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Structural and dynamic properties of colloidal
liquids and gases of silica spheres (29 nm

in diameter) as studied by the light
scattering measurements

Abstract Static and dynamic light-
scattering measurements are made
for colloidal-liquids and -gases of
silica spheres (29 nm in diameter) in
the exhaustively deionized aqueous
suspension and in the presence of
sodium chloride. Single broad peak
is observed in the light-scattering
curve and the liquid-like and gas-like
distributions have been observed.
Colloidal crystals are not formed at
any sphere concentrations. The
nearest-neighbored interparticle dis-
tances of colloidal liquids, /,,,, agree
excellently with the effective diame-
ters of spheres (d,z) including the
electrical double layers in the effec-
tive soft-sphere model and also with
the mean intersphere distances, /,,
calculated from the sphere concen-
tration, i.e., lops = doy ~ [,. This
relation supports the importance of
the electrostatic interparticle repul-

sive interaction. Two dynamic pro-
cesses have been extracted separately
from the time profiles of autocorre-
lation function of colloidal liquids.
Decay curves of colloidal gases are
characterized by the single transla-
tional diffusion coefficients, which
are always lower than the calcula-
tion from the Stokes-Einstein equa-
tion using true diameter of spheres
and increase as ionic concentration
increases. These experimental results
emphasize the importance of the
expanded electrical double layers
and the electrostatic intersphere
repulsion on the structural and
dynamic properties of the colloidal
liquids and gases.
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Introduction

Colloidal suspensions display the extraordinary struc-
tures in particle distribution, such as crystal-like distri-
butions especially in the deionized state [1, 2, 3, 4, 5, 6].
This structural peculiarity has been explained mainly
with the extended electrical double layers formed around
the particles and the electrostatic interparticle repulsion
[1,2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16].

Tonic groups either dissociated or adsorbed on the
colloidal surfaces leave their counterions in suspension,
and these excess charges accumulate near the surface
forming an electrical double layer. The counterions in the

diffuse region in the double layer are distributed ac-
cording to a balance between the thermal diffusive forces
and the forces of electrical attraction with colloidal
particles. The thickness of the double layers is approxi-
mated with the Debye-screening length (/pz):

2 -1/2
Loy = (4n n/kBeT> : (1)

where e is the electronic charge, € is the dielectric con-
stant of the solvent, kg is the Boltzmann constant, and n
is the concentration of free-state cations and anions in
suspension, and is given by n=n.+n;+n,, where n, is
the concentration (number of ions per cm’) of diffusible
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counterions, 7, is the concentration of foreign salt, so-
dium chloride in this work, and n, is the concentration
of both H" and OH ions from the dissociation of
water. In order to estimate n. the fraction of free
counterions () must be known, since most counterions
are bound tightly with the ions of the colloidal surface
[7, 17, 18, 19, 20]. Note that f of silica spheres is esti-
mated to be 0.1 [19, 20] and the largest value of [y is ca.
1 pum in water.

According to the effective soft-sphere model [21, 22,
23, 24, 25, 26, 27], which is a simple but very convenient
assumption especially for the deionized colloidal
suspension, crystal-like ordering is formed when the
effective diameter (d.p) of the spheres including the
Debye-screening length is close to or larger than the in-
tersphere distance (/), ie., d, [=diameter (d,)+
2xlpy] > I. In crystal-like structures, the spheres fluctuate
around their equilibrium positions. When d,4 is
comparable to or shorter slightly than the [ value,
the distribution of the spheres is usually liquid-like and
the spheres move with translational diffusion, though the
effective concentration is higher than the stoichiometric
concentration due to the extended electrical double
layers. When d,;is much shorter than /, a gas-like distri-
bution is observed. Note that the observed intersphere
spacing (/) 1s always close to the calculated mean in-
tersphere distance (/,), and /, can be safely replaced with /.

