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Abstract

Direct force measurements between negatively charged silica microparticles are carried out in
suspensions of like-charged nanoparticles with the atomic force microscope (AFM). In agreement with
previous studies, oscillatory force profiles are observed at larger separation distances. At smaller
distances, however, soft and strongly repulsive forces are present. These forces are caused by double
layer repulsion between the like-charged surfaces and can be quantitatively interpreted with the Poisson-
Boltzmann (PB) model. However, the PB model must be adapted to a strongly asymmetric electrolyte to
capture the non-exponential nature of these forces. Thereby, the nanoparticles are modeled as highly
charged co-ions, while the counter ions are monovalent. This model permits to extract the effective
charge of the nanoparticles, which is well comparable to the one obtained from electrophoresis. The PB
model also explains the presence of a particle-free layer close to the interface.
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Introduction

Concentrated suspensions of charged nanoparticles are relevant in numerous applications, such as,
papermaking, ceramic processing, or food technology.' Such systems come again into focus of
fundamental research due to recent reports of structural forces acting between like-charged surfaces.®**
These forces are normally probed in suspensions of negatively charged silica nanoparticles sandwiched
between two silica surfaces by means the colloidal probe atomic force microscopy (AFM)."*" One
typically observes oscillatory profiles with a wavelength of several nanometers featuring several of
these oscillations. The wavelength A of these oscillations was suggested to be related to the number

concentration ¢ of the nanoparticles as'®*2

A=c™ 1)

This dependence originates from the double layer repulsion between the nanoparticles, which forces
them into a liquid-like structure. Equation (1) follows from geometrical considerations by identifying
the wavelength with the spacing between nearest neighbors in a close-packed structure. The same
scaling dependence was observed with X-rays or neutrons, in particular, with small angle scattering

12,18

through the position of the structural peak in bulk suspensions™ or with reflectivity near an isolated

interface.’*%

2124 and micellar

Similar oscillatory forces were also observed in concentrated polyelectrolyte
solutions.”>? While this similarity is not surprising for spherical micelles, an analogous structuring also
occurs in polyelectrolyte solutions. In the latter case, the wavelength follows the scaling law given in eq.
(1) only at lower concentrations. A similar scaling law remains applicable at higher concentrations,

albeit with a different exponent.?*"®

Less information is available on double layer forces acting in these systems. In the standard experiments
the nanoparticles and the planar (or quasi-planar) surfaces are negatively charged. Therefore, the
presence of strongly repulsive double layer forces is expected too. Additional exponential repulsive
forces were found recently in such systems, but these forces seem relatively weak.?® In solutions of
polyelectrolytes, strongly repulsive double layer forces were recently reported by some of us.?® In the
latter case, these forces were non-exponential, but compatible with predictions of Poisson-Boltzmann
(PB) theory.

Structuring and forces in colloidal suspensions of charged particles have also attracted much attention in
the theoretical community.®** Thereby, a more rigorous description beyond the PB theory was pursued,
typically with computer simulations or integral equation theories. Some researchers have considered the
so-called primitive model, where the macroions and counter ions are treated on equal footing. Another

approach is to only treat the nanoparticles in an explicit fashion and consider the presence of counter
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ions by assuming that their mutual interaction is described by screened Coulomb potential. Fewer
studies focused on structuring near planar interfaces or interactions of such surfaces.***” One among the
latter studies addressed interactions between charged interfaces where the co-ions were multivalent.*
Structuring in suspensions of colloidal particles interacting with screened Coulomb potential was also
investigated near hard and charged walls and within a slits.*®*" These studies also report the formation
of oscillatory force (or density) profiles, whereby the wavelength was also found to follow eq. (1).*®

The present article addresses the question of double layer forces in charged nanoparticle suspensions
between like-charged substrates from the experimental point of view. In these systems, we also show
evidence of repulsive and non-exponential double layer forces acting at shorter distances. These forces
can be interpreted with classical PB theory. Quantitative analysis leads to estimates of the effective
charge of the nanoparticles in question.

