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ABSTRACT: The static and dynamic properties of three randomly branched systems under good solvent
conditions have been investigated by light scattering. Despite large differences in the topology and
chemical structure of these systems one common scaled particle scattering function (P(qRg)) is obtained
for the probed q range. In dynamic light scattering, however, the topological differences have a significant
effect. At high q values the first cumulant Γ(q) exhibits a q2.8 dependence for the systems with small
repeating units and a q3 dependence for the system with the largest repeating unit. These dependencies
indicate internal motions with strong hydrodynamic interactions (Zimm-like behavior). The absolute
values of the reduced cumulant Γ*(q) ≡ Γ(q)ηo/(q3kT) at high q values proved to be a sensitive measure
of the internal mobility, and information on the internal structure of polymers can be deduced from these
values. By comparison of the Γ*(q) values from the branched systems with those from linear systems
under Θ and good solvent conditions the nature of the local dynamics in the various systems is
classified: for the system with the largest repeating unit the local dynamics of linear sections of the
clusters are registered, whereas for the systems with smaller repeating unit, i.e. higher branching density,
the local dynamics of branched sections are probed.

Introduction

In this paper we present data on the angular depend-
encies in static and dynamic light scattering from three
randomly branched systems which differ considerably
in their chemical and topological structure. In particu-
lar the large differences in size of their basic units
(referred hereafter as unimers) are to be pointed out,
which range fromMo ) 417 g/mol to aboutMo ) 65 000
g/mol. When probing the different systems at small
length scales, we expect the size of the unimer to have
a determining effect, and the differences should become
apparent.
The relevant structural quantities can be investigated

by light scattering (LS) when the probed clusters are
sufficiently large such that the structure sensitive
regime of qRg > 1 is covered by the limited q range of
light scattering. Here, Rg is the radius of gyration and
q ) (4πno/λo) sin(θ/2), the magnitude of the scattering
vector with λo the wavelength of the light, θ the
scattering angle and no the refractive index of the
solvent used. The condition qRg > 1 is easily fulfilled
with randomly branched polymers, since in the course
of the branching process very large clusters are formed.1
Simultaneously the size distribution broadens, and the
resulting extremely large polydispersities of the samples
have to be taken into account when analyzing the
scattering behavior properly.
In static light scattering power law behavior of the

scattered light as a function of q is often observed when
qRg . 1, and the resulting exponent should give the
fractal dimension dfr of the individual clusters. For
randomly branched systems, however, the large poly-
dispersity has a significant effect on the scattering
behavior, resulting in an ensemble fractal dimension
dfr,e, which is related to dfr by dfr,e ) dfr(3 - τ) where τ
is the exponent describing the power law decay in the

number distribution of the randomly branched clusters.2
Much work has been done already on the static proper-
ties3 of branched systems, but far less attention has
been paid to the dynamics. It is known that the
dynamics of linear, flexible chains in dilute solution are
governed by strong hydrodynamic interactions, and a
qualitatively satisfying agreement of the experimental
findings with theoretical predictions has been obtained.4
For randomly branched clusters, however, little is
known5 about the internal segmental motion and
whether branching has an influence on the mobility and
hydrodynamic interaction. Also, while the effect of
polydispersity is well understood in static LS, the
corresponding influence in dynamic LS has not yet been
clarified. For instance, there may be a q-regime where
the smaller clusters of the ensemble are still in a
translational regime while the internal motions of the
larger ones are probed. The relevant function that can
be measured by dynamic LS is the field time correlation
function (TCF) which, similar to the particle scattering
factor measured by static LS, shows an angular depen-
dence that in the present paper will be analyzed in
detail.

