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Abstract

Total internal reflection microscopy (TIRM) measuremetitsalloidal spheres in aqueous electrolyte solutions have
been carried out with focus on screening properties of warielectrolytes and methods and analyses for reliably
extracting them from TIRM measurements. Approximationseaaon Lifshitz theory of flat plates are found to
yield van der Waals interactions that are too strong contbreneasured interaction potentials. Allowing for some
attenuation of these interactions due to surface roughaessnsistent set of screening lengths can be extracted by
fitting a model of the interaction, comprising screened GoW, van der Waals, and gravitational interactions, to the
TIRM data. With the exception of the 2:2 electrolytes, thesaing lengths extracted from the TIRM measurements
are well described by Debye-Hiickel theory, including seukactants below their critical micelle concentratioan
electrolytes with large size asymmetries between aniorcatidn. In 2:2 electrolytes the screening lengths are found
to be larger than the corresponding Debye length by as mubf%sat the highest salt concentrations studied. While
this deviation is significantly larger than predictions béory based on the primitive model of electrolytes, similar
magnitudes are found from analysis of BD simulations witbextinoise at realistic levels in the incident intensity.
The work shows that care has to be taken when extracting gaeasgoverning potentials in the presence of noise,
particularly at high ionic strengths when potentials beea@teep at short separations.
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1. Introduction trical double-layer (EDL) interaction where the name

refers to the charged surface and the surrounding dif-

The electrostatic interaction is an important part of . .
fuse layer of counterions and coions that serves to sta-

h | interaction fr nergy th lly influen . . . . o
the total Interaction free energy that usually influences bilize particles against aggregation. A repulsive interac

he properties of dispersions of colloidal particles very . . .
the properties of dispersions of colloidal particles very tion arises between two charged surfaces with uniform

strongly [1]. This interaction is also known as the elec- .
gly [1] surface charge of the same sign or a charged surface and

a neutral surface when theftlise layer starts to overlap

*Author to whom correspondence should be addressed . .
Email address;jbergen@chem.gu.se (M. Nayeri, Z. Abbas, J. with either the diftuse layer of the other charged sur-

Bergenholtz)

Preprint submitted to Colloids and Surfaces A February 26, 2013



face or when it is compressed by the uncharged surfacelent rather than monovalent electrolytes are better suited
[2], at least if the electrostatic coupling is not too strong to the purposes at hand, either because they provide
[3]. The thickness of the @use layer and its screen- more dficient screening of the EDL interaction or they
ing of the surface charge depend greatly on the con- modify the surface charge through adsorption or provide
centration and valence of the ions in the solution. In binding between molecules. With regard to the former,
the classical Gouy-Chapman theory of the EDL interac- for higher electrolyte concentrations, and particularly
tion that forms part of the Derjaguin-Landau-Verwey- for multivalent electrolyte, deviations from the Debye
Overbeek (DLVO) theory of colloidal stability, the force  length is expected from theory [14-18] and such sys-
between charged surfaces decays exponentiallyfat su tematic deviations have been reported for some asym-

ciently large separations with a decay length given by metric electrolytes based on SFA measurements [4].

the Debye-Hiickel (DH) screening lengtitt, where At higher ionic strengths the range of the electro-
K> = 2 % is given in terms of the valencg and static and van der Waals interactions can be of compa-

number density; of the j-th ionic species, respectively, rable magnitude and it becomes necessary to disentan-
with g; the dielectric constant of the solveng,the per- gle them in order to determine one or the other, which
mittivity of vacuum, andkgT the thermal energy. The can be dfficult [19]. In such a situation, Bevan and
degree of screening is well described by this expression Prieve [20], for example, found significantly reduced
for monovalent salts at low ionic strengths. screening lengths compared to those from the Debye-
Direct measurements of interactions relevant to col- Hiickel formula for monovalent electrolyte using TIRM
loidal particles are possible with a few well-established and extracted van der Waals interactions that were con-
techniques, such as the Surface Forces Apparatus (SFA)siderably weaker than expected. In contrast, Helden et
[4-8] and Atomic Force Microscopy (AFM) devices al. [21] and Ao et al. [22] found screening lengths in
[9]. Another technique is Total Internal Reflection Mi- a similar concentration regime that were significantly
croscopy (TIRM) [10-13], which allows for determi- larger than the calculated Debye lengths. These TIRM
nation of particle-plane wall interaction potentials by results, although at odds with one another, would seem
recording the scattered intensity from a colloidal sphere to suggest that ions cannot be treated as simple point
illuminated by an evanescent field. It is ideally suited ions. Two complications arise when analyzing data
to detecting the weak interactions (of ordg) most from TIRM measurements at high ionic strengths. First,
relevant to colloidal stability [12]. Due to these tech- as already mentioned, the analysis necessarily becomes
nigues, the inversion of data for some measured prop- more complicated because the van der Waals interac-
erty of the system can be avoided when determining pa- tion cannot be neglected. Second, the resulting interac-
rameters characterizing the interaction. For instanae, fo tion potentials become very steep and one might ques-
low ionic strengths, when the double layer extends to tion whether such steep potentials can be accurately de-
distances where the van der Waals interaction is negli- termined using TIRM measurements. After all, there
gible, this provides an unambiguous way of determining are other sources of noise than that due to the Brown-
the screening length [4, 13]. In many situations multiva- ian motion of the particle which is recorded during the
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measurement. 2. Material and methods

