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Surprisingly short-ranged interactions in highly charged colloidal suspensions
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The interaction potential between colloidal particles in a suspension has been the topic of much research
recently. Digital video microscopy techniques have come into wide use, as this method yields direct informa-
tion about the structure of such systems. However, two main problems have plagued researchers working with
this technique. First, what one sees through a microscope is actually a projection of a three-dimensional sample
onto a two-dimensional image plane. Second, in order to achieve long-range interactions between particles, the
ionicity of the surrounding medium must be as low as possible. In order to address the first problem, research-
ers have created quasi-two-dimensional samples by confining the system between two glass plates. However,
this geometry makes it difficult to control the ionicity, and it also makes the analysis more difficult since one
is dealing with an anisotropic system for which established theories of colloidal interactions formulated for the
bulk do not apply. We have developed techniques to effectively address each of these two problems. Our
sample cell is large enough to allow direct contact of the suspension with ion exchange resin, and allows one
to make bulk measurements of the structure. In addition, we have developed techniques to handle the projec-
tion effects. We have used these methods to measure the radial distribution function of dilute suspensions of
highly charged unconfined polystyrene microspheres in a density matched mixtuy® @itd DO. We found
that the interaction potential between the colloidal particles was much shorter ranged than would be expected
based on the Derjaguin-Landau-Verwey-Overbeek theory of colloidal interactions.

PACS numbd(s): 82.70.Dd, 61.20-p

[. INTRODUCTION concerning the particle position in the direction perpendicu-
lar to the image plane. Second, in order to achieve long-
Colloidal systems consisting of suspensions of chargedange interactions between particles, the ionicity of the sur-
spherical particles in agueous media have been of especialipunding medium must be as low as possible. In order to
strong recent interegtl—12]. If we ignore the surrounding address the first problem, researchers have created quasi-
suspending medium, the colloidal particles can be considereivo-dimensional samples by confining the system between
as “atoms” complete with a long-range interaction which two glass plate$3,5,6]. However, this geometry makes it
can lead to both liquid and solid phases. As such, these syslifficult to control the ionicity, and it also makes the analysis
tems are appealing because they provide a fertile testingore difficult since one is dealing with an anisotropic system
ground for theories of both the liquid and solid states. Anfor which established theories of colloidal interactions for-
important component of any theoretical description of a col-nulated for the bulk do not apply.
loidal system is the interparticle potential. This can be de- We have developed techniques to effectively address each
duced by measuring the equilibrium structure of the systenof these two problems. Our sample cell is large enough to
either through scattering or direct visualization techniquesallow direct contact of the suspension with ion exchange
i.e., microscopy. The former method yields the static structesin, and allows one to make bulk measurements of the
ture factorS(q), while the latter technique gives the radial structure. In addition, we have developed techniques to
distribution function(RDF) g(r). There are several advan- handle the projection effects, which include systematically
tages to direct visualization techniques. Finding the RDReducing the effective depth of field by digital image pro-
from microscopy data is experimentally easier, and requiresessing methods, and an algorithm that extracts a three-
much less data reduction effort than findig¢n) from scat- dimensional RDF from two-dimensional microscopy data.
tering data. Furthermore, direct visualization methods caWe have used these methods to measure the RDF of dilute
reveal information about higher order correlations such asuspensions of highly charged unconfined polystyrene mi-
triplet distributions that cannot be obtained through scattererosphereqof diameter 0.979um) in a density matched
ing experiments. In addition, extracting the pairwise interac-mixture of H,O and B,O. We found that the interaction po-
tion from S(q) is difficult because crucial information is tential between the colloidal particles was much shorter
contained in the lowq region, which is difficult to access ranged than would be expected based on our understanding
experimentally. In contrast, it is a trivial matter to extract theof the chemical environment of our samples and the
pairwise potential from the RDF in the limit of low number Derjaguin-Landau-Verwey-Overbe¢RLVO) theory of col-
density using the Boltzmann relatidn(r) = —KkT Ing(r). loidal interactionq 13]. As will be shown in this paper, the
Direct visualization techniques have their deficienciesDebye length in our samples was 0.11-0.2&h, much
however, as there are two main problems associated with thrghorter than the value ef1 xm which would be obtained in
techniques. First, what one sees through a microscope is atlie purest possible aqueous environment, which we expected
tually a projection of a three-dimensional sample onto a twoto be close to due to our careful sample preparation and close
dimensional image plane, and therefore, information is losproximity of the particles to the ion exchange resin. Even
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admitting the possibility of ionic contamination, we will ar- through the suspension, which accelerated the deionization
gue that the Debye length should have been greater than 0.process. The samples were constructed 1-2 weeks prior to
pum. data collection, and were rotated at 0.2 Hz for a total of 20 h
The organization of this paper is as follows. In Sec. Il, weover the course of the two days prior to taking data.
describe the sample preparation, data collection protocol, and palberget al.[7] developed a system in which a suspen-
data reduction techniques. We also present a technique f@fon can be continuously deionized by pumping it through a
constructing a three-dimensional RDF from a two-cjosed loop which contains ion exchange resin. They were
dimensional microscope image. In Sec. Ill, we calculate theyp|e to completely deionize their specimens in approximately
RDF's of our samples, and explain why the results are in- p \we pelieve our rotation method and high volume frac-
consistent with our understanding. In Sec. IV, we diSCUS§jon of resin should deionize on a similar time scale, and

some possible reasons for our unexpected results, and CO e we rotated our samples for 20 h, we assert that our

pare our resultg to thosg Of. other Worlfers in this f|.eld. In SeCSampIes were strongly deionized by this procedure. Later in
V, we summarize our findings and give suggestions for fu-h. il dditional . ¢
ture work. this paper, we will present additional arguments in support o

our decision to put ion exchange resin directly into the

sample cell.
Il. EXPERIMENT

A. Sample preparation B. Data collection

The colloidal systems studied in this work consisted of Laser scanning confocal microscopy is the method of
suspensions of fluorescent polystyrene particles of diametehoice in studying colloidal suspensions, as it offers both
0.979+0.026 um (Polysciences No. 15702The particles high signal to noise ratio and small depth of fi¢ld]. The
had both sulfate and carboxylate surface groups, with parkimages obtained are in digital format, which can subse-
ing areas of 68 and 0.1-0.8 Amespectivelyf14], yielding  quently be processed to yield the positions of the particles.
approximately 4<10° sulfate groups an@4—30)x1C° car-  The confocal microscope we usgtd] was fitted with a pi-
boxylate groups per particle. ezo driver that allowed a very precise vertical sectioning of