The Systems

(1) Cross-linked polycyanurates (c-PCyan) were
synthesized by poly(cyclotrimerization) of dicyanates of
bisphenol-A. The reactions were conducted in the melt
at 190 °C, well above the glass transition temperature,
and different extents of branching were obtained by
quenching the reaction medium after different times of
reaction before gelation. Further details are given in
ref 6.
(2) Cross-linked polyester chains (c-PEst-chain)

were obtained by copolymerization in bulk of phenyl
glycidyl ether (PGE), bisphenol-A-diglycidyl ether
(BADGE) and phthalic acid anhydride (PA). 1-meth-
ylimidazol (1-MI) was used as initiator. The anhydride
curing of epoxies initiated by tertiary amines was shown
to follow a living chain mechanism,7 such that by curing
monoepoxies, e.g. PGE, fairly monodisperse chains are
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obtained.8 Branched materials were synthesized by
curing defined mixtures of diepoxy, BADGE, and mo-
noepoxy, PGE, in which BADGE acts as crosslinker. The
reaction was conducted to complete epoxy consumption.
Samples with different branching densities were ob-
tained by varying the amount of crosslinker per chain
(X ) [BADGE]/[1-MI]), while the length of the primary
chain, defined by the ratio of the epoxy to initiator
concentration, was kept constant ([Epoxy]/[1-MI] ) 50;
Mo = 15 000 g mol-1). The primary chain establishes
here the unimer.
(3) Uniform 3-arm polystyrene stars (Mo = 65 000

g mol-1) with terminal OH groups were crosslinked by
reaction with toluene 2,4-diisocyanate in 20% (w/v)
toluene solutions (c-PS-star system). Similar to the
polyester system, variation in branching density was
achieved by varying the ratio of the number of isocy-
anate endgroups to the number of hydroxy groups (r )
[NCO]/[OH]) where the reactions were led to complete
NCO-consumption. Details of the rather complex prepa-
ration of the star molecules and the crosslinking will
be given in a separate paper.
In Scheme 1 the chemical and spatial structures of

the three systems are shown. Both the c-PCyan system
and the c-PS-star system represent systems of randomly
branched trifunctional units, though their units differ

strongly in size and flexibility. In contrast the c-PEst-
chain system is an ensemble of randomly crosslinked,
fairly monodisperse chains. As already mentioned the
three systems differ especially in the size of their basic
units, their unimers. The unimer size increases in
order: c-PCyan (Mo ) 417 g/mol) < c-PEst-chain (Mo =
15 000 g/mol) < c-PS-star (Mo = 65 000 g/mol).

Experimental Section

Series of five to six concentrations (0.1 g/L < concentration
< 10 g/L) were prepared from each of the various samples of
the three systems described above. In all cases tetrahydro-
furan (THF) was used as solvent, which for these systems has
similar good solvent qualities. All solutions were filtered five
to six times through Millipore Teflon filters. Depending on
the molar mass of the samples different pore sizes of the filters
were chosen (0.2, 0.5, 5 µm). The used glassware and the
cylindrical light scattering cells (diameter 0.8 cm) were rinsed
with freshly distilled acetone in a special rinsing apparatus
in order to remove adhered dust particles. All cleaning
procedures were carried out in a laminar flow box.
Static light scattering measurements were performed

with two modified and fully computerized SOFICA photogo-
niometers (G. Baur, SLS-Systemtechnik, Hausen), where a 2
mW HeNe laser (λo ) 632.8 nm, Uniphase) and a 5 mW Ar-
ion laser (λo ) 488 nm, Uniphase) were used as light sources.
In addition static light scattering measurements were per-

Scheme 1
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formed simultaneously with dynamic light scattering experi-
ments using two ALV photogoniometers (ALV GmbH, Langen,
Hessen), where a 3 W Ar-ion laser (λo ) 457.9 nm and λo )
488 nm, Spectra-Physics 2000) and 750 mW Kr-ion laser (λo
) 647.1 nm, Spectra-Physics 2020) were used as light sources.
The used equipment and the calibration-proceedure are de-
scribed in ref 9. Most of the time correlation functions (TCF)
were determined with an ALV 3000 autocorrelator; the ALV-
5000 became available to us only for the experiments on the
c-PS-star system. The scattering measurements were made
in an angular range of 20-150° in steps of 5° (q-range: 4.7 ×
104 to 3.7 × 105 cm-1).
The refractive index increments were measured with a

