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Quantitative determination of large structures
by small-angle light scattering

Abstract A new small-angle light
scattering camera has been devel-
oped. In contrast to conventional
detection the present system is based
on a recently developed two-dimen-
sional charge-coupled-device chip
made by Thomson (France). The
advantage of this chip is its excellent
linear response and very low dark
signal even at room temperature.
The best linearity was obtained by
leading each pixel signal through the
same amplifying system. The optical

system covered a diffraction angular
region from about 1° to 15°

(¢ = 0.2-2.6 um™"). The camera
was calibrated with grids and pin-
holes and was tested with polymer
latex particles in solution and with
spherulites from polymer films.
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Introduction

Common static wide-angle light scattering (WALS) is
a well-established technique in polymer science for
determination of the molar mass (My) and the radius
of gyration (R,) of individual macromolecules in dilute
solution. However, the dimensions of these molecules
can be measured for samples with R, > 12 nm, which
often corresponds to molar masses of M, > 105 g/mol.
For the determination of nanostructures much shorter
wavelengths have to be used, for example, X-rays or
cold neutrons. The wavelengths of these sources are at
least 1000 times shorter than those of visible light. This
requires the highly developed techniques of small-angle
X-ray scattering (SAXS) and small-angle neutron scat-
tering (SANS) for structure investigations of oligomers
and polymers in the region down to My, ~ 1000 g/mol.

Recently, there has been much interest in the prepa-
ration of supramolecular structures and their character-
ization. Such supramolecular structures, composed of
macromolecules, often exhibit dimensions of the order
of microns. Heterogeneities of similar size also occur in
thermoreversible gel formation [1]. Another subject of
interest is structure formation on phase separation. Here

again very large heterogeneities are formed before
macroscopic phase separation takes place.

In all these cases neither WALS nor the present
techniques of SAXS or SANS are able to detect such
large structures. Much effort has been invested in further
extending the SANS region to even lower values of
q = (4m/2)sin(0/2), which has led to ultra-small-angle
neutron scattering. Very promising results have been
reported recently [2]. Here, we follow an alternative
route and extend WALS measurements to the small-
angle light scattering region (SALS) and simultaneously
to a registration in two dimensions. This is achieved
by employing a charge-coupled-device (CCD) chip as a
two-dimensional multichannel detector. The technique
of SALS is not really new. Quite a few experiments have
already been carried out [3—19] and theoretical work has
also been reported [20-28]. However, in previous studies
most of the experiments remained confined to the
registration of qualitative behavior [3—10]. This restric-
tion was based on the use of photographic techniques
or photodetection devices [6-10], which did not permit
undistorted detection of scattering intensities. The
quality of those instruments could be considered as
adequate, because mostly semicrystalline samples were
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studied in the past. Here, the exact position of the angles
is important, but exact angular envelopes are not
essential. Only a few attempts to measure quantitatively
the scattered intensities are found in the literature [11—
18]. Recently, a SALS camera was reported that can be
used even for dynamic light scattering measurements
[19] and that is quite similar to our construction.

Our interest is focussed on semidilute and concentrat-
ed solutions [29], where much lower scattering intensities
have to be determined quantitatively. Because of the
recent production of an improved generation of CCD
chips, detection of absolute intensities can be performed
correctly. In the first part of a series we report details of the
construction of a SALS camera and some test measure-
ments with geometric and well-defined colloidal samples.

SALS camera
CCD chip

The heart of the SALS camera consists of the TH
7895M-(L) CCD chip (Thomson, France). This device is
a full-field CCD image sensor optimized for a wave-
length range of 400-1100 nm and delivers 512 x 512
data pixel points with an effective aperture of
19 x 19 um each. The striking advantage of this chip is
its excellent linear response and its very low dark signal,
even at room temperature. A high signal-to-noise ratio
for the measured light intensity is obtained without
cooling the chip. Thus, a maximum data depth up to 16
bit (cooled 18 bit) is possible. To reach similar behavior
with common chips, cooling temperatures of —40 to
—80 °C have to be applied, which intriguingly cause
high-temperature gradients, in particular when the
sample is to be heated.

Electronics

For the data management special fast, yet still reliable,
read-out electronics had to be designed. The present
development allowed the use of the SALS camera in
combination with a common personal computer. The
shortest applicable exposure time is about 15 ms and
depends mainly on the self-made shutter mechanics. The
fairly long read-out time of about 3 s is due to the chosen
serial technique, which is required for linear response.
The data pixels on the chip are organized in rows. The
read-out is performed by serial transfer of the informa-
tion from one specific row (last). After that all other rows
are shifted synchronously by one row and are again read
out, etc. The advantage of the electronic simplicity is the
high accuracy of data processing (the same amplification
for each pixel). Its disadvantage is the already mentioned
fairly long read-out time of 3 s. Also the long read-out

time causes some additional exposure, for example, from
dark current and weak stray light.

