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Abstract

Classical equations for colloidal mobility anticipate linear proportionality between
the nanoparticle mobility and zeta potential caused by combined electrostatics of free
charges at the nanoparticle and screening bound charges of the polar solvent. Polar-
ization of the interfacial liquid, either spontaneous due to molecular asymmetry of the
solvent (water) or induced by non-electrostatic (e.g., charge-transfer) interactions, is
responsible for a static interface charge adding to the overall electrokinetic charge of
the nanoparticle. The particle mobility gains a constant offset term formally unrelated
to the zeta potential. The static charge is multiplied with the static dielectric constant
of the solvent in the expression for the electrokinetic charge and is sufficiently large in
magnitude to cause electrophoretic mobility of even neutral particles. At a larger scale,
nonlinear electrophoresis linked to the interface quadrupole moment can potentially

contribute a sufficiently negative charge to a micrometer-size nanoparticle.
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Introduction

Electrophoretic mobility 2 is viewed as arising from the electrostatic force moving a charged
nanoparticle in solution when placed in the uniform Maxwell electric field E. Standard
theories use the following force equation as the basis for establishing the force balance to

allow a constant-velocity drift

Fy=qE (1)

The Maxwell field E = E** + E® is a sum of the field of free external charges E** and the
field of induced bound (molecular) charges E° in the dielectric medium.?

The electrokinetic charge ¢. in eq 1

Ge = 4+ Gel + Gint (2)

combines the total charge of free carriers ¢ at the particle with the total average charge of
electrolyte ions g, within the surface of shear (stagnant layer)!* dragged by the particle
in its drift through the liquid. The electrokinetic charge also contains an interface bound
charge ¢ including induced and stationary components (see below). The density of bound

charge

Py = =V - P (3)
5

arises from the divergent character of the vector polarization field P in the interface.®

Correspondingly, the interface charge ¢, in eq 2 is the volume integral of the charge density
Pint
Qint = USa (4)

with S, = 4ma? specifying the surface area of the spherical dielectric cavity excluded from

the surrounding liquid by the solute with the radius a. The surface charge density3®

c=P,=n-P (5)
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in eq 4 is the projection of the polarization field on the unit vector n pointing outward
from the dielectric.® The surface charge gy, can be alternatively obtained from molecular
simulations®® by summing up molecular charges within the interfacial layer.

Dielectric theories view bound charge as arising from liquid dipoles oriented along the
field of the solute (Figure 1). Dipolar orientations induced by the electric field lead to the
induced bound charge g, responsible for dielectric screening. When only this induced part
of the interface charge gy is included, one gets q, = —q(1 — €;') for a spherical solute
in the dielectric with the dielectric constant €,. The total charge associated with the ion,

q + q = q/€s, becomes dielectrically screened.

Figure 1: Spherical nanoparticle with the radius a and the concentric shear surface with
the radius R. The bulk liquid carries the dielectric constant e; and the surface layer is
assigned the dielectric constant eijflt characterizing the radial polar response perpendicular to
the particle’s surface, where + and — specify the response to outcoming and incoming fields,
respectively. The arrows at the particle surface indicate preferentially oriented liquid dipoles
creating polarization divergence and the corresponding surface charge density ¢ = P,,. The
polarization field shown in the diagram corresponds to o > 0.

The view of the induced character of the interfacial bound charge becomes incomplete
when preferential orientations of interfacial liquid molecules are driven by interactions dis-
tinct from electrostatic forces produced by the solute. In the standard view, there is no polar-
ization when there are no electrical charges inducing it. In contrast, a divergent polarization
field in eq 3 can be induced by specific? (e.g., charge-transfer %) solute-solvent interactions or

113 59 reflected

arise spontaneously in the interface due to solvent’s molecular asymmetry
by the temperature derivative of surface tension.!* For instance, interfacial polarization

spontaneously arises from the competition between dipolar and quadrupolar interactions to
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minimize the interface free energy.'®!* For water, this spontaneous polarization results in a
positive electrostatic potential inside of hard-sphere (HS) or Lennard-Jones (LJ) voids. 517
Electrostatic potential requires electrostatic charge. This charge comes from the interfacial

polarization unrelated to polarization induced by free charges adding a stationary component

gst to the overall interface charge in eq 2

Gint = Qb T Gst (6)

The main question explored here is the effect of gy # 0 on electrophoretic mobility.