2.1. TIRM Measurements

The experimental results were obtained using an in-

house TIRM setup that has been described in an ear-

Against this background we set out to clarify the situ- o i o
lier publication [24]. For a more detailed description

ation regarding screeningfects in electrolyte solutions . . .
of TIRM functionality, readers are referred to reviews

at higher than 1 mM ionic strengths as determined by ) o
regarding the TIRM setup [11, 12, 25]. In brief, in

TIRM. We conduct a systematic study of electrostatic ) ) ) )
TIRM light scattered from a single spherical colloidal

and van der Waals interactions using TIRM, in which o ) o
particle illuminated by an evanescent field is measured.

we include 1:1, 2:1, 1:2, 2:2, 3:1, and 3:2 salts and 1:1 . .
Following some precautions [26, 27], one can relate the

and 2:1 surfactants. The study is further motivated by i ] ) )
scattered intensity to the distance between the colloidal

recent work with TIRM that suggests that ion speci-
sphere and the surface from where the evanescent wave

ficity can be observed for 1:1 salts, especially anion |
originates as

specificity, at ionic strengths below 10 mM [22]. For
this reason salts that deviate strongly from ideal behav- I(h) = lgexp(ch) (1)
ior have been selected to ascertain whether such devia-

tions dfect the screening lengths as has been suggested’merel(h) is the scattering from the particle at verti-

in the past [23]. Additional motivation comes from cal positionh, /71 is the decay length of the evanescent

the fact that TIRM has not been used to examine sys- field, andlg is the maximum scattering intensity of the

tematically the screening due to multivalent ions. The particle when attached to the surfacenat 0. Measur-

screening properties are investigated for solutions of ing the distance between the colloidal particle and the

NaCl, tetrabutyl ammonium fluoride (TBAF), tetrabuty! surface over a long period of time allows for a histogram

ammonium iodide (TBAI), NgSQu, sodium dodecyl- to be constructed for the positions that the particle sam-

sulfate (SDS), magnesium dodecylsulfate (Mg(®S) ples in the vertical direction. Using the Boltzmann dis-

MgSQs, ZnSQ,, AINO3, and AL(SQy)s. In brief, the ~ tripution,

work shows that, with the exceptlon-of 2:2 electrol)-/tesi, o(h) « exp( —k¢_(Th) ) @)

the DH formula captures the screening at sub-mM ionic B

strengths and also up to 1-2 mM ionic strengths pro- the probability functionp(h) of finding a particle at a
vided some weakening of the van der Waals interac- certain distancé from the surface is transformed to the
tion, presumably due to surface roughness, is allowed potential energy as a function of the distargh). In

for. At higher ionic strengths the TIRM measurements practice intensity histograms are constructed, which can
become prone to distortions by noise and to extract pre- be related top(h) [12]. These comprised at least®10
cise screening lengths at ionic strengths in excess of adata points, with intensities recorded at 10 ms time in-

few mM requires special precautions to limit noise. tervals.



