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Abstract
In the present work, the interaction mechanism of specific polyelectrolyte multilayers (PEMs), fabricated by layer-by-layer 
deposition of polydiallyldimethylammonium chloride (PDDA) and poly(sodium 4-styrenesulfonate) (PSS), is studied using 
atomic force microscopy. The underwater oil-repellency of PSS-capped PEMs was further explored by measuring the interac-
tion forces between tetradecane droplets and PEMs-coated silica substrates under various salinities. The force curves were 
analyzed following the Stokes–Reynolds–Young–Laplace theoretical model. Desirable consistency was achieved between 
the experimental and theoretical calculations at low NaCl concentrations (0.1 mM and 1 mM); however, underestimation 
of the attractive force was found as the NaCl concentration increases to moderate (10 mM) and high (100 mM) levels. Dis-
crepancy analyses and incorporated features toward a reduced surface charge density were considered based on the previous 
findings of the orientation of anionic benzenesulfonate moieties (Liu et al. in Angew Chem Int Ed 54(16):4851–4856, 2015.  
https ://doi.org/10.1002/anie.20141 1992). Short-range steric hindrance interactions were further introduced to simulate 
“brush” effect stemming from nanoscale surface roughness. It is demonstrated in our work that the PSS-capped PEMs 
remains a stable underwater lipophobicity against high salinity, which renders it potential application in surface wetting 
modification and anti-fouling.
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1 Introduction

The wettability of solid surface has long been the spotlight 
of scientific research due to its substantial application in 
lubrication, waterproofing, antifouling, self-cleaning, and 

oil/water separation, in relation to industrial engineer-
ing applications such as in agricultural pesticide, electric 
power transmission, detergents, petroleum production, mate-
rial modification, and biomedicine (Zheng et al. 2010; Guo 
et al. 2012; Song et al. 2019; Rostami et al. 2019; Ehsan 
et al. 2019; Luo et al. 2016; Sudha et al. 2019; Ahmadi 
et al. 2020). The fundamental theory of wetting is prop-
erly expressed by Young’s equation (Young 1805), which 
describes the spontaneous wetting mechanism of a solid sur-
face. Accordingly, solid surfaces with generally high free 
energy are modified using multiple materials to incorporate 
lipophobicity, hydrophobicity, or super-amphiphobicity 
under specific ambient conditions (Zhang et al. 2016a; Cao 
et al. 2008; Su et al. 2019; Rasitha et al. 2019).

The deposition of polyelectrolytes, as one of the prevalent 
methods for surface modification, has demonstrated supe-
rior advantages in the hydrophilization of charged surfaces 
due to the macromolecules’ particular molecular configura-
tion and strong electrostatically induced hydration (Chang 
et  al. 2016). An extensive body of polyelectrolytes has 

Edited by Xiu-Qiu Peng

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s1218 2-020-00521 -2) contains 
supplementary material, which is available to authorized users.

 * Wei Wang 
 w.wang@cup.edu.cn

1 National Engineering Laboratory for Pipeline Safety, MOE 
Key Laboratory of Petroleum Engineering, Beijing Key 
Laboratory of Urban Oil and Gas Distribution Technology, 
China University of Petroleum, Beijing 102249, China

2 Key Laboratory of Environmental Protection Technology 
on Water Transport, Tianjin Research Institute for Water 
Transport Engineering, Tianjin 300456, China

https://doi.org/10.1002/anie.201411992
http://crossmark.crossref.org/dialog/?doi=10.1007/s12182-020-00521-2&domain=pdf
https://doi.org/10.1007/s12182-020-00521-2


