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Abstract

Direct force measurements between silica particles were carried out with the colloidal probe
technique, which is based on the atomic force microscope (AFM). The forces were investigated in
aqueous solutions of ionic liquids (ILs) containing 1-butyl-3-methylimidazolium (BMIM) cations and
chloride, dicyanamide, and thiocyanate as anions up to concentrations of about 1 M. The results were
compared with the simple electrolyte KCI. ILs behave similarly to the simple electrolyte at low
concentrations, as the ILs dissociate fully into ions, and they lead to repulsive double layer forces. At
higher concentrations, attractive van der Waals forces set in, but they are enhanced in the presence of
ILs by additional attractive force, whose strength depends on the type of IL. This additional attraction

probably originates from interaction of adsorbed IL layers.
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Introduction

Particle suspensions in ionic liquids (ILs) currently attract substantial interest. Such suspensions are
obtained during particle synthesis in ILs', and they are equally highly relevant in catalysis.”'' An
important question concerns their stability over time or whether particle aggregates form. Such
aggregates further influence the suspension rheology and control the formation of colloidal glasses or
gels.'*!* Recent investigations suggest that particles are often stable in pure ILs, but already small
amount of water can lead to destabilization. Metal, silica, and latex particles were reported to be stable

in dry ILs, while small amounts of water induced aggregation.>'>'®

Particle aggregation is driven by inter-particle forces, and these forces must strongly depend on
the type of IL and its water content. Already more than two decades ago, Horn et al.'” measured the
forces acting between two mica sheets across mixtures of water and ethyl ammonium nitrate with the
surface forces apparatus (SFA). At the water side, they found long-ranged repulsive forces due to
double layer interactions. In the intermediate concentration range, the forces were attractive, probably
due to van der Waals attraction. At the IL side, the forces became oscillatory, which was interpreted as
originating from layering of the IL close to the surface. While the pioneering study of Horn et al."”
remained unnoticed for quite a while, its major conclusions were confirmed more recently. In
particular, similar patterns were observed in the same IL system involving interactions between a silica
particle and a silica substrate, which were studied with the colloidal probe technique.'’ Oscillatory
forces in pure ILs could also be evidenced with the atomic force microscope (AFM).'®* The
structuring was shown to be more pronounced at lower temperatures and to depend on the size of the

IL constituents. SFA studies further suggest that double layer forces are also acting in pure ILs.”'*

Given the fact that the presence of water plays a very important role in determining the
interactions between interfaces in ILs, forces in dilute IL solutions in water have been rarely studied.
The only exception is the mentioned study by Horn et al.'’, where it was shown that forces on the

water side are compatible with the classical Poisson-Boltzmann (PB) model***

by assuming that the
IL dissociates fully. While forces in aqueous solutions of ILs have been studied with the colloidal
probe’ and optical tweezers techniques™, rather surprisingly, the resulting force profiles were not

analysed quantitatively.

The aim of this study is to fill this gap by accurately measuring forces between surfaces acting
in [L-water mixtures, and to analyse the situation on the water side quantitatively. We focus on force
measurements between silica particles in various IL-water mixtures, in particular, on ILs containing
the 1-butyl-3-methylimidazolium (BMIM) cation and various anions. The results are compared to

simple KCl electrolyte solutions.
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Experimental and Methods

Materials. The experiments were carried out with spherical silica particles purchased from Bangs
Laboratories. The manufacturer determined a mean diameter of 5.20 um and a coefficient of variation
0.1 with the Coulter counter. These values are consistent with our size measurements with the optical
microscope.