Further fluctuations in accuracy result from differen-
ces in the response quality of the individual pixels and
from the dark current. These imperfections are partially
removed when the scattering intensities of the solvent
measurements are subtracted. Low-cost CCD chips make
use of common frame-transfer techniques which avoid
additional exposures, but this deteriorates the informa-
tion quality from the pixels. The charge-transfer efficiency
(CTE) for common chips is about 0.9999, whereas for the
TH7895M-(L) chip the CTE 0f 0.999998 is 50 times better
and is combined with a very low dark current.

Optics

As a light source a 1122P polarized 2-mW HeNe laser
from Uniphase (Eching, Germany) was used. The
wavelength was 632.8 nm and the degree of polarization
was designated as 500:1. The optical setup of the camera
is shown in Fig. 1. An optimized optical path was
calculated using Gaussian optical methods for paraxial
rays combined with matrix methods [30]. The results were
confirmed with the aid of the computer program WIN-
LENS from Spindler & Hoyer (Géttingen, Germany).
To minimize the scattering volume, lens L1 slightly
focuses the primary beam of the laser light. The beam
develops a divergence of about 3 mrad in the focus
region around the sample position. The primary beam
is monitored by a scatter-glass that emits a small part
of the primary beam onto a photodiode. By a voltage—
frequency converter the light intensity is transformed
into a pulse sequence. This sequence can be used to
monitor the total amount of light. With this device
fluctuations in the laser intensity are largely eliminated.
The device also controls the shutter and guarantees that
exactly the same amount of light is available for each
measurement in a series of measurements. Two lenses
and a pinhole, representing a space filter, are positioned
in the optical path, which removes optical diffraction
patterns from the source and the preceding optics. The
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Fig. 1 Optical setup of the small-angle light scattering camera. The
extreme rays through the prefocusing lens L/, the shutter and options
box and the space filter (L2, BI, L3) are shown. The sample is
positioned in the focus plain F3. The scattering pattern is imaged via
lens L4 onto the charge-coupled-device chip (not shown)
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scattered rays are imaged by a Fourier lens onto the
CCD chip surface. This design promises best results for
scattering patterns on minimized aberrations and other
errors. Between the sample cell and the Fourier lens a
polarization analyzer can be inserted. With this option
the optical anisotropy of the sample can be determined
with both polarizers vertical or with crossed polarizers.
Immediately in front of the CCD chip an IR filter is
placed to reduce the amount of thermal radiation hitting
the CCD surface. This filter also improves errors from
stray light, in particular when the sample is heated to
elevated temperatures.

Sample holder and cell

The construction of the sample holder enables precise
positioning of flat sample cells or sliced materials.
Liquids as well as thin films or other transparent solid
pieces can be measured in a temperature range from 0 to
150 °C. For a liquid specimen a special flat glass cell was
designed, which can be inserted into the sample holder.

Data management

For data management special adapted computer pro-
grams were developed. Simple picture viewing, data
collecting, averaging mechanisms and data simulation
procedures are possible. The two-dimensional pictures
(512 x 512 pixels) were stored in compressed files and
can be converted and exported to common BIDMAP
format files. Cross sections or averaged data were
exported into ASCII files.

Test measurements

Calibration of the SALS camera was made by scattering
patterns from geometric samples, where the diffraction
patterns are theoretically well known. The geometric
samples consist of optical precision grids, g = 100, and a
set of pinholes with diameters from 50 to 400 ym. The
two items can be used to detect and correct errors
concerning the position of scattering angles and the
linearity in the intensity amplifying system, respectively.
The calibrations were followed by some tests with
colloidal systems and polymer films containing semi-
crystalline spherulites.

Geometric samples
1 Grid

For testing the exact function of the CCD camera
diffraction experiments with well-defined geometric

samples were required. The correctness of the pixel-to-
angle correlation was checked using a precision optical
grid (Newport, Darmstadt) with a grid constant of
g = 100 um. The theoretical scattering pattern from this
grid is given [31] by the equation

sin’ (*sin 0,) sin’ (%2sin 0,) sin’ (%sin 0,)

sin®(%sin 0,) (Lsin 0,)° (Zsin 0,)°

I=1I

(1)

Here ¢ is the grid constant, p the number of illuminated
grid elements, b is the breadth and / is the height of one
groove. 0y and 0, are the detecting angles and 4 is the
wavelength of the laser light (Fig. 2).

The experimental data are compared with the theo-
retical predictions in Fig. 3. It was possible to correct the
diffraction pattern for first-order aberration caused by
the Fourier lens. At the largest angles some weak errors
of higher order could still be left, but they are below the
detection accuracy.