Brice Phoenix differential refractometer for different wave-
lengths and the following results were obtained: c-PCyan, dn/
dc ) 0.185 cm3/g (λo ) 647.1 nm); c-PEst-chain, measured for
6 different wavelengths, dn/dc ) 0.137 + 5.84 × 103 λo-2 (λo in
nm and dn/dc in cm3/g); c-PS-star, dn/dc ) 0.185 cm3/g (λo )
633 nm), dn/dc ) 0.195 cm3/g (λo ) 488 nm).
The measurements were carried out at 20 °C for the

c-PCyan and the c-PS-star systems and at 25 °C for the c-PEst-
chain system.
For the calculation of the hydrodynamic radius, according

to the Stokes-Einstein relation Rh ) kT/(6πηoDz), and the
calculation of Γ*(q) ) Γ(q)ηo/(kTq3) the following solvent
viscosities (ηo) were used: THF/20 °C ηo ) 0.47 cP; THF/25
°C ηo ) 0.46 cP.
The first cumulant Γ(q) was determined by a three-

cumulant fit of the field time correlation function g1(q,t). In
particular for the correlation functions at high qRg, it was
necessary to restrict the fit to values of g1(q,t) > 0.65.
According to our experience the determination of Γ(q) on TCFs
obtained in single τ mode is more accurate than on TCFs
obtained in multi τ mode, since for the initial part of the
correlation function more data are produced in the single τ
mode.
All q-dependent data (Kc/Rθ, Dapp(q) ) Γ(q)/q2) presented

here result from linear extrapolation to zero concentration of
the corresponding data measured for the dilute solutions of
various concentrations. For smaller samples Rg, Mw, and Dz

were determined by linear extrapolation to q ) 0 in Zimm
diagrams. For the large samples different procedures were
used: higher order fits in Zimm diagrams, Berry diagrams,
and Guinier diagrams; fitting according to eqs 2 and 5 (see
Results and Discussion), using an ensemble fractal dimension
dfr,e as obtained by linear regression of log(Rθ/Kc) vs log(q) in
the high q regime.

Results and Discussion

Before comparing the static and dynamic behavior of
the three different systems described above, some
general features of the q dependencies, obtained for
samples at different extent of branching, shall be
demonstrated. As a representative example the data
obtained for five samples of the PEst-chain system are
displayed in detail in the following Figures 1 and 2. The
molecular characteristics of these samples are listed in
Table 1.
Figure 1A shows the double logarithmic plots of Rθ/

Kc and Dapp(q) vs q. The static and dynamic properties
exhibit corresponding behavior. With increasing Rg,
more and more of a limiting power-law behavior be-
comes noticeable in the q-regime of light scattering. The
data of Figure 1A can also be plotted in the normalized
forms P(q) ) Rθ/Rθ)0 and Dapp(q)/Dz as shown in Figure
1B, where qRg is used as dimensionless length scale.
For both static structure and dynamics, the curves
collapse to one common master curve. This almost
perfect collapse is a result of the self-similar character
of randomly branched clusters.11 It is worth emphasiz-
ing that with progressing branching reaction the size
distribution broadens; the higher moments of the dis-
tribution increase, whereas the first moment remains

approximately constant. The polydispersity ratio Mw/
Mn of the investigated samples increases with increasing
weight average molar mass Mw. In spite of this varia-
tion in the width of the distribution a common behavior
is observed due to the fact that randomly branched
clusters are fractal in a twofold manner: First, each
single cluster is a fractal of dimension dfr, and second,
the cluster ensembles at different extents of branching
are self-similar to each other. Both self-similarities
eventually result in the ensemble fractal dimension dfr,e
of the non fractionated samples.

Figure 1. (A) Rθ/Kc and Dapp(q) ) Γ(q)/q2 as a function of q
for five c-PEst-chain samples. (B) Corresponding normalized
plots: Pz(q) ) Rθ/Rθ)0 and Dapp(q)/Dz vs qRg. The radius of
gyration Rg increases with the sample number (further char-
acteristics in Table 1).

Figure 2. Double logarithmic plot of Dapp(q)/Dz vs 1/Pz(q) for
the c-PEst-chain system.