The suspending medium was a mixture gfCHand BO  the sample up to 9@&m into the bulk. The suspension was
(51+1% H,0O by volumé of density 1.05 g/crhy which is  viewed through the bottom cover slip using a water immer-
approximately the density of the polystyrene partidl&4]. sion objective of magnification 638 and working distance
The sulfate and carboxylate surface groups dissociate whezR0 wm, which, in the digitized images, yielded pixels of
the particles are in solution, leading to a negative particlesize 0.20% 0.207 uwm?.
charge. The number density of particlesvas studied over The analysis of the data is greatly simplified when the
the range 10%-10"2 um™3. The sample cell consisted of a samples are isotropic. To achieve this, we rotated each
7.5x2.5x0.12-cni glass microscope slidgsoda lime, sample as described in Sec. Il A for approximately 30 min
VWR Scientific No. 48300-036with an oval shaped hole before taking data. The ion exchange resin thus played a dual
drilled into it. Two No. 1 1/2 cover slipghorosilicate, VWR  role as stirrers and ion pumps. Each sample was placed on
Scientific No. 48366-22#Avere glued to each side of the hole the microscope stage several minutes prior to taking data in
using waterproof cemenPlumber's Goop, Eclectic Prod- order to allow the suspension to equilibrate, which is enough
ucts, Inc), forming a cavity of approximate dimensions 1.5 time for the particles to diffuse several characteristic inter-
X 1x0.12 cni. All glass parts were carefully cleaned prior particle distancep 2.
to assembly15]. A small hole was drilled into one of the For each sample, the position of the bottom cover slip was
cover slips in order to fill the cell. After the suspension wasdetermined using the “reflected light” mode of the micro-
introduced into the cavity via a pipetter, a small square ofscope. In this mode of operation, a bright flash is observed
glass cut from a No. 2 cover sliginc titanium, Corning No. when the focal plane coincides with the glass-water interface
2875-18 was fitted over the hole, and waterproof cementat the bottom cover slip. This position was defined to be the
was placed over the area. This formed a very tight seal witlzero position in the vertical, ar direction.
minimal contamination of the cell by the adhes[&]. We examined five different suspensions with number den-

In addition to any residual ionic impurities in the water sities varying from 2.310 % to 8.0x10 3 um 2. These
used for the suspension, the glass as well as the adh@sive number densities were calculated using the manufacturer
principle) can act as virtual leaks of iong@specially the supplied value for the volume fraction 2.70% and the known
drilled glass[17]). To remove these impurity ions, we in- dilutions used in preparing the samples. The data collected
serted mixed bed ion exchange ref8io-Rad AG 501-X8  from each of the sample cells consisted of a series of micros-
into the cells prior to filling. The resin occupied approxi- copy images taken with the objective placed at uniformly
mately 25% of the sample volumes, and was directly in conspaced intervaldz=1 um from z=10 um to z=90 um.
tact with the suspension. The ion exchange resin replaceSach image was formed over a time of 1/30 s, and the piezo
positive and negative ions in solution with"Hand OH driver required 1/30 s to move from omizdevel to the next.
ions, respectively, which combine to form water. Thus, weFor each data set, 25-50 suzlscans were performed. We
assert that the presence of the@did not interfere with the started atz=10 um to ensure that the presence of the wall
deionizing process. The ion exchange resin could movelid not influence the colloidal structure in the region of in-
freely through the sample volume, and thus, by rotating theerest, and we stopped at90 um because that was the
samples about an axis parallel to the 2.5-cm g@as ori-  maximum distance to which the piezo driver would reliably
ented horizontally, the resin was moved continuously move. To correct for refractive effects, the distance moved
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by the objective was multiplied by the refractive index of thethe images prior to analysis. Sometimes a Gaussian fit was
suspending mediurnfil.33 to obtain the corresponding dis- not performed, and the intensity weighted centroid was used
tance moved by the focal plane in the sample. Because the find the particles’ positions. These variations did not sig-
medium was density matched to the particles, sedimentationificantly affect our results.

was minimized, and the sample stayed approximately isotro- For each particle identified, the algorithm also gives a
pic over the data collection period, as verified by examiningseries of descriptive parameters about the particle such as the

the number of particles versasposition. brightness[23], the radius of gyratiorj24], and the peak
intensity[ 1, in Eq. (1)] as determined by the Gaussian(iit
C. Image analysis cases where the Gaussian fit was ysétsing these param-

In order to extract the RDF from the im ne m eters, one can make cuts on the data to eliminate spuriously
_ ' order o extract the K o € Images, one Muskyq yiified particles caused by fluctuations in the background
first identify which features in the images are particles, an

Intensity. These parameters can also be used to change the
gffective depth of field since particles become dimmer and

. d the dist betw ticles is | s focused the further they are from the focal plane. This
IS seen, and e distance between particies IS large comparg ility to change the effective depth of field is particularly
to the size of a particle. In the present work, where we.

. o L important for our observations, where we are not looking at a
looked at a bulk specimen, a combination of projection ef- P 9

e . . monolayer of particles, but at a finite slice of a three dimen-
fects and a surprisingly short-ranged interaction allowed par-

ticles to “overlap” in the images, which made our task more sional system.
difficult P ges, Once a series of coordinates representing the particles’

To overcome these difficulties. we used a modified Ver_positions have been found, it is straightforward to compute

sion of Crocker and Grier's algorithfii] to extract the par- the RDFg(r) using
ticles’ positions from the images. We needed to adapt their N(r)
method to allow greater flexibility in choosing various input g(r)= ————,
parameters, due to the fact that our particles were not as well n2arAr
separated as those in Crocker and Grier's samples. Specifi-
cally, whereas in the Crocker-Gri€iCG) algorithm, the whereN(r) is the number of particles in the neighborhood of
length scales for the background subtracfi@f], candidate a reference particle which are in a circular ring of inner and
particle selectioi21], and moment calculatiof22] were all  outer radii r—Ar/2 and r+Ar/2, respectively(averaged
the same, with our modifications we allowed different valuesover all possible reference particles and imagasdn is the
for each. The intensity profile of a particle is approximatelytwo-dimensional number density of particles averaged over
5—6 pixels in diameter, somewhat larger than the physica&ll images. To avoid boundary effects, we only use reference
diameter of 4.7 pixels. We chose a CG background subtragarticles that are at least a distamgg,, from the borders of
tion length scale somewhat larger than the particle diametethe images, where ., is the largest distance we want to
or 6—-10 pixels. The CG candidate particle selection lengttconsider, which in this work is 1@&m. In choosing the ap-
scale was chosen to be approximately the diameter of thpropriate bin widthAr, one has to compromise between two
particle, or 4-5 pixels, while the CG moment calculationcompeting factors. IfAr is too small, then there are few
length scale was chosen to be approximately the radius of thegarticles per bin and the statistics are poor. On the other
particle, or 3—4 pixels. hand, if Ar is too large, then significant smoothing ofr)
Another modification to the algorithm included the option occurs, and the discrete approximation given by @y will
of finding the particle position by fitting the intensity profile depart significantly from the underlying continuay(s). We

task is made easier by the fact that only one layer of particle

2

[(x,y) of the particle to a Gaussian of the form chose the smallest bin width that gave reasonably sized sta-
) 5 tistical errors, Ar=0.2—0.5um.
I(x y)zloex;{ B E(X_XO) B }(V_YO) & Note that this RDF is actually a two-dimensional, or pro-
' 2\ oy 2\ oy ’ jected, RDF because it was derived from data from a micro-

scope image, which only contains two-dimensional coordi-

instead of using the intensity weighted centroid as in thenates. The present experiment was originally designed to
Crocker-Grier method. When USing a Gaussian fit to find thQake advantage of tthcanning feature of the confocal mi-
center of the intensity profile of a particle, one may use aroscope to obtain fully three-dimensional information about
smaller region of the particle than with the intensity the particle positions. However, in order for this to be pos-
weighted centroid method. In the latter method, one muskiple, the particles needed to be far enough apart so that the
integrate over the entire intenSity prOﬁle, and, if another parBrownian movement in the 1/30-s time period between
ticle happens to be within the integration region, then thgevels was negligible compared to the typical pair separation.
calculated centroid will be biased toward the nearby particleas we will discuss later in this paper, the interaction range
Using a Gaussian fit, very good results are obtained by reyas much shorter than expected, so the above criterion was
StriCting the fit to a region well within the boundaries of the not Satisﬁed, and we had to resort to a two-dimensional
particle, thus reducing the biasing effect. Accordingly, theanalysis of the data.
Gaussian fit was performed over a circular region of radius
somewhat smaller than the particle radius, or 2—3 pixels.