All experiments were carried out in aqueous solutions of the following ILs, namely 1-butyl-3-
methylimidazolium chloride, BMIM-CI, 1-butyl-3-methylimidazolium dicyanamide, BMIM-N(CN),,
1-butyl-3-methylimidazolium thiocyanate, BMIM-SCN. They were all purchased from Iolitec.
Potassium chloride (Sigma Aldrich) was used for comparison. All solutions were adjusted to pH 4.0
by HCI (Sigma Aldrich). Molar concentrations were calculated with the densities of the aqueous
solutions known from literature.'®*”** The densities of the mixtures were fitted to the ideal mixing law
whereby the resulting densities of the pure ILs or KCI are summarized in Table 1. MilliQ water

(Milipore) was used throughout. The measurements were carried out at room temperature at 22+2°C.

Direct Force Measurements. Colloidal-probe technique was used to measure forces between silica
particles with a closed-loop AFM (MFP-3D, Asylum Research) mounted on an inverted optical
microscope (Olympus 1X70). The particles were attached to a tip-less cantilever (MikroMasch, HQ
CSC37, without Al coating), which were cleaned in air plasma for 5 minutes, by placing few particles
on the glass slide. Drops of about 5 pL of glue (Araldite 2000+) were deposited in their proximity.
The cantilever was mounted in the AFM, dipped in the glue with the translation stage, and then used
pick up a particle. After the glue was cured, the cantilever was placed in an oven at 1050°C for 2
hours. This procedure leads to a firm attachment of the particle by sintering of the silica surfaces and
results in a complete removal of the glue.

The same particles were attached the to the glass slide sealing the AFM fluid cell as follows.
The slide was cleaned during 20 min with piranha solution, which consists of a mixture of H,SO,
(98%) and H,0, (30%) in a ratio 3:1, rinsed with water, and dried under a stream of nitrogen.
Subsequently, particles were spread onto a square quartz slides of 19 mm (Edmund Optics), cleaned in
air-plasma for 10 min, and sintered at 1050°C for 2h. The slide was then glued onto a glass slide
sealing the AFM cell.

Prior to force measurements, the quartz slide and the probes were rinsed with ethanol and water,
and after drying treated in air plasma for 20 min. After mounting in the AFM fluid cell, a particle
attached to the cantilever was laterally centered with a particle attached to the substrate by means of
the fringes observed in the optical microscope to an accuracy of about 100 nm. This step limited the
concentration range investigated for the ILs, since accurate centering was no longer possible at
concentrations higher than about 1 M. At these concentrations, the particles could be no longer

visualized in the microscope due to a too small refractive index difference. Forces between the
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centered particles were recorded by means of about 150 approach-retraction cycles at a sampling rate
of 10 kHz and an approach-retraction velocity of 300 nm/s. The forces remain repulsive down to
contact, no adhesion was observed during the retraction, and all force curves are identical upon
approach and retraction within experimental error. The constant compliance region cannot be easily
defined. We have assumed the zero separation when the load reaches 5 mN/m for the repulsive force
curves, and at 1 mN/m for the attractive ones. This definition leads to a precision of about 0.3 nm in
the separation distance for each individual force curve, and is similar to procedures used earlier.”~*°
The forces were obtained from the cantilever deflection in the approach part and the cantilever spring
constant in the range of 0.1-0.3 N/m. The latter was measured with the method proposed by Sader et
al.’', which uses the frequency response of the cantilever and its geometrical dimensions. These values
were within 20% with the values obtained analyzing thermal fluctuations in air.’*** Typically, forces

between 5 different pairs of particles were measured, and the results were normally reproducible

within 10%.

Roughness Determination. The topography of the particle surface was characterized with AFM
imaging. Images of the particle surface were recorded in the amplitude modulation with the same
AFM, as was used to carry out the force measurements. Before the measurements, the particles were
sintered to the quartz slides as described above. Silicon nitride cantilevers (OMCL-AC160TS,
Olympus, Japan) with a nominal tip radius below 12 nm and a resonance frequency around 300 kHz
were used. The images were acquired in air with a scan rate of 2 pm/s, a free oscillation amplitude of
about 0.2 V, and a set-point around 0.15 V. The root mean square (RMS) roughness was determined
over an area of 1x1 um” and averaged over 15 particles. The mean RMS value was found to be 2.5 nm

and the standard deviation was 0.8 nm.

