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We present measurements of the net electrical surface charge of silicon dioxide (SiO2) in contact with

solvents of dielectric constants between 5 and 80. Our experimental approach relies on observing

the thermal motion of single silica particles confined in an electrostatic fluidic trap created by SiO2

surfaces. We compare the experimentally measured functional form of the trapping potential with

that from free energy calculations and thereby determine the net surface charge in the system. Our

findings clearly demonstrate that contrary to popular perception, even in the absence of surfactants,

the net electrical charge of ionizable surfaces in contact with apolar solvents can be large enough to

lead to significant repulsive forces. A charge regulation model for SiO2 surfaces with a single tunable

parameter explains our measurements. This model may find general applicability in estimating the

net charge of ionizable surfaces, given system parameters such as the dissociation or association

constants of the ionizable groups and the pH, ionic strength, and dielectric constant of the solvent

phase. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4967401]

I. INTRODUCTION

An ionizable chemical group in a solvent dissociates to

yield a charged group and a free counterion; for many inor-

ganic oxides in solution, the counterion is a proton. A surface

carrying a large number of ionizable groups denoted by a

density Γ thus acquires a net charge density, σ in contact

with a polar medium, with the balance of electrostatics and

entropy determining the magnitude of this net surface charge.

Charged colloidal particles and surfaces in solution interact via

a screened electrostatic interaction, described by Derjaguin-

Landau-Verwey-Overbeek (DLVO) theory1 and considered

largely well understood. In the aqueous phase, mutual repul-

sions between particles can be strong enough to stabilize dense

suspensions of colloidal particles against aggregation, and

indeed the principle of charge stabilization is ubiquitous in

nature and in industrial formulations.

In low dielectric media, however, the electrostatic self

energy of an ion, which depends inversely on the medium’s

dielectric constant, εs, is high, rendering the formation of free

ions highly statistically unlikely. Thus, while matter can be

expected to be strongly charged in water (εs ∼ 80), an ion-

izable surface should carry much less charge in a nonpolar

medium with εs ∼ 5. Although electrostatic interactions in

apolar media are indeed weak relative to the aqueous phase,2–7

the repulsion is often regarded as negligible8,9 mainly on

the basis of solvation energy arguments. Generally efforts

are invested in enhancing repulsions in apolar media by the

addition of micelle-forming surfactants that stabilize potential-

determining ions2–7,9 or by chemical modification of the sur-

face.3,4,9 Electrostatic interactions in nonpolar media have

been exploited in model systems for atomic crystals10,11 in
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chemical formulations12 and technological applications such

as electronic ink.13,14 Knowledge of the surface charge of ion-

izable matter suspended in weakly polar or nonpolar media is

important not only from a charge stabilization perspective but

also from the more fundamental point of view of understand-

ing, quantifying, and delineating the various contributions to

the total interaction potential between colloidal particles or

surfaces in various intervening media.

Several experimental techniques have been used to esti-

mate the charge of colloidal particles in nonpolar media.

In the electrokinetic approach, which is possibly the most

widespread, the mobility of a particle an electric field is used

as a measure of the electrical potential at the particle sur-

face, namely, the zeta potential. The zeta potential in turn

can be related to the electrical charge carried by the parti-

cle. The approach has been implemented in various forms on

free particles in a DC electric field4,15,16 or using an alternating

field in combination with the particle-position control imple-

mented optically2,17 or piezoelectrically.18 Fast detection and

long observation times have further enabled the measurement

of temporal fluctuations in electrical charge on very weakly

charged optically trapped particles in a nonpolar solvent.17

Techniques that probe the charge of particles by measuring

their mutual interactions in an ensemble at equilibrium, in the

absence of fields, have also been successfully implemented in

nonpolar media containing surfactants.3,19

In this study we perform direct measurements of the equi-

librium repulsive electrostatic potential of silica surfaces inter-

acting across pure aqueous and organic solvents, namely, water

(H2O, εs = 78.3), acetonitrile (MeCN, εs = 36.64), ethanol

(EtOH, εs = 24.3), and bromobenzene (BBr, εs = 5.4), with no

added surfactants. Our approach to the problem of measuring a

particle-surface interaction potential exploits the electrostatic

fluidic trap for nano- or micron-scale matter in solution.20–23

Briefly, the trap relies on the equilibrium thermodynamic
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repulsion experienced by a particle confined in a fluid-filled

