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The wavelength-dependent diffuse transmission through a monodisperse colloidal suspension is
shown to provide wave-vector-dependent information about the colloid structure factor. Experi-
ments demonstrate that the spectral fingerprint can be used to distinguish quantitatively samples
of different particle sizes, different concentrations, and different interparticle interactions.
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I. INTRODUCTION

The average arrangement of particles in a colloidal sus-
pension is one of the most fundamental properties of sus-
pensions and is the key to understanding virtually all
physical properties of colloids. Particle diffusion, sedi-
mentation, rheology, and colloidal stability all depend on
how the colloidal particles arrange themselves, that is, on
colloidal structure. The structure of colloidal suspensions
is typically characterized by the pair correlation function,
or by its Fourier transform, the static structure factor.
The structure factor is particularly useful since it can
be measured directly in certain special circumstances by
a variety of experimental techniques. For example, col-
loidal structure can be measured using light scattering
if the sample under study scatters light so weakly that
light passing through the sample scatters no more than
once. Such weak scattering typically occurs, however,
only in very dilute samples; scattering can also be made
sufficiently weak in exceptional cases where the refractive
index of the particles is very closely matched to that of
the solvent. Other traditional probes of colloidal struc-
ture not subject to these limitations include small an-
gle x-ray scattering using a synchrotron (appropriate for
colloids consisting of particles smaller than 0.1 pm) and
small angle neutron scattering using a nuclear reactor to
study systems in which isotopic substitution is practical.
Many useful and interesting colloids, however, are neither
dilute, nor index matched, nor small in size, nor easily
amenable to isotopic substitution. Such colloids typically
exhibit a very high degree of multiple light scattering and
appear white, like milk or white paint. These optically
opaque colloids make up the vast majority of practical
suspensions. Until very recently, no convenient probe of
the structure of these systems was readily available.

In this paper, we introduce a light scattering technique
which, hereafter, we will refer to as diffuse-transmission
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spectroscopy (DTS). Diffuse-transmission spectrospy em-
ploys multiple scattering to probe the structure of opti-
cally opaque colloidal suspensions with weak photon ab-
sorption. Diffuse-transmission spectrospy uses an incan-
descent lamp and monochrometer to obtain a transmis-
sion spectrum from which structural information about
the sample can be deduced. To demonstrate this tech-
nique, we present measurements from concentrated sus-
pensions of polystyrene spheres in water. We demon-
strate that diffuse transmission data provide a spectral
fingerprint that is useful for particle sizing, determining
the volume fraction, and monitoring of interparticle po-
tentials. The DTS data set is not adjustable and allows
direct comparison with structural models.

The cornerstone of our approach is the diffusion ap-
proximation for photon transport in highly multiple-
scattering media. In the diffusion approximation, pho-
ton transport is characterized by a single parameter, the
photon transport mean free path I*. We will review
the connection between interparticle structure and I*,
and demonstrate that the connection can be exploited
to probe colloidal structure in a transmission measure-
ment. We begin, however, with a brief overview of the
aspects of traditional single-scattering experiments that
are relevant to our subsequent discussions of the multiple
scattering problem.

II. STRUCTURAL MEASUREMENTS
USING SINGLE SCATTERING

In single-scattering experiments, the length scale at
which colloidal structure is probed is set by the inverse of
the scattering wave vector g~1. The scattering wave vec-
tor q is the difference between the incident and scattered
wave vectors ko and k; from a single-elastic-scattering
event. It is easy to vary g by changing the scattering
angle 6:

q = |q| = |ky — ko| = 2kosin(6/2) , (1)
where k = 2m /A for photons with wavelength A in the
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scattering medium. By varying the scattering angle 6
from 0° to 180°, one can, in principle, access wave vectors
between ¢ = 0 and q = 2k,.