2.2. Brownian dynamics simulations of TIRM measure- dovetail prism of the same angle, giving a decay length
ments ¢~ of about 93 nm for the evanescent field [12]. The
To assess the influence of noise on TIRM measure- prism was optically coupled to a microscope slide (Ger-
ments, we follow Sholl et al. [28] and conduct Brow- hard Meltzer, refractive index1.517) at the bottom of
nian dynamics (BD) simulations of a sphere in Brow- the measuring cell, using an optically matched immer-
nian motion perpendicular to a plane wall. Briefly, in sion oil (Carl Zeiss, refractive index..518). In most of
the BD algorithm the particle-plane wall separations are the measurements spherical polystyrene particles with
updated following nominal diameters of 10.8 0.4um (Polysciencs Inc.)

h(t + At) = h(t) + (i_ﬁ + %F) At+HQAY () were used. For measurements in agueous solutions of
B

) ) ) ) Al>(SQy)3, silica particles (Fluka) with a nominal di-
whereAt is the time step andH(At) is a random dis- .
ameter of 5.0:0.3 um were used. The stock solutions

placement, drawn from a Gaussian distribution, fulfill- _ '_
. o . contained 2.5 wt. % and 5 wt. % polystyrene and silica
ing (H) = 0 and(H?) = 2DAt. The difusion codficient

_ ) particles, respectively. Since TIRM operates on single
D depends on the height above the plane wall and is ap-

} particles, it is necessary to ensure that very few particles
proximated byD(X)/Dg = (6X% + 2X)/(6X* + 9X + 2),

) . enter the TIRM cell. One drop of particle stock solution
wherex = h/a anda s the sphere radius [29]. The el- _ _ _ _
_ ) was highly diluted with the lowest concentration of the
evations sampled by a/&n radius polystyrene sphere

subject to a force lawr = —g—ﬁ comprising only elec-

salt solution to be measured on by adding a drop of stock
} o o ) dispersion to an equivalent of about 100 L. All the salts
trostatic and gravitational contributions were simulated
. . ] ] used, besides Mg(Dg)were purchased with a purity of
using Eq. 3 withAt =0.1 ms and the intensity was de-
_ _ ) ) at least>99.5 % and used without further purification.
termined every ms from this BD trajectory using Eq. 1
. ] Mg(DS), was prepared according to the procedure sug-
with /71 as in the actual measurements. Surface po-
) ] gested by Maciejewsket al. [30], in which MgCb is
tentials of -40 mV were used for both the particle and
] ) ) added in 20% stoichiometric excess to a SDS solution.
glass wall and the expression given by Prieve [12] for
_ ) _ This leads to precipitation of Mg(D&) The supernatant
the electrostatic prefactdd was used. Gaussian white
) . ) o was then replaced with Milli-Q water (18 €&cm). The
noise with zero mean and varying standard deviatton
o ] ] supernatant replacement was repeated several times so
was added to this intensity. The elevations were assem-
) _ ] o _as to remove the sodium and chloride ions. The pre-
bled into a histogram using a resolution in separation
) ) cipitate was subsequently vacuum dried at@OAll
distance ofAh = 0.4 nm and the potential was extracted
. ) ] salt solutions were prepared using Milli-Q grade water.
using Eqg. 2. To isolate theffect of noise on the TIRM
) ] ) Measurements at fierent salt concentrations were per-
analysis, data from very long trajectories, correspond-
_ _ formed by adding aliquots of concentrated salt solution
ing to 1400-minute runs, were collected.
to a Teflon flask reservoir connected to the measuring

2.3. Sample preparation cell, followed by pumping the solutions around a closed
Laser light with a wavelength of 658 nm was totally circuit in order to homogenize the ionic strength while
reflected at an angle of incidence of 72 degrees, using akeeping the colloidal particle selected for the measure-
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ment in place with an optical tweezer. repulsion extends relatively large distances and with in-
creasing salt concentration the range of the repulsion is
3. Results and discussion progressively shortened. At salt concentrations in ex-

cess of 1 mM an attraction also appears and at suf-

12 — ficiently high salt concentrations the particle becomes

0 | ‘. A EEE&M attached to the glass surface. All these features are

) gi m gualitatively consistent with what is expected based on

° ° gg m DLVO theory. However, in attempts to model the data

o(h) 6 et quantitatively, itimmediately becomes apparent that the
ksT 4 } X ;fn;,'M magnitude of the van der Waals interaction is signifi-

- = Lifshitz Hamaker ) .
- Lifshitz Derjaugin cantly reduced relative to what one might expect from

theory. The following two expressions used by Bevan
and Prieve [20] for the van der Waals interaction have

been employed

-4 : ‘ , ‘ _A(h) (2ah+a h+ 2a
0 50 100 150 200 250 300 $vaw(h) = ( hhioa —In ) (4)
h
= Al)
dantt) = ~2ra [~ L )

whereA(h) is the Hamaker function from Lifshitz the-

Figure 1: Measurement series of interaction energy as gitumof
9 i ory for flat plates. In Eqg. 4 the plane wall-sphere
separation distance and concentration of the organic &M.TThe

solid lines are fits as described in the text. Also, shown tonpar- Hamaker expression is used but with the Hamaker con-
ison, following Bevan and Prieve [20], are the results otukiting stant replaced by the Hamaker function from Lifshitz
the van der Waals interaction using Lifshitz theory for twao®th theory for flat plates, an approximation suggested by
glass and polystyrene surfaces in 1 mM 1:1 salt and combihimigh