micrometer-scale gap between the like-charged confining par-

allel plates. Micron-scale structuring of one of the slit surfaces

leads to a modulation of the local electrostatic potential, cre-

ating a deep thermodynamic potential well for a like-charged

entity (Fig. 1). We have previously demonstrated that in con-

junction with a straightforward calculation of the trapping free

energy, a direct optical measurement of the spatial sampling

behavior of a single trapped particle can be used to measure its

electrical charge with good precision.21,23 In the present work,

the walls of the slit and the particle are composed of SiO2. Thus

the theoretical model for the electrostatic free energy involves

a single unknown parameter, namely, the regulated charge den-

sity, σ of the SiO2 surfaces (slit and particle). Comparing the

experimentally measured trapping potential for a single SiO2

particle with a calculation of the spatial electrostatic interac-

tion free energy where σ is a tunable parameter yields the net

charge density of the SiO2 surfaces in the system. Note that the

entropic contribution to the total trap free energy arising from

spatial fluctuations of the particle in z is estimated to be small

(1%-10%) and therefore neglected in this work. Not only is the

modeling of such a measurement more straightforward than,

for example, the electrokinetic approach, but also in contrast

our method probes the electrostatic interaction at equilibrium,

at the single particle level, does not require calibration, and

can be ubiquitously applied to particles and solvents of any

polarity and composition.

In our measurements we encounter substantial repulsive

electrostatic forces between silica surfaces even in a weakly

polar solvent such as bromobenzene which was recently used

as the intervening medium in an experiment to demonstrate

the long range repulsive Casimir force between a gold and the

silica surface.8 Our measurements further permit us to esti-

mate well the charge density of SiO2 in contact with media of

various polarities. Finally we apply a theoretical model that

was originally proposed to describe the charge of SiO2 and

glass surfaces in water24 to our measurements in various sol-

vents. We find that the model captures our measurements of

SiO2 over the entire range of εs with the use of a single tun-

able parameter that contains the pH of the solvent and pKa,

the acid dissociation constant of the SiOH group in the solvent

of interest. The results suggest that the model may be gener-

ally applied to estimate the electrostatic contribution to force

measurements involving ionizable surfaces in the fluid phase.

FIG. 1. (a) Schematic illustration of a single negatively charged SiO2 microsphere of radius a, confined in an electrostatic fluidic trap, imaged using fluorescence

microscopy. The cross-sectional view of a single trapping microstructure or pocket displays the relevant geometric parameters, namely, channel depth, 2h; pocket

depth, d; and pocket diameter, D. (b) 3D atomic force microscopy (AFM) image of pocket topography where the color scale spans a height range of 300 nm.

(c) Typical fluorescence microscopy image of a single trapped particle (top), where the spatial intensity distribution (colormap, bottom) is fitted with an elliptical

2D Gaussian function (black contours). (d) Spatial electrostatic potential distribution, ψ around a particle in EtOH in a trapping microstructure (D = 2126 nm,

2h = 1139 nm, d = 308 nm, a = 325 nm). The dashed curve denotes the contour of minimum axial (z) electrostatic energy of the spherical particle as a function

of lateral position, x. (e) Calculated spatial electrostatic free energy profile, F(x) for parameter values in (d) for a particle surface charge density, σ = −0.73

× 10−3 e/nm2.