2 Pinholes

The linearity of intensity amplification was tested with
pinholes. The experimental data were compared with the

bl

o experiment
calculation

T T s
0.8 1.0 1.3 1.5 1.8 2.0
q/pm”

Fig. 3 Diffraction pattern and simulation of an optical precision grid
with g = 100 pm
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theoretical diffraction pattern [31] that is given by the
Airy function

1(g) o 215D @)

Rg
where J) (x) is the first-order Bessel function and R is the
radius of the pinhole. The result of the experiment in
comparison to theory is shown in Fig. 4.

Colloidal samples
1 Polymer latices

Polymer latex beads are suitable polymer test samples
for SALS experiments because of their spherical shape
and large size. However, problems arose in finding
samples of proper narrow size distribution and concen-
tration. The best results were expected with polystyrene
divinylbenzene latex beads of (6.4 + 2.0)-um diameter
(Sigma-Aldrich, Steinheim, Germany). Unfortunately,
the high-order intensity maxima were hardly detectable
because of a broad size distribution of about 30%. The
experimental scattering patterns of a dilute dispersion
and the theoretical prediction are shown in Fig. 5. The
prediction refers to Rayleigh scattering from a sphere of
(6.56 £ 0.02)-um diameter combined with particles of
any shape of (8.22 £+ 0.06)-um diameter. This combi-
nation corresponds to the size distribution and the fact
that the measured diameters are z averages as is common
in light scattering. It should be mentioned that Ray-
leigh’s approximation fails for large spheres of high
optical refraction ratio (m > 1) with respect to the
surroundings. For polystyrene spheres in water m is
about 1.26, yielding am ~ 4, where « is the latex radius.
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Fig. 4 Plot of measured scattering intensities versus scattering vector

of the diffraction pattern from an optical pinhole of 90-um in diameter
compared with the theoretically expected behavior (see Eq. 2)

Rayleigh’s approximation was still employed instead
of the exact but rather complex equations derived by
Mie [20].

2 Spherulites

The polarization facilities of the SALS camera were
tested by scattering from some semicrystalline polymeric
spherulites. As an example, a film of syndiotactic
polystyrene spherulites of known size was measured
under crossed polarization. The scattering patterns
of ideal spherulites of known radii can be calculated
with equations derived by Stein and Rhodes [22]. The
calculated pattern was compared with experimental
results and is shown in Fig. 6. The radii of the
spherulites were checked by optical microscopy. The
differences between calculation and experiment can
again be explained by a wide size distribution of the
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Fig. 5 Scattering and fitted curves from polymer latices (L6). The fit
was made by a Guinier approximation for the low-angle region
(resulting in a radius of Ry = 4.11 + 0.03 um) and with the particle
scattering factor of monodisperse spheres with R, = 3.28 £ 0.01 ym

Fig. 6 Depolarized scattering pattern from spherulites. Left: experi-
ment; right: calculate
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spherulites. A good fit was obtained when a bimodal size
distribution was assumed.

Discussion

A two-dimensional CCD camera has been developed to
detect simultaneously SALS in an angular range from
about 1° to 15°. Employing a new special CCD chip
permitted a very high signal-to-noise ratio even at room
temperature. This restricts undesired temperature gra-
dients under heating conditions. In order to receive
optimum linear amplified signals for each CCD pixel
special data-read-out electronics were designed. The
optical setup was optimized to receive a filtered and well-
controlled parallel laser beam through the sample cell
after the scattering light has been focussed onto the
CCD chip. The camera is fully controlled by a personal
computer (i.e. Pentium III) and the scattering images
can be analyzed using self-written software. The max-
imum achievable data size of one data pixel is 16 bit
under uncooled conditions (18 bit when the CCD chip is
cooled to —40 °C), but stray light and thermal noise can
reduce the usable data range significantly. The camera
was calibrated with optical precision grids with grid
constants of g =100 and a set of pinholes with

diameters from 50 to 400 um. The calibration was
confirmed with test measurements of polymer latex
beads of different diameters from about 1 to 12 um and
with polymer films consisting of semicrystalline spheru-
lite structures. The results of the test measurements
confirm that the CCD camera delivers correct data
under convenient conditions. Some problems remained,
for example, ““blooming” effects at high exposure times,
stray light and thermal noise. Most of these problems
can be managed or will be removed in future.

We mentioned already the SALS camera constructed
by Cipelletti and Weitz [19] that has a very similar setup
compared to ours. The authors were interested in the
observation of very slow dynamic processes occurring
with aging of colloidal systems. They studied these
processes by measuring the time correlation function of
speckle scattering. The scattering intensities were circu-
lar by averaged for various image radii, and the time
correlation function was formed by a personal computer
for each ring in the normal manner. Our interest, so far,
has been focussed on the detection of static structure
factors; however, the camera can also be used for the
detection of slow motions.
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