_ _ o Mahanty and Ninham [31], which has been tested for
Hamaker’s expression for the sphere-wall interaction indzand Der-

jaguin’s approximation in Eq. 5. the sphere-sphere geometry [32, 33]. Equation 5 is Der-
jaguin’s approximation, which is expected to hold in
In Fig. 1 the normalized interaction energy for a the limit of small separation distances. The results for
polystyrene particle above a plane glass wall is shown polystyrene interacting with glass across a 1 mM 1:1
as a function of surface-surface separation and concen-salt solution have been included in Fig. 1. Thieets
tration of the monovalent salt TBAI. Thefect of grav- of screening and retardation have been accounted for
ity has been subtracted, leaving the electrostatic and vanin the same manner as done by Bevan and Prieve [20].
der Waals interactions, and the curves have been shiftedin agreement with their observations, Fig. 1 shows that
such that the interaction potential vanishes in the limit Egs. 4 and 5 significantly overpredict the strength of the
of large distances. The same particle was used for all van der Waals interaction and cannot be used to ana-
the ionic strengths shown. As seen, the interaction is lyze the TIRM data. This is particularly apparent at the
predominantly repulsive. At low salt concentrations this higher salt concentrations in Fig. 1 where a clear sec-
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ondary DLVO-like minimum develops, the shallowness has been attributed to surface roughness [20, 35] and a
of which is not captured by either of Egs. 4 or 5. Similar number of ways have been devised to account for the ef-
findings have been made by Prieve et al. [20, 34] and by fect of surface roughness on van der Waals interactions
Walz et al. [35, 36]. Both groups have suggested that [34, 37, 38]. Walz and co-workers [35, 36, 38] modeled
surface roughness on the particle and glass wall are thethe roughness by adding hemispherical asperities uni-
cause of the attenuation of the van der Waals interaction formly to otherwise smooth surfaces using a retarded
seen in the TIRM measurements. Hamaker approach, which we apply because the final
expressions are analytical and are well suited to analy-
3.1. Model for the interaction potential sis of TIRM data. Expressions for van der Waals inter-
action energies have been derived assuming pair-wise

i

nm additivity of retarded molecular interactions [39, 40] in
8] 20 40 60 80 100
an approach very similar to Hamaker’s for non-retarded
interactions [41]. This procedure produces the follow-

ing interaction energy per area for flat plates [38, 39]

o(h) 2450 21702 0591 ©)
area 6072h3 240730 840r*hd

Demooth plate-smoath plate | h)
kpT /um

150

where A is a characteristic wavelength of the interac-
00 1

tion. Rather than setting this wavelength to scaryi-

B ori value, e.g. 100 nm, as is usually done [39, 40],

0 ; 1'0 - it is determined here in the way suggested by Suresh

e and Walz [35], through comparison with the Lifshitz
theory for flat plates using polystyrene interacting with
Figure 2: Top panel: The lines show results of Lifshitz thefar flat polystyrene across aqueous salt solutions. Values for
plates, with a screened zero-frequency term [20, 31], fordifferent were determined in this way as a function of the Debye
salt concentrations corresponding to Debye lengths of 10@nd 5

_ _ _ length based on least squares fits of Eq. 6 to Lifshitz
nm. The circles show the fit of the retarded Hamaker theorygnés

. . .
which yieldsA = 131 nm for a Debye length of 100 nm, while the ~ theory. The resulting relation betwegrand«™ is well

squares producg = 50 nm for a Debye length of 5 nm. In both represented by

cases the Hamaker constant in Eq. 6 was setiigl3 Bottom panel: 1
Interaction wavelengthl in Eq. 6 as a function of Debye length with Py 86.2+43.6 tanh[3.8(loglo Kt— 1.04)] @)

the correlation in Eq. 7 as the solid line.
which is shown in Fig. 2.

