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Colloid interaction and pair correlation function of one-dimensional colloid-polymer systems
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The interaction and pair correlation function of weakly charged colloidal particles in quasi-one-dimensional
colloid-polymer systems are determined by enhanced video microscopy and digital image analysis. The pair
correlation function is found to depend not only on the polymer concentration, but also on the degree of
confinement; in particular, it depends on whether the channel width is such that mutual passage of the colloid
particles is possible or not. These findings are compared with exact results on short-range order in linear

continuous systems.
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I. INTRODUCTION

While studies of colloid and colloid-polymer systems
have traditionally been concerned with bulk three-
dimensional systems [1-6] for either charged [7-10] or neu-
tral [11,12] colloid particles, recent investigations have fo-
cused on colloid particles in confined geometries [13-25].
For mixtures of colloidal particles and for colloid-polymer
systems, the size difference of the components is well known
to lead to depletion interactions, which are generally attrac-
tive. Theoretical studies of depletion effects in one-
dimensional geometries have dealt with the thermodynamic
properties of hard rods mixtures [26] and pair correlation
functions [27]. It appears, however, that experimental knowl-
edge of colloid-polymer mixtures in one-dimensional geom-
etries is lacking.

Colloid particles in confined geometries, unlike those in a
bulk three-dimensional environment, can be tracked with the
aid of video microscopy [17], so that their static and dynamic
properties can be readily obtained. Of particular interest is
the pair correlation function which, according to statistical
mechanics, determines the thermodynamic properties of the
colloid suspension as well as the colloidal interaction. In-
deed, as is well known, the latter can be determined from the
pair correlation function in the dilute regime:

h(x) =exp[— U(x)/kgT] -1, (1)

with h(x) the pair correlation function, x the separation be-
tween the centers of mass of two colloidal particles, U the
interaction potential, kz Boltzmann’s constant, and 7 the ab-
solute temperature.

In the present study, the colloid pair correlation functions
and interactions for colloid-polymer systems are investigated
experimentally in one-dimensional channels by enhanced
video microscopy and computer image analysis. The experi-
mental method is described in Sec. II, the results are pre-
sented in Sec. III, and their discussion is given in Sec. 1V,
followed by a conclusion in Sec. V.
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II. EXPERIMENTAL METHOD

The present experimental study of one-dimensional
colloid-polymer systems is performed by confining these
systems in channels, which can be made sufficiently narrow
that mutual passage of colloidal particles is impossible. Col-
loid particle positions are recorded by video microscopy onto
video tapes after settling in the confined channels for 6 h.
The procedures start with the fabrication of cells of one-
dimensional channels, dispensing of colloid-polymer solu-
tions in the channels, and finally movie recording and image
processing.

A. Preparation of colloid-polymer solutions

The colloid system studied in the present work is an aque-
ous solution of silica particles (diameter 0=1.58+0.04 um,
density=2.18 g/cm?®, Duke Scientific). The negatively
charged silica particles are dispersed in de-ionized water
(specific resistance 18 M) cm, Millipore) to yield solutions
of 0.0025, 0.006, 0.012, and 0.02 wt %. Extra care is exer-
cised with the addition of polymer in the colloid suspension.
Poly(ethyleneoxide) (PEO, Aldrich Inc.) with a molecular
weight of 8 000 000 is chosen as the polymer. The nonionic
surfactant polyoxyethylene glycol C;,Eg is introduced in the
colloid solution before adding polymer, to prevent polymer
adsorption on the silica particles. The surfactant molecules
and colloid particles are well mixed on a rotating drum for
4 h. The concentration of the surfactant is fixed for all mea-
surements and is chosen to be equal to 95% of the critical
micelle concentration. Finally, the PEO solution is added and
rolled on the rotating drum overnight.