 Petroleum Science

1 3

been explored and reported to exhibit superior hydrophilic-
ity upon contact with water (Decher and Schlenoff 2003; 
Kobayashi et al. 2012). Among all tested materials, the 
prominent surface hydrophilicity of polyelectrolyte multi-
layers (PEMs) fabricated by the layer-by-layer (LbL) electro-
static deposition of polydiallyldimethylammonium chloride 
(PDDA) and poly(sodium 4-styrenesulfonate) (PSS) is the 
most commonly investigated (Ghostine et al. 2013; Teng 
et al. 2008; Jurin et al. 2018; Zaibudeen and Philip 2018; 
Wang et al. 2013). Fundamental research on the surface wet-
ting behaviors of (PDDA/PSS)n PEMs (with “n” denotes 
the number of bilayers) has demonstrated variation in terms 
of the underwater hydrophilicity of PDDA-capped (PDDA/
PSS)3.5 PEMs and PSS-capped (PDDA/PSS)4.0 PEMs, which 
depend on the molecular nature of the uncompensated ionic 
groups (Liu et al. 2015). In addition, PSS-capped (PDDA/
PSS)4.0 PEMs was found to exhibit stable oil-repellency, 
although the reduced surface charge density stems from 
benzenesulfonate reorientation, which occurred upon tight 
contact with oil droplet (Jin et al. 2019). (Fig. S1 in Sup-
porting Information).

Accordingly, effectual ways of revealing the wetting 
mechanism related to polyelectrolyte-modified surfaces 
involve a quantitative understanding of the interactions 
between objective liquids and polyelectrolyte surfaces. This 
study has been facilitated by the advent of the atomic force 
microscope (AFM) (Binnig et al. 1986), which permits the 
direct force measurement of interactions between homo- 
and hetero-bodies within nano-Newton scale (Mate et al. 
1989; Snyder et al. 1997; Aston and Berg 2002; Malotky 
and Chaudhury 2001). Moreover, the development of probe 
modification technique has promoted the exploration of 
interactions between deformable droplets/bubbles and solid 
surfaces (Dagastine et al. 2004a, 2006; Gunning et al. 2004; 
Vakarelski et al. 2010a; Balasuriya and Dagastine 2012; 
Tabor et al. 2011a, b; Wang et al. 2015; Jin et al. 2017; Shi 
et al. 2017). One interesting study applied the drop probe 
AFM technique to elucidate the intrinsic wetting mechanism 
of polyelectrolyte surfaces with varied hydrophobicity. The 
obtained results demonstrated a mutual correlated interac-
tion between oil/water wettability of polyelectrolytes in spe-
cific surrounding liquid media (Shi et al. 2016). In addition, 
it is worth mentioning that molecular dynamics simulations 
have also been demonstrated to be an effective way in reveal-
ing the interaction mechanism of underwater oleophobicity 
of self-assembled monolayers (SAMs) with different head 
groups (Cheng et al. 2017; Liao et al. 2017).

In this work, we started by measuring the mutual forces 
of prepared (PDDA/PSS)4.0 PEMs in various NaCl solutions 
using AFM. Then, the acquired force curves were charac-
terized by an electrical double-layer (EDL) force model 
to extract the surface potential of the PSS-capped PEMs. 
In addition, the AFM probe modification technique was 

utilized to explore the equilibrium and dynamic interac-
tions between oil droplets and PEMs. A theoretical analysis 
of the experimental observation was performed based on 
the Stokes–Reynolds–Young–Laplace (SRYL) model (Chan 
et al. 2001, 2011a, b; Dagastine and White 2002; Dagastine 
et al. 2004b). The effect of salinity on the droplet–substrate 
interaction was discussed following the DLVO theory. By 
sequestering EDL with high salinity, the steric hindrance of 
PEMs was studied and characterized to provide understand-
ing for the stable underwater lipophobicity of the studied 
PEMs against high salinity.

2  Experiment and theoretical model

2.1  Materials

Sodium chloride (NaCl, BioXtra, ≥ 99.5%), polydial-
lyldimethylammonium chloride (PDDA, 20 wt% in  H2O), 
poly(sodium 4-styrenesulfonate) (PSS), and 1-dodecanethiol 
were all purchased from Sigma-Aldrich and n-tetradecane 
(≥ 98%) was purchased from Alfa. Deionized water with a 
resistance of 18.3 MΩ·cm was used in all preparation proce-
dures. Monocrystalline silicon wafers coated with a homo-
geneous silica layer (approximately 300 nm thick) were cut 
into 1.2  cm2 squares and used as substrates. All preparations 
and measurements were performed at room temperature 
(21 ± 0.5°C).