Poisson-Boltzmann model

Consider an asymmetric 1:Z electrolyte solution containing monovalent cations of charge +1 and point-
like multivalent ions of charge —Z that is sandwiched between two infinite, charged plates. The number
concentration of the macroions in the bulk will be denoted as ¢, while the concentration of the

monovalent ions is Zc. This system can be described with the Poisson-Boltzmann (PB) equation™*®

d’v  dC [ s _
=—(e qQzy Ze Bay 2
dx? gog( ) @

where q is the elementary charge, &, the permittivity of vacuum, ¢ the dielectric constant of water, and
S =1/(KT) whereby T is the absolute temperature and k the Boltzmann constant. We use & =80 as

appropriate for water at room temperature. Equation (2) is solved numerically between two identical
plates positioned at x=+h/2 where h is the separation between the plates, subject to the boundary

conditions™®

d
ié'og_l// =0 -C,ly(th/2)-y,] 3)
dX [4—shr2
where o and v, are the surface charge density and the diffuse layer potential of the isolated surface,
and C,, its inner capacitance. This condition includes charge regulation effects within the constant

regulation (CR) approximation. The former parameters are related with the charge-potential relationship.

For the 1:Z electrolyte considered, this relationship reads
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where sgn() denotes the sign function. Instead of the inner capacitance, we consider the regulation

parameter p, which is defined as®

Cdl
A 5
PC, +C, ©

where C,, is the diffuse layer capacitance given by*®

(6)
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The advantage of the regulation parameter are its simple values for the classical boundary conditions of
constant charge (CC, p=1) and constant potential (CP, p=0).

Once the solution of eq. (2) for a given separation h is known, corresponding pressure IT acting

between the plates can be obtained from the relation™'**

I1=KTc(Ze "™ + ¢/ —1-7) @

where v, = /(0) is the midplane potential. As direct force measurements are often carried out with by

means of larger microparticles, the measured force can be calculated from the Derjaguin

approximation®™*

F 0
— =27 |I1(h")dh’ (8)
Reff 'P':

where R, is the effective radius. The reason why we consider the normalized force F /R is that this
quantity is proportional to the surface energy. In the symmetric sphere-sphere geometry, which will be

used here, the effective radius is given by R =R/2 where R is the radius of the microparticles.

The relevant situation for the present system occurs when the multivalent ions are highly charged

(Z >1) and when their charge has the same sign as the surface charge. Thereby, the multivalent ions
are excluded from the vicinity of the surface, which leads to a formation of a salt-free layer containing
monovalent couterions only. Only rather far away from the interface, the presence of multivalent ions
induces regular screening. Within the salt-free layer, the PB equation can be solved analytically, and one
finds®
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where L. is the Gouy-Chapman length
2£,eKT
Loc =— (10)
dlof
and L, is the Bjerrum length
q2
Lg=———=0.71nm (11)
A7re,eKT

The numerical value of the Bjerrum length refers to water at room temperature. The double-layer layer

thickness h, can be estimated from eq. (9) invoking the condition
I1(h,)=0 (12)

When the electrolyte is strongly asymmetric and the multivalent ions have the same sign of charge as
the interface, the PB model predicts an unusual non-exponential dependence of the respective pressures
and forces. Typical results are shown in Fig. 1. In the linear representation shown in Fig. 1a,b one
observes that starting at a well-defined distance the profiles decay very rapidly in the strongly
asymmetric electrolyte, and that the interactions are basically negligible beyond that distance. This
behavior is more clearly seen in the semi-logarithmic representation in Fig. 1c,d and it becomes
increasingly pronounced with the increasing asymmetry of the electrolyte. The reason for this behavior
is that the highly charged co-ions are excluded from the vicinity of the interface, and the interactions are
dominated by a salt-free layer over a wide range of distances. The presence of the co-ions becomes only
important at larger distances, and in this region the regular, strong screening sets in. Figure 1c further
illustrates effects of boundary conditions. For the strongly asymmetric electrolyte, these conditions only
affect the forces at very short separations. Already at intermediate distances, the forces are determined
by the decay in the salt-free layer and they become independent of the boundary conditions. The
behavior suggested by eq. (9) is also shown in that subfigure, and for a highly asymmetric electrolyte

one observes that this relation is able to predict the pressure profile at intermediate distances very well.