There was some variation in how the images were ana-
lyzed. In some cases, no background subtraction was done, When the RDF is extracted from microscopy data, what is
and in other cases, a smoothing operation was performed arally being calculated is a “projected” RDF, since one is in

D. Dealing with projection effects
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FIG. 1. A schematic picture of two colloidal particles in an 0 b= { \ A \
observation volume of heiglht Other position variables are defined 0 2 4 6 8 10
in text.

r (um)

effect integrating over the depth of field. Using the projected FIG. 2. The projected RDF for the sample of density 8.0
RDF to extract information about the pairwise potential canx10 * um™2 (dot9, and the result when the unprojection algo-
lead to incorrect resultg8], so understanding how to prop- rithm described in the text is appli€dolid ling). Also shown is the
erly handle projection effects is very important. In Fig. 1, wefit to Eq.(9) (dashed ling as discussed later in the text. The sudden
see two particles within the observation region of depth oferratic behavior of the unprojected RDFrat 10 um is an artifact
field h, defined to be the maximum possible vertical centerOf the algorithm which occurs at the upper b_oundary of the data.
to-center distance between two particles which are simultal "€ values for the RDF far<1 xm are unphysical because in that
neously visible under the microscope. The distances betwedR9iON significant errors arise due to overlapping particles in the
the top of the observation volume and the centers of particle®§"39¢S:

1 and 2 are denoted ®j andz,, respectively. The distance )

between the particle centers as seen under the microscope is lim g™ (r)=g(r). (6)

r, while the actual distance igr2+ (z,—z,)?. Let us define e

the prpjected RD_I@D(r) such that the d_ensity of particles in Thus,
the microscope image an apparent distan@@vay from a o mineg(r). Note that in order to calcula(r) for r larger
particle is given byngy(r), wheren=ph is the projected han some arbitrary,, one only needsy,(r) for r=ry.
number density, and is the three-dimensional number den- 1,5 even if the data at smallare unreliable due to statis-

sity. Thush can be calculated ip is known. Let us assume jca| and image processing concerns, the unprojection algo-
that the particle distribution is uniform in thedirection, and  (ithm can still be used to calculatgr) at larger.

that the system is isotropic. It can then be shown that the " \ye have not proven analytically that the iteration scheme
relationship between the three-dimensional RG) and  \yorks, but we have found empirically that it works for hard

given an experimentally measuigg(r), one can de-

the projected RDFg,(r) is given by sphere distribution functions, and converges after 10—100
> rh iterations. Unfortunately, the method is a noise enhancer,
9p(r)= FL (h—x)g(\/rz—i—xz)dx. (3)  thatis, any noise ig,(r) will be enhanced in the calculated

g(r). However, even if the statistics in the calculagd)
are very poor, the method is still useful as a way of estimat-
This formula indicates thag,(r) is simply g(r) smoothed ing the size of the discrepancy betwegy{r) andg(r), and
overr values greater than or equal to the projected interparean therefore yield an estimate of the uncertainties due to
ticle distance of interest. This smoothing reduces the RDF'projection effects in RDF’s derived from microscopy data.
deviations from unity and softens any hard-core-like fea- Figure 2 shows the RDF from a sample of density 8.0
tures. Note that as the depth of field goes to zggg(r) X 10 % um™3, and the results after the unprojection algo-
approacheg(r), as it must for an isotropic systef5]. rithm [Egs. (3)—(6)] is applied to it forr=2 um. Values of
If the density of the system is not too large, then little g,(r) between data points were obtained by linear interpola-
information is lost due to particles overlapping in the field oftion, and we seg(r)=1 for r=10 um. The depth of field
view, and an inversion of Ed3) is possible using an itera- was estimated to be 2&m from the knowrp andn. In this
tive method. Given @,(r), define a sequenag”(r) as[26]  case, the only part ofi(r) that is significantly affected by
projection is the region wheigy(r) rises steeply to unity, and
g(o)(r)=gp(r), (4) even there the correction is small.
Another way to assess projection effects is to vary the
n effective depth of fieldh. As h approaches zero, the projected
g(”+1)(r):g(”)(r)+gp(r)—gg)(r), 5) RDF approaches the three dimensional RDF, and thus, by
computing the RDF as a function of effective depth of field,
where gg‘)(r) is the projected version of("(r) obtained one may determine if the finite depth of field is significantly
from Eq.(3), and we add the condition thatdf™(r)<0 for  affecting the measured RDF. In order to set an effective
anyr, then we seg(r)=0 at thatr. We hypothesize that depth of field, we must identify characteristics of the par-
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1.2 . : g g the parameters in the Gaussian fits more reproducible. To set
T e e e, the depth of field, one removes particles whose radius of
SISkt gyration does not fall within the range dictated by the cali-
bration curve. We used this method on some of our data, and
it did not significantly affect our final results. However, the
method did provide an independent valuehadnd hencep,
which could be compared to the value pfcalculated from
the starting volume fraction and known dilution. The values
agreed very well(within 10-309%, which increased our
confidence in the methodology, and indicated that the par-
ticles were well dispersed in the samples. Using the radius of
gyration instead of the brightness to set the effective depth of
field has the advantage of not depending as strongly on the
L L L level of fluorescence doping in the particles, which could
0 2 4 6 8 10 conceivably vary from particle to particle.

r (um)

Ill. RESULTS AND ANALYSIS
FIG. 3. The RDF for the sample of densify=7.5x10 3

wm~3, with the particles thresholded at different brightness levels We assume that the particles in our samples obey the
to achieve effective depths of fielahfp) of 1.3 um (dotted ling, repulsive part of the DLVO potential given 3]
1.7 um (dashed ling and 2.6um (solid line).

gka 2 e Kr

1+ ka

UpLvo(r)  _,

ticles that are sensitive to theiposition. We found that the kT ls
particle brightness and radius of gyration are the two param-

eters that depend most strongly on the distance of the particlgherer is the center to center distance between two spherical
from the focal plane. The variation of these parameters witheolloidal particles with effective charge numbgand radius

respect to position is approximately symmetric about the fog, the Bjerrum lengtH g =e?/(4eekT)~0.7 nm in water
cal plane, and therefore one cannot determine the absoluteiand p,0) at 23°C, and

position of a colloidal particle because of this ambiguity.
However, one can use these parameters to set the depth of
field by making appropriate cuts.