B. Cell of one-dimensional channels

The cells are described in detail in our recent study of
Ref. [28] and are illustrated in Fig. 1 of that latter paper. The
quasi-one-dimensional channels are provided by the Micro-
technology Laboratory of the University of Minnesota. The
features of the channels are printed on silicon wafers with the
photolithography technique followed by dry etching. Prior to
making patterns out of silicon wafers, each wafer is first
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FIG. 1. Snapshot of colloid particles dispersed in quasi-one-
dimensional channels.

cleaned by heating at 90 °C in a piranha solution, a mixture
of 30% H,0,, and concentrated H,SO, (30:70 v/v) and
subsequently treated with the silanizing reagent octadecyl-
trichlorosilane (OTS) solution [29]. The procedure to fabri-
cate one-dimensional grooves from the master silicon wafer
is standard (see, for example, [24]). The sylgard 184 elas-
tomer base and its curing agent (Dow Corning) are well
mixed to achieve a transparent elastomeric polymer, poly-
(dimethysiloxane) (PDMS). In contrast to the design of Ref.
[24], the perimeter walls are raised so that a deep reservoir
(500 wm in depth) is created above the top surfaces of the
channels. The sample cells are created by dispensing colloid
solutions into the channels and covering them with slips,
which are treated so as to be hydrophobic [30]. A photograph
of the system of narrow channels is shown in Fig. 1. All
measurements are performed at temperature 7=25 °C.

C. Video microscopy and image analysis

The images are recorded into VHS tapes by video micros-
copy [17]. The magnification of the objective lens is 40X,
which gives a resolution of 0.25 um/pixel. The image analy-
ses include digitizing images with Scion Image, extracting
particles information with IDL, tracking particles trajecto-
ries, and calculating the pair correlation and nearest-neighbor
distribution functions.
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FIG. 2. Pair correlation functions for various colloid concentra-
tions in pure water. For clarity the curves are shifted upward by one
unit in this figure as well as in Figs. 3, 4, 6, 7, 9, 10, and 12.
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FIG. 3. Pair correlation functions in the presence of the surfac-
tant C12E8.

III. RESULTS

The colloid volume fraction in one dimension is defined
as 7.=No/L, where N is the number of colloids, o is the
colloid diameter, and L is the length of the channel. The
pair distribution function g(x)=%h(x)+1 is calculated from the
histogram of particle pair separations from each digitized
image:

N(x)
2pAx’

o) = p-1<2 S st at, —x>> . @
i

where N(x) is the average number of particles within dis-
tance x—Ax/2 to x+Ax/2 from a reference particle and p is
the average number density. To avoid edge effects, the refer-
ence particles for any separation are chosen to be at least a
distance x from the edges of the images.

The pair correlation functions of pure silica particles,
those of silica particles in presence of surfactant, and those
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FIG. 4. Pair correlation functions in polymer solutions.
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FIG. 5. Pair correlation functions for nearly identical colloid
concentrations in polymer solutions of different concentrations in
wide channels.

of silica particles-surfactant-polymer solutions are deter-
mined. The channel width is chosen to be ~2.75 um, which
is small enough to prevent mutual passing of particles. The
pair correlation functions of pure silica colloidal solutions
are shown in Fig. 2. The pair correlation functions of colloids
in the presence of surfactant and polymer are shown in Fig. 3
and Figs. 4-7, respectively.

In order to study the effects of geometric confinement, the
channel width is increased to a width of ~3.48 um to allow
particles to pass each other. Figure 8 illustrates a configura-
tion of colloids in such channels. The colloid pair correlation
functions for these wider channels are shown in Fig. 5. They
exhibit remarkable new structures. On the one hand, a pro-
nounced colloid ordering, which is not seen for the smaller
channel width (see Fig. 4), appears for a 0.0005 wt % PEO
solution (see Fig. 5). On the other hand, in Fig. 6, the first
peak of the pair correlation function is seen to split into two
peaks for a 0.00015 wt % PEO solution.
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FIG. 6. Pair correlation functions of 0.00015% PEO solution in
wide channels.
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FIG. 7. Pair correlation functions in the absence and presence of
polymers in narrow channels.

Another distribution function of interest [24,31-38] is the
nearest-neighbor distribution function H(x), defined by

H(x) = 2 8(min(xy) —x) = 2 Smin(x;; 1. 111) = x).

3)

The nearest-neighbor distribution function gives the prob-
ability, for any given particle, of finding a nearest-neighbor
particle at a distance x from that given particle (see Figs. 9
and 10). H(x) is calculated from the histogram of nearest-
neighbor separations for each digitized image. Since there is
no mutual passing for particles in sufficiently narrow one-
dimensional channels, particles retain their initial order and
the computational algorithm is simplified.

The interaction potential of silica particles in water with-
out and with polymer, determined from the pair correlation
function according to Eq. (1), is shown in Figs. 11 and 12.

