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The pair correlation functiog(r) between like-charged colloidal particles in quasi-two-dimensional geom-
etries is measured by optical microscopy for a wide range of particle concentrations and various degrees of
confinement. The effective pair potentialr) is obtained by deconvoluting(r) via Monte Carlo computer
simulations. Our results confirm the existence of a long-range attractive compongnj @ind the appearance
of an extra attractive term under stringent confinement.
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A pair of colloidal particles carrying electric charge of the a controversy about its origin, and has led to a number of
same sign, immersed in an electrolyte solution, repel eacHifferent theories attempting to explain its mechanism in
other at large distances but they can feel a strong attraction abme situationf10—15. Although various mechanisms have
very short distances in the presence of large electrolyte corbeen proposed, the actual driving force for the attraction be-
centrations. According to the well established theory develiween like-charged particles has not been completely identi-
oped by Derjaguin, Landau, Verwey, and Overb@kVO), fied or it has not been taken into account properly. Thus, the
the repulsive part is a screened Coulomb-type interactiorphenomenon has remained elusive to a theoretical explana-
arising from the electrostatic interaction between the chargetion so far and its existence has been questioned as probably
particles, with the screening being due to the small ionicbeing an artifact(a projection effegt of the measuring
species in the solution clouding around the particles. Thenethod. On the other hand, there are also reports of equilib-
strong attraction at contact, on the other hand, is dugto  rium properties measured close to a single wall, where no
duced dipole-dipole interactions and is referred to as van demttraction was observdd 6]. Thus, the matter of the actual
Waals interaction. The interplay of these two components oform and the origin of the effective potential between like-
the DLVO pair potential, and their relative strength com-charged colloidal particles under confinement is still far to be
pared with the thermal enerdgT, is sufficient to account settled, and more theoretical and experimental work is
for most of the phenomena observed in colloidal dispersionseeded to establish the different mechanisms leading to the
in the bulk: stability, aggregation, phase transitions, statiphenomena observed under confinement, such as the attrac-
and dynamic structure, etidd—3]. However, at variance with tion, and the conditions for them to occur.
this theory, colloidal particles can experience a long-range In this paper, we report measurements of the effective pair
attractive interaction when they are confined. Observationpotentialu(r) between charged colloidal particles in a quasi-
of an attractive potential between polystyrene spheres of ditwo-dimensional geometry under various conditions of con-
ametero~21um in deionized water confined between two finement. We study aqueous suspensions of sulfate-
parallel charged glass plates have been reported by differepblystyrene spheres of diameterin the micrometer range.
groups[4—8]. The attractive minimum of the potential, hav- The suspension is confined between two charged glass plates
ing a depth=<KkgT, is located at a distance between particlesseparated a distande The 2D-rdfg(r) of these systems is
around 1.5-2r, which is large compared with the range of measured using digital video microscopy. Assisted by Monte
few nanometers of the van der Waals forces. This effectiveCarlo computer simulationg7,17], we determineu(r) for
interparticle potentiali(r) was obtained by deconvoluting different values of¢ =h/o and various particle concentra-
measured equilibrium properties such as the twodions. As itis shown here, we found a long-ranged attractive
dimensional(2D) radial distribution functior(rdf) g(r), via  component ofu(r) in all cases studied in this work, even in
computer simulations or integral equations theofis,7,§. strongly confined systems where projection effects are neg-
Attractive interactions have also been reported to be obkgible. Thus, we confirm experimentally the existence of the
served in nonequilibrium measurements of dynamical propeontroversial attractive potential between like-charged par-
erties of isolated pairs of particles close to a single W&l ticles. Furthermore, we report the appearance of an addi-
In this case, however, the fluid flow created by one particlgional attractive region ofi(r) close to contact that becomes
moving away from the wall can drag along the other nearbyapparent under stringent confinement. We also found that the
particle[9]. Thus, the determination af(r) in this case is a form of u(r) is strongly dependent on the relative plates’
more complex matter since it is masked by hydrodynamicseparation.
interactions(Hl). Although the HI can account, at least par- The systems studied are prepared following a standard
tially, for the apparent attraction observed in the nonequilib-protocol [8]. Briefly, monodisperse water suspensions of
rium measurements, they cannot explain such observation sulfate-polystyrene spheres are extensively dialyzed against
measurements of equilibrium properties. The puzzling obsemanopure water to eliminate the surfactant added by the
vation of attraction between like-charged particles has raisethanufacturer. In a clean atmosphere of nitrogen gas, the sus-
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pension of particles of diameter is mixed with a small 15 -
amount of larger particles of diametler A small volume of
the mixture &1 ul) is confined between two clean glass