Figure 3 shows the projected RDF for the sample of den-
sity p=7.5x10"2 um~3, for three different effective depths where the sum runs over all ionic species of valencgnd
of field. By removing less bright particles from consider- concentratiorc; . The Debye screening lengity =1/« is a
ation, which were farther from the plane of focus, we measure of the range of the interaction. For pure water,
changed the effective depth of field, which was calculatedvhere the only ionic content is due to autodissociatiog,
using h=n/p. This technique seemed to work well for ~=1.0 um at 23°C, while for pure BO, \p=1.7 um at
=2 um, but when we tried to select only the brightest par-23 °C[27], so for a mixture of pure D and B,O, we ex-
ticles and hence have the smallest possible depth of fielflectA\p=1 pum at 23°C. In order to have a long-ranged
then the RDF was not properly normalized, i.e., it did notinteraction, the ionic content of the suspension must be as
approach unity as became large. We found that this was low as possible, which was the motivation behind having the
because the particles were slightly brighter in one region ofon exchange resin in such close proximity to the colloidal
the images, so that when the intensity threshold was set togarticles. An attractive van der Waals interaction is also
high, only the particles in that small section of the imagespresent, but at surface-to-surface distances greater than a few
were selected. However, the calculation of the RDF assumedanometers is completely dominated by the repulsive elec-
that the particles were uniformly distributed, which meanttrostatic component given by E(), and is thus neglected.
that the number density used in the calculation was tod he temperature of the samples varied from 21.4 to 24.6 °C,
small. As seen from Ed2), using too small a density causes with an average of 23°C over the course of three days of
the calculated RDF to increase from its true value. Thusdata collection, which reflects the variation in temperature of
making sure that the RDF has the proper normalization is #he surrounding air, since the samples were not temperature
crucial step in determining whether there is any spatial biagontrolled.
in the data. The DLVO potential given by Eq(7) was derived using

Another approach that we found useful in reducing theapproximations valid only for low surface potential, or
effective depth of field was to accept only those particlesequivalently, small particle charge. However, Alexander
whose radius of gyration was within a certain range. By cali-al. [28] showed that even when the particles are highly
brating against a collection of particles fortuitously adheredcharged, Eq(7) can still be used with a renormalized charge
to the bottom cover slip in one of our samples, we were ablén place of the “bare” chargéthe number of ionizable sur-
to correlate the radius of gyratiqusing the Gaussian fitting face groups This approach has been shown to be valid by
method to the distance of the particle from the focal plane.observations of the freezing transition in colloid29] as
When doing this, it is crucial to first smooth the images bywell as by electrophoresis measuremeff$ If the bare
averaging the intensities over ax® neighborhood around charge is used in Ed7), then the results are inconsistent
each pixel. This reduces the noise in the images, and makegth experiment9]. Similarly, if one assumes that the sur-

: ()

r

K?=4mlg>, 7%, (8)
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face is only partially ionized, and uses the condition of & T T T

chemical equilibrium of dissociable surface groups to calcu-

late the charge, then that too conflicts with experiniénit H T
l\I\{

According to charge renormalization theory, for particles
with a large number of ionizable surface groups, the effective ///
charge Z that should be used in Ed7) is given by Z 3 x e E—F g

a

=Callg, wherea is the radius of the particle, and is a -

constant between 4 and 1Q,2,9. The exact value ofC oo b

depends on the number of colloidal particles and ions o FIE3F AE JPNE P S .
[

-

present, but for the present work, a precise knowledgeisf
not needed, and the above estimateGawill suffice. For the

particles used in this work, this giv&s=3000-7000, and we 1
will adopt the intermediate valug=5000. Since the renor-
malized charge is smaller than both the bare charge and th 0 d . . .

charge obtained using chemical equilibrium methi@swe
feel thatZ=5000 is a lower limit for the charge that should 0 1 2 3 4
be used in Eq(7). r (um)

The_ RDF of a fluid mteractlng. via a strongly repuISIye FIG. 4. RDF’s for samples of number densits) 2.4x10 4
E;)éjantlalu(r) can be well approximated by the eXpression ; -3 (h) 7.3x 104 um3, (c) 2.5x10°3 um3, and (d) 7.5

(4]

X102 um~3. Each graph is offset by successive increments of
3\ U(r)IKT unity for clarity. The number of images used to create these plots
9(r)~Yus(r/oef,poey) @ : (9 was(a) 3969, (b) 3010, (c) 3050, and(d) 310.

whereyus(r/oe,poy) is the RDF of a hard sphere fluid ~ As seen in Fig. 4, all the projected RDF'’s rise rapidly
consisting of particles of diametet.; and number density, ~ from zero to unity with no oscillatory structure, and there is
which has been extended to the regiofio. in a math-  NO change in the RDF’s over a factor of 30 in density, which
ematically consistent way. There is no exact closed fornindicate that the samples are in the dilute limit. We applied
expression fory,s, but since our samples are at such low the unprojection algorithm of Sec. Il D to these RDF’s, and

density, we may approximatg,s by [31] then fit the unprojected RDF's to E() by eye[evaluated
using Egs.(7) and (10)—(12)], where the steep rise from
3\~ 3 g(r)=0 tog(r)=1 was considered the most important fea-
Vit et poen) =1+ pen Galr e, - ture. The RDF's were altered by the unprojection algorithm
whereg,(r) is given by in a way qualitatively similar to the results in Fig. 2. Sirnce
was fixed at 5006 2000, this was a single parameter fit for
gu(r)=m(r312—r+4/3), r<2 Ap Which yielded Debye lengths of 0.30.03, 0.11

+0.02, 0.110.02, and 0.120.02 um in order of increas-
ing density. The uncertainties iy are mostly due to the
] ) o ] uncertainty inZ. If projection effects had not been taken into
The effective diameteo is given to first order by the  account, the calculated Debye length would have been 0.02—
expressior{32] 0.03 um smaller.
The Debye length is a useful parameter in describing the
P fw(l_e—u(r)/kT)dr (12) range of the interaction, but what do we do if the interaction
eff ' potential is not of the DLVO form as appears to be the case
for highly confined colloidal suspensiof,5,6]? Sinceg(r)
with higher-order terms adding corrections of less than 1%ypically rises rapidly from 0 to 1, we might define a phe-
for pa2s=0.5 (which is true for all of our sampl¢sFor a  nomenological interaction range by the distamcat which
system of particles in the liquid state interacting via ad(r) =g, whereg is between 0 and 1. It is somewhat arbi-
strongly repulsive potential such as the DLVO poterftizd.  trary what we choose fog, with g=1/e or §=0.5 being
(7)], atr~ o4 the RDF begins to depart significantly from “‘natural” choices. However, as is shown in the Appendix,
zero, making this a useful parameter when describing thér exponentially decaying potentialsuch as DLVO, the
range of an interaction. effective diameteroo; given by Eq.(12) can be approxi-
Figure 4 shows the projected RDF'’s for four samples ofmated quite well byU(oex)/kT=€" Y~0.56, where y
densities 2.4 1074, 7.3x10°%, 2.5x10° 3, and 7.5¢<10°3 ~0.5772 is Euler’s constant. In the dilute limit, this leads to
wm~3, computed using the previously described techniquesy(o.4) =€ ¢ '~0.57. It is very appealing to have our phe-
with effective depths of field of 2.6, 2.7, 2.6, and Zu™,  nomenological interaction range coincide with the effective
respectively. Adjusting the depth of field using either inten-diameter of Eq.(12) for DLVO-type potentials, so we will
sity or radius of gyration cuts as described in Sec. Il D didchooseB=0.57, and call the so-defined length scalg;.
not significantly affect our final results. These results alsowe feel that a length scale defined in this way is a useful
did not depend on the distance from the nearest ion exchangghenomenological parameter because it requires no knowl-
resin beads, which was varied from approximately 200 tcedge of the interaction potential, and can be derived directly
3000 pm. from the experimental RDF’s. This will make it easier to

-0, r>2. (11
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TABLE I. Projection-corrected effective diametefusing  experiments were performed to determine how extensively
9(oer) =0.57] and Debye length as a function of the age of thewater could be purified. Since ionic content is approximately
sample, which is tr_le time between the construction of the 5amp|€)roportional to the conductivity of the soluti¢84], we used
cell and the collection of data. conductivity (or equivalently, resistivityas our measure of
water purity.pH is not an adequate purity measure, because,