The double-layer layer thickness h, obtained from eq. (12) is also indicated in Fig. 1a,c.
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Experimental

Materials. Aqueous suspensions of silica and latex nanoparticles were used. The silica hanoparticle
suspension labeled as HS40 was purchased from Sigma-Aldrich, while the polystyrene sulfate latex
nanoparticles from Invitrogen. The particle size distribution was obtained with transmission electron
microscopy (TEM, Tecnai G2, FEI). The particle concentration was determined by weight from
suspensions dried overnight at 110°C, and these values were in good agreement with the values reported
by the manufacturer. The respective nanoparticle properties are summarized in Table 1. The mean
particle radius and polydispersity of the latex nanoparticles determined by us are in good agreement
with the values given by the manufacturer. The manufacturer of the latex further reports a nanoparticle
charge of —440, which is expressed in units of the elementary charge per particle, as measured by
conductometric titrations. Further details concerning the characterization of the same silica nanoparticle

batch are given elsewhere.?

Silica nanoparticle suspensions were purified by ultrafiltration against pure water (Milli-Q, Millipore)
with membranes with a molecular mass cut-off of 5000 g/mol (Amicon, Millipore) for about one week.
Latex nanoparticle suspensions were dialyzed against pure water with membranes with a cut-off of 500
g/mol, also for about a week. In both cases, the filtrate conductivity dropped below 20 uS/cm. The pH
of the dialyzed suspensions was measured with a standard glass electrode, and we found about 9.5 for
silica and about 4.0 for latex. This difference could be caused by traces of disolved carbon dioxide or
salts due to incomplete exchange of ions. We report nanoparticle concentrations as number

concentrations in molar units. The nanoparticle number concentration ¢ was obtained from their volume
fraction ¢ from the relation ¢ =4za’c/3 where a is the mean particle radius determined by TEM. The

volume fraction was calculated from the weight fraction by assuming ideal mixing. Polydispersity

effects are neglected throughout.

Nanoparticle suspensions were further characterized by dynamic and electrophoretic light scattering
(Zetasizer Nano ZS, Malvern). Dynamic light scattering was carried out in 1.0 mM NacCl solutions at
particle concentrations of 5.0 g/L, which corresponds to particle concentrations of 3.2 uM for silica and
1.4 uM for the latex. The correlation functions were analyzed with second cumulant method and they
yield the hydrodynamic radii given in Table 1. Comparison with the TEM values indicates that the
extent of aggregation in these suspensions is minor. Electrophoretic mobility measurements were
carried out in NaCl solutions within the concentration range of 1-20 mM for the silica nanoparticles at
pH 9.5 and a particle concentration of 3.0 g/L (1.9 uM), while for the latex at pH 4.0 and a particle
concentration of 1.0 g/L (0.28 uM) . The electrokinetic potential ({-potential) was obtained with the
method of O’Brien and White."*" These measurements confirmed that both types of nanoparticles are

negatively charged.
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Direct force measurements. Colloidal probe technique was used to measure forces with a closed-loop
AFM (MFP-3D, Asylum Research, USA) placed on an optical microscope (Olympus IX 73). We use
silica microparticles (Bangs Laboratories Inc., USA) with a radius of about 2.5 pum as colloidal probes.
These microparticles were glued to tip less cantilevers (HQ CSC37, MikroMasch, Tallin, Estonia) and
they were also sprinkled on a flat quartz substrate. Such cantilevers and substrates were sintered during
3 hours at 1150°C. The sintering leads to a firm attachment of the microparticles and removes the
remaining glue. Thereby, the surface roughness of the microparticles is reduced and their radius shrinks
to about 2.2 um.*