In monodisperse colloids, the intensity of light scat-
tered through a wave vector g can be written as a product
of the form factor F'(q, koa), which describes scattering
from an isolated particle of diameter a, and the structure
factor S(q), which describes the correlations in positions
between particle centers [see Fig. 1(a) and Eq. (1)], i.e.,

I(q) = F(q,koa)S(q) . (2)
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FIG. 1. (a) Plot of the structure factor (calculated from
Percus-Yevick theory for a hard-sphere potential) at various
volume fractions ¢ vs dimensionless wave vector y = ga. (b)
Plot of the form factor (calculated from Mie theory) vs y at
wavelengths of 450 nm and 850 nm for a 205-nm diameter
particle. The form factor at 850 nm has been magnified by
a factor of 50 for visual comparison with the form factor at
450 nm. Note that the form factor for scattering through an-
gles between 0° and 180° covers a different range of scattering
wave vectors at each wavelength because the largest dimen-
sionless scattering wave vector is 4wa/A. Scattering from col-
lections of particles depends on the product F(y)S(y) of the
curves in (a) and (b); thus, scattering at different wavelengths
will depend on different parts of the structure factor. In this
paper, we explore ways to use this fact to extract information
about the structure factor from scattering data from opaque,
multiple-scattering samples.
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The form factor of micron-sized particles depends on the
contrast in index of refraction between particle and sol-
vent, the ratio of the particle radius to the photon wave-
length kga, the photon polarization, and the scattering
wave vector ¢. The dependence of F' on kga is usually
not written explicitly; however, this dependence is criti-
cal for understanding the technique described in this pa-
per. For scattering problems with kga of order unity, the
form factor must be computed using Mie theory [1]. The
structure factor is related to real space particle positions
r;, according to

S(a) = (1/N)<Zeiq‘(""’)> —Né(a). (3)

i,J

where NV is the number of particles. In Fig. 1(b), we
plot the Mie scattering form factor as a function of di-
mensionless wave vector y = ga at two different optical
wavelengths (i.e., different values of koa). The value of
y ranges from zero to 2k¢a, corresponding to the full
range of wave vectors that could be accessed in a single-
scattering experiment.

Measurements of the scattered intensity as a function
of scattering angle (and hence gq) provide explicit infor-
mation about colloid structure. In fact, light scattering
is useful in a wide variety of complex fluids which exhibit
structures on length scales comparable to the wavelength
of light, so long as multiple scattering can be neglected.
In the next section, we address the possibility of prob-
ing the structure of colloidal suspensions (and, therefore,
other complex fluids) using light scattering in samples
which exhibit a very high degree of multiple scattering.

III. DIFFUSE-TRANSMISSION
SPECTROSCOPY: STRUCTURAL
MEASUREMENTS USING MULTIPLE LIGHT
SCATTERING

In multiple-scattering experiments, photons scatter
many times through many different scattering angles
(and wave vectors) before being detected. Therefore, we
expect structural information imprinted on the multiply-
scattered light to be smeared out relative to the single-
scattering case. Moreover, variation of the angle between
incident and exiting light beams provides little additional
structural information when photons have traveled a dis-
tance greater than 5/* through the sample. Nevertheless,
it is still possible to obtain significant structural informa-
tion about the suspension from multiple scattering. Our
strategy to obtain the desired length-scale or wave-vector
resolution is to change the wavelength of the incident light
and detect all the light transmitted through the sample
(i-e., all scattering angles). We describe our approach
below.

In order to obtain useful structural information about a
colloidal suspension from multiply-scattered light, we re-
quire a model for light propagation in the highly multiple-
scattering limit. While there are many approaches avail-
able to describe photon transport in random media, the
simplest and most generally useful is the photon diffusion
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approximation. This approach has been used recently to
describe photon transport in a wide variety of systems
with a great deal of success. Some examples include
photon transport in clouds [2], model biological tissue
[3,4], foams [5], paper [6], dairy products [7], and colloids
[8-11].

In the diffusion approximation, one assumes that
each photon scatters many times and that its transport
through the medium can be described as a random walk.
The average distance between scattering events (the scat-
tering mean free path) is [ = 1/p0., where p is the num-
ber density of scattering particles, and o is the scat-
tering cross section per particle. For the general case of
scattering from correlated groups of identical particles,