2.2  Preparation of PEMs substrates

Initially, the silica substrates were pretreated with piranha 
solution to obtain a hydroxylated surface. Subsequently, the 
pretreated substrates were thoroughly rinsed with deionized 
water and dried under pure nitrogen gas. (PDDA/PSS)4.0 
PEMs were produced following a LbL electrostatic deposi-
tion method previously described in the literature (Liu et al. 
2015). This was conducted via the alternant immersion of 
silica substrates in aqueous solutions of PDDA (1.0 mg/
mL and 1 M NaCl) and PSS (1.0 mg/mL, 1 M NaCl). Each 
immersion step was maintained for 20 min, followed by thor-
ough rinsing with deionized water. The periodic immersions 
in the PDDA and PSS solutions were repeatedly performed 
repeatedly in a four-time cycle to obtain (PDDA/PSS)4.0 
PEMs. Finally, the PSS-capped PEMs were thoroughly 
rinsed with deionized water and dried under pure nitrogen 
gas. The experimental preparation procedure is described in 
more detail in Supporting Information.

2.3  Preparation of AFM probes

This study uses two types of AFM probe. A triangular tip-
less probe (Bruker, NP-O10, silicon nitride) was adopted 
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and used for force measurement between PEMs-coated AFM 
probe and PEMs substrate. Following this protocol, (PDDA/
PSS)4.0 PEMs were also deposited on the AFM probe. Sec-
ond, a rectangular gold probe (MikroMasch, CSC38/tipless/
Cr-Au) was applied for the force measurement between oil 
droplets and PEMs. Prior to use, the probe was rinsed with 
ethanol and water. Subsequently, hydrophobization method 
was performed as suggested in the literature (Tabor et al. 
2011c; Shi et al. 2015; Mettu et al. 2017).

2.4  Force measurements by AFM

A multimode 8 AFM (Bruker) driven by NanoScope V con-
troller was applied for force measurement. Prior to the force 
measurement, cantilevers were calibrated via a Thermal 
Tune method to obtain actual spring constant and deflection 
sensitivity. Interactions between PEMs coated probes and 
PEMs coated substrates were measured in NaCl solutions 
of different concentrations by directly lowering the probe 
to approach /retract from the substrate, Force curves were 
captured under a piezodriving rate of 0.5 μm/s and Z ramp 
size of 1.5 μm by setting the trig threshold at 5 nN.

To measure the droplet–substrate interaction, a tetrade-
cane/water sample was initially prepared on the substrate 
according to the previous method described in literature with 
slight moderation (Gunning et al. 2004). The equilibrium 
interaction force was measured at a nominal velocity of 
0.5 μm/s while the dynamic force was recorded by increas-
ing the driving velocity to 1, 4 and 12 μm/s. To explore the 
effect of salinity, several sets of force measurements between 
a tetradecane droplet and the substrate in various concen-
trations of aqueous solutions of NaCl were performed by 

exchanging the dilute continuous phase with concentrated 
solutions, while the droplet (of radius R = 50 ± 0.5 μm, Fig. 
S2) and substrate were left unchanged to eliminate the influ-
ence of droplet size. Various NaCl concentrations of 0.1 to1, 
10 and 100 mM were prepared for the continuous phase, 
respectively. The experimental formulations are described 
in more detail in Supporting Information.

2.5  Theoretical model

The SRYL model was applied here to provide a quantitative 
description of the interaction mechanism. The film drainage 
process is described by the film drainage equation shown in 
Eq. (1),

where h(r,t) is the intervening film thickness, μ is the viscos-
ity of the continuous phase, r is the radical coordinate, and 
p(r,t) is the hydrodynamic pressure in the film. Figure 1a 
shows an illustration of the geometry between a droplet 
and substrate. Figure 1b depicts a typical force curve and 
film thicknesses correspond to five vital points in the force 
curves. The five time instances are as follows: T1 = 0 s is the 
start of approach process (black line), T2 is when the initial 
repulsion is measured (red line), T3 is the time the minimum 
film thickness is reached during the whole process (imme-
diately after the threshold force is reached, blue line), T4 is 
when the minimum force (or maximum attractive force) of 
the retracting process is obtained (green line), and T5 is the 
terminal of force measurement (pink line).