IV. DISCUSSION

It is first noted that the present results differ significantly
from those of hard rods in one dimension; this is because the
competing attractions and repulsions lead to a minimum of
the resulting interaction and, correspondingly, to a maximum
of the pair correlation function, away from contact. A more
detailed discussion of this point is given below.

From Fig. 2, the systems are seen to display more ordered
structures as the colloid concentration increases, in accor-

et v e
-w&www}w s
- e gt

i — s T e e A L

. P TS B R R e

10 pm

FIG. 8. A configuration of colloids in wide channels.
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FIG. 9. Nearest-neighbor distribution functions.

dance with intuition. The displacement of the first peak to a
closer pair separation as the packing density increases and
the reduction of the ordering structures with the addition of
surfactants shown in Figs. 2 and 3, respectively, are consis-
tent with the experimental findings for quasi-two-
dimensional geometries [39].

Increasing the polymer concentration amplifies the inten-
sity of the first peak and shifts it to a larger pair separation
(see Fig. 4). However, upon further increase of the polymer
concentration to 0.0005 wt %, the position of the first peak is
displaced to a smaller particle separation, as observed in pre-
vious studies [19,23]. At the higher polymer concentration of
0.0005 wt %, the increase of the depletion attraction pushes
colloids to closer positions (see Fig. 4). This is further dis-
cussed below. It is also noted from Fig. 4 that the correlation
function does not vanish for x/o<<1. This is because x is not
the actual distance between particle centers, but its projec-
tion, so that when two particles partially overlap, as they
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FIG. 10. Nearest-neighbor distribution functions in the presence
of the surfactant C,Eg.
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FIG. 11. Colloid interaction potential in narrow channels.

inevitably do in the present quasi-one-dimensional channels,
that projected distance is smaller than o, thus creating a
structure in the pair correlation for x/o<<1.

The splitting of the first peak of the pair correlation func-
tion, shown in Fig. 6, was also found in quasi-two-
dimensional binary colloid mixtures [13]. Peak splitting of
the pair correlation functions was interpreted there as due to
the presence of small colloid particles between two large
colloid particles. The individual particle trajectories (not
shown) help reveal the distribution of colloids in the channel
and indicate that the splitting of the first peak of the pair
correlation function corresponds to an inhomogeneous spa-
tial distribution, which results from the uneven dispersion of
the polymer inside the channel, similarly to the case studied
in Ref. [13].

In general, both the polymer concentration and confine-
ment contribute to the change of the colloidal pair correlation
functions. As noted above, the addition of polymer enhances
the first peak of the pair correlation functions and shifts it to
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FIG. 12. Colloid interaction potential for various polymer con-
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FIG. 13. Pair correlation functions for the V-shaped potential [27] for the interaction parameters obtained from Fig. 12.

a larger or smaller particle separation, depending on the
polymer concentration (see Figs. 4 and 7). In their model,
Asakura and Oosawa [40] take the polymer to be a sphere of
a radius equal to its radius of gyration and the colloid-
polymer interaction is assumed to be hard-sphere-like. The
depletion force is then found to be proportional to the area of
the projection, on the plane perpendicular to the line joining
the centers of two neighboring colloids, of the excluded vol-
umes of these particles. The potential minimum occurs at
contact, is proportional to the polymer concentration, and
decreases with increasing confinement. The shift of the first
peak of the pair correlation function seen in the present study
accounts for the increase of the depletion interaction as chan-
nels become wider. The variation of the potential between
the colloids indicates the expected increase of the attraction
force due to depletion as the polymer concentration increases
[40].

Noteworthy in Fig. 11, which shows the colloid interac-
tion potential in the absence of a polymer, is the weak attrac-
tion at short distance (the minimum of the interaction poten-
tial, —0.368kzT, occurs at approximately x/o=1.75). This
attraction can be attributed to several causes: the
confinement-induced like-charged attraction [18,41], the van
der Waals attraction [42,43] which, together with the
screened Coulomb repulsion, forms the basis of the classical
DLVO theory [41,44,45], the slight polydispersity of the col-

loidal particles, and the effective attraction induced by cap-
illary forces [24]. Concerning the latter, because the host
liquid does not wet the channel walls, the water-air interface
at the bottom of the channels is dimpled by the colloidal
particles, generating an effective attraction between them
(for a detailed discussion of this effect, see Sec. V of Ref.
[24]). The van der Waals attraction can be estimated from the
measurements of Crocker et al. for single-component colloi-
dal solution (see Fig. 1 of [20]).