1 2koa
Osc = 73 / F(y, koa) S(y)ydyv (4)
k¢ Jo

where y is the dimensionless scattering wave vector qa.
This form for the scattering cross section is obtained by
integrating the product of the structure and form fac-
tors over all accessible scattering angles. The form fac-
tor is generally peaked at small angles (small ¢). As a
consequence, the direction of propagation of a photon is
not randomized by a single-scattering event, but is ran-
domized after many-scattering events. There is a longer
length scale, however, over which the direction of prop-
agation of a photon is randomized. This length scale is
called the transport mean free path [*. It corresponds
to the length of one step in the random walk executed
by the photon. The diffusion approximation is valid so
long as there are many random walk steps in any light
path under consideration. Conservatively, this is true for
samples thicker than than 10/* [12]. The transport mean
free path I* is related to the average distance between
scattering events [ through average value of the cosine of
the scattering angle, (cos(8)) [1,9,13]

I 1
T = T {cos(®)) - ()

For isotropic scattering, (cos(¢)) = 0 and I* = l. For
scattering increasingly peaked in the forward direction,
{cos(6)) becomes closer to 1 and {* becomes increasingly
greater than I. This result (5) is valid as long as struc-
tural correlations in the sample are short compared to I.
For example, we do not expect (5) to apply to transport
through a colloidal crystal. Combining Egs. (4) and (5),
we arrive at an expression for the transport mean free
path length in a monodisperse suspension,

1__mp [ 2 F(y, koa) S(y) yd 6
l*_(koa)‘ik[-;/o y* F(y, koa) S(y) ydy . (6)

Thus, the photon transport mean free path I* is calcu-
lated by integrating over the product of the form factor
and the structure factor weighted by y3. The form fac-
tor is well known for spherical particles. Here, we wish
to study the structure factor. In the diffusion approx-
imation, we envision the photons as scattering from a
sequence of correlated particle clusters [14]. It should
be noted that (6) is valid only when structural corre-
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lations extend over lengths that are small compared to
1*. In the present case, [* 2 7 pym or at least 14 ball
diameters, so this condition is always satisfied. A more
restrictive condition is that the mean distance between
scattering events ! exceeds the distance over which there
are structural correlations. This is always true for the
205- and 299-nm particles where I 2 3 ball diameters.
However, in the case of the 460-nm particles, [* is only
greater than 3 for A longer than 700 nm, and we cannot
be sure that (6) is true at shorter wavelengths. We note,
however, that diffusing-wave spectroscopy (DTS) mea-
surements have been performed in highly concentrated
systems for which the more restrictive condition is vio-
lated [10,11,15,16]. In these cases experiment and theory
agree to within the experimental error of 10% suggesting
that the more restrictive condition is perhaps too restric-
tive.

To gain some physical insight into the connection be-
tween structure and multiple light scattering, we plot the
structure factor for hard spheres in Fig. 1(a) for three dif-
ferent particle volume fractions: ¢ = 0.05, ¢ = 0.30, and
¢ = 0.40. These curves are generated from calculations
using the Percus-Yevick approximation, a standard ana-
lytic approach to calculations of S(g) for monodisperse
hard spheres [17]. The abscissa covers the range of di-
mensionless wave vectors y = qa relevant to our systems.
We use micron-sized charged polystyrene spheres in wa-
ter with sufficient ionic content (0.01 molar) to screen
the Coulomb interactions over roughly 4 nm. Thus, the
interactions between the spheres in our samples are rea-
sonably well approximated by a hard-core repulsive po-
tential.

We will use DTS to extract information about S(g)
from wavelength dependence of I*. Insight into how I*(A)
depends on S(g) may be gained by considering the up-
per cutoff of the integral in Eq. (6). The upper cutoff,
2koa, is proportional to the ratio of the particle radius
to the photon wavelength. Thus, for a fired particle size,
the value of [* at photon wavelengths A\; = 2w /k; and
A2 = 2w [k, depends on the behavior of S(gq) between the
dimensionless wave vectors 2k;a and 2ksa.

IV. EXPERIMENT

Our experimental goal is to determine {* as a function
of wavelength. There are a number of approaches to mea-
suring !* in a highly multiply scattering material. The
simplest approach, discussed below, is to measure the
transmission coefficient of a slab of colloid [1,8,9,12,18].
More complicated techniques to determine [*, which may
be more applicable to samples which absorb light, include
the measurement of the angular width of the coherent
backscattering cone [10,19-21] as well as measurements of
the temporal broadening of a pulse of light during trans-
mission through the colloid [22-24)].