(1)�h(r,t)

�t
=

1

12�r

�

�r

[

rh(r, t)3
�p(r,t)

�r

]

h(r,t)

r

R

Fo
rc

e

Time Radial distance

T1
T2

T3

T4

T5

T1, T5

T2

T3

T4

B

Fi
lm

 th
ic

kn
es

s

Fig. 1  a Schematic representation of the geometric conditions during the droplet–substrate interaction process where ① is the tetradecane drop-
let, ② is the aqueous solution, ③ is the PEMs and ④ is the silica wafer; b plots of time instances in the force curve and corresponding film thick-
ness
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Droplet deformation as a result of interactions including 
disjoining pressure and hydrodynamic pressure is described 
by the augmented Young–Laplace equation (Eq. (2)),

where σ is the interfacial tension of the droplet, R is the 
droplet radius, and П is the disjoining pressure.

The disjoining pressure is a function of the film thickness 
and consists of contributions from van der Waals (VDW) 
force and the electrical double layer (EDL) force, according 
to DLVO theory.

The contribution of VDW interaction can be calculated 
following Eq. (4),

where AH is the non-retarded Hamaker constant for drop-
let–water–PEMs system, which is estimated as 8.87 × 10−21 J 
according to the Lifshitz-theory-based method suggested by 
Israelachvili (Israelachvili 2011).

The EDL interaction between PEM-coated cantilever and 
PEM-coated substrate can be calculated according to Eq. (5), 
and the EDL interaction between droplet and PEMs coated 
substrate is calculated using Eq. (6) according to the litera-
ture (Zhang et al. 2016b),

where kB is the Boltzmann constant, T is the absolute tem-
perature, ρ∞ is the number density of ions in the aqueous 
solution, z is the valency of the ion, e is the electron charge, 
ψd and ψs are the surface potentials of the droplet and PEMs 
substrate, respectively, and κ−1 is the Debye length that can 
be calculated using Eq. (7),

The overall interaction force between droplet and the 
substrate is the integral of the hydrodynamic pressure and 
disjoining pressure based on the Derjaguin approximation,

The above equations can be solved numerically with 
appropriate boundary conditions and initial conditions as 
given in Supporting Information.
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3  Results and discussion

3.1  Interactions between the PEM‑coated probe 
and PEMs substrate in NaCl solutions

Qualitative analysis on the charge properties of (PDDA/
PSS)4.0 PEMs was performed by initially measuring the 
electrostatic interaction between (PDDA/PSS)4.0-coated 
cantilever and (PDDA/PSS)4.0-coated substrate. The equi-
librium interaction forces are represented in Fig. 2 at the 
NaCl concentrations in the range 0.1–100 mM. Consider-
ing an electrolyte concentration to be as low as 0.1 mM, 
strong and long-range repulsions were measured between 
the two parallel surfaces as shown in Fig. 2a. A compari-
son of force curves was performed by the tenfold increase 
of NaCl concentration (Fig. 2b–d). Obviously, with the 
increase in the electrolyte concentration, the interaction 
range of the repulsion between two surfaces is succes-
sively compressed. The same trend was also deduced 
between a (PDDA/PSS)4.0-coated tip (tens of nanometers 
in diameter) and a (PDDA/PSS)4.0 substrate (force curves 
are shown in Fig. S3 in Supporting Information).

Liu et  al. (2015) demonstrated that the surface of 
the PSS-capped (PDDA/PSS)4.0 PEMs were negatively 
charged with exclusive  Na+ ions being detected as counter 
ions. Therefore, it was concluded that the strong repulsion 
between the two negatively charged surfaces was caused 
by electrical double layer force. The theoretical analysis 
of the electrical double layer force between the two PSS-
capped surfaces related to the specific NaCl concentration 
was examined using Eq. (5), while the force vs. piezo-
displacement (shown in Fig. S4) relations were then con-
verted into force vs. distance curves following the method 
mentioned in the literature (Bowen and Hilal 2009; Butt 
et al. 2005). Since it is challenging to perform force meas-
urement between a tipless cantilever and a planer sub-
strate, the tipless cantilever and PEMs substrate is treated 
as finite surface–finite surface system, with an equivalent 
interacting area being estimated to fit experimental data in 
our study. The surface potentials of (PDDA/PSS)4.0 PEMs 
were fitted into the model and Fig. 2 depicts the deduced 
theoretical results using solid lines. Table S1 of Support-
ing Information lists the obtained surface potentials of 
(PDDA/PSS)4.0 PEMs in NaCl solutions.