Results and Discussion

The present study reports on direct force measurements between silica particles in aqueous solutions
of imidazolium-based ILs, from the highly dilute regime to the more concentrated ones, up to about a
weight fraction of about 20%. Comparison is made with solutions of a simple electrolyte KCI. The
particles are about 5 um in diameter. AFM imaging reveals moderate surface roughness with

occasional larger asperities, see Fig. 1. The root mean square (RMS) roughness is about 2.5 nm.

Solutions of a Simple Electrolyte. Figure 2 shows the measured normalized forces versus the
separation distance in KCI solutions. The forces are normalized to the effective radius R , which was

taken to be one half of the average particle radius. At low concentrations, the forces are repulsive and

approximately exponential. The range of this force corresponds to the Debye length, which is related

5
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to the electrolyte concentration, while magnitude of the force reflects the diffuse layer potential y, .

The force profiles were calculated by means of a numerical solution of PB theory, whereby the
Derjaguin approximation was used.”**’ The charge regulation characteristic of the surface is treated
within the constant regulation (CR) approximation, which introduces the regulation parameter p. For
the classical boundary conditions, this parameter assumes simple values for constant charge (CC, p =
1) and for constant potential (CP, p = 0). The regulation parameter can also be determined from the
force curves, especially at lower salt concentrations. A least squares fit of the force curve in 1.0 mM

KCI down to distances of 3 nm shown in Fig. 2a. We find a diffuse layer potential of y;, =—36 mV

and a regulation parameter of p = 0.56. The fitted concentration of 0.97 mM agrees well with the
analytical concentration of 1.00 mM. The comparison with the shown CC and CP results indicates that
regulation effects are important to obtain an accurate description of the force curves. While the sign of
the potential cannot be inferred from the force curves, the fact that silica is negatively charged is well
established by other techniques.***”

At higher concentrations, the forces become attractive. The double layer force is now fully
screened, and the interaction is dominated by the attractive van der Waals force. Within the Derjaguin

approximation and by neglecting retardation effects this force can be expressed as*®

Faw _ H

Ve =

Ry 6(h+ d)

Q)

where H is the Hamaker constant, and ¢ is the displacement of the plane of origin of the van der
Waals force with respect to the contact plane. The Hamaker constant was first extracted by setting 6 =
0 and fitting eq. (1) to the experimental data in 100 mM KCI at distances larger than 3 nm. One
obtains a Hamaker constant of H = (2.8£0.5)x10** J. The error bar reflects the variation between
different pairs of particles.

The DLVO theory assumes that the overall force can be approximated by the sum of the

double layer force F, and of the van der Waals force F,, , namely®
F=Fy+ Fay @)

With the fitted Hamaker constant, we have attempted to rationalize all force curves. DLVO theory
provides a satisfactory fit at distances larger than 2 nm. At shorter distances, however, DLVO theory
predicts attractive forces, while the measured force curves remain repulsive. To remedy this problem,

we have modified the force profile as

F:F'dl+deW+F;r (3)
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where F, is a short ranged non-DLVO repulsive force. For simplicity, we model this force by a simple

exponential

F
2= Al (4)
eff

where A is the amplitude of the short range force, and ¢_' is the range of this interaction. When

including this force, one must also assume a finite displacement ¢ >0 in eq. (1) in order to eliminate
the divergence in the van der Waals force at short distances. Surface roughness can have a similar

effect as such a displacement. From least square fit of the data, one obtains g_'= 0.30+0.03 nm and
A, = 0.20£0.02 mN/m. The Hamaker constant becomes H = (3.3£0.5)x107>* J and the displacement

5=0.85+0.09 nm. A similar displacement was proposed previously.’”* The displacement leads to a
minor increase of the Hamaker constant, but its value remains similar to the one obtained without the
displacement. Previously, larger variations in the Hamaker constants of silica upon introducing such a
shift were reported.’® The presently reported smaller variation is probably related to the weaker van
der Waals force.