plates(a slide and a cover slipwhich are uniformly pressed
one against the other until the separation between the plates g(r)
is h. Thus, the larger particles scattered across the sample 05
serve as spacers. The system is then sealed with epoxy resin,
and the species of mobile particles allowed to equilibrate in
this confined geometry at room temperature (25001°C).
In our case, the systems are not in contact with ion-exchange
resins. Thus, the extension of the double layer in our case is
much more shorter than in other worki6]. We used differ-
ent combinations o& andh, within range 1-3um, attain-
ing values of¢ between 1.3 and 2.3. The samples are ob-
served from a top viewperpendicular to the walls plape
using an. optic_al microscope coupled to _standarq video equip- FIG. 1. Radial distribution function of quasi-two-dimensional
ment. Slncglﬁ IS Comparab_le tar, there IS only I't_tle room  colioidal suspensions measured by optical microscopy.
for the particles to move in the perpendicular direction and
they remain mostly in the midplane between the glass plates,
forming in this way an effective two-dimensional system =1.5, realized witho=2.04 um andh=3.0 um, and ¢,
[18]. For each sample sufficient data was gathered to yield=0.23. Here too, projection, effects are negligible. The rdf’s
smooth g(r) curves. Normally, 16-10° images(with a  shown in Fig. 1 exhibit, as a function ap,, an overall
resolution of 64 480 pixels were digitized covering a to- increase of the structure and a similar general behavior,
tal time 100—-1000 times the time decay constant of the dynamely, one peak close to contact, a second peak-dt3
namic correlation functiorG(r,t), which is of the order of —1.50, and minor oscillations at larger distances. The first
few secondd7,19]. Particles’x andy coordinates in each peak rises very sharply aroumne- o and its height increases
image were determined using the method devised by Crockevith ¢,. The fact that particles are likely to be in contact,
and Grier{ 20], which allows us to locate the centroid of each but do not aggregate, revels a strong interparticle repulsion
sphere within a precision of 1/5 pixe{0.020). The 2D-rdf  rising rapidly asr— . The second peak, located at a posi-
g(r) is then obtained from the particles positions in eachtion closer than the lateral mean interparticle distadce
frame using standard methods. One should note that the dis= (7/4¢,)Y%0=1.85-4.70, is consistent with an effective
tancer measured in our experiment is the lateral projectioninterparticle attraction of longer range than the van der Waals
of the actual interparticle distand® These two quantities attractive minimum of the DLVO theory.
coincide only when the particles are in the same plane. Clearly, the peculiar behavior af(r) shown in Fig. 1
Clearly, this condition is met by all particles in the field of cannot be explained only in terms of an interparticle interac-
view in the limit {—1. Since our systems are not strictly tion of the type given by the DLVO theory. In order to gain
two-dimensional {>1), the rdf measured in our experiment some insight on the functional form of the effective interac-
might contain some projection effects. Here, we report meation leading to the equilibrium structure observed in our ex-
surements of(r) for different values off and particle con- periment, a Monte Carlo computer simulation algorithm for
centration in order to assess such effects that have beeuasi-two-dimensional geometries, as the one in our experi-
pointed out as a possible source of misleading data interpranent, was implemented to deconvolute the measured equi-
tation [21,22. Our results are presented in the next paradibrium properties. The interparticle potential is obtained as
graphs. We show first the case of strong confinement anfbllows. A trial potential between particlesuy(r)=
later on we present results for less confined systems similar kgT Ing(r), with g(r) being an experimental rdf at low
to those reported in the literature. concentration, is input in the simulation to get a computed
Figure 1 showsg(r) for different values of ¢,  rdf gyc(r). The wall-particle interaction is assumed to be
=mNo?/4A, the particles area fraction, whekeis the aver-  only the excluded volume, which is not a restriction since a
age number of particles in the observed afedn curves repulsive interaction would only renormalize The trial
a—c, £=1.3, realized witho=1.53 um andh=1.96 um, pair potential is tuned up until the computed rdf coincides
and¢,=0.035, 0.04, 0.043, respectively. In these cases, prowith the experimental one. The resulting potential is then
jection effects org(r) are negligible as one can see from ataken as the effective pair potentig(r) for the correspond-
simple geometric analysis. For a given valuegf/ofthe maxi- ing experimental system. We should emphasize that this
mum deviation ofr from Ris e=1—r/R=1—(r?/[r?+ (¢ method is less susceptible to projection errorsu¢n) than
—1)?0?])*?, obtained in the limiting case of one particle the strictly 2D deconvolution method used in other works
touching one wall is a distand@ apart from another particle [4,5]. Figure Za) shows the experimental and simulated rdf’s
touching the opposite wall. Since patrticles are more likely tofor system ¢ in Fig. 1, whereas Fig(l2 shows the pair
be around the midplane, the average deviation is in facpotentialu(r) obtained in the way described above. As one
much less thare. For systemsa—c, we havee~0.04 atr can see herey(r) for this system has interesting features,
=¢, and decreases for larger In curve d, we have¢( namely, two attractive regions separated by barrier poten-
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FIG. 4. Measured and computed rdf's fér=1.8 (a) and ¢