3.2  Interactions between tetradecane droplet 
and PEMs Substrate in NaCl solutions

Figure  3 presents the equilibrium interactions of the 
tetradecane droplet approaching and withdrawing 
(PDDA/PSS)4.0 substrate under different electrolyte 
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concentrations. Strong repulsion force was measured as 
the droplet approached PEMs substrate at low NaCl con-
centrations (0.1 mM and 1 mM) until the maximum force 
load (5 nN) was reached with no attraction observed dur-
ing the retract process. The increased electrolyte concen-
tration resulted in a compressed interaction range for the 
repulsion, as clearly shown in Fig. 3. In essence, when 
the NaCl concentration increased to 10 mM, an attrac-
tive well emerged in the retracting curve. The observed 
attraction with the maximum close to 3 nN was believed 
to result from the adhesion of droplet to the substrate other 
than hydrodynamic attraction (Dagastine et al. 2006, 2010; 
Tabor et al. 2013; Gunning et al. 2013; Vakarelski et al. 
2010b), as the measurement was conducted under a driv-
ing velocity of v = 0.5 μm/s. As the NaCl concentration 
reached 100 mM, “jump-in” occurred in the approaching 
process (denoted by the arrow shown in inset of Fig. 3), 
which indicated the attachment of oil droplet to PEMs. A 

more prominent adhesion force (approximately 17.2 nN in 
Fig. 3) was measured in the retraction process, followed 
immediately by a “jump-out” event. Repeated measure-
ments were also performed between air bubbles and the 
PEMs substrate under equilibrium conditions (Fig. S5 in 
Supporting Information) with the observed trend being 
the same as that shown in Fig. 3. Therefore, the PSS-
capped (PDDA/PSS)4.0 PEMs showed a salinity-sensitive 
oil repellency in water as an EDL repulsion-dominated 
tendency was indicated.

The dynamic interaction between the tetradecane drop-
let and (PDDA/PSS)4.0 substrate was measured in com-
parison with equilibrium interaction by increasing the 
piezodriving velocity to 1, 4 and 12 μm/s, respectively. 
Figure 4 shows the force curves of the droplet interact-
ing with PEMs substrate in 0.1 mM NaCl solution. The 
obtained force curves showed strong velocity depend-
ence, while the approach curves of Fig. 4a–d indicate 
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10 mM NaCl, and d 100 mM NaCl aqueous solution, respectively. The symbols represent the experimental results and solid lines show theoreti-
cal calculations. All the measurements were conducted under an equilibrium condition with a driving velocity of 500 nm/s
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velocity-enhanced hydrodynamic repulsion in combina-
tion with velocity-independent EDL force. The maximum 
attraction force in the retracting curve was observed as a 
function of velocity. A quantitative analysis of the experi-
mental data was evaluated by applying the SRYL model. 
The predicted force curves are shown as solid lines in 
Fig. 4 and indicated to be consistent with experimental 
results.

Theoretical calculations were performed for the interven-
ing film thicknesses between the droplet and PEMs substrate 
in 0.1 mM NaCl. The film thicknesses of five typical time 
instances were chosen and are depicted in Fig. 5. The theo-
retical calculations indicated a minimum film thickness of 
about 70 nm between the oil droplet and the PEMs substrate 
in 0.1 mM NaCl solution. This demonstrated a strong hin-
drance of further approaches by EDL repulsion combined 
with hydrodynamic force. Figure S6 depicts disjoining pres-
sure profiles as a function of distance based on DLVO the-
ory (Israelachvili 2011), demonstrating that EDL repulsion 
dominates as the overall pressure for a large distance span.