Age(days  oen(wm) Mo (um)  Density wm™)  for instance, the addition of NaCl will not affect theH.
5_6 1.9-0.2 0.14+0.03 241074 When water was drawn from a recirculating ion exchange
5-6 1701 0.11-0.02 731074 column(Barnstead Nanopuyethe column indicated that the
5.6 167003  0.110.02 2 5¢10°3 resistivity was 18 M) cm, which is the resistivity of pure
9-10 1.76-:0.03  0.110.02 75¢10°3 water at 25 °C. However, when we filled a well cleaned plas-
16-17 234002 0.20-002 8.0 103 tic bottle with water from the column, transferred a small
~160 1703 0.11+0.04 2 5¢10°3 amount to a glass vigaheight, 5 cm, diameter, 2 gmand
~160 1802 0.12-0.03 75¢10°2 then measured the ac conductivity at 200 Hz with an ac

bridge [35], the result always lay between 0.7 and 1.5
MQ cm. The measurement was performed repeatedly with
compare the results of different workers’ colloidal experi-fresh water in order to rinse off any residual ionic impurities

ments. on the vial or conductivity probe, and the plateau value is the
For the data in Fig. 4, the projection-corrected effectivequoted resistivity.
diameters [using g(oe) =0.57] are 1.90.2, 1.7:0.1, What can be causing the discrepancy between the column

1.67+0.03, and 1.7& 0.03 um, in order of increasing den- reading of 18 M)cm and the measured value ofl
sity. We found that the effective diameters derived from pro-M{) cm? Workers have expressed concern about contamina-
jected RDF’s were 0.1-0.2m shorter than the projection- tion by atmospheric C© which forms carbonic acid
corrected effective diameters. For the uncertaintiesdp,  (H.CO;) in water[2,3,36. In fact, when water is in equilib-
we used the statistical uncertainties in the effective diameterdum with atmospheric C§ the resistivity is predicted to be
derived from the projected RDF'’s. ~1 MQcm (pH 5.6) at 23°C based on Henry’s law con-
Referring back to Fig. 2, we see the projected RDF for thestant for CQ in water and the dissociation constant for car-
sample of density 80102 um™2, which was constructed bonic acid[37]. So it might be concluded that atmospheric
approximately one week earlier than the samples whos€0, was contaminating the water immediately upon leaving
RDFs are shown in Fig. 4. In the same way as before, théhe column, since the resistivity was measuretl5 min af-
unprojected RDF was fit to Eq9) by eye[evaluated using ter taking it from the columr{38]. To test this idea, we
Egs.(7) and (10)—(12)], and the results are shown in Fig. 2. constructed an ion exchange column consisting of a polypro-
The projection-corrected Debye length is 2002 um,  pylene tube(diameter, 1.5 cm; height, 12 cm; Bio-Rad No.
while the projection-corrected effective diamefgiven by  732-1010 filled with mixed bed ion exchange resin, and
g(oe) =0.57] is 2.34-0.02 um, where the uncertainty was fitted with a stopcock at the bottom to control the flow. This
obtained in the same way as described above. Note the smalblumn, along with a sample of water from the Barnstead
but significant overshoot of unity at~o., which is not column, were placed in a glove chambefRIModel X-27-
present in the RDF’s of Fig. 4. The height of the peak in the27) which was evacuated and then filled with argon. This
calculatedg(r) is consistent with the data. Even at this high evacuation-filling cycle was repeated several times to com-
density and large effective diameter, however, there is stilpletely flush the air from the glove chamber. Fresh water was
very little liquid structure, which is characterized by oscilla- then run through the column repeatedly under the argon at-
tions ing(r), so this system is still close to the dilute limit. mosphere, and the resistivity reached a plateau at 4.5
The longer interaction range in this older sample suggest¥{2 cm. The water was left in the glass vial after the final
that the ionic strength in this sample was lower than in theneasurement, and the glove chamber was opened to air. The
other samples, which had Debye lengths of approximatelyesistivity subsequently decreased, reaching a final value
0.11-0.14um. One might conclude that we had not given psing= 0.7 MQ cm after approximately 40—-50 h. At interme-
the ion exchange resin enough time to deionize the sampledjate times, Idg,o— 1/p decreased approximately exponen-
because of the apparent decrease in ionic strength over timially with a characteristic time of 6—-8 h. After 30 min, the
To further investigate this, we looked at the sample cells ofesistivity was 2.8 M) cm, so the absorption of GOnto the
densities 2.5 10 ° and 7.5¢10 % um™3, five months after water appears to be very slow under these condit{dria-
the initial data were takefi33]. The suspensions appeared deed the drop in resistivity is due to GO
the same as they had five months earlier, and very little floc- Since we were still unsure as to exactly what ionic impu-
culation had occurred. Unfortunately, the sample of densityities were causing the resistivity drop, and the water ap-
8.0x 10 2 um 2 had evaporated over the five month period, peared to be pure while it was in the Barnstead column, we
and could thus not be examined. The results for thelecided to put the ion exchange resin directly into the cell to
projection-corrected Debye lengths and effective diametersimulate the chemical environment in the column. We assert
for these and the earlier samples are summarized in Table that the purity achieved in our sample cells was at least as
Since no general trend toward larger interaction ranges wagood as that achieved under the argon atmosphere with our
observed over time, we conclude that the samples had in faconstructed ion exchange column. The resin in the sample
been fully deionized at the time of the original data collec-cells should have removed any carbonic acid, and we have
tion. already shown that absorption of atmospheric,@Oa very
Before the present research was undertaken, preliminarglow process even under conditions where much surface area
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is exposed, so the process should have been even slower 140
our samples which were well sealed. If the ionic impurities

were in fact due to carbonic acid, then a resistivitypef 5 120
M€ cm would correspond to a Debye length of 04 at
23°C (d\p/dp=0.04 um/MQ cm). If the ionic impurities 100

were due to NaClwhich typifies lightweight ionic impuri-
ties), then a resistivity of 5 Ml cm would correspond to a  J
Debye length of 0.27um at 23°C @\p/dp=0.03 Z 60
um/MQ cm) [39]. These results indicate that the Debye
lengths in our samples should have been significantly largel 49
than the measured values of 0.11-0.20.

Despite the presence of the ion exchange resin, a signifi 20
cant counterion density due to dissociation from the glass
walls and colloidal particles could reduce the Debye screen- 0
ing length below the upper limit of 1 um. To simplify the 0 10 20 30 40 50 60 70 80
problem, we will do the calculation for pure,B. Let us z (um)
aersume that the ioln exchange resin removes ions _u_ntil pnly FIG. 5. The number of particleN(z) observed at a distance
H™ and OH remain, and that the+eqU|I|b_r|um condlt_|ci21 IS from the bottom cover slipdoty, and the best-fit exponential
that for pure water at 23°C, dH" ]J[OH ]=0.9X 10 N(z) =169 e 2175#M (line) for z=7 pm.
mol? L2 [27]. If the particle number density is 8QL0 3
um~ 3, then, after imposing charge neutrality, and taking intoxlO’
account the geometry of our sample cell, we obtain that th?lvhich
Debye length is approximately 0/8m if the charge density
on the glass surfaces is 0d@8n? and 0.9um if the charge
density is 0.008/nn?. The latter charge density is the value
Kayser quoted when he analyzed the wetting of a glass su
face by watef{40]. These calculated Debye lengths will in-
crease if the DO in the sample cells is taken into account, or
if a smaller particle number density is used. Therefore, th
contribution of counterions from the glass surfaces and th
particles also cannot explain the short Debye lengths.