FIG. 2. (a) Measured and computed radial distribution functions i ) ; .
@ . pu & Qistribution funct =2.3(b). The insets show the corresponding pair potentials.

for systemc in Fig. 1. (b) Effective pair potential.

we see thati(r) is in fact capable of predicting correctly the
frends and the shape of the structure of systems prepared in a
different regime of concentrations and for different values of

o and h, but similar €. The excellent agreement between
measured and computed rdf’s shows that the predictions of
‘this pair potential are both qualitatively and quantitatively
accurate. Then, these results indicate t@f) contains the
essential features of the real pair potential for these experi-

vides a realistic representation of the actual effective intery, .\~ conditions. The functional form used to fit the poten-
particle interaction, and therefore it can predict the structurg| used in the sir'nulations was

of other systems under similar conditions. To answer this
question,u(r) in Fig. 2(b) was used in the MC algorithm to
compute the structure of a set of systems at fikedlL.3 and

tials. The attractive region close to contact is responsible fo
the peak at ~ o for dilute systems, and the other attractive
region for the peak at~1.40. The latter is the long-range
attractive potential previously reported by different groups
and the origin of the controversy mentioned in the introduc
tion.

A relevant question at this point is whether thig) pro-

u(r)y=A; exgd —Ay(r—1)]+B; exd —By(r—1)]/r

different values of the particles area fractigy. Our results —C, exg —(r—1)%/C,]—D; exf{ — (r—D,)?/Ds]
are shown in Fig. &). As one can see here, the computed )
rdf’'s exhibit the same characteristics of the experimental sys- +E; exd —(r—Ep)“/Es].

tems shown in Fig. 1, namely, they have a peak close to

contact whose height increases with, and a second peak The first term of this potential mimics the hard-core interac-
atr~1.40. The former becomes the dominant peak at largion. The second term is a repulsive DLVO-type contribu-
#,. This qualitative prediction provides already an indica-tion. The third term allows us to reproduce the sharp peak
tion that the form ofu(r) is physically meaningful. How- €xhibited by the experimental(r) close to contact. The
ever, a more direct test of the predictive capability6f) is fourth and fifth terms were us.ed to ad!ust the_ positions and
shown in Figs. ®) and 3c). Here, experimentalcircles shapes of the main peak and its following minimum, respec-
and computeddotted line$ correlation functions are com- tively. _

pared for two concentrated systems similar to sanepie A complementary picture emerges when the plates’ sepa-
Fig. 1, but withc=2.04 um andh=3.0 um (¢~1.5). Ac- ration is varied. In this casei(r) in Fig. 2(b) is unable to

tually, one of them is sample:in Fig. 1. From these figures, reproduce the trends of the structure as a functiofi @fata
not shown. This indicates that the effective pair potential