The finding of weaker van der Waals interactionsthan  As seen from the results in Fig. 2, screening of the
produced by Lifshitz theory is in agreement with ob- static part of the van der Waals interaction [20, 31] al-
servations made in past TIRM studies [20, 35] and ne- ters the interaction significantly in going from Debye
cessitates identifying an alternative approach to han- lengths of 5 to 100 nm. By using theftéirentA val-
dling the van der Waals interaction. The discrepancy ues from Eq. 7 one can account approximately for both
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screening and retardation. Moreover, one confirms the ¢e(h) is the EDL repulsion. The expression for the grav-
presumption expressed by Suresh and Walz [38] that itational potential comes from the buoyant weight of the
screening reduces the value #fconsiderably below  colloidal particle; in the fits of the data, since the same
the 100 nm often used; Eq. 7 yieldsvalues of about  particle was used for measurements dtedent ionic

130 nm under low-salt conditions and 42.6 at high ionic strengths, the particle diameter was allowed to vary by
strengths. Using the same retarded Hamaker approachat most-2 % for a given series of ionic strengths. Linear
Czarnecki and Dabros [42] obtained the following ex- superposition with Derjaguin’s approximation, resulting

pression for the van der Waals interaction between a in ¢¢(h) = Bexp(«h), has been shown to model the

smooth sphere of radiwsand a semi-infinite flat wall EDL interaction energy well under conditions typical
2451 (h—-a h+ 3a for TIRM [10, 13]. The prefactoB contains informa-
¢VdW(h) = A{ 6071 ( h2 - h+2 2) (8) ) . .
(h+2a) tion on the surface potentials of the colloidal sphere and
2(h-
21 h-2a - h+4a the glass plate and its value is strongly correlated with
72072\ h3 (h+ 2a)3 _ _
. 05923 (h— 3a ) h+5a the most-sampled distance between the particle and the
504073\ h? (h+2a)* plane wallhy, [12]. The value ofB is allowed to vary

which is the geometry of interest for the TIRM mea- freely in the fitting process. The precise valuehgfre-
surements. We deviate somewhat from the procedurequires measuring, in Eq. 1, which is accomplished by
of Suresh and Walz and refrain from invoking the Der- conducting an intensity measurement with the particle
jaguin approximation altogether and add instead this ex- attached to the glass wall at the end of each measure-
pression to theirs for the asperity interaction with the ment series [12].
flat plate [38]. In the modeling of the TIRM data setting ~ In summary, Eq. 9 was fitted to the experimental
the asperity radius to 30 nm and the surface coverage todata by allowing the electrostatic prefact8, and the
10%, which is within the set of values that Suresh and screening length™, to vary freely. The Hamaker con-
Walz found to agree best with their experimental results stant, A, was constrained to assume values between 1
[35], allows for modeling the TIRM data with reason- and 3kgT and the particle diameter was allowed to vary
able values for the Hamaker constant. The Hamaker by at most 2% across a full concentration series of the
constantin Eq. 8 was obtained by regression against thesame salt for which the same particle was used. The
TIRM data. Hamaker constants obtained from the fitting procedure
To analyze the TIRM measurements of interaction Vvaried by atmost 1.2 and 28T within a concentration

potentials in electrolyte solutions, in addition to the van series of salt without any clear trend. Constraining the

der Waals interactiom,qw(h), the following contribu- Hamaker constants further resulted in a gradual deteri-
tions to the colloidal sphere-plane wall interaction are oration of the model fits, though without systematically
considered, affecting the screening lengths. For a given salt concen-

tration series the electrostatic prefactor decreased, for
¢(h) = ¢ (h) + gei(h) + dvaw(h) 9) . . .
the most part systematically, with increasing salt con-
where ¢g(h) is the gravitational potential energy and centration. The values f@ varied greatly, fromO(10°%)
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ksT at low salt concentrations t9(10) kgT at high salt

clusion and treatment of the van der Waals interaction

concentrations, but the values were within the range of becomes important; if it is left out the particle’s buoyant

those obtained by von Griinberg and co-workers [13]

who explored also much lower salt concentrations.

3.2. Screening lengths

100

10

100

10

screening length (nm)

=
o

O T

| |
0.5 1

ionic strength (mM)

|
15 2

Figure 3: Screening lengths obtained from fits of Eq. 9 to TIBAta
for a series of 1:1 salts (as labeled, top panel), 2:1 anddlt? @s la-
beled, middle panel), and 3:1 and 3:2 salts (as labeledhrbgianel),
as a function of ionic strength. The solid lines show theesponding
Debye length.

weight would seem to acquire a dependence on the ionic
strength [43]. It is for such situations, when the separa-
tion distance is only 3-5 times the screening length, that
Bevan and Prieve extracted screening lengths for 1:1
electrolyte solutions that were only about half the value
of the Debye length [20] whereas Helden et al. [21] and
Ao et al. [22] in a similar concentration regime found
screening lengths that were significantly larger than the
ones from the DH formula. While deviations from the
DH value may be expected for high electrolyte concen-
trations angbr multivalent electrolyte, theory suggests
that in this concentration regime of 1:1 electrolytes the
screening should be well captured by the DH expression
[14-18].