This non-DLVO model described above can fit the entire series of force curves in KCI
solutions rather well, see Fig. 2. The parameters for the short-ranged force and for the van der Waals
force were fixed to the values reported above, while the regulation parameter was kept constant as p =
0.56+0.07. This value represents the average obtained from fitting of the different repulsive force

curves. The remaining fitting parameters are diffuse layer potential y;, and the solution concentration.

For concentrations below 10 mM, the fitted concentrations always agreed within 10% with the
nominal values. For higher concentrations, the concentrations were fixed to the nominal values, since
they could no longer be determined from the force profile accurately.

Figure 3 summarizes the fitted parameters. The diffuse layer potentials increase with

increasing salt concentrations (Fig. 3a). The dependence of the diffuse layer potential y;, on the salt

concentration can be rationalized with the charge-potential relationship obtained from the PB
model.”>***° This relation was fitted to the data, and one obtains a charge density —2.9 mC/m” for KCI
(Fig. 3a, Table 1). The observed diffuse potentials for the silica surface in the presence of KCl are
comparable with previously published values obtained from force measurements pH 4.0 and
comparable ionic strengths.*** These authors also reported charge densities ranging between —4 and —
2 mC/m’, which originate from the dissociation of silanol groups.”>* The surface charge density
typically varies with the type of cation depending on its position within the Hofmeister series, but is
basically independent of the type of anion *>**.

The present Hamaker constants agree well with the values of (2.5+0.5)x10>* J reported by

Wang et al.”® These values were extracted from direct force measurements in concentrated KCI



Physical Chemistry Chemical Physics

solutions between silica particles and an oxidized silicon wafer. In a similar system, however, Sivan
and coworkers*' reported substantially larger values of 2.2x107*' J. The latter value agrees reasonably
well with calculated Hamaker constant for two silica surface across water of 1.6x107' J, which uses

accurate spectra over a wide frequency range.” Earlier calculations yield larger values (5+3)x107' J,

50,51

since they were based on too simplified spectra.” " We suspect that the reason for the small values of

130

the Hamaker constant measured here and by Wang et al.™ is the substantial surface roughness. The

fact that surface roughness reduces the apparent Hamaker constant was recently shown for polystyrene
latex particles.” Alternatively, this low value could be also related to the porosity of the silica
particles.™

The present observation of short-ranged repulsive forces is consistent with various earlier

29,30,37,44,52-54 55,56

Similar forces were reported between surfaces of metal oxides™”", and between

53,54

studies.
silica and an air bubble.”” Acuna and Toledo’*"* modeled this short-ranged force with a double-

exponential, whereby the decay length of the longer-ranged contribution was reported to be 0.37 nm.
This value is in good agreement with the value of ¢_' = 0.30 nm used here. Since we focus on smaller

loads here, the choice of a single exponential is sufficient. Two mechanisms for this force have been
proposed. In our view, the more likely origin of this force results from the overlap of hairy or gel
layers of polysilicilic acid.””**® Others researchers argue, however, that this repulsion is a hydration
force, which is related to structuring of water near to the surface, or is related to the formation of a

hydrogen bonding network.™”**" A combination of all these effects should be equally envisaged.

Solutions of ILs. Similar force measurements were carried out in ILs containing 1-butyl-3-
methylimidazolium (BMIM") cations, and different anions, namely CI", N(CN),, and SCN. The
measured force profiles are summarized in Fig. 4. The profiles resemble the ones measured in KCI,
especially at low concentrations. At higher concentrations, however, the forces are more attractive in
the ILs, especially in the presence of the SCN™ anion. The presence of the additional attraction is best
evidenced by the variation of the depth of the minima in the force profile at high IL concentrations
(Fig. 4b) with the type of anion, and their larger depth than in the case of KCI (Fig. 2b).