Consistency was also found between experimental data 
and theoretical calculations for droplet-PEMs interactions 
in 1 mM NaCl solution. This indicated a proper descrip-
tion of the interaction process using the SRYL model. Fig-
ures S7, S8, and S9 in Supporting Information show the 
force curves, film thicknesses, and disjoining pressure pro-
files, respectively.

Upon increasing in NaCl concentration to 10 mM, a 
proper description of the approaching process yet underes-
timated attracting force in the retracting process is shown in 
Fig. 6a, b at low driving velocities (0.5 and 1 μm/s). While 
consistency between the measured force and calculations 
was displayed under moderate (4 μm/s in Fig. 6c) and high 
driving (12 μm/sin Fig. 6d) velocities. The inconsistency at 
low velocities indicated that the attraction was not attributed 
to the film drainage but should be counted as a result of 
underestimated VDW attraction or other neglected attractive 
interactions. This underestimation appeared to be eliminated 
by the increase of driving velocity as hydrodynamic attrac-
tion stem from film drainage process dominates. The film 
evolution in 10 mM NaCl solution is shown in Fig. S10. The 
minimum film thickness at equilibrium condition was calcu-
lated as 8.5 nm. The increase in approach velocity resulted 
in a shrunken flattening region of the film in close proximity 
(blue lines in the figure) with a thickened intervening liquid 
film at maximum attraction points (green lines in the figure). 
Figure S11 depicts the disjoining pressure profiles.

Figure 7 shows the force curves of the droplet and sub-
strate in 100  mM NaCl solution. The discrepancy was 
observed from v = 0.5 μm/s to v = 4 μm/s, while consistency 
was determined as v = 12 μm/s. The theoretically calculated 
film thickness and disjoining pressure are plotted in Figs. 
S12 and S13. Herein, we could draw conclusions that the 
adhesion force between droplet and PEMs substrate can be 
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counteracted by increase in the approaching velocity, but the 
origin of attraction remains ambiguous.

3.3  Discussion on the effect of PEMs surface 
roughness

An adhesion-like attractive force was measured between the 
droplet and oil-repellent PEMs in the 10 mM and 100 mM 
NaCl solutions. With the aid of abundant ions introduced 
into the surrounding liquid phase, the EDL was suppressed 
into the distance within the domination of the short-ranged 
attractive interactions (Fig. S11). The adhesion force was 
believed to have resulted from VDW force and other non-
DLVO forces (Tang et al. 2018a, b; Ma et al. 2015; Don-
aldson et al. 2015; Kristiansen et al., 2014; Rios-Carvajal 
et al., 2018). In present studied system, the PSS-capped 
PEMs achieved hydrophilicity by orienting anionic sul-
fonate  (SO3

−) moieties in an orderly and upright manner 

to maximize its surface charge density upon sufficient 
immersion in water as reported in Liu et al.’s work (Liu 
et al. 2015). Therefore, the contribution of the hydrophobic 
attraction (Cui et al. 2016, 2017, 2018; Xie et al. 2017a, b) 
to the adhesion force was not considered though tetradecane 
droplet is hydrophobic.

Here, it is possible to attribute the measured attractive 
force to either overvalued EDL repulsion or underestimated 
VDW attraction. This is comprehensible if we note that the 
surface of the substrate was treated as atomically smooth in 
the above calculation (see schematic a of Fig. 1), while the 
LbL fabricated multilayers virtually possess an equivalent 
surface roughness (see schematic of equivalent film thick-
ness in Fig. 8). The influence of this nanoscale roughness 
is inconspicuous at low electrolyte concentrations when 
the repulsive EDL is sufficiently thick while non-negligible 
when EDL is suppressed within the nanometer range by 
high salinity. Therefore, equivalent film thickness rather 
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than thickness of the actual uneven liquid film should be 
considered. This nanoscale roughness of the PEMs means 
that a thinner EDL and reduced surface potential can be 
anticipated. The explanation for the decrease in surface 
potential stems from an intriguing observation reported in 
the literature (Liu et al. 2015). It was demonstrated that the 
surface charge density of PSS-capped surfaces was sensi-
tive to the orientation of phenyl (Ph) moieties and sulfonate 
moieties. In close contact with oil, the sulfonate moie-
ties were distributed parallel to the surface plane, which 
resulted in an obviously reduced surface charge density. In 
this consideration, the interaction between the droplet and 
PEMs in 10 mM and 100 mM NaCl solution was recalcu-
lated by modulation of the surface potential. The modu-
lated surface potentials of PEMs and EDL thicknesses 
are listed in Table S2 in Supporting Information, and the 