Force measurements are carried out in the symmetric sphere-sphere geometry. The substrates and
cantilevers are first treated in an air-plasma for 20 min and then mounted in the AFM-fluid cell. A pair
of particles is centered with the optical microscope. Subsequently, approach and retraction cycles are
measured at a velocity of 0.5 um/s. The cantilever response is corrected by subtracting the baseline and
the constant compliance region. A trigger point of 2 V was used to assure that the microparticles were in
contact, and the optical lever sensitivity was fitted in the region of 0.60-0.95 V. Occasional particle
adhesion events resulted in a poor constant compliance region, and these traces were excluded from
further data analysis. The force is then obtained with the spring constant, which typically was in the
range 0.2-0.5 N/m. The latter value is estimated from the thermal frequency response of the cantilever

and its lateral dimensions with the method described by Sader et al.*®

Force profiles were obtained by
averaging of about 100 approach and retraction cycles, leading to a force resolution of about 2 pN and a

distance resolution below 0.5 nm. The resulting forces were further block averaged, and normalized to

the effective radius R, .

The sphere-sphere geometry was also used to verify the diffuse layer potential of the microparticles in
1.0 mM NaCl solutions at pH 4.0 and 9.5. The force profile was interpreted within the PB model in
monovalent electrolytes.* Least-squares fits yield diffuse layer potentials of —43+5 mV for pH 4.0 and
—73x14 mV for pH 9.5. These values are in good agreement with previous measurements for similar

silica microparticles.*

Results and discussion

Here, we present direct force measurements between a pair of similar silica microparticles in aqueous
suspensions of two types of nanoparticles with the AFM. The microparticles have a radius of about 2.2
pm, while the silica and polystyrene nanoparticles about 6 and 11 nm, respectively. The situation is
schematically depicted in the graphical abstract. The surfaces of the microparticles as well as of the
nanoparticles are negatively charged. The nanoparticle suspensions used are basically salt-free, and

therefore their surface charge is neutralized by monovalent ions. Earlier force measurements in similar
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systems reveal the existence of oscillatory forces. The present work confirms the presence of such
forces at larger separation distances. At shorter distances, however, the forces are soft and strongly
repulsive. These repulsive forces originate from double layer overlap and they feature an unusual non-
exponential dependence. As we shall demonstrate, however, this dependence is fully compatible with
PB theory. Note PB theory is only applicable at shorter distances, and not the oscillatory region at larger
distances.

Experimental force profiles. Typical results for measured force profiles in silica and latex nanoparticle
suspensions are shown in Figs. 2 and 3, respectively. The two columns refer to two different particle
concentrations. Both systems feature the same qualitative behavior.

At larger distances, one observes weak oscillatory forces persisting over several periods. The
wavelength of these oscillations decreases with increasing particle concentrations, while their amplitude
increases. We report the particle concentrations as molar number concentrations. For the silica
nanoparticle suspensions shown in Fig. 2, the respective number concentrations of 32 uM and 126 uM
correspond to volume fractions of 0.023 and 0.087, and to mass fractions of 0.050 and 0.18. For the
latex suspensions shown in Fig. 3, the number concentrations of 6.0 UM and 14 UM correspond to
volume fractions of 0.019 and 0.047, and the respective mass fractions are close to identical to the latter
values. Thus, all suspensions studied are relatively concentrated. Similar oscillatory forces were
reported in suspensions of various types of nanoparticles and by different techniques earlier.®™ These

oscillatory forces are induced by the liquid-like structure of the nanoparticle suspensions.**®

At shorter distances, however, the interaction forces become strongly repulsive. This repulsion typically
sets in at distances of few tenths of nm, and it is much stronger than the oscillatory forces. This feature
is poorly visible in the linear representation (Fig. 2a and 3a), but clearly in the semi-logarithmic one
(Fig. 2b and 3Db). This repulsive force increases over 2-3 orders of magnitudes beyond the amplitude of
the oscillatory force before the microparticles get into contact. The contact point is reached for a
normalized force of about 20 mN/m in the silica nanoparticle suspensions, while about 3 mN/m are
sufficient in the latex suspension. The difference between these two values also suggests that the
microparticles are more charged in the suspension of silica nanoparticles than for the latex. One further
observes that force profiles are virtually identical upon approach and retraction. This concurrence
confirms the conservative nature of these forces. As will be argued below, this repulsive force is caused

by the overlap of electrical double layers.