80

5> mol/L, corresponding to a concentration of NaCl for
Muramotoet al. and Itoet al. saw their condensation
effect. No ion exchange resin was present in the sample cell.
Figure 5 shows the number of particld$z) as a function of
distance from the bottom cover slip, which was obtained by
Bveraging together the results of 25 independent scans
through the sample. Note thi{(z) is actually the number of
articles in the region between- h/2 andz+h/2, whereh is
he depth of field. If the number density of particles decays
%xponentially with distance from the bottom cover slip, then
N(z) will decay exponentially as well, with the same char-
acteristic length scale. At=0, half of the field of view is
below the glass plate, where there are no particles\ ()
IV. DISCUSSION initially increases withz as more of the field of view enters
A. Could the presence of the glass wall have an effect the sample volume. Thud(z) should reach a maximum at
on the results? z~h/2, whereh is the depth of field, and then decay expo-
nentially with a scale height given byk3/(47aApg),

.Some recent papers by Muramaibal. and ltoet _al.[lo] whereAp is the difference in density between the particles
raised the concern that the bottom glass cover slip may havgnd the suspending medium. The number of particles

influenced the structure of the suspension, even if the cover . . N :
slip was 100—1000 Debye lengths from the region where Wéeached a maximum at/sm Instead Oh/2~1'5'“m’ which
. > S SY could be due to electrostatic repulsion from the wall. The
took data. In their work, they studied the distribution of col- lid line in Fia. 5 sh he best fi ial for th
loidal particles near a naturally charged glass plate. TheyO'c IN€ INFIQ. shpv;]/s t. e bestfit tlo ar? gxrﬁ)onfentla orthe
=
found that approximately fum from the glass plate, the eralor;grrgs 'Lf)r:mxv 'f[:o glveasrts:lscgeensi'?lgo; cl)eﬁg)olz
particle density was about a factor of 2 or 3 higher than in’ulcr’ng Thispis in good a ?eement with )t/he vaiue 'of 105
the bulk, and the density decreased very slowly with distancd mo,' 9 ag . '
from the plate, assuming the bulk value aroundus@ from g/cnr' quoted by Polysciences. Since we saw the expected

) . . xponential decay in particle density, with no evidence of
the plate. What is very unexpected about this result is Fha‘?l Ea—long-range s)t/ructSre we conclu)ée that the phenomenon
they see the same phenomenon regardless of the density %F ing in M ’I d1 % K
the suspending mediufianging from 1.00 to 1.06 g/ci: occurring in Muramotcet al. and Itoet al's work was not

! . : ey ' ' resent in our samples, and we assert that the glass cover slip
and it persists even in the presence of high levels of addegid not affect the bulk structure
salt, up to NaCl concentrations of about fOmol/L. This '
NaCl concentration would correspond to a Debye length of

0.03m, which should completely screen out interactions on B. Comparison of results to the literature

length scales greater than about Quén. That significant Our results are surprising, as given our careful sample
structure was seen out to 50m suggests that some ultra- preparation and the direct presence of the ion exchange resin,
long-ranged interaction is present. we expected to have an ionic strength approaching that of a

In order to see if this effect was present in our samplechemically pure environment, which would have led to an
cells, we made a cell according to the same protocol deinteraction range much larger than we observed. In fact, for
scribed in Sec. Il A, except the suspending medium was @articles of diameter lum suspended in pure J, o
solution of deionized KO and KCI of concentration 4 =~8 um (A\p=1.0 um), while for pure DO, gg~13 um
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TABLE II. A summary of interaction measurements in aqueous colloidal suspensions of low ionicity. It includes bulk visualization
experiments where microscopy was used to directly image the particles in the bulk, confined visualization experiments in which the particles
were directly imaged in a confined geometry, and scattering experiments. In bulk experiments and confined experiments, the number density
is given in units ofum™2 and um™2, respectively. A question mark in the table indicates that the information could not be obtained from
the reference. Since the confined experiments gave results that could not be explained with DLVO theory, such as attractive interactions, no
attempts were made to extract the DLVO paramefeand \, and hence that part of the table is left blank. The effective diameter was
calculated, when possible, using the approximati¢a.) =0.57, or in some cases, usitlf o)/ kT=0.56.

Directly measured parameters DLVO parameters
Diameter Number densfy Oeff b
Experiment type m) (um~3 or um?) (um) (um) Zigla Ref.
Bulk visualizatio®t 0.979 (0.24-8.0)x10°3 1.7-2.3 0.11-0.20 7 Present work
(low density 0.652 0 2.9 0.272 3 [3]
0.97 0 3.4 0.268 20 [3]
0.97 0 ? 0.10€:0.010 ? [3]
1.53 0 4.2 0.289 A [3]
0.65 0 1.6 0.16x20.010 4 [2]
0.996 0 3.3 0.3220.030 7 [1]
0.770 ? 1.6 0.48 0.35! [4]
Confined visualizatich 1.27 (5.8-24)< 103 1.4-35 [5]
(low density 0.5 0.092-0.26 0.5-0.6 (6]
0.97 0 1.5-1.8 [3]
1.53 0 2.4 [3]
Bulk scattering 0.080 1.8 0.38 9 [11]
(high density 0.091 3.4 =0.15 ? [7]

@A zero in this column indicates that although a value for the number density is not given in the reference, we believe that the researchers
were working at effectively infinite dilution.

bIn Refs.[1-3], pairs of particles were positioned close to each other using optical tweezers, and then released. By tracking the particles’
motion, these workers were able to solve the master equation for the equilibrium RDF. The RDF was then inverted to yield the interaction
potential, which was then fit to DLVO theof¥q. (7)] with Z and\ as adjustable parameters. In Ref], the RDF was computed using

digital microscopy methods similar to those in the present work, and the resulting interaction potential was fit to DLVO theory in the same
way as described above.

CAfter fitting the interaction potential to DLVO theoffEq. (7)], the resulting particle charges were 2—3 times larger than would be expected

by charge renormalization theory. If one fix4o be more in line with charge renormalization theoBl{/a~7), and allows only\j to

vary, then the resulting values far, for these entries would be 0.32—0.28n, but the fit is poor.

9In Ref.[4], a small amount of NaCl (03510~ ® mol/L) was added to one of the suspensions. The measured Debye length is in agreement
with the expected Debye length calculated from the NaCl concentration. In fact, their Debye length is greater than all other results in the
table, for which the workers attempted to deionize their samiplestu. However, their best fit value faZ is much lower than charge
renormalization theory predicts. If one s&tg /a=7, and allows\  to vary, then one obtainsy~0.13 um, but the resulting potential fits

the data very poorly. We suspect that their data suffers from projection effects, so unprojecting their data would cause a steepening of the
RDF atr= o4, which would lead to higheZ and lower\ .

In Ref. [3], the experiment was performed as described in footnote b. In R&f, the RDF was obtained using digital microscopy
methods similar to those in the present work.

fin Ref.[11], the structure factoB(q) of the suspension was determined via light scattering, which was fit to DLVO tfiEary7)] using

charge renormalization theory and the rescaled mean spherical approximation using no adjustable paramet¢id, thdR&fspension had
solidified, and we calculated a lower limit to the Debye length using charge renormalization theory and a phase diagram for colloidal systems
[41].

9Even though the suspension in REf1] was strongly deionized, the high number density of particles led to a large counterion density,
which reduced the maximum screening length significantly below that of pure water. The valygdven here is in good agreement with

the maximum screening length calculated using the counterion density.