It should be noted here that the electrical double layers
may not be formed firmly when the sphere size is not large
enough compared with the simple ions, since the small
spheres move very vigorously by Brownian motion. It is
highly plausible that the critical concentration of crys-
tallization of colloidal spheres depends mainly on the
mean sphere size and the monodispersity of the spheres,
though other factors such as suspension temperature,
viscosity and dielectric constant of solvent, and charge
density of spheres are also important. When highly
polydispersed spheres are used, the sphere distribution
comes to be amorphous-solid instead of crystal-like [28].
From our experiences, the spheres smaller than 50 nm in
diameter did not form crystal-like structure in the
exhaustively deionized and diluted suspensions [29, 30].
However, this critical size will decrease further in future
when the monodispersity of the spheres is improved
greatly. One of the main purposes of this work is to check
whether the colloidal spheres of 29 nm in diameter form
crystal-like distribution or not in deionized suspension.

Difference in distribution between the crystal-like and
liquid-like is clear when the structure factor, S(¢) term
is derived from the scattering curves and the theory on
the particle form factor, P(q). For colloidal crystals very
sharp peaks, which are well assigned to the respective
lattice planes, appear. On the other hand, S(¢q) term of
the colloidal liquids shows the single broad peak or
multiple sharp peaks (their intensities decrease rapidly
from the primary to secondary, tertiary, continuously)

for disordered and ordered liquids, respectively [31]. It is
interesting to note here that the dynamic modes of
fluctuation of spheres at the liquid-crystal transition
region do not differ between them so much [31]. In
particular, the synchronous mode of the translational
movement of spheres plays an important role for the
structure formation of liquid and crystal structures
similarly. Another interest of this work is to clarify the
structural and dynamic nature of the liquid-like struc-
ture of small colloidal spheres.

Static (SLS) and dynamic light scattering (DLS)
techniques are known as ones of the most precise
methods for determining sphere diameter and are also
suitable for study of dynamics of interacting particle
systems [32, 33, 34, 35, 36, 37, 38, 39, 40, 41]. However,
several researchers including us have experienced that
the diameter of colloidal spheres estimated by the DLS
method is often a bit larger (within 10% in most cases)
than that obtained from electron microscopy. This
difference has often been beyond the extent explainable
by the shrinking of spheres in the course of drying for
the latter technique, and should be related to the sig-
nificant role of the electrical double layers formed
around the colloidal particles. Several years ago we
reported the extraordinary translational-diffusion
behavior of colloidal spheres in deionized suspension
by using a metallurgical microscope [42]. The transla-
tional self-diffusion coefficients of polystyrene spheres,
120 nm in diameter, decreased sharply as NaCl con-
centration decreased. We also found that the rotational
diffusion coefficients of ellipsoidal colloids of tungstic
acid [43, 44] and poly(tetrafluoroethylene) [45] colloids
decreased as the ionic concentration of suspension de-
creased. These observations have been interpreted in
terms of the extended electrical double layers. This
work also aims to clarify the role of the electrical
double layers on the translational diffusion of colloidal
particles in the gas-like state.

Experimental

Materials. Colloidal silica spheres of CS22P was a gift from Cat-
alyst & Chemicals Ind. Co. (Tokyo). Diameter (d,), standard de-
viation (s) from the mean diameter, and polydispersity index (s/d,)
were 29 nm, 6 nm, and 0.21, respectively. d, and s were determined
from an electron microscope. The charge density of the spheres was
determined by conductometric titration with a Wayne-Kerr auto-
balance precision bridge, model B331, mark II (Bognor Regis,
Sussex). Charge density of strongly acidic groups was 0.48 pC/cm?>
The sphere sample was carefully purified several times using an
ultrafiltration cell (model 202, membrane: Diaflo-XM300, Amicon
Co.). Then the sample was treated on a mixed bed of cation- and
anion-exchange resins [Bio-Rad, AG501-X8 (D), 20-50 mesh] more
than one year before use, since the newly produced silica spheres
release a considerable amount of alkali ions from sphere surfaces
for a long time. Water used for the purification and for suspension
preparation was purified by a Milli-Q system (Milli-RO5 plus and
Milli-Q plus, Millipore Co., Bedford, MA).
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Static (SLS) and dynamic light-scattering (DLS) measurements.
The SLS and DLS measurements were performed on a dynamic
light scattering spectrophotometer (type DLS-7000, Otsuka Elec-
tronics, Osaka). The sample of 5 ml was prepared by filtering with
a disposable syringe filter unit (DISMIC-25, 0.2 um, Toyo Roshi
Co. Tokyo) into a Pyrex cylindrical cell (12 mm in outside diameter
and 130 mm in length) with a screw cap. These cylindrical cells
were ground carefully to a spectroscopic guaranteed level. SLS and
DLS measurements for the samples without resins were made
within 2 h after the suspension was set in the cells. However,
measurements for the deionized suspensions with the Bio-Rad res-
ins were made more than three or four weeks after the suspension
was set. Amount of the resins was always much in excess compared
with the ionic impurities in suspension. Absorption of the colloidal
spheres on the resins was safely neglected by the repeated mixing of
the suspension. Note that it takes so long before attaining the
completely deionized suspension with the coexistence of the ion-
exchange resins. During the measurement the cuvette was kept
under isothermal conditions at 24+0.02 °C in a cylindrical vat
containing silicon oil.