Figure 1 shows the TIRM measurements of a par-
ticle suspended in solutions of the organic salt TBAI.
This particular salt was selected because of the large
size asymmetry between the anion and cation and be-
cause it deviates from ideal behavior in the opposite way
of TBAF [44, 45], the screening properties of which
was also determined by TIRM measurements. How-
ever, as summarized in Fig. 3 for a number of 1:1 elec-
trolyte systems, no systematic trends can be observed
in the extracted screening lengths; they all follow the
DH result well. In all cases except for SDS, the particle

could be irreversibly attached to the surface by adding

For measurements of particles suspended in solutionsenough electrolyte. The measurements in SDS solutions

of lower salt concentrations the TIRM data are read-
ily fit to the model in Eq. 9 as the longer screening
length keeps the particle far from the plane glass wall
and the contribution of the van der Waals interaction
is negligible. At higher salt concentrations the parti-
cle comes dfiiciently close to the surface that the in-
8

could be extended to higher concentrations than those
shown in Fig. 3, exceeding the critical micelle concen-
tration (CMC) of about 8 mM [24], probably due to ad-
sorption of dodecyl sulfate molecules on the glass and
particle surfaces. In this case both the most-sampled

position of the particle as well as the fitted screening



length did not change much with increasing SDS con- ing the ionic strengthl viz. «?> = 26T /(gksT) and
centration, giving a value of9 nm for the screening 7 = (1/2)%; zfnj allows for adopting a common con-
length at a concentration of 6 mM, which is about a centration scale for the filerent electrolytes in Fig. 3.
factor of two greater than the expected 4 nm based on Again, the measured screening lengths are in agreement
the DH formula. Such a saturation of the screening with the Debye length, which is consistent with SFA re-
length with increasing concentration of SDS has been sults on 2:1 electrolytes [5, 46].
observed in colloidal probe-AFM measurements near Two further asymmetric electrolytes were investi-
and beyond the CMC [23]. However, below the CMC, gated in the same manner. Fig. 3 shows the screening
SDS acts like a simple 1:1 electrolyte as also observed lengths in solutions of the 3:1 salt Al(N@ and the 3:2
for other surfactants [7]. The agreement between the salt Al,(SOy)3. The salt concentrations in these cases
screening length determined by fitting the TIRM data are restricted to< 0.2 mM and< 0.07 mM, respec-
and the DH result is good with deviations for the most tively. In the former case a polystyrene particle was
part within 2 nm, which is the reproducibility as indi- used whereas in the latter a silica particle was used in the
cated by analysis of block-averaged data from the same TIRM measurements. The reason for this is that AFM
particle. Even though we were unable to reach the 10 measurements with a colloidal silica probe particle have
mM ionic strengths Ao and co-workers [22] managed yielded increased repulsions with increasing(8i0y)3
to conduct measurements in, we certainly observe far concentration [47]. In the TIRM measurements no such
less deviation from DH behavior than they did. The trend is observed; rather, the screening length in Fig. 3
results for the screening length for TBAF solutions in closely follows the DH formula for 3:2 electrolytes, sug-
Fig. 3 does not change much between 0.2 and 0.4 mM, gesting complete dissociation into tri- and divalent ions.
which is something that occurs on occasion and is per- However, it should be noted that AEQ,)3 dissolved in
haps caused by the particle shifting position slightly. water acts as a weak acid with thredféient pKa val-

Figure 3 also shows results for the screening lengths ues [48]. This gives a pH of around 4.5 at the concen-
in 2:1 and 1:2 electrolytes, i.e. both with a divalent trations the measurements in Fig. 3 were conducted at,
counterion and coion with respect to the negatively which indeed should correspond to dissociatett And
charged surfaces in contact with the electrolyte solution. SO;~. Above a pH of 5.5 it is known that precipitation
Because of the higher valence TIRM measurements canstarts in Ab(SOQy)3 solutions [48]. On increasing the
only be conducted at lower salt concentrations com- pH by adding NaOH solution large precipitates formed,
pared to those for the monovalent electrolyte. As with which settled at the bottom of the TIRM cell and hin-
SDS, Mg(DS) comprises an exception and measure- dered the silica sphere from coming close to the sur-
ments in Mg(DS) solutions could be conducted at high face. This behavior likely explains the results reported
ionic strengths and particles in these surfactant solu- by Donose et al. [47], and it is in accordance with the
tions could not be irreversibly attached to the glass sur- explanation they fiered for the observed results. TIRM
face. The screening length exhibited the same satu- measurements of a polystyrene particle in solutions of
ration behavior above the CMC of 0.8 mM. Introduc- the 3:1 salt AI(NQ)s, which is shown in Fig. 3, yields
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100