The transmission coefficient of a slab of colloid is the
simplest quantity to measure since it requires neither
pulsed lasers, nor collimated light sources, nor detectors
with fine temporal or spatial resolution. The transmis-
sion coefficient is also fairly simple to interpret. For a
slab of colloid with thickness L and transport mean free
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path I*, in the low absorption limit the diffuse light trans-
mission coefficient is

r- (%) HEIE -

L 4 (1+R\ I+’
1+§(1—R)f

where o is a parameter of the diffuse model of photon
transport which is roughly unity [1,12,13,25] and R is
the diffuse reflection coefficient from the colloid-glass-air
boundary which contains the sample. This result is ob-
tained by solving the one dimensional diffusion equation
which describes photon transport through a slab of in-
finite transverse extent and comparing the transmitted
to the reflected flux. The diffuse reflection coeflicient is
obtained from an angular average of the Fresnel reflec-
tion coefficient at the glass-colloid interface [26] and a
sum over multiple reflections [12]. The approximately
linear dependence of the diffuse-transmission coefficient
on the photon transport mean free path (7) is experi-
mentally ensured by keeping the ratio of L to [* large
and minimizing the reflection coefficient by submerging
the sample cell in an index matching fluid (e.g., water).

Our apparatus for measuring the wavelength-
dependent transmission coefficient (Fig. 2) uses a tung-
sten lamp, a monochrometer, an integrating sphere, and
a silicon photodiode. This apparatus could probably
be implemented simply by making small changes to a
commercial spectrophotometer fitted with an integrating
sphere. The integrating sphere allows us to collect light
uniformly from many output angles. The light passing
into the monochrometer is modulated using a chopper;
a lock-in amplifier is used to measure the photocurrent

Index Matching Bath

Lens

Reference Integrating Sphere

Monochrometer

Phiotodiode

Stepper Motors

Computer

N

Lock-in Amplifier

FIG. 2. Apparatus for diffuse-transmission spectroscopy.
Computer controlled stepper motors switch between sample
and reference cells and change the photon wavelength. De-
tection is accomplished using a lock-in amplifier and chop-
ping the light entering the monochrometer. The sample is
immersed in water to reduce the diffuse reflection coefficient.
Note the similarity of this apparatus to commercially avail-
able spectrophotometers fitted with an integrating sphere.
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at the chopper frequency from an unbiased photodiode.
The system responds linearly over a range of transmis-
sion coefficients from 1 to at least 10™%. The sample
is immersed in water reducing the diffuse reflection co-
efficient from roughly 0.10 to 0.02 [12]. The integrat-
ing sphere is constructed of Spectralon reflectance mate-
rial from Lab Sphere (North Sutton, New Hampshire).
Spectralon is hydrophobic and can be immersed in wa-
ter without changing its reflective properties; however,
after submerging the entire sphere, we found that the
photon path lengths in the sphere were so long that the
weak photon absorption of water in the integrating sphere
overwhelmed the signal from the colloid [27]. We, there-
fore, choose to hold the sample horizontally completely
under water and we immerse only the input port of the
integrating sphere in water, retaining the advantages of
index matching. The cell thickness L was typically 1 or
2 mm so that the photon absorption was very small over
the wavelength range probed.

Accurate absolute measurements of transmission re-
quire the measurement of a reference signal. In this
experiment, normalization was accomplished by sequen-
tially measuring the transmission through two samples,
the one under study and another consisting of the same
colloid at a significantly lower volume fraction where the
structure factor is relatively less important and better un-
derstood [compare the solid and dashed lines in Fig. 1(a)].
The spectrum of the less dense colloid will have many of
the same variations with wavelength as the sample, in-
cluding variations of the form factor, the lamp intensity,
and the detector efficiency. The reference cell will also
have a similar angular output distribution of transmitted
light as the sample under study. By using this normal-
ization scheme, we produce a data set with no adjustable
experimental parameters. If a nondiffuse sample is used
for normalization, there will be an adjustable parameter,
the angular collection efficiency. In this case, uncertainty
in the collection efficiency will obscure the most sensitive
feature of the data set, the absolute transmission. The fi-
nal advantage of using a diffuse sample for normalization
is that the uncertainty in the numerical values of R and
a in the numerator of the relation between T and I* (7)
is normalized out of the data. In the data presented here,
we ensure the applicability of the diffusion approximation
by choosing reference samples such that L/l* is always
greater than 10 [12,24]. The data were obtained between
450 nm and 850 nm. The lower wavelength limit was
set by the characteristic spectral response of our lamp,
monochrometer, and photodiode; the upper wavelength
limit was set by a weak photon absorption band in water.

