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Abstract

Dynamic light scattering has become a standard technique for
investigating colloidal suspensions and polymer solutions. The
experimental field autocorrelation function g;(t) can often be
well modelled by a Laplace transform relating §,(t) to a
distribution of decay times A(t). In simple systems A(t) can
usually be directly related to a distribution of molecular
weights, particle sizes, diffusion coefficients or other physically
relevant quantities. With constrained regularization methods,
the parameter-free estimation of A(t) has become straightfor-
ward. In complex systems, the resulting A(t) may contain
several components the identification of which is not always

obvious. The problem often originates in a superposition of
diffusive and angle-independent components that have differ-
ent variations of their respective decay times with the scattering
vector. A method is presented based on a simultaneous fit of
several autocorrelation functions measured at several different
scattering angles, which, using simple and reasonable assump-
tions, yields a robust analysis of the spectra of decay times. The
application of the method is illustrated on simulated auto-
correlation functions and also on real experimental data
obtained on a variety of different polymer systems.

1 Introduction

Dynamic light scattering has become a standard technique for
investigating colloidal suspensions and polymer solutions. The
experimental field autocorrelation function §;(t) can often be
well modelled by a Laplace transform:

a1(1) = JA(ﬂe*'/’dr- 1)

In simple systems, A(z) can usually be directly related to a
distribution of molecular weights, particle sizes, diffusion
coefficients or other physically relevant quantities. With con-
strained regularization methods, the parameter-free estimation
of A(t) has become straightforward (for a recent review, see
Ref.[1]).

With wide-band correlators, covering many decades in delay
time, t, the dynamics of more complex systems are studied.
Here, the complexity of A(z) and the processes being studied
can make the physical interpretation of A(t) more difficult. If
we use parameter-free methods that do not make a priori
assumptions about A(t), then important trends in the general
structure of A(t) can sometimes be discovered in a series of
experiments with the systematic variation of an external
parameter (e.g. the magnitude of the scattering vector,
q = (4mn/X\)sin(#/2), where n is the refractive index, A the
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wavelength and @ the scattering angle). For example, modes in
A(1) with decay times, 1, independent of q have been observed
experimentally [1, 2] and predicted theoretically [3], in contrast
to the usual diffusive modes with © ~ q 7.

If we hypothesize (1) that all modes in A(t) are either
independent of q or diffusive and (2) that the amplitudes of
all modes relative to each other are independent of q, then A(z)
and §(t) can be decomposed into two components for all
values of q:

e fOC

Blg)g (t;q) = A (T)e T dT + , Ad(D)eiqzmdD, (2)

JO

A(7:q) = A (%) + A ll/(a0)] (3)

where A, (1) and A (D) are the “relaxational” and “diffusive”
components, D is an apparent translational diffusion coeffi-
cient and 3(q) is an unknown scale factor (e.g. due to the
scattering geometry). All q dependence is explicitly shown in
Egs. (2) and (3); thus A(t) and A4(D) are independent of q
but A(t,q) is not.

In this paper, we show how global analysis of a series of g, (;q)
measured at different q directly yields estimates of A.(t) and
A4(D). If the hypothesis in Eq. (2) is correct, then this
decomposition can greatly improve the physical interpretation
and resolution of A(1). If the hypothesis is wrong, then this will
generally be indicated by a poor fit to the data, because the
whole series of §;(t;q) must be simultaneously fitted with only
two distributions in the global analysis in Eq. (2), rather than
the usual case of only one g;(t;q) being fitted with one A(7) in
Eq. (1). Thus the global analysis is a stringent test of the
hypothesis.
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2 Methods

We discretize Eq. (2) to obtain the following:

Ngrid Nevid

qu ZT/ I/IJ+ZDAd C ql

+ G - Bl 5 q), (4)
wherei=1,...,Nacr and Ny is the number of autocorrela-
tion functions with different q values that are to be
simultaneously analysed in the global analysis and C; is the
usual Dust term [4-6] that accounts for modes too slow to be
observed in the experimental delay-time range in §;(t;q;).

The last term on the right-hand side of Eq. (4) was added to
both sides of Eq. (2) to eliminate the unknown scaling factor,
5(q;), on the left in Eq. (2). The factors [1-3(q;)] are treated as
linear parameters to be estimated, just as the usual Dust terms, C;.
However, it is first necessary to replace the model, §,(t;q;), with
the noisy data, g(t,q;), in this last term on the right, so that the
parameter [1-3(q;)] occurs only linearly, rather than being
multiplied by parameters in §,(t;q;). This linearizing approxima-
tion is not serious with the typical high signal-to-noise ratios in
DLS. For one i, say i = m, 3(q,,) is set to 1.0; then the other
§(t,q;) are automatically scaled with 3(q;) in the analysis to
match this reference g;(t;qy,). The choice of m is unimportant.
Except for this consistent scaling and weighting of multiple
experimental curves, which is implemented in the Splice
Package [7] of CONTIN, the modifications for the global
analysis are straightforward. There are now two separate
grids, one for tA (1) and one for DA4(D).