adjusted results with 10 mM NaCl are shown in Fig. 9. 
The recalculated film thickness (Fig. 9c) demonstrates a 
deduction of approximately 5nn as compared to the previ-
ous results (Fig. S10a). Another interesting phenomenon 
worth mentioning is that increasing the NaCl concentration 
to 100 mM leads to an observable slight increase in the 
refractive index (RI) of (PDDA/PSS)4.0 PEMs following 
the results deduced in the literature (Zerball et al. 2015). 
This indicated an increase in Hamaker constant according 
to the Lifshitz theory. Based on this consideration, it may 
be hypothesized that the increase in VDW interaction also 
contributes to the attraction experienced during the retract 
process. 

For the 100 mM NaCl concentration, EDL is almost 
screened by the surrounding ions as a “jump-in” occurs in 
the approaching process, which indicates the “attachment” 
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of droplet onto the substrate. Noting that the nanoscale 
surface roughness of PEMs behaves as a “brush” (Kob-
ayashi et al. 2012) and water is trapped by hydration, it 
is conceivable that the oil droplet was repelled by the 
nanoscale surface roughness rather than becoming com-
pletely attached to the surface. The “brush” effect of PEMs 
is characterized by a short-ranged steric hindrance interac-
tion represented by the exponential equation (Israelach-
vili 2011), ΠSH = C0 exp

[

h(r, t)∕D0

]

 , is introduced in the 
calculation of the disjoining pressure as shown in Fig. 10. 
Detailed values in calculating steric hindrance are given 
in Supporting Information. Figure 11 shows the modulated 
force curves and corresponding film thickness evolution. 

The consistency between experimental results and calcu-
lation demonstrates a proper interaction mechanism. The 
“jump-out” behavior captured in the retracting curve under 
equilibrium conditions indicates that the droplet detached 
from the “brush” segments of the substrate, although adhe-
sion force due to VDW attraction was measured. This 
brush-like surface configuration tends to render a superior 
oil repellency of the studied PEMs even at a relatively high 
salinity (500 mM) as reported in our previous study (Jin 
et al. 2019).
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4  Conclusions

In this work, the interaction between (PDDA/PSS)4.0 
PEM-coated probes and substrates in aqueous solution 
has been studied. Repulsion was measured between the 
negatively charged PEMs. A successive increase in the 
electrolyte concentration of the continuous phase showed 
a suppressed interaction range for the repulsion. The 
salinity-related repulsion was analyzed and the charge 
property related to PSS-capped PEMs was gained. The 
interactions between the tetradecane droplet and PEMs 
substrate under various salinities were explored by droplet 
probe AFM technique. Subsequently, quantitative analysis 
of the interaction process was performed based on the 
SRYL model. The results presented a proper explana-
tion of the interactions between the oil droplet and the 
charged PEMs substrate in solutions of low electrolyte 
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concentration (0.1 and 1 mM) under both equilibrium 
and hydrodynamic conditions. As the electrolyte con-
centration was increased to moderate (10 mM) and then 
to a high level (100 mM), discrepancy during the retrac-
tion process was found and thereafter considered to be 
caused by weakened EDL interaction due to the nanoscale 
surface roughness combined with the orientation of the 
hydrated anionic benzenesulfonate moieties. The rough-
ness of the fabricated PEMs was believed to contribute 

to a “brush” effect when oil droplet reached close contact 
with the oleophobic PEMs. A short-range steric hindrance 
was introduced into the disjoining pressure to simulate 
this “brush” effect. The present results further verified 
that the PSS-capped PEMs remained stable underwater 
lipophobicity against high salinity, which enhances its 
potential for applications in surface modification and 
anti-fouling. In the future works, more rigorous analysis 
of Hamaker constant and VDW force between oil droplet 
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and as-prepared PEMs in the presence of concentrated 
NaCl solutions is demanded in future works.
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