5 between particles is modified whehis varied. To quantify

1a b) the extent of such changes, we measugéd) for several
o systems at different separations and concentrations. After-
47 0: : wards, the effective pair potential for each of those systems
. ' : 7 <15 was obtained by MC simulations, using the functional form
3 A\/E\ ° ®, ~0.03 . proposed above. The results for two systems at similar con-
< 0.2 b oo centrations but different values df are shown in Fig. 4.
Sl 01 |o & .. ' Sy_mbols represent the experlmental data and lines the simu-
2 %& =14 feo lations. One should note that, in these cases, we recover the
15 shape ofg(r) [and u(r)] already reported in the literature
1 [4,5,7,9 sinceg(r) smooths around =o as € increases.
; o Expt. bos The insets show the corresponding effective potentials re-
d e MC ' quired to reproduce the experimental rdf’'s. Compatirtig)
0 — = —— &% 0.0 in Figs. 2 and 4, one can see that the effective pair potential

05 10 15 20 25 05 10 15 20 25 3.0 . . s . y .
is highly sensitive to the relative plates’ separatton

From our experimental results faq(r), which cover a
FIG. 3. (a) guc(r) vs ¢,, computed using(r) in Fig. 2b). (o)  wide range of concentrations and confining conditions, it is
and(c) Comparison of computeg(r) with measureay(r). possible to extract some physical characteristics of the effec-
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tive interparticle potential in quasi-two-dimensional geom-u(r) close to contact for largé. On the other hand, the
etries. First of all, we stress the fact that in all cases reportedffect of increasing on the long-range attractive component
here, and others not showg(r) was found to exhibit con- s that it gets deeper and its location shifted toward larger
sistently a peak located at a distance closer than the meagjues ofr. One should note that the functional formu(r)
interparticle distance. This confirms the existence of a longysed in the MC simulations is just a working function. The
ranged attractive component of the effective pair potentiabn|y component with known physical meaning is the Yukawa
between like-charged particles with a depth of the order oferm which represents the repulsive term of the DLVO pair
the thermal energy. In extreme confining conditions an addiyyential. The attraction close to contact could be a modified
tional feature appears, namely, an attractive component Closg\n der Waals interaction. The other terms are modeled by
to contact. The plausibility of such effective interparticle in- 55,ssian functions for convenience, but they could be mod-
teraction was tested by comparing its predictions with exjeq in other ways. We do not provide here an explanation of
p_erimental reSl_JIts obtain(_ed i_n different experimental re+pq physical grounds aii(r) and its different components.
gimes. Comparison ai(r) in Figs. 2 and 4 shows that the Thg s still an open question. However, we provide a sys-
interparticle interaction can be quite sensitive to the confinygmatic experimental study of the behaviorugf) in quasi-

ing conditions. Although our experimental system does no}q_dimensional geometries which can guide future theoret-
allow us to vary¢ continuously, Figs. 2 and 4 clearly illus- -4 developments.

trate the trends and the magnitude of the changegiih as

¢ is varied in the range of interest. At lo#; there are two We acknowledge productive discussions with Professor
attractive regions. The one close to contact, which is reportetll. Medina-Noyola and financial support from Consejo Na-
here, is probably diminished as the relative plates separatiotional de Ciencia y Tecnolo@y Mexico, Grant Nos.
gets longer. Wher is large (~2), projection effects in- G29589E, J37530E, and ER026 Materiales Biomoleculares,
crease around= o, and mask the actual form afr) inthat  and from Instituto Mexicano del Pétem, Mexico, Grant No.
region. Thus, we cannot follow correctly the evolution of FIES-98-101-I.
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