(A\p=1.7 um). Even if we relax our standards for purity to our results in context, in Table Il we summarize the results of

that of water with resistivity 5 Mcm, which can be experiments performed under similar conditions, i.e., aque-
achieved in the bulksee Sec. I, we should have had,; ©us medium, charged polymer spheres, and low ionicity. All
=3 um (A\p=0.27 um). In recent years, there have beenof the systems shown in the table are at very low number
many experiments on interactions in colloidal systems usinglensity except for those used in the scattering experiments.
direct visualization methodgl—6] as in the present work, ~ The bulk visualization experimenfd—4] are most like

and also using scattering techniqué&sl1]. In order to put the present work. These experiments were done far from
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confining walls, and with the exception of Rd#], these + «2. Thus, their theory predicts that the colloidal particles
workers attempted to deioniz@ situ by placing ion ex- themselves contribute to the electrostatic screening, and not
change resin in the sample cell, but not in close proximityjust the ions. This is an intriguing concept, as such an effect
(=5 mm) to the region where data were taken. These excould explain our observed short-ranged interaction. Unfor-
periments yielded Debye lengths ranging from 0.10 to 0.42unately, quantitative comparison with their theory is impos-
wm. However, the Debye length of 0.4dn obtained in Ref.  sible, as they wrotéJ(r) as a series expansion containing
[4] is hard to understand, as explained in footnote d in Tabldirst and second order terms, and the second order term is
[I. Our results for the Debye length fall in the low end of this 4—5 orders of magnitude larger than the first order term for
range. Our effective diameters also fall well below the valuesour experimental conditiongnd for all other workers’ ex-

of 3.3 and 3.4um reported for suspensions in which the periments performed thus far at finite dilutjoiThis strongly
particles had a diameter approximately equal to that in theuggests that experiments up to now at finite dilution are
present work,~1 um. This is surprising, since we regard outside the range of applicability of their series solufida].

our sample preparation to be at least as good if not bettdt would be interesting to see if including a third order term

than that of other workers. could make a comparison with our experiment possible.
The results on confined suspensidBss,6] are less rel-
evant to the present work, but are still of some interest. V. CONCLUSIONS

These experiments showed that when the height of the h d . | | d d
sample cell is less than a few particle diameters, the particles V}/e. aveh Presenf expe(r;mgnta d protocols an g.t?
experience an attractive interaction not accounted for irijlnaySIS techniques that were designed to overcome two dif-

DLVO theory. The depth of the attractive well is of the order iculties affecting workers who use direct visualization meth-
of (0.1-1KT ' and occurs much too far away from the par- ods in colloidal studies: how to maintain a very low ionicity
ticle to be due to a van der Waals interaction. If we ignoreln the surrounding medium, and how to systematically

the attractive well, and calculate an effective diameter usin@andle projection effects. We applied these tech_nlques to a
g(oor)=0.57, then Table Il shows that the interaction range eries of colloidal suspensions of polystyrene microspheres

(oe) varies significantly among the experiments. Using the" @ H0/D,0 mixture. We found that the interactions be-

concept of an effective diameter instead of the Debye IengtﬁWeen the particles were surprisingly short ranged, with

to describe the interaction range is especially important iffrojection-corrected gffec'uve cﬁameters .Of L7438 (\p
this case because the DLVO potential does not seem to apply 0-+1~0-20um). This interaction range is very short com-
to highly confined suspensions. These workers had ion exP@réd to the theoretical upper limit ofe~8 um (A\p~1
change resin in their samples, but due to geometrical cor™) for micron sized particles, and compared to the value
straints, the ion exchange resin was far aways(mm) from ~ er=3 #m (Ap=0.27 um) in water of resistivity 5
the region of data collection. The range of the interaction ifM{} cm, which we could prepare in the bulk, and felt that we
confined systems appears to be somewhat smaller than in tg@uld attain in our sample cells. If we had not corrected for

bulk, perhaps due to the larger role that counterions play in Rrojection effectsge andAp would have been smaller by
smaller sample volume. 0.1-0.2 and 0.02-0.0@8m, respectively.

Finally, for completeness, the results of two representa- e are satisfied with our sample preparation and our han-
tive scattering experimen{d,11] are also present in Table dling of projection effects, but are puzzled by our results.
II. In order to obtain a strong scattering signal that is notOUr experiment is unique among the literature cited in Table
complicated by the individual particle structure, scattering!l: In that we had ion exchange resin in the sample cell in
experiments typically involve very dense suspensions offirect contact with the suspension, which we felt should_ have
small particles §<50 nm). Since one is in the high density led to screening Iengths at least as long as those qbtf':uned by
regime, it is difficult to obtain information about the pairwise Other workers who did not have ion exchange resin in such
interactions. In addition, the large number of particles lead§!0S€ proximity to the data collection region. Our measured
to a significant counterion density, which reduces the maxiSCreening lengths were aiso far shorter than what we feel we
mum Debye length from its value in pure water-efl xm. have achieved using bulk purification methddee Sec. Il,
Therefore, obtaining a Debye length significantly smallerdd we believe that the presence of ion exchange resin di-
than 1xm in such experiments would not be at all surpris- rectly in the sample cell should have yielded better results
ing. In fact, the value shown in the table fap, from Ref. than the bulk cleaning methods. Furthermore, our results
[11] is in ,good agreement with the maximum possibleVer® the same regardless of the distance from the ion ex-

screening length calculated from the counterion density. ~change resin, and no collective motion of the colloidal par-
ticles was observed, which argues against large ion gradients

in the sample.

Other researchers have also fallen far short of the maxi-

Netz and Orland recently presented a new theory of colmum possible Debye length in spite of extensive cleaning
loidal interactions using field theory techniques, which goesroceduregsee Table I). This, coupled with the large varia-
beyond DLVO theory by including non-mean-field effects tion in the Debye lengths between different experiments,
such as fluctuations and multibody correlatidi®]. For  suggests that work needs to be done in finding the source of
large particle separations, their expression for the interpamthe impurities in the surrounding medium that is causing the
ticle potential has the forn(r)~e™"No"/r, wherexyo is  greater than expected screening. Arguments that airborne
given by Eq.(8), except that the sum now includes the col- CO, is a significant source of ions are not compelling, as
loidal particles in addition to the ions, i.e<§024wl sZ%p discussed in Sec. lll. Before these questions are answered,

C. Colloidal particle screening
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efforts to understand even more complicated phenomenahere y=~0.5772 is Euler's constant. Settingb(r)
such as confinement induced attractions will be hampered.=U(r)/kT, and integrating Eq(12) by parts, we obtain
The difficulties in preparing ultrapure watesee Sec. I,
as well as the concern expressed above, lead us to believe
that water is not the best suspending medium for experiments
requiring long screening lengths. Perhaps a better medium
can be found that is nondissocialflslike watey, in order to
minimize the ionic concentration. This medium would also hanging the integration variable to=®(r), and assertin
have to be polar so that the surface groups on the particlet atq)g(ogwoo we gbtain ’ 9
would dissociate. Such a system might have fewer experi- '
mental complications than an aqueous system.

aeﬁz—f rd’(rye”®Mdr. (A1)
0
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APPENDIX

Here we will show that the effective diametegs given
by Eq. (12) can be approximated byJ(oex)/kT=€e"?,

[1] J. C. Crocker and D. G. Grier, J. Colloid Interface SKtr9,
298 (1996.

