the wide 

qP2VP cylinders, and form more homogeneous capping of the qP2VP tops upon drying. 

Based on these insights, it is anticipated that controlling the deposition time should facilitate 

the assembly of additional positively and negatively charged polyelectrolyte layers with retention 

of selectivity for a few layers. This capability will pave the way for the creation of functional 
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multilayers that exhibit lateral patterns with nanoscale periodicities, which would be useful for 

photonic and sensing applications. 

 

Supporting Information. XPS Characterization, supplementary AFM images and analysis, 

STXM images and the processing procedure.  
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