194701-3 Kokot, Bespalova, and Krishnan J. Chem. Phys. 145, 194701 (2016)

II. EXPERIMENTAL METHODS

A. Electrostatic fluidic trap fabrication
and characterization

The electrostatic fluidic trap devices were fabricated using

a combination of photolithography and reactive-ion etching of

Si substrates (for experiments in EtOH, MeCN, and H2O) or

wet-etching of glass substrates (for BBr), similar to previous

work.20 For measurements in EtOH, MeCN, and H2O, the

surface microstructures defining the trap locations were gen-

erally 300 nm deep and 2-2.2 µm in diameter, while the slit

heights, 2h, were in the range of 950-1150 nm. Surface features

etched into Si substrate were coated with ∼60 nm SiO2. For

experiments in BBr, however, the large Debye lengths involved

(∼400 nm) necessitated larger surface features with diame-

ters, D, in the range 3.7-4.1 µm, depth, d ∼ 1 µm, and slit

height, 2h ∼ 4 µm. Therefore for BBr experiments alone, the

surface indentations were wet-etched into the glass substrate

using HF as previously described.20 Surface-microstructured

fluidic slits were thus created by a glass surface on one side

and a silica surface on the other. The trapping microstruc-

tures were characterized by scanning electron microscopy

(SEM), profilometry, and atomic force microscopy (AFM);

the various geometric parameters of interest such as

slit height, pocket diameter, and depth are illustrated in

Fig. 1.

B. Solvent conductivity and salt concentration

We performed single particle trapping experiments in

bromobenzene, ethanol, acetonitrile (all >99% purity, Sigma

Aldrich), and water. Water content of the pure solvents were

<1%, <0.1%, and <0.005% for BBr, EtOH, and MeCN,

respectively. Solvent conductivities and pH were measured

using inoLab Cond 7110 (Xylem Analytics) and LAQUA

Twin (Horiba Scientific) conductivity meters, and an Orion

Star A215 (ThermoFisher Scientific) pH meter. For experi-

ments in BBr we added tetrabutylammonium chloride (TBAC)

salt at a nominal concentration of 8 M. Conductivity mea-

surements however revealed that the fractional dissolution of

added salt was only 0.5%, which is in fact in good agree-

ment with previously reported results on ion association con-

stants of large salt ions in solvents of low polarity25 (see

the supplementary material). The final dissolved concentra-

tion of ∼0.04 M corresponds to a Debye screening length,

κ−1
=

√

εsε0kB T

2NAce2 = 388 nm. Here εs is the relative permit-

tivity of the solvent, ε0 is the permittivity of vacuum, NA

is the Avogadro number, c is the concentration of monova-

lent salt in moles/L, and e is the elementary charge. Due to

the extremely low solubility of ions in BBr, we assume that

the bulk solvent conductivity value prior to the experiment

does indeed accurately reflect the salt concentration during

the measurement. For measurements in MeCN and EtOH, our

inability to measure low conductivities in the small fluid vol-

umes of the device reservoir necessitated the treatment of c

as a fitting parameter in the comparison of the measurements

with the calculation. Measurements in H2O were performed

in 1 mM Tris Buffer, pH 8.7, and under an argon atmosphere,

necessitated by the requirement of a stable pH, and the fact

that the SiO2 microspheres (diameter 650 ± 30 nm, Corpuscu-

lar, Inc.) were supplied in 1 M NaOH. For these experiments,

pH and conductivity of the inlet and outlet reservoirs were

measured at the end of each experiment using a microconduc-

tivity meter. All measured conductivities were converted to

concentrations of monovalent salt using standard curves gener-

ated by a series of measurements at known salt concentrations

(see the supplementary material).

Zeta potential of the silica microspheres were measured

in EtOH, MeCN, and H2O using laser doppler microelec-

trophoresis (Malvern, Zetasizer Nano ZS90) (Table II).

C. Single particle trapping, spatial potential profile
measurements, and net surface charge determination

The fluorescently labeled silica particles were purified

by repeated rounds (typically 5) of centrifugation and re-

suspension in the solvent of interest. The particles were ini-

tially loaded into the microslits by capillary flow. After a few

minutes, the flow was arrested by loading both inlet and outlet

reservoirs with the particle suspension. The device was sealed

to prevent evaporation of the solvent during the experiment

and allowed to equilibrate for 10 min before commencing with

optical measurements. The dynamics of single trapped parti-

cles were recorded on time scales of several minutes using a

home-built wide-field fluorescence microscopy setup and an

electron-multiplying charge-coupled device (EMCCD) cam-

era (Luca, Andor, Inc.). Images were acquired using exposure

times of 10 ms, much smaller than the shortest estimated posi-

tion relaxation time (∼0.45 s) of the particle in the potential

well.26 Scatter plots of particle position were generated by

fitting a 2D Gaussian function to the intensity profile in each

image, as previously described21 (Figs. 1(c) and 2(c)). Particle

positions were thus determined with an average precision of

less than 30 nm and then used to generate a radial probability

density function, P(r), and the corresponding experimentally

measured trapping potential, F(r) =−kBT ln
P(r)