We now discuss some of the experimental details of the
DTS technique. While these details must be considered,
they contribute very little to the final DTS spectrum and
do not affect our interpretation of DTS data. A consider-
ation of these issues, however, highlights the importance
of the use of a suitable reference sample. Once a photon
enters the integrating sphere, the probability that it will
strike the detector is independent of the initial direction
of the photon. Since the input and output ports on the
integrating sphere are the same size, the photon is just
as likely to return to the sample as it is to strike the pho-
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todiode. The transmission coefficient is always much less
than one, so most of the light returning to the sample
will be reflected back into the integrating sphere. There
is a finite probability, however, that a photon will escape
after reentering the sample. By considering the possibil-
ity of a photon escaping after any number of reflections,
we find that the measured transmission coefficient of the
colloid in its cell T}, is related to the transmission coef-
ficient of the colloid alone T by

cT/2

Inm=1"ca-mz

(8)

where c is the collection efficiency of the integrating
sphere. The collection efficiency is essentially the solid
angle subtended by the input aperture of the sphere di-
vided by 2m. A conservative estimate of ¢ in the present
apparatus is between 0.75 and 0.80.

The quantity measured in DTS is the ratio of trans-
missions of two cells T, /T,, the reference and sample
cells. Using the transmission calculated from the diffu-
sion Eq. (7) and the correction due to multiple reflections
from the integrating sphere off the sample cell (8), we ar-
rive at the measured quantity

,.
T, _ I 1+4382\1-c1-T,) 9)
T, I3 \144EL J1-c(1-T)
To first order in * /L, this simplifies to
T, Iy (1+Al}/L
T, I <1+Al;/L) ’ (10)
where
1+ R 21+R

The exact value of A is not known accurately, but is close
to 1.5 (for ¢ = 0.8, R = 0.03, and o = 1). The normal-
ized DTS spectrum will change by only a few percent
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depending on the precise value of A. This uncertainty
has little effect on our interpretation of the data. Un-
normalized measurements, however, depend strongly on
all three factors: the collection efficiency ¢, the diffuse re-
flection coefficient R, and the correct value of a, which in
turn depends on the size of the scattering particles [10].

A final technical point is the calculation of the form
factor F(g,koa) for which we use Mie theory [1]. The
form factor depends strongly on the ratio of indices of
refraction of the particle and of the continuous medium.
For the index of refraction of water, we rely on the data
from Ref. [27]. The refractive index of polystyrene is
obtained from Refs. [28,29].

V. RESULTS
A. Influence of S(q) on I*())

Using nearly hard-sphere polystyrene particles in wa-
ter, we have tested the principles of DTS. Three systems
with particle diameters between 205-nm and 460-nm and
volume fractions of about 0.30 were studied (see Table I
for details including absolute values of I* at A = 500 nm).
Each particle size allows us to probe a different region of
the hard-sphere structure factor because the value of the
dimensionless wave vector y = ga spanned for each par-
ticle size is different.

The sensitivity of DTS to interparticle structure is
demonstrated in Fig. 3, where we plot I3, (y)/l(y)
measured for the three systems along with calculations
based on Mie scattering theory and the Percus-Yevick ap-
proximation for S(g). In these plots, y = (4wa/)) n(}),
where ) is the wavelength of light (in air) selected by the
monochrometer, n(A) is the index of refraction of water at
A, and a is the particle radius. The experimental values of
1. (y) /12es(y) are obtained from measurements of the ra-
tio between the transmission coefficient of the sample un-
der investigation and that of a relatively dilute reference
sample for which §(q) is close to 1 (see Table I). The cal-
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FIG. 3. Direct comparison of diffuse-
transmission spectrum with Percus-Yevick
calculation for three different samples. (a)

= 205 nm, ¢sam = 0.349, ¢rer = 0.090;
(b) a = 299 nm, Gpam = 0.354, Prer = 0.060;
(c) @ = 460 nm, ¢sam = 0.299, ¢y = 0.054.
A calculation ignoring structure is included
in the dashed lines. The separation be-

Data tween the dashed and dotted lines indicates
2l 2 2b— — — S(y )=1 how strongly the diffuse-transmission spec-
........ trum depends on structure. There are no
adjustable parameters in this graph; this is
a comparison, not a fit.
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TABLE I. To probe different length scales, we study three
systems with different particle diameters. The calculated
value of I* at a wavelength of 500 nm is included.