The free and counterion charges are often combined, ¢ + ¢o = ¢f(kR), through Henry’s
function depending on the inverse Debye-Hiickel length x = A~! and the radius of the
spherical shear surface R. This function bridges!® two limiting solutions of the Navier-
Stokes equation for the drift of a spherical ion in an incompressible liquid: Smoluchowski’s
limit, f(kR) ~ 1,kR > 1, and Hiickel’s limit, f(kR) ~ 2/3, kR < 1.

The general solution for electrophoretic mobility p, given as the ratio of the drift velocity

to the uniform Maxwell field,! reads (Gaussian units?)

_&sC
p= 41

f(rR) o< ¢ (7)

where 7 is the liquid shear viscosity and € is the bulk dielectric constant connecting the
uniform field of external charges to the Maxwell field: F = E®*/e,. Note that 47 in the
denominator in eq 7 is replaced with the inverse vacuum permittivity ;5 * in SI units.?
Equation 7 is derived by including free, q, electrolyte, ¢.;, and induced bound, g, charges
in eq 2. This assumption allows one to express mobility in terms the ¢ potential > ¢ =
(¢ + @)/ R equal to the electrostatic potential at the shear surface arising from free and
induced bound charges. Here, we want to include the static interface charge ¢y and, in
addition, lift the assumption of liquid incompressibility. To achieve this goal, the problem is

somewhat simplified by turning to Hiickel’s limit when mobility can be derived from a simple
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force balance condition assuming kR < 1. One can neglect the effect of the electrolyte
atmosphere in the limit of a low electrolyte concentration'®?° ¢ ~ 107> M, when A ~ 0.3/,/c
nm in water (c is in M) becomes equal to 10> nm. Given that screening by electrolyte can
be neglected at these conditions, the focus of the theory is on the electrostatic force acting
on a nanoparticle in a compressible polar liquid.

The main goal of this article is to explore the limitations of the main result of the
classical theory predicting u o< ¢ (eq 7). This standard framework has been challenged by
computer simulations? and in a number of recent measurements employing nonlinear sum-
frequency scattering (SFS) techniques.!%?1"23 The latter give access to both the alteration
of the hydrogen-bond structure in the interface and, more importantly, to the interfacial
electrostatics (see ref24 for a recent review). It was shown?® that mobility can be significantly
altered, by changing the solution pH, without affecting the measured { potential.

Direct proportionality, p o< ¢, between mobility and ( potential is replaced here by a
linear dependence, with an off-set, when the stationary component of the interfacial charge
st is allowed in eq 6. The derivation presented below accounts not only for this new part of
the interfacial charge, but also for a reduced dielectric constant in the interface, 2% €, <
€s. Equating the electrostatic force acting on the nanoparticle as derived below to the
hydrodynamic friction force Fiyq, = 6mnuR (u is the drift velocity) in the Hiickel’s limit, ®

one obtains the following equation for the electrophoretic mobility (f = 2/3 in eq 7)

765C Gst€s
— A5t 8
a 67N + 6™ R (®)

Here, v ~ 4/3, which does not appear in the standard derivations for incompressible lig-
uids, '8 is a correction factor due to the medium compressibility affecting the bulk dielectric

constant. Further, the ( potential in eq 8 is defined with the account for the local interfacial
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dielectric constant as produced by the combined effect of free and induced bound charges

+ Q@

(="F =% (9)