Pmax(r)
(Figs. 2(b),

2(d), and 3). Measured P(r) for a given trapped particle were

verified to be invariant for variable exposure times in the range

6-20 ms, ensuring that there were no exposure-time induced

artifacts in the shape of the measured potential.27 In order

to relate the measured potential profiles, F(r) to a net sur-

face charge density in the system, calculations of the position

dependent electrostatic free energy were carried out in COM-

SOL Multiphysics using constant charge boundary conditions

as previously described.22,28 Briefly, we numerically solved

the non-linear Poisson-Boltzmann (PB) equation in the geom-

etry shown in Fig. 1(d) and evaluated the electrostatic free

energy as a function of particle position. The inputs to the

calculation were the geometric parameters for the trapping

microstructure, average particle diameter, and the dielectric

constant of the solvent. For BBr and H2O, the measured salt

concentration, c of the solvent served as an input parameter,

while for EtOH and MeCN, c was a free fitting parameter. Thus

σ, and where applicable, c, was varied in the calculation and

the best-fit theoretically predicted potentials were determined

for each single particle data set. Figures 2 and 3 present exper-

imentally measured confining potentials and the associated
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FIG. 2. Measurement of SiO2 effective surface charge in ethanol. (a) Mea-

sured in-plane (x-y) trajectory of a single trapped particle superimposed on

the AFM topographic image of the pocket. Each red symbol represents one

detected position of the particle. (b) Histogram of the radial probability den-

sity, P(r) for the data shown in (a). The displayed distribution was rescaled

so that Pmax(r) = 1. (c) The same scatter data as presented in (a) with

error bars denoting precisions of localization. (d) Local electrostatic free

energy, F(r) (symbols) derived from the experimentally measured P(r) pre-

sented in (b), and superimposed on the best-fit calculated potential profile

(red line).

best-fit theoretically calculated free energy profiles for the rep-

resentative single particles in all solvents. The resulting values

of σ and κ−1 for each solvent together with other relevant sys-

tem parameters are presented in Table I. We find that σ varies

by over 2 orders of magnitude over the range of εs tested, with

the uncertainty in particle size the dominant contribution to

the measurement error (see below).

III. RESULTS AND DISCUSSION

In order to make controlled comparisons over a wide

range of solvent polarities, we used the same probe particle

sample in all measurements. Furthermore, since we expected

a very low surface charge density for experiments in low-

polarity solvents, we used a rather large particle size (radius,

a = 325± 15 nm) compared to our previous work in order

to ensure a substantial trap depth of ∼10 kBT. By doing so,

however, it turned out impossible to achieve uniformly good

measurement precision over the 4 order of magnitude range

of experimental salt concentrations, necessitated by the range

of solvent polarities examined. In water, for example, where

κ−1 (∼20 nm)≪ a (∼325 nm), the interaction between the par-

ticle and the slit walls, which determines the depth of the trap,

resembles a parallel-plate interaction which in turn is expo-

nentially sensitive to κa.22 The dispersion in particle size thus

implies large uncertainties in the value of the measured surface

charge density. This uncertainty is further compounded by the

non-linearity of the PB equation at the high net surface charge

densities necessitated by the high pH∼9 under which the mea-

surement had to be performed. As a result in this work, we are

unable to place more than a lower bound on the net charge

density of SiO2 surfaces in water. The EtOH, MeCN, and BBr

measurements on the other hand involve smaller values of κa

and therefore do not display the same sensitivity of measured

surface charge to particle size. The larger Debye lengths in

these solvents also yield large well depths even though the

net surface charge of the surfaces is relatively low (Table I).

The experimental conditions were thus conducive to achiev-

ing a reasonable measurement precision of 15%-20% in these

solvents.