Diameter (nm) Sample ¢ [* (um) Reference ¢ [* (pm)
205 0.349 9.8 0.090 24.9
299 0.354 9.2 0.060 34.0
460 0.299 9.2 0.054 40.7

culations plotted in Fig. 3 are based on Eq. (6) using the
parameters appropriate to each sample. We emphasize
that there are no adjustable parameters in these plots;
they directly compare measurements and theory. From
these plots, we see that the Percus-Yevick structure fac-
tor does a remarkably good job of matching the relative
value of [* between different sample concentrations. Fur-
thermore, we see that structure plays a significant role
in the diffuse-transmission data set. In particular, if the
structure factor were flat [S(g) = 1], these curves would
be horizontal lines (dashed in Fig. 3) with an ordinate
equal to the ratio of the volume fractions of the sample
and reference. In addition to the agreement in magni-
tude between the data and the calculations, there is good
agreement in the location and direction of the bends and
curves in the 205-nm and 299-nm systems. By contrast,
the agreement between the data and the calculations for
the largest (460-nm) system is much poorer. There are
several plausible reasons for the good agreement in the
case of two smaller spheres and the poor agreement in
the case of the largest spheres. First, for our calculations
of I*(y) we rely on our knowledge of the structure factors
S(y) for y values between zero and 2koa. For the 205-
nm and 300-nm systems, this means that S(y) is probed
only up to the first peak in the structure factor; for the
larger 460-nm system, however, the second peak in S(y)
is also probed. Thus, more accurate knowledge of S(y)
over a larger range of y is required for the large spheres
than is required for the small spheres in order to obtain
a good description of the data. Second, the second peak
in S(y) corresponds to a much shorter length scale than
does the first peak. At these shorter length scales, devia-
tions from a strictly hard-sphere potential are expected.
The small polydispersity which is found in latex colloids
will also have a stronger effect on the second than on the
first peak in S(y). Thus, our results can be taken as an
indication that the Percus-Yevick calculation of S(y) for
hard spheres is not an accurate model for the 460-nm
system, that is, for values of ga greater than 10. Third,
it is possible that [ is too short in the 460-nm system,
and that Eq. (6) is not valid for this system when the
photon wavelength is less than 700 nm.

B. Particle sizing

The DTS spectrum can be a powerful tool for particle
sizing. In Fig. 4, we plot the location of the peak in the
DTS spectrum along with the calculated peak position
(from the Percus-Yevick approximation) for different size
particles. The peak positions are obtained by finding the
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FIG. 4. Sensitivity of DTS to particle size. The most sen-
sitive feature to match with these data sets is the first peak
in the DTS spectrum where I /1., has zero slope. The cal-
culated peak (solid line) matches the measured peak position
quite closely. By matching of this peak, particle size can be
determined with 5% accuracy.

value of y at which the slope [dl* /d(koa)] of the transmis-
sion data from Fig. 3 is zero. The same examination of
the position of zero slope of calculated data for different
particle sizes is used to obtain the solid line in Fig. 4. The
position of this peak is the most size-dependent feature
of the spectrum. We see in this figure, that DTS can be
used to estimate particle size to within 5%. This size res-
olution should be attainable for all samples in which the
first peak in the structure factor is included in the scan
range. In hard sphere systems, the peak in the struc-
ture factor scales with particle diameter. In contrast, in
systems where the repulsion between particles is much
larger than kT at a distance of the average interparticle
spacing, the lattice constant will scale with ¢~ /3 and we
expect the first peak in the DTS spectrum to follow this
scaling. Incidentally, in the course of this experiment, we
used this technique to identify a 7% error in the particle
size stated by the manufacturer of the 299-nm particles.
This sizing error was verified by dynamic light scattering
and electron microscopy.