It is important to stress that the appearance of dielectric constants €5 and €;,,; in eqs 8 and

9 is the consequence of recognizing the bound charge as a part of the overall electrokinetic
charge interacting with the external field. This logic dictates including the charge ¢y in the
same general formulation, leading to the second term in eq 8. Its appearance is what pri-
marily distinguishes the present formulation from the standard framework of colloid science.
One can bring eq 8 to the standard form in eq 7 by defining the stationary component of

the ¢ potential

Qst

Gt = R (10)

Equation 8 is turned back to Huckel’s limit (f = 2/3 in eq 7) by extending the definition of ¢
potential to include the stationary charge component: ¢ — ( + (s;. Note that, in contrast to
the ordinary ¢ potential, (s in eq 10 does not involve dielectric screening since self-screening
of bound charges is not a part of standard theories of polar response. We also note that the
standard derivation of Smoluchowski’s limit '8 applies when the definition of ¢ potential is
extended to include the stationary component (y (see Supporting Information (SI)).

Even though there are advantages in restoring the standard equation 7 by re-defining
the meaning of the ( potential to include the stationary charge, one has to keep in mind
that standard approaches to manipulate the magnitude of { through changing electrolyte
concentration and pH will apply only to its traditional form defined by eq 9. The stationary
potential in eq 10 is determined by the interfacial liquid structure and is little affected by
such manipulations as long as the concentrations of solution ions stay low and strong specific

adsorption altering the interfacial structure does not apply.
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Induced and stationary interface charge

An ensemble of polarized dipoles at the particle’s surface is responsible for the surface charge
density o (eq 5) as long as the normal projection of the polarization field is nonzero (Figure
1). As mentioned above (eq 6), it includes two components. The induced bound charge
¢, quantifies polarization in the direction perpendicular the particle surface. This polar
response is characterized by the longitudinal dielectric susceptibility of the interface.?6 If the
bulk dielectric constant €, is used for the longitudinal response, one obtains ¢, = 0,5, =
—q(1 — €;1). This charge creates the electrostatic potential ¢, = 03,S,/r, which combines
with the potential of free charges ¢y = ¢/r in the dielectric screened potential ¢ = ¢/(e,r).>
The induced bound charge ¢, = 03,5, is thus a real physical charge responsible for dielectric
screening. 27

There are significant reasons to question this outcome of standard dielectric theories.

16,28730 125,31

A number of recent computationa and experimenta studies have reinforced the
decades-long conjecture!32:3% that the longitudinal dielectric response of the interfacial polar
liquid is substantially altered compared to the bulk and needs to be characterized by the
interface dielectric constant €. The new evidence, which also dispels the long-standing
assumption that the reduction of the dielectric response has to deal with a strong field of
the substrate,?! assigns a lower dielectric constant to an interfacial layer with the thickness
of 9 ~ 1 nm. Its exact magnitude depend on the local structure and the substrate, but all
calculations indicate €,y < €,. The same picture applies to the radial polar response at the
surface of a spherical solute? applicable to nanoparticle mobility.

d, 335 dielectric response, even when

By construction of being induced by an external fiel
modified by adopting an interface dielectric constant, does not anticipate an interfacial po-
larization in the absence of the polarizing field of free charges. This is not true for liquids

113 where spontaneous inter-

carrying both molecular dipoles and molecular quadrupoles,
facial polarization arises from the competition between molecular multipoles.'® 17 It leads

to a nonzero surface charge density oy and the corresponding charge gy (eq 6) obtained by
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surface integration of the surface charge density

dst = deUst (1]_)

This charge is not connected by a linear response function to the external field and thus does
not appear in linear-response theories. The breaking of symmetry ¢y = 0 at £ = 0 is caused
by an intrinsic interfacial structure or by strong solute-solvent interactions not reducible to
solute-solvent electrostatics.