Furthermore, despite the fact that it was not possible to

reliably measure the true conductivity of the microliter solvent

reservoirs in the experiments with non-aqueous solvents, the

functional form of the measured trapping potential permitted

independent determination of the effective screening length in

the system as a fit parameter in the EtOH and MeCN mea-

surements. We point out that in BBr, the large Debye lengths

that result from weak dissociation of added salt10,29 resulted

in harmonic potential wells for the microstructure geometry

used (d ≈ 4 µm) (Fig. 3(c)). Leaving the screening length

(salt concentration) as a fit parameter as we did for EtOH and

MeCN, it was possible to clearly establish an upper bound on

the concentration. However given the dimension of the trap-

ping microstructure, d ≈ 4 µm in the present experiment, it

was impossible to establish a lower bound on the concentra-

tion in a fitting procedure where the charge density of the

system is unknown in addition. Although experiments and

theory involving high ion concentrations in apolar media sug-

gest that the formation of Bjerrum pairs can greatly inflate

the Debye length,30,31 at the low concentrations of added

TBAC (∼10−5M) in our experiment, the measurement is well

within the regime where the screening length should be cor-

rectly estimated by the conductivity-based measurement of

free ions.31 So for BBr we used the measured salt concentration
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FIG. 3. Experimentally measured (symbols) and calculated (lines) spatial electrostatic free energy profiles, F(r) for a single trapped particle in water (a),

acetonitrile (b), and bromobenzene (c). The insets display scatter plots of particle positions overlaid on AFM images of the pockets. Scale bars represent 1 µm.

(d) Normalized F(r) values, FN plotted against the normalized pocket radius, rN for water (green), acetonitrile (blue), ethanol (red), and bromobenzene (gray).

The inset represents spatial scatter plots for single particles in water (green), acetonitrile (blue), and ethanol (red), trapped by the pockets of diameter, D = 2120

± 80 nm. The plot emphasizes the influence of the Debye length on the degree of confinement of the particle.

as an input parameter to determine σ from the experimentally

measured F(r).

A. Comparing experimental measurements with
a charge regulation model for the net surface
charge of SiO2

We now compare our experimental measurements with

a simple theoretical model for the net surface charge

that takes into consideration the dielectric constant, salt

concentration, and pH of the solvent. For low surface

potentials, the linear regime of the Poisson–Boltzmann equa-

tion yields the following relationship between the surface

charge and surface potential,σ = εsκψs. Assuming the surface

potential, ψs remains constant and we thus expect

σ ∝
√
εs (1)

at the simplest level of approximation. In practice, however,

the relationship between surface charge, surface potential,

and system parameters such as κ and εs is more accurately

described by the following two equations:32

TABLE I. Experimentally measured and theoretically estimated parameters for experiments in water (H2O), acetonitrile (MeCN), ethanol (EtOH), and bro-

mobenzene (BBr). Uncertainties on σ represent standard deviations from 9 to 12 single particle measurements in each solvent, including contributions from

uncertainties on particle radius, a and salt concentration, c

Experimental quantities Theoretical parameters

Solvent εs c, µM pH κ−1 pfit −σ, 10−3 e/nm2 b pest

H2O 78.3 245 ± 9 8.7 19.6 ± 0.3 − ∼90 0 -1.2

MeCN 36.64 3.8 ± 0.4 6.1 106 ± 6 3.35 0.8 ± 0.1 1.44 2.84

EtOH 24.3 6.5 ± 0.5 7.3 66 ± 3 3.3 0.9 ± 0.2 2.8 3.0

BBr 5.4 0.040 ± 0.002 - 388 ± 13 1.9 0.35 ± 0.06 17.2 ∼1.5 to 3.0
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ψs(σ) =
kBT

e
ln

( −σ
eΓ + σ

)

+ p
kBT ln 10

e
, (2)

σ(ψs) =
2εsε0κkBT

e
sinh

(

eψs

2kBT

)

, (3)

where p = pKa − pH, and we take Γ = 8 nm-2 as the density of

ionizable surface sites and ignore the Stern layer capacitance.24

A previous study33 uses what is essentially a 1 − pKa model

for the silica surface, neglects the contribution of the Stern

layer, and demonstrates good agreement with potentiometric

measurements of surface charge.34 Note that σ = −eΓSiO− and

Γ = ΓSiO− + ΓSiOH.