Qualitatively similar pressure profiles were found between charged walls in asymmetric electrolytes
containing multivalent co-ions with integral equation theories.* This study also reports oscillatory
forces at larger distances and monotonic, strongly repulsive forces at smaller distances. However, the
comparison cannot be made guantitative, since the valence of the co-ions was rather small, and in

contrast to the present study, substantial concentrations of monovalent salt were considered. Analogous
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results were also reported for suspensions charged nanoparticles interacting with screened Coulomb

potential in slit geometries®, but that study reports concentration profiles only.

Forces profiles were measured at various nanoparticle concentrations, and they were quantified by
means of two different models. At large distances, these forces were represented with a damped
oscillatory function, while at smaller distances the PB model was used. The comparison between the

experimental and calculated force profiles in these two regimes will be discussed in the following.

Quantifying the large-distance behavior. At larger distances, the oscillatory forces can be well

modeled with an exponentially decaying trigonometric function**?

F_ Ae < cos(zTﬁh + HJ (13)

eff

where A is the amplitude, the & correlation (or decay) length, the 2 wavelength, and @ the phase shift.

This type of oscillatory profiles were suggested earlier for hard-sphere and charged sphere systems on
theoretical grounds.'®*® As shown in Fig. 2, this function is indeed capable to describe the force
profile at larger distances very well. At smaller distances, however, the depth of the first minimum in
the force profile is overestimated, which indicates an additional repulsive force, as already remarked
earlier.”® At very small distances, however, eq. (13) underestimates the actual force dramatically.
Nevertheless, when the fitting is restricted to larger distances, one can extract all the parameters entering

eq. (13). We have observed that the correlation length & shows no clear trend with particle

concentration. Their values scatter around a mean of 255 nm in the silica suspensions, and 28+4 nm in
the latex suspensions, whereby the error bar represents the standard deviation. For this reason we have
fixed this parameter to the respective mean values, and refitted the force curves. The quality of the fits
remains almost the same. In this fashion, we are able to reliably extract the concentration dependence of

the wavelength 1, of the amplitude A, and of the phase shift 4.

Figure 4a shows the fitted wavelength A versus the particle concentration ¢ together with the power-law
dependence suggested by eq. (1). The latter appears as a straight line in the double logarithmic plot
used, and represents the measured values rather well. However, the values in the silica nanoparticle
suspensions are typically located above the line, while the ones for the latex below. Moreover, the
scatter of the data points involving the latex nanoparticle suspension is larger than for the silica
nanoparticles. This scatter is probably caused by the smaller magnitude of the forces in the latex
nanoparticle system. Note that we have already reported a subset of the present wavelength

measurements in the same silica nanoparticle suspensions earlier.?

Similar oscillatory forces were already reported for various types of aqueous nanoparticle suspensions

with interferometry®’, optical tweezers®, or colloidal probe AFM.**® The respective wavelengths are
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given in Fig. 4b and more details on these systems in Table 2. One observes that wavelengths reported
in the literature follow precisely the same dependence on the particle concentration as found in the

present work.

Figure 5 shows the other two fitted parameters entering the oscillatory profile given by eq. (13). These
are the amplitude A, which is shown in Fig. 5a, and the phase shift @, which is shown in Fig. 5b. One
observes that both parameters increase with increasing particle concentration. The scatter of the data
points for the latex nanoparticle suspensions is again larger than for silica, probably for the same reason

as mentioned above.

Quantifying the small-distance behavior. As evident in the semi-logarithmic representations of the
force profiles shown in Figs. 2 and 3, the damped oscillatory profile fails to describe the profiles at
shorter distances. The force becomes strongly repulsive, and this force is caused by the overlap of the
double layers. This part of the force profile can be well described with PB theory, but the nanoparticle
suspension must be modeled as a strongly asymmetric electrolyte. Thereby, the nanoparticles represent
the multivalent co-ions, while the counter ions are monovalent. When the PB model is extended to this

situation, one can quantify the force profiles at small distances very well, see Figs. 2 and 3.