The surface charge is nonzero even for uncharged solutes. Indeed, simulations of neutral
solutes interacting with water by Kihara potential®® (hard-sphere repulsion with surface LJ
potential) produced oy ~ 0.01 ¢/nm?. A similar magnitude, oy, ~ —0.016 e/nm?, was found
in quantum density functional calculations of the oil-water interface.” In the latter case,
the charge arises from charge-transfer interactions between water and oil molecules leading
to transfer of partial electronic density to oil and thus creating a set of interfacial dipoles
oriented oppositely to those shown in Figure 1. This orientational pattern is responsible for
a negative surface charge. This effect is obviously impossible to observe with fixed-charge
force fields in classical molecular simulations. However, the basic mechanism of creating an
ensemble of interfacial dipoles responsible for o (eq 5) is the same in both cases.™¢ Even
though the discrepancy between fixed-charge and delocalized-charge calculations might seem
discouraging, it points to an important observation that the negative electrokinetic charge
of neutral particles should not be viewed as an inherent property of the water-hydrophobic
interface and is, on the contrary, a strong function of the specifics of the solute-solvent
interaction.

It is now established that orientations of interfacial water molecules are substantially
affected by both the solute-solvent interaction” (and partial charge transfer”) and by the
water force field,® thus affecting the sign and the magnitude of ¢ potential. The bound

surface charge was found to scale linearly with the size of the Kihara solute in MD simula-

https://doi.org/10.26434/chemrxiv-2023-ft12w ORCID: https://orcid.org/0000-0002-9352-764X Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2023-ft12w
https://orcid.org/0000-0002-9352-764X
https://creativecommons.org/licenses/by-nc/4.0/

e o
° ° ® HS
> 400r ® KH
[ 0e® v KH8
~ 350+ b 8
'\}\” L | a " m L a
250

02 04 06 08 10 12
a, nm

Figure 2: Static component of the ¢ potential (eq 10) at the surface of charge-neutral hard-
sphere (HS, blue points) and LJ (modeled with the Kihara (KH) potential, red and green
points) solutes with varying radius a. Points are results of MD simulations in TIP3P water
at 298 K. Two sets of LJ solutes use different values of the solute-solvent LJ energy: 3.7
(KH) and 8.0 (KH/8) kJ/mol. Reprinted with permission from Figure S1 in ref.?¢ Copyright
2015 American Institute of Physics.

tions, ¢s o< R, thus producing a constant potential (i ~ 300 mV, calculated from eq 10, for

nanometer-size particles!™3¢ (

Figure 2). This positive potential is sufficiently large in mag-
nitude, but is of opposite sign to ( ~ —70 mV at pH= 7 obtained for ~ 50 pm air bubbles
in distilled water!'® or ¢ ~ —100 mV for hexadecane drops in pH= 7, 0.4 mM electrolyte.?’
Much smaller values, ~ —10 mV were reported for hexadecane nanodroplets at pH= 7 when
stringent cleaning was implemented to eliminate surface contaminants.® Further, addition
of anionic surfactants reoriented interfacial water molecules to inward orientations shown in
Figure 1. The resulting ( ~ —50 mV arises as a compensation between a negative ¢ and
positive g in eqs 2 and 6. Assuming that ( ~ —10 mV is caused by water dipoles pointing
to the bulk, one can anticipate an orientational structural crossover*! with increased density
of anionic surfactants producing a spike in the surface dielectric constant such as found in
simulations*? (Figure 3b).