C. Influence of different interparticle potentials

By comparing the diffuse-transmission spectra of sam-
ples that are identical except for their interparticle inter-
action potential, we highlight the dependence of the DTS
spectrum on particle structure. A charged suspension of
polystyrene spheres was prepared by rinsing 205-nm par-
ticles over ion-exchange resin. This effectively removes
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TABLE II. Samples used in Fig. 5 with 205-nm particle
diameter. All samples appeared white, not opalescent.

Sample ¢ Ion concentration (mM) Screening length (A)
0.152 9.7 44
0.136 5.9 56
0.149 1.0 136
0.149 0.51 190

all excess counter ions from the suspension causing the
formation of a colloidal crystal due to the electrostatic
repulsion between the colloidal particles. After forma-
tion of the crystal, known concentrations of ions were
obtained by diluting the crystal with a solution of NaCl.
Four samples were prepared at the same volume fraction,
but with different ionic content (Table II). The interpar-
ticle potential in this case is generally modeled as Debye-
Hiickel with a screening length I, that depends on the
ionic strength of the solution (I, ~ 3.0//[I] A [30]).
The diffuse-transmission spectrum was measured using
the most hard-sphere-like (smallest [.) sample as the
reference. If the interparticle potential was not changed
by changing the salt concentration, the measured DTS
spectrum would be flat and equal to one. By contrast,
we see in Fig. 5 that the interparticle potential dramat-
ically and progressively changed as the ion content in-
creased. Further, for stronger interactions (fewer ions)
the structure is more pronounced as seen by the greater
curvature in the spectrum taken at the lowest salt con-
centration. These were all noncrystalline samples which
appeared white, not opalescent, to the eye. Their diffuse
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FIG. 5. The dependence of diffuse transmission on inter-
action potential is seen by comparing measurements made
with samples with different screening lengths. The reference
sample for these data sets had the same concentration of par-
ticles, but a shorter screening length. If there were no change
in structure, or if DTS were not sensitive to such a change, the
spectra would be flat lines. The progressive changes with in-
creasing screening length demonstrate the sensitivity of DTS
to interparticle potential. The screening length is approxi-
mately 3.0/ \/IT] A, where the ion concentration [I] is in units
of moles per liter.
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transmission spectra, however, highlight their structural
differences. In the event of crystallization, it is known
that there will be peaks in the DTS spectrum [31], which
we have observed in our apparatus (see inset of Fig. 5).
The diffusion approximation, however, does not always
apply to colloidal crystals. Further work with different
analytic tools is necessary for crystalline samples.

D. Effect of Volume Fraction

Diffuse transmission at a single wavelength has been
used previously to determine [* as a function of volume
fraction [9,10]. At low volume fractions, [* is proportional
to ¢ and for large particles, where koa > 1, I* is propor-
tional to ¢ even at fairly high volume fractions. Measure-
ments of the dependence of diffuse transmission on vol-
ume fraction for a given system can easily be calibrated
and then used for system characterization. When deter-
mining volume fraction by measuring transmission at a
single wavelength, it is possible to be misled by changes
in particle size or interparticle potential. By monitoring
the diffuse-transmission spectrum, such changes can be
ruled out. Generally, horizontal shifts in the DTS spec-
trum indicate changes in particle size; vertical shifts indi-
cate changing concentration. Changes in the shape of the
spectrum indicate a change in the interparticle potential.

E. Inverting I*(\) to obtain S(q)

Ideally, the DTS data set could be inverted to provide
not just comparisons with model calculations, but com-
plete structure factors. We briefly present our attempts
at inverting the DTS spectrum. A more complete dis-
cussion can be found in Ref. [32]. Inverting the equa-
tion for I* as a function of dimensionless wave vector kga
(6) is a difficult problem. The complexity of the Mie
scattering expression for the form factor and its depen-
dence on kga prevent any simple analytic inversion. Fur-
thermore, attempts to obtain the structure factors from
unconstrained inversion of the data give rapidly varying
unphysical structure functions.