These fits involve four parameters, namely the diffuse layer potential of the silica probe microparticle

¥4, the corresponding regulation parameter p, the number concentration c of the nanoparticles and

their valence Z,; . The latter parameter will be referred to as the effective valence (or the magnitude of

the effective charge) to stress that this charge is different from the bare charge of the nanoparticles.

The number concentration ¢ of the nanoparticles is known from the suspension preparation, and thus can
be fixed to the appropriate value. Least-squares fitting of the short-range part of the force profiles for the
remaining parameters, we find that the regulation parameter decreases with particle concentration
somewhat, but the scatter of the resulting values is substantial. One finds similar values for silica and
latex nanoparticle suspensions, and the overall average yields p = 0.68+0.15, whereby the error bar is
the standard deviation. In the present case of the highly asymmetric electrolyte, charge regulation effects
are only important at very short distances, and therefore the actual value of this parameter affects the
calculated double layer forces only marginally (see Fig. 1c). We have therefore fixed the regulation

parameter to the mean value, and refitted all force profiles. Typical best fits are shown in Figs. 2 and 3.

The fact that the PB theory yields and excellent description of the data at shorter distances might seem
surprising, especially given the assumption of point-like ions. At these distances, however, the
multivalent co-ions are expelled from the slit, and the electrolyte in between is dominated by the
monovalent counter ions only. Such a system can be naturally described with the PB model well. Note

that the PB theory becomes invalid at larger distances, especially where oscillatory forces occur. The PB
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theory is based on a mean-field approach, which neglects all correlations. In the oscillatory region,

however, strong correlations between the nanoparticles are present.

With these constraints, two parameters can be determined form the force profiles, namely the diffuse
layer potential y, of the probe microparticles and the valence Z of the nanoparticles. The values of

the fitted parameters are summarized in Fig. 6.

Figure 6a shows the diffuse layer potential of the microparticles versus the particle concentration. One
observes that this potential increases with increasing concentration. The magnitude of the diffuse layer
potential is substantially lower in the latex nanoparticle suspensions than in the silica suspensions. This
difference in charging is probably due to the different pH values of the two suspensions. The observed
concentration dependence can be captured reasonably well with the charge-potential relationship given
in eq. (4). Thereby, we have used a surface charge density of the microparticles in the silica and latex
suspensions of —28 mC/m? and —6 mC/m?, respectively. These values also suggest that the
microparticles are more weakly charged in the latex particle suspensions than in the silica suspensions.

The fitted magnitude of the effective charge is shown in Fig. 6b. This parameter shows no clear
dependence with nanoparticle concentration, and can be best represented with a constant. This fact
further supports the validity of the PB model of the asymmetric electrolyte. The respective averages for
the silica and latex nanoparticles are 88+6 and 230+30, whereby the error bars represent the standard
deviation. These values are also summarized in Table 3. These numbers can also be expressed as surface
charge densities, and one finds —26 mC/m? for silica nanoparticles and —24 mC/m? for the latex. Note

that the former value is close to the value for the silica microparticles under same conditions.

Electrophoresis experiments represent another way to determine the effective charge. However, these
experiments cannot be carried out in the concentrated nanoparticle suspensions used for the force
measurements, and lower particle concentrations must be used. To adjust the concentration of the
monovalent counter ions, we use the range of the concentration of the monovalent counter ions in the
nanoparticle suspensions around 1-20 mM. This estimate follows from the effective charges reported
above and the particle concentrations used. We have thus measured the electrophoretic mobility of the
silica and latex nanoparticles suspended in solutions with NaCl concentrations in the range of 1-20 mM
adjusted to pH 9.5 and 4.0, respectively. The measured electrokinetic potentials were then converted to
surface charge densities with the extension of the Grahame equation for spheres valid for intermediate
salt levels. For silica and latex nanoparticles, one finds —19+4 mC/m? and —29+8 mC/m?, respectively.
These values then lead to the following magnitudes of the effective nanoparticle charge of 65 and 280,
respectively. These estimates agree reasonably well with the effective charges extracted from the force