Data analysis was made with the cumulant and histogram
methods including non-negative least square (NNLS) analysis [46].
The autocorrelation function of the scattered light, g'*/ (1), where
is the correlation time, is actually found to be a single exponential
function only for the suspension containing foreign salt and/or
gas-like structures. For liquid-like suspensions the intersphere
interaction is so strong that g/”/(z) deviates greatly from a single
exponential. In these cases NNLS analysis was applied in this work
in order to obtain the distribution of the decay rates, and then the
diffusion coefficients [46].

Here, we describe briefly the basic equations for the light
scattering measurements [40, 47, 48]. The homodyne photon-cor-
relation spectroscopy measures the intensity auto-correlation
function g@(r) which is related to g‘”(r) following the Gauss
central-limit theorem:

g2 =1+ gD ()| 2)

where f is the amplitude. When the suspension of monodispersed
spheres is sufficiently dilute so that the inter-sphere interaction may
be negligible, the decay of concentration fluctuation occurs by the
translational diffusion motion of a free particle. The g'”(t) is repre-
sented by a single exponential type of decay function, Eq. (3), from
which the translational diffusion coefficient, D, is easily estimated:

9" () = exp(—¢’ Do) 3)

where ¢ is the scattering vector whose magnitude is equal to
(4nn,/A)sin(0/2) where / is the wavelength of the incident beam in
medium, 0 is the scattering angle, and #, is the refractive index of
solvent.

In the liquid-like state where the colloidal particles are locally
ordered to be reflected as the maximum of the static structure factor
S(q) at g, g (t) is no more fitted by Eq. (3). In this case, the first
cumulant T, = K; defined by Eq. (4) is conveniently used for char-
acterization of dynamical behavior of the spheres in the liquid state:

Ing"(x) =Y Ky(—7)"/n! (4)

where the K,, terms are the n-th order cumulants. The I', was found
proportional to S(q)”! as predicted by the theory. For ¢ > ¢,
S(q)=1; on the other hand, g*/ (1) shows the bimodal distribution
of the decay rate, in which the short time diffusion coefficient is close
to D, and the long time diffusion coefficient D, is smaller than D, by
a factor of about 3 [47]. The short time behavior represents the
Brownian motion of the particle in a cage formed by neighboring
particles, and the behavior at the long time end (much) longer than
the lifetime of the cage, 7;, according to the notation by Pusey,
represents diffusion through several nearest-neighbor cages.

Results and discussion
Light-scattering curves

Figure 1 shows the light-scattering intensity, I(g) as a
function of scattering vector, ¢ for the suspensions with
resins, without resins and in the presence of sodium
chloride. The scattering curves for the suspensions with
and without resins showed a broad peak. This indicates
that the suspensions are ‘“‘disordered” liquid-like, i.e.,
typical structure of liquids. The disordered liquids gave
the single peak only. These curves with resins showed
rather sharp peaks compared with those without res-
ins. However, the distribution was again disordered
liquid-like [31]. By the addition of sodium chloride the
structure transformed from liquid-like to gas-like dis-
tributions.