screening lengths in good agreement with the DH re-
sult. Pashley [6] has made similar observations for 3:1
. : €
electrolytes using the SFA, but only once the trivalent £
<
cation had adsorbed on the strongly charged mica sur-g
faces leading to reversal of the surface charge. 2
c
g 10
(5]
12 (7]
®0.02mM
* 0.05mM
10 |
’ ©0.1mM r
40.15mM 0 ‘1 ‘2 ‘3
8 -02mM ionic strength (mM)
5(h) -03mMm
oln 6
',\_BT B Oxhm Figure 5: Screening lengths extracted from TIRM data for2t2esalts
© 0.6 mM
4 e :M MgSOs and ZnSQ. The solid line shows the corresponding Debye-
00.8mM Huckel screening length and the dashed lines derive fraalysis of
2 Brownian dynamics simulations with added noise levels of &%
. 4% of the mean incident intensity (see text and Fig. 7).
2

0 50 100 150 200 250 300 salts MgSQ and ZnSQ. Whereas the screening lengths
— for all the other salts studied, including some surfactant
solutions below their CMCs, were all in agreement with
Figure 4: Measurement series of interaction energy as aitumof the Debye length, Fig. 5 shows screening lengths clearly
separation distance and concentration of the 2:2 salt MgSthe greater than the Debye length. This holds for both 2:2
solid lines are fits as described in the text.
salts studied and similar deviations might have appeared
The screening in solutions of 2:2 salts has been exam-for the other salts had we been able to investigate a simi-
ined as well. Figure 4 shows the TIRM measurements of lar range of ionic strength as in Fig. 5. Since it is known
a polystyrene particle suspended in Mg0lutions of that symmetric multivalent ions exhibit a particularly
varying concentration of the salt. An attractive regime strong tendency to associate and show large deviations
in the interaction sets in beyond 0.1 mM, which is a salt from ideal behavior, it is tempting to ascribe the devi-
concentration that is roughly a factor of 5-10 lower than ation from the DH formula in Fig. 5 to a break-down
that seen for 1:1 electrolytes. The results have been fit- of the point ion assumption. Kjellander and Mitchell
ted with Eq. 9, which suggests that the repulsive maxi- [15] carried the analysis of Mitchell and Ninham [14] a
mum in the DLVO interaction is below 1KsT for the step further and obtained the leading-order correction to
highest salt concentrations. Indeed, the particle becamethe Debye length for symmetric electrolytes. While in
attached to the glass wall at a Mgg€bncentration just  qualitative agreement with the positive deviation from
in excess of 0.8 mM. the Debye length seen in Fig. 5, their analytical formula
The results for the screening length extracted from only yields a 5% increase in the screening length com-
the fits of the TIRM data are shown in Fig. 5 for the 2:2 pared to the Debye length at the highest ionic strengthin
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Fig. 5. Monte Carlo simulations [49] and integral equa- expected Debye lengths. To this end, we use the Brown-
tion theory [50] corroborate this rather small deviation ian dynamics simulation technique developed for TIRM
from DH theory in the concentration range studied in by Sholl et al. [28], which generates separation dis-
the TIRM measurements and it follows that we cannot tances or elevations of a particlefdising near a plane
reconcile the magnitude of the deviation from the De- wall in a force field that is known exactly. From the par-
bye length in Fig. 5 with theory based on the primitive ticle positions ideal intensities can be calculated using
model. As an alternative we consider the role of noise Eq. 1. These intensities are then corrupted by adding
in TIRM measurements at higher ionic strengths. noise, which leads to some degree of distortion in the

extracted potential.
3.3. Hfect of noise
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Figure 7: Screening lengths as a function of ionic strengthaeted
Figure 6: Potentials as a function of ionic strength exeddtom BD from BD simulations of a ixm polystyrene sphere polluted by Gaus-

simulations of a um polystyrene sphere polluted by Gaussian white  sian white noise in the incident intensity characterizedatstandard
noise in the incident intensity, characterized by a stashd@viation deviationo and incident intensitylp, as labeled. The bottom-most