The prediction of a nonzero interface bound charge at ¢ = 0 extends to ion solvation.
Simulations of ions in force-field water#4434546 have shown that the electrostatic potential
¢s(q) of the polarized liquid at the center of the polarizing charge is linear in ¢ for both

cations and anions (Figure 3a). However, the magnitude of the slope of ¢4(q) vs ¢ is higher

for anions than for cations. Moreover both branches of ¢;(q) vs ¢ extrapolate to a non-zero

10
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Figure 3: The electrostatic potential ¢,(q) of polarized SPC/E water at the charge of LJ
ions with constant radius and altering charge: (s marks ¢,(0) (a).** The dependence of the
interface dielectric constant of SPC/E water on the charge of Cg fullerenes (b).4? Adapted
with permission from refs*® and.*? Copyright 2022 American Physical Society and 2019
American Chemical Society.

value (i at ¢ = 0. For instance, ¢4(0) = (i ~ 1.94 V shown in Figure 3a was found for a
number of cations and anions in SPC/E water with the same radius a ~ 3.6 A and varying
q.* This value implies oy ~ 0.3 e/nm? significantly exceeding the charge density oy ~ 0.01
e/nm? around hard-sphere and LJ solutes. The reason is a strongly collapsed hydration
shell around small ions compared to larger hard-sphere and LJ solutes (Figure 2). One can
therefore anticipate that adsorption of impurities and solution ions can result in higher local
values of oy and higher integrated bound charges ¢y (eq 11) of hydrated nanoparticles.

Different slopes of ¢(q) vs g for cations an anions also indicate that different values of
the interface dielectric constant need to be assigned to incoming (anions) and outcoming
(cations) electric fields if the standard dielectric framework is adopted to describe the void
potential. This result must be anticipated given the asymmetry of water’s molecular charge
and the resulting non-axial molecular quadrupole.?” Aligning water molecules along the
outcoming electric field puts water’s hydrogens into the bulk, while formation of dangling
O-H bonds?® is required to orient water molecules along an incoming electric field. Based
on these considerations, one has to assume

H < € (12)

int

€

11
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where + and — are assigned to the outcoming (cations, ¢ > 0) and incoming (anions, ¢ < 0)
fields, respectively (Figure 1).

Direct simulations of water surrounding charged Cgo fullerens*? also show an increase in
the interfacial dielectric constant when going from a positive to negative charge ¢ (Figure
3b), followed by an interfacial phase transition of water restructuring and releasing O-H

bonds at sufficiently negative density of free surface charge (spike in Figure 3b).49:%0

Electrostatic force

The electrostatic force acting on a particle in the liquid involves two components:®! (1) The
volume force produced by mechanical deformation of the interface caused by the field and
(2) The force of interaction of the external field E®* with the total density of charge p;.
Directing the external field along the z-axis of the laboratory frame sets up axial symmetry
for the problem adopted in our calculations. The total electrostatic force F, acting on the

nanoparticle becomes

Fo=f+ / drp, (13)

This expression involves the total charge density p; = po+pp+pst combining the solute charge
density, pg, with the induced, py, and stationary, ps, densities of the interface. Standard
electrostatic arguments®! lead to an expression for the dielectric volume force in terms of the
spatial, stress-induced, alteration of the dielectric constant and its change due to isothermal

compression altering the density p

E? E? [ Oe,
e+, (W (ap )) (14)

The two terms in eq 13 can be combined by noting that 47 (pg + pp) = 0uE, (Gaussian

Ja

units), where summation over common Cartesian indexes o = x, ¥, z is assumed. After stan-

51,52 (

dard transformations see SI for full derivation), one arrives at a sum of the interaction

12
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of the static charge with the field of external charges and a surface integral of the Maxwell

stress tensor® T, over the spherical shear surface
F, = ques E + %TmﬁadS (15)

The stress tensor in this expression is contracted with the components n,, of the surface vector
n normal to the shear surface and pointing outward from the dielectric medium?® (toward the
particle’s center in the present case). The integral is taken over the shear surface, which is
assumed to be identical with the particle surface given that |R — a| < R for most practical
situations.

3551 in eq 15 is a sum of the second-rank tensor

The material Maxwell stress tensor
component

€
0as = 1 [PaFls = 300 E’] (16)

and a diagonal contribution arising from isothermal compression as expressed by the second

term in the following equation

1 Oe
Tog = 0up + —0,5F> a 17
8= 0ap+ c0as P(ap)T (17)

The only distinction of eq 15 from the standard dielectric theories is the appearance of the
interaction term between the stationary interface charge and the applied field; ¢y = 0 is
assumed in dielectric theories.