Structure factor, S(¢) of colloidal liquids

For colloidal suspension of spherical particles the
structure factor S(g) shows the particle distribution
more accurately than I(g). The peaks in the scattering
curve of colloidal liquids are broad and the background
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Fig. 1 Scattering intensity of the suspensions of CS22P spheres
as a function of scattering vector at 24 °C. ¢=0.000392, open
circles: with resins, crosses: without resins, open triangles:
[NaCl]=0.000014 mol/l, open squares: 0.00006 mol/l, filled circles:
0.0008 mol/1



441

intensity is high so that there should be difference be-
tween the profiles in the structure factor and in the in-
tensity of scattered light. I(¢) is given by

1(q) o< P(q)S(q) (5)

where P(q) is the particle structure (form) factor and
can be estimated experimentally from the /(¢) mea-
surements on the same suspension but in the presence of
salt, for example. For spherical particles P(¢) has been
given as Eq. (6) theoretically [49]:

Plg) = {3lsinlqd /2) — (qd/2) coslad /) (qdo /2"y
(©

Using the observed I(¢q) and Eq. (6), S(gq) vs g curves
are obtained for all the sample suspensions.

Figure 2 shows the S(¢q) curves for the suspensions
without resins. Clearly, the distribution at ¢ =0.0000261
was gas-like and other suspensions of higher sphere
concentrations were liquid-like, especially ‘“‘disordered
liquid”. The magnitudes of S(g,,) were between unity
and 1.3, where ¢,, denotes the peak scattering vector.

Figure 3 shows the S(¢) curves for the deionized
suspensions with the resins. In these cases, all the sus-
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Fig. 2 S(q) of the suspensions of CS22P spheres as a function of
scattering vector at 24 °C. Without resins, open circles: ¢
=0.0000261, crosses: 0.000157, open triangles: 0.000261, open
squares: 0.000522

pensions were liquid-like. Figure 4 shows the S(g¢)
curves for the suspensions with and without resins, and
further in the presence of sodium chloride. The peak
wavelengths obtained from this figure increased slightly
as the ionic concentration of the suspension increases.
Figure 5 compares /., [,, and d,z values. Clearly,
the relation /,,,=1/, < d,; holds. Thus, these relations
definitely support the importance of the electrostatic
intersphere repulsion and the validity of the effective
soft-sphere model described in the introduction.

Time dependence of the diffusion coefficients
after suspension was set with ion-exchange resins

Diffusion coefficients of two suspensions were deter-
mined from the cumulant and NNLS analyses as a
function of time passed after suspensions were set with
the resins in Fig. 6a,b. In Fig. 6a, the suspension
structures within 15 days were gas-like, since the diffu-
sion coefficients from the cumulant and NNLS methods
were quite similar to each other. After 19 days, how-
ever, two kinds of D-values, larger and smaller ones
compared with those from the cumulant analysis, were
evaluated by the NNLS method, which demonstrates
the liquid-like nature of suspension. This observation
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Fig. 3 S(q) of the suspensions of CS22P spheres as a function of
scattering vector at 24 °C. With resins, open circles: ¢ =0.0000783,
crosses: 0.000157, open triangles: 0.000261, open squares: 0.000522
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Fig. 4 S(q) of the suspensions of CS22P spheres as a function of
scattering vector at 24 °C. ¢ =0.000392, open circles: with resins,
crosses: without resins, open triangles: [NaCl]=0.000014 mol/l,
open squares: 0.00006 mol/l, filled circles: 0.0008 mol/l

confirms that the deionization reaction of sphere sus-
pension with the Bio-Rad resins takes a long time, two
to three weeks before the exhaustively deionized state is
attained. This will be due to the fact that the deion-
ization reaction is consecutive and takes place between
solid and liquid phases, i.e., between ionic groups at the
surfaces of colloidal spheres in the solid phase and
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Fig. 6a,b Diffusion coefficients of CS22P spheres as a function of
time passed after setting the sample with resins at 24 °C: a ¢
=0.0000783; b ¢=0.00261. Open circles: cumulant analysis,
crosses: NNLS analysis. 0=90°

liquid phase, and between the liquid-phase and the
charge groups of ion-exchange resins in the solid phase.
Transformation between the gas-like and liquid-like
structures is substantially faster compared with the
deionization reaction.

When the sphere concentration is much higher com-
pared with the critical concentration of melting, the
suspension structure remains liquid-like at the beginning
stage of suspension set as is clear in Fig. 6b.