These various attractions lead to a minimum in the colloid
interaction potential, and as shown in a recent exact analyti-
cal study [27] of pair correlations for particles interacting
through a potential with an attractive minimum occurring
away from contact, the first peak of the correlation function
occurs at contact when the attraction depth is small, but
moves away from contact to the attractive potential mini-
mum when the attraction depth is large enough; this is pre-
cisely what is observed in the Figs. 2—4. In order to make
this comparison more quantitative, the parameters of the
V-shaped potential of Ref. [27] are obtained from the present
experimental data. One finds £=0.57, N=1.985, and [
=11.51 from Fig. 12 for #.=0.077 and PEO=0.0005%.
When these values are fit to the exact results of Ref. [27] for
a V-shaped potential, one obtains the pair correlation func-
tions at short distances between x/o=1 and x/o=2 shown in
Fig. 13; this figure also shows the case of a longer attraction
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range. The pair correlation functions resemble closely that of
Fig. 4(d) of Ref. [27]. The peak of the pair distribution func-
tion occurs away from contact, at the minimum of the poten-
tial. It is seen that the relative height of the first peak is
smaller due to the weaker attraction depth. It should be noted
that the modeling of the potentials of Fig. 12 by a V-shaped
potential induces a shift of the potential minimum to a closer
distance. This accounts for the difference between Figs. 4
and 13 in the position of the first peak of the correlation
functions. These peaks remain located at the minimum of the
potential.

The comparison of the colloid interaction potential in one
and two dimensions provides more insight into the effects of
geometric confinement. In the absence of polymer, no deple-
tion attraction is anticipated and indeed it is found, for the
pure colloidal systems studied here, that there is no signifi-
cant difference between the colloidal interactions in one and
two dimensions. For aqueous pure colloidal suspensions in
two dimensions, the interaction potential was also deter-
mined by other groups, but with slightly differing results
[16,20,24]. For example, for fluorescent sulphonate polysty-
rene spheres of diameter 0.5 wm, the potential depth is found
to be ~0.4kzT [16], while for polymethylmethacrylate
(PMMA) spheres of diameter 1.1 um with large ionic
strength, the van der Waals attraction accounts for a potential
depth of ~0.2kgT (see Fig. 1, curve a of [20]), and yet an-
other study [24] of silica particles of diameter 1.58 um re-
veals an attraction depth of approximately 0.5kzT. By com-
parison, the attraction depth for the present pure colloidal
systems is found to be about 0.35kzT in two dimensions [39].

In previous experiments on quasi-two-dimensional
colloid-polymer systems, it was shown that both the magni-
tude and range of the depletion potential depend on the poly-
mer concentration [23,46]. The range is governed by the ra-
dius of gyration of the polymer in the dilute regime and by
the correlation length in the semidilute regime. With the ad-
dition of polymer, the first peak of the colloid pair correlation
function shifts to larger particle separations and to higher
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values, as seen in Fig. 4, and correspondingly the minimum
of the colloidal interaction potential also shifts to larger par-
ticle separations and larger values, as seen in Fig. 12. How-
ever, as the polymer concentration is further increased, the
first peak of the colloid pair correlation function moves back
to short particle distances, as seen in Fig. 4, and correspond-
ingly the colloid interaction minimum is likewise shifted, as
seen in Fig. 12; the results are in agreement with previous
findings in quasi-two-dimensional systems [19,23]. This be-
havior is due to the shrinking of the depletion region be-
tween neighboring colloidal particles resulting from polymer
overlap in the semidilute regime.

V. CONCLUSION

The addition of polymer and presence of geometric con-
finement are found to significantly alter the structural prop-
erties of colloid suspensions. The pair correlation function of
the colloid particles indicates that the particles become more
correlated in the presence of a polymer. Geometric hindrance
also contributes to induce attraction forces between like-
charged particles and increases the range of the interaction
potentials in the dilute regime. However, the range of the
depletion potential is reduced as the polymer concentration
enters the semidilute regime.

When more than one layer of colloids is allowed in the
channel, clustering of particles is observed due to depletion
effects, which is not seen for the monolayers of colloids. The
microstructure thus results from the interplay between poly-
mer concentration and geometric confinement.
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