Given axial symmetry of the problem (Figure 1), only two projections of the field at
the shearing surface matter for the calculation: radial, F, = —0¢/0r, and tangential, £, =
—(1/r)0¢/00. The first term in the stress tensor (eqs 16 and 17) produces the following

z-projection of the force®

2 1
FO = Esf / [(E? — E})cos — 2E, E;sin 6] d cos § (18)
~1

13
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where 6 is the polar angle relative to the z-axis. Correspondingly, the second term in eq 17

yields

2 1
F® = RZp (geps) /I(Ef + E?) cosd cos § (19)
-

The radial and tangential field projections in eqs 18 and 19 are defined as the corresponding
derivatives of the electrostatic potential ¢(r) evaluated at the shear surface. The electrostatic
potential is in turn produced by the external field, free charges of the solute, and induced
bound charges in the interface. The latter two can be combined in the surface charge density

o () expanded,® due to axial symmetry, in Legendre polynomials P(cos )

a(0) =Y o Py(cosb) (20)
=0

To reduce the problem to well-defined multipolar moments, only first three expansion
terms in eq 20 are included. The zero-order term Srog = ¢ + ¢, combines the ionic so-
lute charge with the bound charge induced in the interface. Assuming that the longitudi-

628730 ¢ . one obtains

nal interface response is specified by the interface dielectric constant
SRrOo = q/€ms (see SI). Note that the inhomogeneous Maxwell field in our formalism is caused
by the charge densities pg and p,. Equal results are obtained by including the charge den-
sity pst in the Maxwell equation for the field upon the corresponding changes to the zeroth
projection of the surface charge density o¢. This is not done in the present formulation since
the the definition of the Maxwell tensor in the medium requires the bulk dielectric constant
which is defined only in respect to induced bound charges. The external force acting of gy
is therefore considered separately in eq 15.

The ¢ = 1,2 expansion terms in 20 are induced by the applied field and are thus propor-

tional to E. The first order term is responsible for the interface dipole moment?>

M(i)nt = UlQO (21>

14
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where Qy = (47/3)a® is the particle volume. This parameter often appears in theories
of dielectrics. Assigning the dielectric constants €,y and €, to the interface and solute,

respectively, one obtains32

Mt = _ 38 %0 p (22)
2€int + €o

The interface dipole interacts with the gradient of the external electric field to produce a di-
electrophoretic force acting on large polarizable nanoparticles.? The second-order expansion
term in eq 20 is responsible for the zz-projection of the second-rank quadrupole moment of

the interface

in;t = gO'QCLQO (23)

This interface multipole is also proportional to the external field and contributes a term
quadratic in the field (nonlinear transport coefficient) to mobility.

Combining the field of external charges with the field of the free and induced bound
charge, one obtains?® the electrostatic potential at the point r such that r > R

Re (5 —|— 1)0’g

meK<COS 6) (24)

o(r) = —FErcosf + SRZ
=0

By truncating the summation in eq 24 after the third term, one can use the radial and

transverse field components in eqs 18 and 19 to obtain the total force acting on the particle

_ W @2M"
F, = quesE + qog B + qof 3R (25)
The effective charges qgf) and qgf) in this equation are
m _ 9% (4 1 /Olne,
_ + = 26
Qott €int < 3 (8111,0 T (26)
and
2) _ Olne
qeﬁ = € (Ein%q + qQ) (alnp)T (27)

15
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The charge associated with the interface quadrupole moment becomes

9 in
qQ = @ zzt (28)

Adopting the continuum estimate for the interface dipole moment (eq 22) and dropping
the interface quadrupole moment for the nanometer-scale solutes (see the estimates below),
two effective charges can be combined in one charge interacting with the external field. One

arrives at eq 1 with the electrokinetic charge ¢. given by the following relation