o/lp = 0.05, as labeled. The solid lines correspond to the true po- solid line is the Debye length used in the BD simulations.
tential used in the BD simulations. The potential centeredh & O

corresponds to a particle stuck to the glass wall. The rasge tor

In the TIRM set-up used here the incident laser light
fitting the potentials shown from the BD simulations wasnetd to

o maximum of 6.5T. is focused on the particle in the TIRM cell in order to
improve the signal-to-noise ratio by limiting scattering
Experimental noise is known tdfact the potentials  from other sources than the particle [20, 52]. For this
extracted from TIRM measurements. Prieve and co- reason noise due to an additive fluctuating background
workers examined both how additive background noise is negligible. However, in measurements of the maxi-
[28, 51] and how noise in the incident intensity [28] af- mum intensitylg, made with the particle attached to the
fects the TIRM analysis for particles at moderate ionic glass wall, fluctuations in the intensity are nevertheless
strengths. In the following we investigate how noise dis- observed. In this study such measurements resulted in
torts potentials at the high ionic strengths where we ob- standard deviations of anywhere from 1.5 to 5 % of
serve deviations in extracted screening lengths from the To capture this situation we use the BD simulation to
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generate elevatiortswhich are converted to intensities the screening lengths from the concentration series of
according tol (t) = lp(t) exp <h), where the incident  MgSO; solutions agrees well with the curve from Fig. 7
intensity is represented by uncorrelated Gaussian noisecorresponding tar/lg = 0.04. The same holds for
with meanly and standard deviatiom, just as previ- the screening lengths from the Zng6bolutions at the
ously done by Sholl et al. [28]. The potential used in higher ionic strengths, shortly after which the exper-
the BD simulations consisted of the EDL repulsion and imental I and o values were determined. Judging
the gravitational terms of Eq. 9. Figure 6 shows some from the rather close correspondence between the ex-
examples of potentials extracted from an analysis of the tracted screening lengths and the Debye length for the
BD-generated data for the highest noise level consid- lower ZnSQ ionic strengths, the measurements appear
ered,o/lg = 0.05, for some dferent ionic strengths.  to have been conducted initially, at the lower ionic
One observes that while the large-distance part of the strengths, at a lower noise level than that reached by
potentials is not too seriouslyfacted, the decay of the the end of the measurement series. It follows from
shorter-range repulsion is in general not reproduced ac- these comparisons that we can attribute thedénce
curately in the presence of appreciable levels of noise between the calculated Debye lengths and screening
in the incident intensity. As a consequence, an error in lengths obtained from analysis of TIRM data to dis-
the screening length is introduced. In general, the error tortions caused by noise. Helden et al. [21], by sup-
grows as the level of noise is increased. In addition, one pressing the net van der Waals interaction, were able to
sees in Fig. 6 that it increases as the ionic strength is in- reach ionic strengths in TIRM measurements as high as
creased. Thesdfects are seen more readily in Fig. 7, 200 mM. They observed that the screening lengths for
where results for the extracted screening lengths from higher ionic strengths were greater than the calculated
noise-distorted BD data are summarized as a function Debye lengths, in agreement with the results of Fig. 7.
of ionic strength for noise levels that are relevant for At the highest salt concentrations they report a screen-
the TIRM measurements in this work. From the re- ing length that saturates at a value of 8.6 nm. Based on
sults in Fig. 7, a precise screening length, say within the trends in Fig. 7 the precise value is presumably de-
the 2 nm reproducibility of a single measurement, can pendent on the noise level, in line with the expectation
be achieved in the ionic strength range of Fig. 7 only that the maximum steepness that can be measured by
when the fluctuations in the incident intensity are kept TIRM is set by the decay length of the apparent poten-
within about 3% of the mean incident intensity. tial extracted for the particle attached to the surface, as
Referring to Fig. 5, where screening lengths from seen in Fig. 6.
TIRM measurements in MgSCand ZnSQ solutions
are shown, analysis of the scattered intensity from the 4. Conclusions
particles attached to the glass surface, made after com-
pletion of the measurement for the highestionic strength  The screened interactions between single colloidal
in Fig. 5, resulted irr/lg ~ 0.04 and 0.05 for MgS© spheres and a plane glass wall have been studied by
and ZnSQ solutions, respectively. As shown in Fig. 5, TIRM. In agreement with findings from past TIRM
12



studies [20], van der Waals interactions determined by improve matters.
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