[15] The glass parts used in constructing the sample cell were
cleaned by sonication at 50—-60 °C for 15—30 min in a solution
[2] J. C. Crocker and D. G. Grier, Phys. Rev. L&®, 352(1994. of Pex(Peck’s Products Cpand distilled watefthree times in
[3]J. C. Crocker and D. G. Grier, Phys. Rev. Letf, 1897 fresh solutiong followed by distilled waterthree time§, ac-
(1996. etone(one timg, methanol(three timey distilled water(three
[4] K. Vondermassen, J. Bongers, A. Mueller, and H. Versmold, times, and finally deionized watgftwo times.
Langmuir10, 1351(1994. [16] We inserted partial Teflon rings into some of the cells, but this
[5] G. M. Kepler and S. Fraden, Phys. Rev. L&, 356(1994. provided no experimental advantage.
[6] M. D. Carbajal-Tinoco, F. Castro-Romaand J. L. Arauz- [17] John Crockefpersonal communication
Lara, Phys. Rev. B3, 3745(1996. [18] In previous work where we used a phase contrast microscope
[7]1 T. Palberg, W. Hel, U. Wittig, H. Versmold, M. Wuth, and [R. V. Durand and C. Franck, Phys. Rev5E, 1998(1997],

E. Simnacher, J. Phys. Chef®6, 8180(1992.
[8] K. S. Rao and R. Rajagopalan, Phys. Re\6&3227(1998.

the depth of field was approximately 1dn, compared to 2—3
um for the present work.

[9] T. Palberg, W. Mach, F. Bitzer, R. Piazza, and T. Bellini, [19] Leica DMIRB with a Noran Instruments OZ confocal attach-

Phys. Rev. Lett74, 4555(1995.

[10] T. Muramoto, K. Ito, and H. Kitano, J. Am. Chem. Sdd.9,
3592 (1997); K. Ito, T. Muramoto, and H. Kitanoibid. 117,
5005(1995.

[11] W. Hatl, H. Versmold, and U. Wittig, LangmuiB, 2885
(1992.

[12] R. R. Netz and H. Orland, Europhys. Letf, 726 (1999.
[13] E. J. W. Verwey and J. Th. G. Overbeekheory of the Sta-
bility of Lyophobic ColloidgElsevier, New York, 1948

[14] Polysciences technical support.

ment.

[20] The background intensity at a given point was estimated by

averaging the intensities of the pixels within a circle of radius
equal to the CG background subtraction length scale. This lo-
cal background intensity was subtracted from the original im-
age.

[21] If a given pixel has the brightest intensity in a circular region

around that pixel, then the pixel is called a candidate particle.
By looking in more detail at the intensity profile around each
candidate particle, spurious particle identifications can be



PRE 61

[27] lonization constants for 0 and DO were obtained from

eliminated. The CG candidate particle length scale is the radius
of the circular region used to determine the candidate particles.

ments were calculated for the intensity profile of each particle

SURPRISINGLY SHORT-RANGED INTERACTIONS IN . ..

6933

Axiovert 10 inverted microscope equipped with a Bio-Rad

MRC600 confocal attachment.

[22] The intensity weighted zeroth, first, and second position mo{34] S. H. Maron and C. F. Pruttofrinciples of Physical Chem-

istry, 4th ed.(Macmillan, New York, 1968 Chap. 11.

using a circular region. The radius of this region is the CG[35] We used an immersion conductivity probe with platinum elec-

moment calculation length scale.

trodes(Yellow Springs Instrument Company, No. 3403

[23] The brightnesgzeroth momentis the sum of pixel intensities [36] T. Palberg and M. Widh, Phys. Rev. Lett72, 786 (1994.

of the particle over a circular region equal to the CG moment[37] Henry’'s law and dissociation constants were obtained from H.

calculation length scale.

[24] When using the moment calculation method, the radius of gy-

ration is defined to be/(x?),+(y?),, where( ), indicates the
intensity weighted average in the coordinate system defined by

S. Harned and R. Davis, J. Am. Chem. S66, 2030(1943.

In using their results, we have set the activity coefficients for
H* and HCQ~ equal to unity, which is a valid assumption
due to the very low concentrations of these ions.

the principal axes of the particle. When using a Gaussian fit[38] One possible reason for the discrepancy between the resistivity

the radius of gyration is defined to b@?ﬁr 0'y2, whereo, and
oy are the characteristic lengths of the Gaussian profile in the
x andy directions, respectiveljsee Eq(1)].

[25] Ironically, however, havingh=0 would be too much of a

good thing, because in that case, no particles would be seen,
and thus no RDF could be computed. So a finite depth of field
is always needed in colloidal microscopy.

scheme g™ I(r)=g™(r) + a[gy(r)—g{(r)]. We have

found thata=1 works fine for our purposes, but it is possible
that smaller values could lead to better convergence properties
in other cases.

CRC Handbook of Chemistry and Physig8th ed., edited by
D. R. Lide (CRC Press, New York, 1999p. 8-85.

[28] S. Alexander, P. M. Chaikin, P. Grant, G. J. Morales, and P.

Pincus, J. Chem. Phy80, 5776(1984).

[29] Y. Monovoukas and A. P. Gast, J. Colloid Interface 948

533(1989.

[30] J. D. Weeks, D. Chandler, and H. C. Andersen, J. Chem. Phys.

54, 5237(1979).

[31] F. H. Ree, R. N. Keeler, and S. L. McCarthy, J. Chem. Phys.

44, 3407(1966.

[32] L. Verlet and J.-J. Weis, Phys. Rev. & 939 (1972. Since

U(r)=« for r<2a, we should write oez=2a+ [35,(1
—e YKNdr whereU(r) is given by Eq.(7). However,
sinceU(2a)>kT, Eq.(12) is essentially exact without explic-
itly including the hard-sphere repulsion.

[33] The microscope used for the original data collection was not

readily available at this later time, so instead, we used a Zeiss

reading given by the Barnstead column and the value mea-
sured outside the column is that inside the column, the water
could be in a nonequilibrium state where the carbonic acid
(H,CGs) has not dissociated, and thus the water appears pure.
When the water is taken out of the column, and is away from
the ion exchange resin, the carbonic acid dissociates, donating
ions which subsequently lower the resistivity.

[26] Equation(5) is a specific case of the more general iteration[39] The necessary data to relate resistivity to ionic concentration

and hence Debye length are given in S. H. Maron and C. F.
Prutton,Principles of Physical Chemistryith ed.(Ref.[34]),
Chap. 11.

[40] R. F. Kayser, Phys. Rev. Let6, 1831(1986.
[41] M. O. Robbins, K. Kremer, and G. S. Grest, J. Chem. P&§s.

3286(1988.

[42] An interesting numerical coincidence occurs with our data of

densityp=2.5x 103 um™2. The screening lengths predicted
for our systems by Netz-Orland theory are much shorter than
those predicted by DLVO theory, but the factor multiplying
the exponential is large enough to yield reasonable values for
the effective diameter. The Netz-Orland theory was formulated
for point particles, but if their potentidl(r) is multiplied by

the DLVO-like finite size correction factore®<noj(1
+akno)?, then the effective diameter predicted by Netz-
Orland for our systems is 1.4—14m, in quantitative agree-
ment with most of our experimental data. However, this agree-
ment is surely fortuitous, as the theory predicts a very strong
dependence of o on p, which we did not observe.

[43] W. B. Russel, D. A. Saville, and W. R. Schowalté&olloidal

Dispersions(Cambridge University Press, Cambridge, 1991
p. 345.