Fig. 5 Comparison of /,,
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Dynamic character of colloidal liquids and gases

Time profile of the light intensity auto-correlation
function, g(7) of the colloidal liquids of CS22P spheres
deviated greatly from the calculated value from cumu-
lant analysis of the unimodal distribution of the decay
rates, though the graph showing this was omitted. This
kind of deviation supports the idea that there exist multi
modes for the colloidal liquids. Separation into multi
modes from the auto-correlation function was per-
formed mainly by the histogram analysis of the non-
negative least square (NNLS) method and occasionally
by the Marquadt method, when we need to ascertain the
validity of the peak separation with the former analysis.

Figure 7a,b shows the sphere concentration depen-
dencies of the diffusion coefficients with and without
resins obtained from data analysis with the cumulant
method (shown by open circles) and also with the NNLS
method (shown by crosses). The liquid-like structure was
characterized by the short time (D,) and long time dif-
fusion coefficients (D;) with D= D, and D, = D/3.

In the presence of excess amount of sodium chloride
the diffusion coefficients evaluated from the cumulant
and NNLS analyses agreed with each other and also
with those estimated from Stokes-Einstein equation,
though the graphs showing this are omitted here. The
suspension was gas-like. With resins the suspension
structures were liquid-like. Without resins the suspen-
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Fig. 7a,b Diffusion coefficients of CS22P spheres as a function of
sphere concentration at 24 °C: a with resins; b without resins. Open
circles: cumulant analysis, crosses: NNLS analysis

sions of concentrations lower than ¢=0.0001 showed
gas-like distribution. Structure transformed to liquid-
like above ca. ¢=0.0001. Addition of 10> mol/I of so-
dium chloride does not affect the suspension structure so
much, but the gas-like distribution was observed below
¢ =0.0002. In the presence of rather high concentrations
of sodium chloride the sphere distribution was gas-like
irrespective of sphere concentrations up to 0.003 in
volume fraction.

The diffusion coefficients for the suspensions showing
sharp peaks in the light-scattering curve were substan-
tially low. Furthermore, the background D-values in-
creased as the scattering vector increased, whereas the
background intensity of scattered light decreased as ¢
increased. According to Pusey and Tough [36], the first
cumulant K; in Eq. (4) is given by

K; = Dog*/S(q) (7)

where D, is the diffusion coefficient for a system of non-
interacting particles. Thus, the “effective diffusion coef-
ficient”, D,z is given by

Defy = Do/S(q) (8)

Constancy of D.; x S(q) has been satisfactory for the
colloidal liquids [36, 50, 51]. Comparison of S(¢q) values
in Fig. 4 and D, values observed confirms that Eq. (8)
is also valid for the colloidal crystals, when we take into
account the experimental errors in two parameters and
the logarithm plots for the D-values where the g de-
pendence in the range of small D values is emphasized.
Quite similar features have been obtained for the sus-
pensions with and without resins at ¢=0.000159,
though the figures demonstrating this were also omitted
here.

Dynamic character of colloidal gases

Figure 8 shows the salt concentration dependence of the
effective diffusion coefficient, D, in the presence of
sodium chloride, in the absence and presence of
ion-exchange resins. In the presence of salt above ca.
0.00006 mol/l, D.; agreed with the translational diffu-
sion coefficient D, and the suspension structure was gas-
like. Clearly, D 4-values decreased as salt concentration
increased. The most impressive feature in this figure is
that D, g increased significantly by 68% as concentration
of sodium chloride increased. This change is explained in
terms of thinning of the electrical double layers with
increasing ionic concentration of suspension. Good
agreement between the experiment and the calculation
from the d,;-values is attained especially at high con-
centrations of sodium chloride. The important contri-
bution of the electrical double layers is clear. This salt
influence on the diffusion behavior strongly confirms
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Fig. 8 Diffusion coefficients of
CS22P spheres as a function
of ionic concentration at 24 °C.
¢ =0.000392. Open circles:
cumulant analysis, crosses:
NNLS analysis

that the colloidal spheres are always accompanied with
the electrical double layers and the translational move-
ment of the former is retarded as the latter expands.
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