Sensitive measures of the consistency of the hypothesis in
Eq. (2) with the global analysis are given by the so-called
incompatibility ratios:

Rz — VA Rflahal / VAR?ingle (5)
where
Nata
VAR =Y le1(t) — &1(1) /oi,  A(x)) >0, (6)
k=1

and oy is proportional to the standard deviation of the noise in
the data point g (t;). In the case of the global fit, Ny,,, is the total
number of data points in all correlation functions. Thus R;
measures the relative deterioration in the fit to ith ACF due to the
hypothesis in Eq. (2). If no R; is significantly greater than 1.0,
then the hypothesis is completely consistent with the data. The
sensitivity of the R; increases statistically with NcF, the range of
the g; and the accuracy of the data. Of course, when the data are
very accurate, R; becomes oversensitive, and better criteria are
simply the standard deviations of the global fit to each ACF.

3 Results and Discussion

3.1 Simulated Data

Simulated forms of A (1) and A4(D) were specified and Eq. (2)
was integrated accurately to obtain a noise-free g;(t;q), which
was substituted in

G(t;q) = 10°[1 + [0.7g1 (1; ). (7)

Poisson noise [5] was then added to Gs(t;q) and the noisy
g;(t;q) was computed. For each ACF, delay times were in 14
groups of eight t values, with the first group in equal intervals
from 6.4 to 12pus and each successive group with 2t of the
preceding group. Figure 1 shows the global analysis of simulated
data with five scattering angles, 6, equally spaced from 60° to
120°. Both A;(1) and A4(D) are Gaussians in In(t) and In(D)
with equal amplitudes and standard deviations of 0.333 decades.
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Fig. 1: CONTIN fit to simulated autocorrelation functions for (a)
single ACF analysis at each angle indicated, and global analysis as
described in the text yielding (b) the relaxational part of the spectrum of
decay times and (c) its diffusional part.

The mean of Ay(D) was chosen so that the two distributions
exactly overlap at q = (q1q5) , or § = 82°. However, it is clear
from Figure 1cthatno conventlonal single-q analysis of one ACF
at any of the angles could give an indication of more than one
process, since even the exact distributions are unimodal. Only the
global analysis can resolve the two processes (peaks). The
incompatibility ratiosin Eq. (5) were all between 0.99 and 1.02,
indicating complete consistence of the hypothesis in Eq. (2)
(which of course was used to simulate the data in the first
place). In 10 replicate simulations, the root-mean-square
deviation from the true values of the amplitude, mean and
standard deviation was only 0.7%, 0.2% and 1.7% for A (1)
and 1.2%, 0.4% and 2.1% for Ay(D), respectively. This high
accuracy is typical of CONTIN estimates of macroscopic
properties [8] of peaks, such as cumulants and moments,
despite the large uncertainties in solutions to such ill-posed
problems on the microscopic (single-grid-point) scale.
Clearly, the accuracy improves with increasing Nycp and
range of q. However, the improvement with increasing q range
is surprisingly small, although t of a diffusional mode only
varies over a factor of 3.0 when 6 varies from 60° to 120°.
Hence there is no need to go to extreme values of 4, where there
is a danger of systematic experimental errors. A frange of 30—
150° is probably often reasonable. In principle, it is most
efficient to space 6 so that In(q) is in equal intervals. Njcp
should be at least five, preferably more.

In the following we present a brief illustration of the application
of the method to selected cases of dynamic light scattering data
on polymer systems. A more extensive and complete discussion
will be published elsewhere [9].



3.2 Semidilute Solutions

Semidilute solutions at theta temperature were the first systems
where the need for a global analysis became apparent. Figure
2a shows a typical singe-q analysis of an ACF for polystyrene
(M,, = 3.8 x 10%) in cyclohexane (c = 0.064 g/ml) at the theta
temperature of 35°C. It has been shown [1] that the fastest
component is diffusive; it represents the gel diffusion coeflicient
of the semidilute solution. The slowest component was shown
to be independent ofiq [1]; it corresponds to structural relaxation
and it was subsequently established that this relaxation time
corresponds closely to the slowest relaxation obtained by
dynamic mechanical measurements on equivalent solutions [10].
Less clear was the additional intermediate structure in the t
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Fig. 2. (a) Spectrum of decay times obtained for the solution of
polystyrene (M,, = 3.8 x 10%) in cyclohexane at 35°C at a scattering
angle of 90°. (b) Global fit to autocorrelation functions obtained on the
same solution at several scattering angles as indicated in the text. T,
indicates the longest viscoelastic relaxation time.

range 10°-10* us in Figure 2a. It was generally speculated that
this was a continuation of the g-independent spectrum due to
structural relaxations at distances shorter than the whole chain,
and that the extra peaks observed in Figure 2a were artifacts of
the regularization method..