Qe = Qst€s + Q7Y (Es/eint) (29)

where the compression correction factor here and in eq 8 is

€0 Olne,
=1 30
7 +261m+60(81np)T (30)

The second term in this equation involves the standard Onsager cavity screening factor?®>
multiplied with the logarithmic derivative of the dielectric constant over density. This term
needs to be maintained since (01ne;/01In p),. >~ 1 for many polar liquids and is equal to 1.04
for room-temperature water.?

The main quantitative result of this derivation is that lower interface dielectric constant
leads to underscreening of the particle charge and a force enhancement by a factor of €,/ €yt
in eq 29. Obviously, the force converts to the standard dielectric result, F, = ¢F, when
€t = €5, ¥ = 1, and ¢x = 0. The contribution of the quadrupolar interfacial moment to
the effective interface charge is further enhanced if the tangential field is put equal to zero
(E; = 0 in eqgs 18 and 19),5 which assumes that surface charges do not sustain a tangential
force thus allowing the liquid to flow in the shear surface. This possibility is not considered
here, but even in the present derivation the effect of the interface quadrupolar moment gains

in significance for micrometer-scale particles (see below).

16

https://doi.org/10.26434/chemrxiv-2023-ft12w ORCID: https://orcid.org/0000-0002-9352-764X Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2023-ft12w
https://orcid.org/0000-0002-9352-764X
https://creativecommons.org/licenses/by-nc/4.0/

The surface charge of a nanoparticle associated with free carriers (¢ = 0¢S, in eq 2) arises
from electrolyte and hydroxide/hydronium ions, other impurities®® binding to the particle’s
surface, and from ionization of specific surface group (such as surface residues for proteins).
In the present content, surface impurities contribute to oy and potentially modify eflt. One
has to note that the mechanism of impurities affecting the ( potential still anticipates its
direct proportionality to mobility, which was disputed by recent measurements. %

An asymmetric distribution of the bound charge should in principle lead to higher mo-
ments oy, ¢ > 0 of the surface charge density. However, all such charge asymmetries average
out by particle rotations leading to o as the only term in eq 20 independent of the externally
applied field. Terms with ¢ > 0 (dipole and quadrupole in eqs 21 and 23) are induced by
the external field and thus scale as oc E in the lowest order. The interface dipole (eq 21) is
responsible for the reaction-field term multiplying the logarithmic density derivative of the
dielectric constant in eq 30. The quadrupolar interface moment, also scaling linearly with
the applied field, produces a force term quadratic in the field thus leading to a nonlinear

t,57 which, for polyelectrolytes, is attributed to field-induced deformation

transport coefficien
of the ionic cloud.®® The corresponding contribution to the effective solute charge (qq in eqs
27 and 31) can be evaluated by applying the direction-anisotropic dielectric model discussed

above.

If the dielectric constants €, are assigned to two lobes of the spherical solute in Figure

o R 1 1

€int €int

1, one obtains (see SI)

int
2z

where the last inequality follows from eq 12. As anticipated, QY scales linearly with F
resulting in a contribution to the force quadratic in the field. At zero solute charge, ¢ = 0,
one obtains by adopting the interface dipole in eq 22
3e, R? 1 1 Oln e,
— — Bl — - = 32

int
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The negative contribution to electrokinetic charge from induced interface quadrupole scales
as o< R?. One can estimate this term by adopting an experimentally accessible electric field
of E ~ 10 V/m and ¢, = 10, ¢, = 11 (Figure 3). One then obtains the surface charge
density ~ —26 e/nm? from the quadrupolar term for a R ~ 1 um particle when adopting
(01nes/01n p), = 1.04 for water.”® This estimate suggests that the interface quadrupole can
be dropped for a nanometer-scale particle and also offers a possibility of a sufficiently large
negative effective charge for micrometer-scale nanoparticles. The charging mechanism in the
latter case is the induced interface quadrupole moment linked to the asymmetry of water’s
dielectric response in the interface. It is important to stress that this negative electrokinetic
charge is allowed by solvent compressibility producing a nonzero (0lne;/d1np); in eq 32.