Equation (2) captures the dependence of the net surface

charge, σ on the proton concentration at the surface, which

in turn depends on the pH of the bulk electrolyte and the sur-

face potential,ψs. Equation (3) is the Grahame equation which

comes from integrating the charge density in the diffuse dou-

ble layer and setting it equal in magnitude to the net surface

charge in order to satisfy the requirement of electroneutrality

in the system.

The above system of equations contains a single parameter

p = pKa − pH, where pKa,w = 7.5 denotes the acid dissocia-

tion constant of the ionizable surface SiOH groups in water.24

Although the values of pH and pKa are readily available for

water, they can be difficult to directly measure in apolar media.

We therefore treat p as a tunable parameter in applying the

model to the solvents EtOH, MeCN, and BBr.

Solving Equations (2) and (3) for various values of p,

we note the dependence σ√
c
∼ ε0.28

s , which is weaker than

the square root dependence of (1) (solid line in Fig. 4(a)).

However the model also reveals that the surface potential

ψs itself depends weakly on the solvent dielectric constant

as ψs ∼ ε−0.18
s (solid line in Fig. 4(b)) which accounts rather

well for the net ∼ ε0.28
s dependence of σ at a given salt

concentration, c.

Table I lists the measured values of σ and the corre-

sponding best fit values of p, denoted by pfit. We find that

the experimental measurements for all the non-aqueous media

are captured for p = 1.9-3.35 and now proceed to examine the

physical relevance of the obtained values.

We begin by estimating pKa,s in each apolar medium

starting from the value in water, pKa,w. We assume that the

electrostatic contribution from the Born solvation energy, b of

a proton in a medium of dielectric constant εs is the dominant

contribution to the shift in acid dissociation constant relative

to water, ∆pKa,s = pKa,s - pKa,w.

Thus we have

∆pKa,s � b =
lb,w

4.606aH+

(

εw

εs

− 1

)

, (4)

where lb,w = e2

4πεwε0kBT
= 0.714 nm is the Bjerrum length in

water at 25 ◦C, aH
+ = 0.122 nm is the radius of the hydro-

nium ion,35 and εw = 78.3 is the dielectric constant of water.

In EtOH, for example, the estimated shift ∆pKa,s = 2.8 implies

that the pKa of the SiOH group would be expected to lie around

10.3. Measurements of the pH of pure ethanol yield a value

of 7.3 (see the supplementary material), placing pest, the the-

oretically estimated value of p at 3.0. This suggests that our

experimentally obtained fit value, pfit = 3.3 is indeed plausible.

FIG. 4. (a) Theoretical dependence of σ√
c

on the solvent dielectric constant,

εs calculated from the charge regulation model given by Equations (2) and

(3) (colored crosses). Colors denote calculations of σ√
c

performed over the

entire range of εs using specific combinations of the salt concentration, c and

the corresponding best-fit p value (see Table I) for the relevant experimen-

tal measurement. Experimental measurements are denoted by open circular

symbols at the relevant value of εs. The solid line represents σ√
c
∼ ε0.28

s

dependence. (b) Theoretical dependence of the SiO2 surface potential, ψs on

εs corresponding to the calculations in (a). Solid line denotes ψs ∼ ε−0.18
s

dependence.

Similarly for acetonitrile, taking the experimentally inferred

background conductivity of 0.3 µM of monovalent ions as

an order of magnitude estimate of the free proton concentra-

tion points to pHMeCN = 6.5, which is in fact reasonably close

to our measured value of pHMeCN = 6.1 (the supplementary

material). ∆pKa,s = 1.44 estimated using Eq. (4) and pHMeCN

= 6.1 together imply an independently determined value of

pest = 2.84, which again compares reasonably well with the

experimentally obtained pfit = 3.35.