In order to restrict S(y) to more physical values while
performing a meaningful inversion, we have examined ex-
pansions of the structure factor of the form

S(y) = aofo(y) + a1 f1(y) + a2fo(y) + - , (12)

where the weights in the expansion {a;} determine S(y),
and the functions f;(y) are chosen based on our knowl-
edge about the sample (e.g., particle size, interparticle
potential). Our knowledge is imperfect, however, and
our choices for the functions f;(y) are, in the end, some-
what arbitrary. We have focused on fits in which fo(y)
is the Percus-Yevick structure factor that we compared
directly to the data in Fig. 3. Further terms in the expan-
sion were alternately chosen to be powers of y, spherical
Bessel functions, and Percus-Yevick structure factor cal-
culated for different particle sizes. All of these functions
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FIG. 6. The diffuse-transmission spectrum
is fit with a structure function composed of
the Percus-Yevick structure functions plus a
polynomial. Over the range that we make
measurements, the fits are reasonably good.

gave qualitatively similar results. In Fig. 6, we plot the
fits and associated structure functions for fiv, = y*~ .
We see good qualitative agreement with our data; the fits
suggest that the first peak in S(y) is somewhat sharper
than the Percus-Yevick prediction. We also note a ten-
dency of the fits to diverge for ga near zero. This can be
easily understood to be a consequence of the y3 weighting
in Eq. (6), which makes the calculation of [* very insen-
sitive to the behavior of the structure factor at small y.

We estimate the sensitivity of this fitting procedure
technique by applying it to calculated data for the
Percus-Yevick structure function with added noise. Two
types of noise are included: systematic noise is intro-

duced through a several percent variation in the height
of the curve, and point by point noise with a smaller am-
plitude is also added. By fitting them to many simulated
noisy spectra, an estimate can be made of the sensitivity
of DTS to noise and experimental errors. In Fig. 7, we
plot the best polynomial fits to our data along with the
one standard deviation limits on the Percus-Yevick struc-
ture function based on inversion of noisy calculated data
sets. The measured structure function for the smaller
systems (205 and 299 nm) falls just outside the expected
range, indicating that the first peak in S(y) is somewhat
sharper than the Percus-Yevick S(y). In the larger sys-
tem, the disagreement cannot be attributed to the types
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by A FIG. 7. The best fit S(y) from a polyno-
5 |§ “ \ mial expansion of S(y) (solid lines) is pre-
S o sented along with the one-standard deviation
[/ ’ limits on the range of measured structures
" (dashed lines), assuming the Percus-Yevick
| structure was correct. From left to right,
0.6t l‘ plots are for the 0.205-, 0.299-, and 0.460-pym
systems.
|
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of noise considered here.

We have also used this noise calculation to determine
the number of parameters that can be usefully fit to the
data. By repeating inversions of noisy calculated data
and then fitting them to different numbers of parame-
ters, we have found that the uncertainty in S(y) increases
dramatically when more than four parameters are used
in the fit. That is, in fits to five or more parameters,
the fits display greater sensitivity to the noise than to
the underlying shape of the data set. This limit on the
number of useful parameters matches our experience of
fitting many sets of measured data.

VI. CONCLUSION

The diffuse-transmission spectrum is a sensitive in-
dicator of structure in optically dense colloidal sys-
tems. Diffuse-transmission spectroscopy is especially use-
ful near the first peak in S(y). For higher order peaks,
however, the averaging process of diffuse transmission ob-
scures the shape of S(y), making the structure function
difficult to recover. It is also clear that DTS can be used
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in a variety of systems to monitor changes in compo-
sition, concentration, and interaction potential without
dilution. Diffuse-transmission spectroscopy provides a
less ambiguous signal of these changes than transmission
measurements at a single wavelength, making it possible
to distinguish between changes in interaction potential,
particle size, and concentration. Further work is neces-
sary on techniques for inverting diffuse-transmission data
and the application of diffuse transmission to more sys-
tems.
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FIG. 2. Apparatus for diffuse-transmission spectroscopy.
Computer controlled stepper motors switch between sample
and reference cells and change the photon wavelength. De-
tection is accomplished using a lock-in amplifier and chop-
ping the light entering the monochrometer. The sample is
immersed in water to reduce the diffuse reflection coefficient.
Note the similarity of this apparatus to commercially avail-
able spectrophotometers fitted with an integrating sphere.