measurements, see Table 3.
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In salt-free conditions, the effective charge of highly charged nanoparticles can be further estimated

from PB theory by means of the relation***

Ly =— (14)

where a is the radius of the nanoparticle, and L, is the Bjerrum length given by eq. (11). Taking the

measured mean radii from TEM, this relation suggests magnitudes of the effective charges for the silica
and latex nanoparticles of 55 and 90, respectively. Table 3 indicates that these estimates are of the right

order of magnitude, but they underestimate the measured effective charges by about a factor of two. The
reason for these discrepancies could be caused by neglecting polydispersity effects, the finite size of the

nanoparticles in the PB description, or remaining traces of salt.

The distinction between an effective and a bare charge is relevant.>>* An effective charge controls the
strength of mutual interactions between the nanoparticles in a suspension, and enters the screened
Coulomb potential. A bare charge corresponds to the actual number of charged groups on the particle
surface. For a highly charged nanoparticle, the effective charge is normally much smaller than the bare

charge, and is independent of the bare charge of the particle due to a saturation effect.>***%3

For the presently investigated nanoparticles, the fact that the magnitude of the bare charge is much
larger than the one of the effective charge can be seen as follows. Potentiometric titrations of various
silica suspensions indicate that at similar pH and lower salt concentrations, the surface charge density is
around —100 mC/m”.>>®" For the presently investigated silica nanoparticles, this number leads to a
magnitude of the bare charge of about 300. A similar observation can be made for the latex
nanoparticles based on the reported magnitude of the bare charge of about 440. Both numbers are larger
than any of the estimates given in Table 3. This observation suggests indeed that one extracts from the

present force measurements the effective charge of these nanoparticles.

Thickness of the particle-free layer. An additional important finding of the present study is the
presence of a nanoparticle-free layer close to the interface. The presence of this layer is marked by
strong repulsive double layer forces, which can be well described by PB theory for an asymmetric
electrolyte. The simplest way to estimate the thickness of this layer from the experimental force profiles
is by locating the position of the first zero in the experimental force profile. Figure 7 shows these
estimates versus the particle concentration. One observes that the thickness of this layer decreases with
increasing particle concentration, as one would expect since the electrostatic screening increases as well.

We have also plotted the calculated double layer thickness h, obtained from eq. (12), which

corresponds to the thickness of the particle-free layer in the PB model. To perform this calculation, we

assume a constant diffuse layer charge density o, as reported in the caption of Fig. 6, and a constant
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effective valence Z , as given in the second column in Table 3. Given the fact that these calculations

contain no adjustable parameters, the agreement with the experimental values is excellent.

These observations concerning the particle-free layer are in line with previous studies."***® The
presence of a particle-free layer close to a negatively charged water-solid interface in suspensions of the

same (or similar) silica nanoparticles was established by neutron and X-ray reflectivity*°

,andin
suspensions of much larger polystyrene latex nanoparticles with a radius of about 35 nm with a quartz
crystal microbalance.”® Two of these studies also report a decrease of the thickness of the particle-free

layer with increasing particle concentration.

The existence of a particle-free layer is also in agreement with theoretical studies of charged particle
suspensions interacting by means the screened Coulomb potentials next to like-charged walls.*”* These
authors used integral equation theories and computer simulations to investigate isolated interfaces as
well as slit geometries. In all situations investigated, the existence of particle-free layers was predicted.
Strongly repulsive forces at small separation distances were also predicted to act between charged
interfaces in asymmetric electrolytes, where the co-ions had the same charge as the interface.®

Predicting the phase shift. When the thickness of the particle-free layer is known, the phase shift
entering the oscillatory force profile given by eq. (13) can be estimated from the condition®®

7ML g 57” (15)

whereby the wavelength A is calculated from of eq. (1). The condition given in eq. (15) physically
means that the structural force vanishes at the onset of the particle-free layer and that at that point the

pressure is positive.