To quantify this additional attraction, we have introduced an additional attractive term in the

force, namely
F=Fyt Fow T Fo+ B ®)

whereby this attractive force was equally assumed to be exponential

F
= Ayl (©)

eff
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where 4, is the (negative) amplitude of the attractive range force, and q;t: is the range of this

interaction.
The force profiles could be fitted quantitatively with this non-DLVO model by keeping the

same parameterization of the short-ranged repulsive force F, as was obtained for KCl, namely 4 =
0.20 mN/m, range of ¢_'=0.30 nm, Hamaker constant H = 3.3x10>* J, and the shift parameter &=
0.85 nm. The fitted parameters were the diffuse layer potential i, , the regulation parameter p, the

amplitude of the attractive range force 4, , and its range ¢, . Fitting of the entire data set lead to

att >
relatively constant values of the attractive force range ¢, = 1.0+0.2 nm, which is independent of the

type of IL, and the regulation parameter p. Their average values depend weakly on the type of IL, and
they are reported in Table 1. When these parameters were fixed to these values, the whole data set

could be refitted by only allowing for variation in the diffuse layer potential y, , the solution
concentration ¢, and the amplitude of the attractive range force 4, . For concentrations below 10 mM,

the fitted concentrations always agreed within 10% with the nominal values. This finding suggests that
the formation of ion pairs is negligible at these concentrations. At higher concentrations, the force
profiles were no longer sensitive to the IL concentrations, and these concentrations were fixed to the
nominal values. These observations are in line with the reported formation constant 6.2 M for
BMIM-CI in aqueous solution.”” This constant suggests that ion pair formation becomes only
important at concentrations above 100 mM. At even higher concentrations, surface tension
measurements, neutron scattering experiments, and molecular dynamics simulations suggest that
formation of larger ionic clusters occurs for BMIM, but more extensively for its longer alkyl-chain
analogs.””®* However, the present force measurements provide no evidence concerning the formation
of such clusters. The resulting values of these parameters are summarized in Fig. 3 and the
corresponding fits are shown in Fig. 4. The description of the data in terms of this model is quite
satisfactory. Figure 3 compares the resulting parameters for ILs with the ones with KCI. Note that the
highest concentrations investigated of about 1 M corresponds for the ILs to a weight fraction of about
20%, while for KCl to about 7%.

The diffuse layer potentials i, in the ILs increase within increasing ILs concentrations,

similarly to KCI. The concentration dependence of this potential can also be fitted with the PB model.
The calculated surface charge densities are given in Table 1. One observes that the surface charge
densities are similar. However, KCI has the largest magnitude, while it decreases with the sequence
N(CN), ,SCN",CI". This decrease suggests that BMIM " adsorbs to the silica surface, and that the
different anions have a decreasing tendency to form ion pairs within the anion sequence stated.

However, the differences between some of the measured values are small, and may not be entirely
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significant. Along a similar line, the regulation parameters for the ILs are smaller than for KCI, which
is again consistent a stronger adsorption of BMIM" than of K.

The anion specificity of the additional attractive forces in the presence of BMIM " is most
obvious by comparing the depth of the minima at high IL concentration shown in Fig. 4b. The strength
of this additional attraction increases with the anion sequence Cl, N(CN), , and SCN". The same trend
is reflected by the amplitude of the additional attractive force obtained from the fit as shown in Fig.
3b. The additional attractive non-DLVO interaction is absent in KCI solutions. The scatter in the
amplitude of this force is substantial due to experimental inaccuracies, but its magnitude seems to
decrease with increasing electrolyte concentration. However, this trend might be reversed by
considering the weakening of the van der Waals force in concentrated IL solutions due to refractive
index variations. A simplified theory suggests that the Hamaker constant vanishes when the refractive
index of the solid is identical to the one of the liquid.**"° In the ILs investigated, such optical matching
is expected to occur at concentrations around 2—3 M. This effect might in fact lead to a strengthening
of the additional non-DLVO force with increasing IL concentration. However, to investigate this effect
quantitatively seems non-trivial to us, since one would also need to quantify the effects of roughness
effects on the van der Waals forces as well.