This term thus does not appear in the standard formulations! assuming an incompressible

solvent through the application of the Navier-Stokes equation.

Discussion

Measurements of surfactant-free emulsions and air drops demonstrated negative effective
charges (¢ < 0) assigned to them through mobility measurements (eq 7).2%5° The assignment

60,61 a5 the sole origin of this effect was questioned as

of hydroxide adsorption to the interface
it requires very large adsorption free energies® and contradicts to direct measurements of the
concentration of hydroxide ions in the interface.% % While the possibility of contamination
by impurities has to be considered,*%° other mechanisms of producing the effective negative
charge have been proposed. %

This article presents an analytical formalism for the electrostatic force acting on a
nanoparticle based on the proposition®°*%” that polarization of the interface, unrelated to
the polarizing field of free charges, produces an effective charge interacting with an external

electric field to allow dragging force. The interface is still neutral since the effective charge

is produced by polarized dipoles and the effective charge is the result of polarization diver-
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gence. The effective charge comes in addition to the standard induced charge responsible
for dielectric screening and also arising from polarization divergence.?7

This universal mechanism for effective charging of both hydrophobic and hydrophilic
interfaces makes the effective charge depend on the orientation of interfacial dipoles relative
to the normal direction pointing inward from the solvent to the nanoparticle. It does not
exclude zero charge of hydrophobic drops*? if no preferential orientations of interfacial dipoles
have been established in the interface. However, since gy €, enters the effective electrokinetic
charge in eq 29, mobility should be sensitive to the interfacial dipolar structure. In this view,
the inward pointing dipoles shown in Figure 1 produce a positive charge found in numerical
simulations of voids in fixed-charge force-field water models.'>1:3¢ In contrast, recent ab
initio simulations allowing charge-transfer oil-water interactions have produced oppositely
(outward) pointing interfacial dipoles thus accounting for the observed negative effective
charge of oil emulsions.”

The present model does not attempt to resolve the issue of the surface charge of hydropho-
bic nanoparticles. Instead, it provides a theoretical framework in which this resolution can
be sought. The key parameter of the theory, the interface stationary (non-induced) charge
gst Tequires specific molecular mechanisms allowing the surface charge density arising from
non-electrostatic origin. However, the existing evidence points to surface charge densities
sufficient for allowing the observed ¢ potential magnitudes, at least at the size of nanometer
particles. This notion is not new. Previous simulations of electrophoresis at the surface of a
lipid bilayer? found the electrostatic potential at the shear surface to exceed the electroki-
netic potential by a factor of ~ 25. The missing component was attributed to the “dipole
potential” consistent with ( in the present formulation.

It remains to be seen whether the present-day nanometer-scale simulation evidence can be
extended to sub-micrometer oil drops studied experimentally. What the present theoretical

framework does not resolve is the specifics of the surface charge scaling with the particle size.

The plateau in (i potential with increasing size of a nanometer-scale particle shown in Figure
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1

2 and observed in previous simulations!® is puzzling. One would expect the density of surface

oriented dipoles to be constant and the stationary charge gy to scale linearly with the surface
area’? (also see eq 32), thus producing ¢ potential increasing linearly with the particle size.
This is not what follows from the limited evidence produced by simulations so far. The reason

might be sought in a compensating effect of the decreasing local density around larger solutes

caused by weak dewetting of the hydrophobic-water interface at the nanometer scale.3%-%®

At a larger scale, nonlinear electrophoresis linked to the interface quadrupole moment can

potentially contribute a sufficiently negative charge to a micrometer-size nanoparticle.
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