The solid lines shown in Figs. 5b represent the calculated phase shift. No adjustable parameters enter

these calculations, and one observes that these predictions are in good agreement with experiment.

Conclusions

Direct force measurements by means of silica microparticles are carried out in suspensions of negatively
charged nanoparticles. At larger separation distances, the interactions feature oscillatory force profiles.
These structural forces originate from the liquid-like structure of the nanoparticle suspensions. At
smaller distances, one observes soft and strongly repulsive forces, which lead to a particle-free layer
close to the water-solid interface. These forces are caused by double layer repulsion between the like-
charged surfaces. While these forces are strongly non-exponential, they can be quantitatively interpreted

with the Poisson-Boltzmann (PB) model for asymmetric electrolytes. From this description, which is
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only valid at short distances, the effective charge of the nanoparticles can be extracted. This charge is
well comparable to the one obtained from electrophoresis, and to the saturation charge estimated from
PB theory.

Currently, we have no reliable model to describe the transition regime between the double layer
repulsion at short distances to the structural force at larger distances. A simple superposition of these
two forces represents a reasonable approximation only for the silica nanoparticle suspension, but fails
for the latex. The reason for this difference is that the structural forces are much weaker than double-
layer forces in the silica suspension, and therefore the latter mask the contribution of the oscillatory
force at shorter distances. However, these two contributions are more comparable in the latex

suspension, and the oscillatory force modifies the short range region in an unphysical fashion.

The quantitative description of the transition regime will require a more detailed treatment of the
structuring of nanoparticle suspensions near a charged water-solid interface. Modeling the nanoparticle
suspension with hard-spheres interacting with screened Coulomb potential appears as the most

promising approach to pursue.
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Table 1. Particle radii and densities of the nanoparticles used.

Mean Radius Polydispersity (CV) | Density®
TEM? DLS® TEM? (g/mL)
Silica 6.5+0.1 8.2+0.3 0.17+0.03 2.29+0.02
Latex 10.9+0.1 12.1+0.1 0.19+0.02 1.06+0.01

Determined in dry state by transmission electron microscopy. "Hydrodynamic radius measured by DLS.
°From Ref. % for silica and from the manufacturer for the latex.

Table 2. Measurements of oscillatory interaction profiles in nanoparticle suspensions from literature.

The respective wavelengths are reported in Fig. 4b.

Nanoparticles Radius (nm) Interface Reference

Silica 9.5 Glass® Nikolov et al. (1992)°
Polystyrene-polybutadiene latex 87 Glass, air® Basheva et al. (1997)’
Polystyrene latex 42 Polymethacrylate® | Crocker et al. (1999)°
Polystyrene latex 11,16 Silica® Piech et al. (2002)°
Silica 11 Silica® Piech et al. (2004)™
Silica 11 Silica® Tulpar et al. (2006)™
Silica 5.5, 8.0, 13 Silica® Zeng et al. (2011)"
Silica 5.1,7.9, 13 Silica® Ludwig et al. (2019)"

3Interferometry, "optical tweezers, ‘colloidal probe.

Table 3. Magnitude of the effective charge Z, of nanoparticles as obtained by different methods.

Force measurement Electrophoresis Saturation PB model
Silica 88+6 70+10 55
Latex 230+30 280180 90
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Figure 1. Interactions between negatively charged plates in solutions of 1:Z electrolytes versus the
separation distance calculated with PB theory in (a,b) linear and (c,d) semi-logarithmic representation.
(a,c) Pressure and (b,d) normalized force. The surface charge density is —25 mC/m” and the counter ion
concentration 10 mM. Panel (c) indicates effects of boundary conditions with constant charge (CC),
constant potential (CP), and constant regulation (CR) with regulation parameter p = 0.5. The dashed line
is the pressure calculated with the approximate relation for the salt-free system given in eq. (9). Arrows

indicate the double layer thickness h,, .
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compared with calculations with PB theory and damped oscillatory profile given in eq. (13).
Nanoparticle concentration of 32 uM is shown in the left column and 126 pM in the right one.
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