Figure 2b shows a similar solution from the global analysis, on
a set of correlation functions measured with 12 different
scattering vectors. The incompatibility ratios, R;, range from
1.0 to 2.7, indicating that the model used is acceptable and that
the hypothesis seems to agree fairly well with the data. The
relaxational component in Figure 2b represents about 30% of
the total amplitude and spans about 2.5 decades in t. The
longest viscoelastic relaxation time, T,, interpolated for this
solution from dynamic mechanical measurements [10] (indi-
cated by the arrow) closely corresponds to the longest decay
time in A/(t). Figure 2b also indicates that, besides the gel
diffusion process, there is a second slow diffusional process
with about 20% of the total amplitude. This second slow
diffusion is tentatively assigned‘ to structural inhomogeneities,
as reported elsewhere [11]. The critical assumption of the
independence of the relative amplitudes on q also seems
justified. It will be shown in a forthcoming paper that this

slower diffusional component consistently appears in semi-
dilute solutions, even in good solvents, and that its amplitude
increases beyond that in Figure 2b below the theta
temperature.

3.3 Plasticized Polymers

A system with polystyrene plasticized with diethyl malonate
(composition 70:30) was prepared by thermal polymerization.
The glass transition temperature, T,, of this system is
approximately —50°C. In a limited range above T,, fluctua-
tions in density enter into the time window of DLS. On the
other hand, since the system still contains a significant portion
of solvent, fluctuations in concentrations are expected to be
still detectable.

Figure 3 shows the global analysis of ACFs of this system
at 5.1°C with four angles ranging from 30° to 140° in the
VV geometry. Two dominant components are resolved, the
g-independent relaxation of density fluctuations in A (1) and
the diffusive decay of concentration fluctuations in Ay(D).
Here the global analysis is particularly useful, since the two
components have similar t values and, at several scattering
angles, the conventional analysis of the ACF at a single angle
yields just a broad mixed mode.
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Fig. 3: Distribution of relaxation times obtained from the global fit on
a concentrated solution of polystyrene in diethyl malonate (composition
30:70) at a scattering angle of 90°.

3.4 Microemulsion Networks

In contrast to the above two examples, this third example
illustrates the rigour of the global analysis in rejecting the
hypothesis in Eq. (2) when it is inconsistent with the data.
A microemulsion network was formed [12] with a triblock
copolymer, poly(oxyethylene)-block-poly(isoprene)-block-poly
(oxyethylene), dissolved in a water-in-oil microemulsion stabi-
lized with AOT (sodium 1,2-bis(2-ethylhexylcarbonyl)-1-etha-
nesulfonate). The hydrophilic outer blocks dissolve in water
droplets; the hydrophobic inner block remain in the oil phase
and link the structure in a loose network. ACFs were measured
at 10 scattering angles and treated by the global analysis
technique. Figure 4 shows large deviations between the fit from
the global analysis and the data at large delay times, indicating
that the angular variation of at least one slow component
cannot be accommodated by Eq. (2). The incompatibility ratios
in Eq. (5) range from 2 to 18, clearly rejecting the hypothesis.
The corresponding solution in Figure 5 shows two components
in the relaxational spectrum and a complex structure in the
diffusional part. Since the fit to the data in Figure 4 is
fairly good for 1< 10° us, one might speculate that the
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Fig. 4: Autocorrelation functions and fitted curves obtained on a

microemulsion network, as in Figure 5. At each angle, the measured
data are the lower curve at long delay times.
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Fig. 5; Distribution of relaxation times obtained on a microemulsion
network of a block copolymer, as defined in the text, at a scattering
angle of 90°.

corresponding part of the solution with decay times shorter
than about 10°ps might be real. Work is in progress to
elucidate this question.

4 Concluding Remarks

We have shown that by fitting simultaneously correlation
functions obtained at various scattering angles, more detailed
and precise information can be obtained on the number and
character of dynamic processes present in the particular
polymer system. We have shown that the hypothesis of the
same angular variation of the amplitudes of various dynamic
modes is not a very limiting factor and that cases where the
hypothesis fails can be clearly detected.
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ymbols and Abbreviations

distribution of relaxation times
concentration

diffusion coefficient

dynamic light scattering

field autocorrelation function

G,(t;q) intensity autocorrelation function
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weight average molecular weight
refractive index

scattering vector

incompatibility ratio

delay time

glass transition temperature
longest viscoelastic relaxation time
scattering angle

wavelength of light

standard deviation

relaxation time

autocorrelation function

[sodium 1,2-bis(2-ethylhexyl-carbonyl)-1-ethanesulfo-
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