Similar, but stronger attractive forces have been observed in ethylammonium nitrate water
mixtures.'>'” However, their magnitude was not compared with simple electrolytes, and one cannot
easily judge, whether an additional attractive component is present in the ILs or not. We suspect that
the origin of these attractive forces is related to the formation of adsorbed layers composed of BMIM-
anion pairs at the silica surface, and the interaction results from the overlap of these layers. Extensive

13I7IE or X-ray reflectivity.® While

layering was reported in pure ILs by direct force measurements
these studies reported oscillatory profiles, the decay length of these profiles is in good agreement with
the attractive force range of 1.0 nm reported here. The present measurements suggest that such layers

form already in the presence of substantial amount of water, even though they will be more disordered

than at higher IL concentrations.

Conclusions

This study reports on direct force measurements between silica particles in aqueous solutions of ILs,
up to a weight fraction of about 20%. The ILs investigated contain 1-butyl-3-methylimidazolium
cation (BMIM") and CI", N(CN), , SCN as anions. The results are compared with similar
measurements in the simple electrolyte KCI. At low concentrations, ILs behave similarly to simple
electrolyte and the interactions are dominated by double layer forces. At higher concentrations,
however, the van der Waals force attraction is enhanced by an additional non-DLVO attractive force

the ILs. The strength of this additional attraction depends on the type of IL, and increases in the

10
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sequence CI', N(CN), , and SCN". This additional attraction probably originates from the interaction

of BMIM-anion pairs that are adsorbed at the silica surface.
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Table 1. Densities and parameters of the force profile model

Density Surface Charge Regulation
(g/em’)* (mC/m?)’ parameter”
KCl1 2.476 £ 0.021 -29+0.1 0.56 +£0.07
BMIM-C1 1.087 £ 0.010 -2.3+0.1 0.36+0.04
BMIM-N(CN), 1.060 + 0.007 -2.8+0.1 0.26 £ 0.06
BMIM-SCN 1.070 = 0.008 —2.4+0.1 0.39+0.09

“Density of the pure IL or KClI obtained from the density measurements of aqueous solutions.

b . .
Obtained from direct force measurements.
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200 nm

Figure 1. AFM image of the silica particle used. (a) Projection of the actual image, and (b) flattened

image.
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Figure 2. Forces acting between two silica particles in aqueous KCI solutions at lower (a) and (b)
higher concentrations indicated. The left column shows the best fit with DLVO theory within the
constant regulation (CR) approximation. The right column uses an additional non-DLVO exponential
repulsion. The experimental data are the same in both columns. For the data at lowest concentration of
1.0 mM, the results with the constant charge (CC) and constant potential (CP) boundary conditions are

shown.
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Figure 3. Summary of the parameters obtained from the force measurements versus the concentration
of the IL or KCIl. (a) Diffuse layer potential with calculated dependencies with the PB model. (b)
Amplitude of the additional non-DLVO attraction in ILs. Table 1 summarizes the resulting charge
densities for (a) and range of the interaction for (b). This attraction is not present in KCI. The

structural formula of 1-butyl-3-methylimidazolium (BMIM) cation is shown as inset in (a).
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Figure 4. Forces acting between two silica particles in aqueous solutions of ILs at lower (a) and (b)
higher concentrations. The data are fitted with DLVO theory including additional exponential short-
ranged repulsion and a more longer-ranged attraction. The fitted parameters are summarized in Table 1

and Fig. 3. Note the different scales in (b) due to the stronger attraction for BMIM-SCN.
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