In BBr, the background solvent conductivity is too small

to be directly measured (<0.005 µS/cm) and so we cannot

estimate the pH independently. However we note that the mea-

sured pH of EtOH and MeCN roughly points to the relation

pHs-pHw ∼ b. Here the effective pH of pure water, pHw is

around 5.5-6 owing to the dissolution of CO2 from the atmo-

sphere36 and pHs is the pH of the solvent under consideration.

Since it may be reasonable to assume that pHs and the acid

dissociation constant pKa,s of the surface ionizable groups in

the solvent respond to a first approximation in a similar way
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TABLE II. Comparison of our measured surface charge,σ with that obtained

from electrophoretic mobility measurements. ζ—measured zeta potential;

σzeta—the corresponding surface charge density; ψs—surface potential cor-

responding to σ

Solvent −ζ , (mV) −σzeta, 10−3e/nm2 −ψs, mV −σ, 10−3e/nm2

H2O 71 ± 15 22 ± 7 (23 ± 8) 140 ∼90

MeCN 36 ± 27 0.7 ± 0.6 (1.0 ± 0.9) 38 ± 4 0.8 ± 0.1

EtOH 44 ± 13 1.0 ± 0.4 (1.2 ± 0.4) 39 ± 6 0.9 ± 0.2

to εs, taking water (p ∼ 2) as the reference state, the measure-

ment for BBr might also be expected to be captured by a value

of p ∼ 1.5 to 3. In fact we find good agreement between the

measured net charge density of SiO2 and the value predicted

by the charge regulation model for p = 1.9.

Finally, for experiments in water at pH 8.7, we find that

the experimentally estimatedσ is in order of magnitude agree-

ment with the model prediction for p =−1.2. Overall our study

shows that the pKa of the ionizable groups and pH of the sol-

vent phase play a strong role in determining the net electrical

charge of an ionizable surface in media of various polarities.

Interestingly we find that although BBr has a dielectric con-

stant ≃7 times smaller than that of MeCN, at −0.35 × 10−3

e/nm2 the net charge density of SiO2 in BBr is smaller than

that in MeCN by not much more than a factor of 2. The same

value is however around an order of magnitude smaller than

the measured surface charge of mica in contact with nonpolar

solvents containing surfactants.6

To conclude, Table II presents measured zeta potentials,

ζ , for silica microspheres, and surface charge density values,

σzeta calculated using Equation (3), where ψs = ζ . The values

in parentheses include the curvature correction due to finite

κa.24 Comparing these values with those obtained using our

approach, it is interesting to note that in the linear regime,

e |ψs | ∼ kBT (|ψs | ∼ 25 mV), which holds for EtOH and

MeCN, both methods agree well. But in water where surfaces

are strongly charged and non-linearities become important,

our approach is able to capture the theoretical prediction,

where the corresponding mobility-based value significantly

underestimates both surface charge and surface potential.

IV. CONCLUSION

We have demonstrated the use of an electrostatic fluidic

trap to directly measure the net surface charge density of ion-

izable surfaces over a wide range of solvent polarity. The

experimental approach is highly versatile, can be applied to

solvents of any polarity and composition, makes use of any

optically detectable probe particle, and does not involve the

use of external electric fields. We find that the measurements

can be captured by a charge regulation model containing a

single tunable parameter whose value was found physically

plausible in all cases. The charge regulation model we tested

captures our measurements over a wide range of polarities

tested and may find general applicability in estimating the

magnitude of net surface charge and electrostatic interactions

in experiments in apolar media. Furthermore our technique

may be thought of as a form of optical force microscopy

with the crucial advantage that it replaces the relatively chal-

lenging measurement of a highly calibration-sensitive axial

particle-surface interaction potential37 with a direct measure-

ment based on calibration-free, in-plane spatial information

on particle position. Probing an equilibrium interaction at the

single particle level, the method also successfully sidesteps

concerns on pair-wise additivity of interparticle potentials that

often arise in measurements of long-ranged interactions in

particle ensembles.

SUPPLEMENTARY MATERIAL

See supplementary material for conductivity-concentra-

tion calibration curves, SiO2 microsphere size distribution

measurements, and pH measurements for EtOH and MeCN.
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