Table 1. Molecular Characteristics of Five c-PEst-Chain
Samples in THF at 25 °C

sample X Mw/Mn Mw Rg/nm Rh/nm

1 0.801 20 6.69 × 105 39.8 27.6
2 0.810 50 1.77 × 106 67.1 48.4
3 0.842 67 2.40 × 106 89.3 61.1
4 0.867 370 1.36 × 107 245 164
5 0.887 2.70 × 107 341 224

a X is the parameter defining the number of branching-points
per chain. The gel-point was determined9 to be Xc ) 0.886 ( 0.006.
Sample 5 was therefore synthesized in the vicinity of the gel-point.
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Inspection of Figure 1B reveals that the angular
dependence of the static and dynamic LS data exhibit
close similarities. In particular the transition range
from initial to asymptotic behavior appears to be identi-
cal. In fact, a nearly straight line is obtained when
plottingDapp(q)/Dz vs P(q)-1 in a double logarithmic scale
(Figure 2). This allows us to express the dynamic LS
data in terms of the static measurements:

An exponent m ) 0.54 ( 0.02 is found for the data of
the c-PEst-chain system.
For static light scattering it is known3 that the

structure and polydispersity of the randomly branched
clusters determine the q-dependence. The scaling be-
havior observed in Figure 2 seems to imply that, at least
for the length scales probed by light scattering, these
structural and polydispersity characteristics have a
similar influence on the q dependence in dynamic LS.
We now turn to the detailed discussion of the static

and dynamic behavior of the three systems c-PCyan,
c-PEst-chain, and c-PS-star.
Static Light Scattering. In Figure 3 the normal-

ized static LS data of the c-PEst-chain and the c-PS-
star systems are presented in a Kratky plot, in which
by multiplication of the form factor P(q) with (qRg)2 the
asymptotic part is emphasized, such that small differ-
ences between the various data sets can be easily
detected. Clearly, there are no differences within the
limit of experimental error. The data of the PCyan
system obtained by Bauer et al.12 exhibit exactly the
same behavior, and are not shown in Figure 3 for the
sake of clarity.
The fact that the three systems exhibit identical

scaling behavior (at least for the investigated qRg regime
up to qRg ) ca. 10) is worth emphasizing, because the
unimers of these systems are very dissimilar to each
other. In the c-PCyan system the unimer is a low
molecular weight monomer, it is small, rigid and disk-
like in shape. In the c-PEst-chain system the basic unit
is a flexible, narrowly distributed chain that is more
than 20 times larger than the c-PCyan unimer, and in
the c-PS-star system the star unimer has long, flexible
arms and is more than 80 times larger than the c-PCyan
unimer. The resulting clusters differ in the spacing of
their branching points and in the functionality of the
branching points (three in c-PCyan and c-PS-star; four
in c-PEst-chain). The static scattering is apparently not
affected by these topological details and seems to be
purely dominated by the simple concept of connectivity
in the ensemble of random branched clusters, which is
for the different systems presumably the same.

To describe the experimental master curve the fol-
lowing empirical approximation13 can be used

with

which fulfills the required conditions in the two limiting
regimes:

The bold line in Figure 3 represents the best fit for
the c-PEst-system with a ) 0.44 ( 0.01 and dfr,e ) 1.64
( 0.02, which agrees with the value of dfr,e ) 1.64 (
0.04 obtained by linear regression in the double loga-
rithmic plot of P(q) vs qRg shown in Figure 1B (light
scattering regime, qRg up to 12). To fulfill eq 3 properly
parameter a should be set to a ) 2/3dfr. We nevertheless
decided to fit our data with two free parameters to get
a more accurate description of the experimental behav-
ior. The deviation from the expected value of a ) 0.41
( 0.01 is small and can be regarded as insignificant.
Bauer et al.12 studied the static properties of the

c-PCyan-system over a large range of q by combining
light scattering and small-angle X-ray scattering (SAXS).
They showed first that the data could be well fitted by
a function derived by Freltoft et al.14 for fractal ag-
gregates

where

For the c-PCyan and the c-PEst-chain systems a best
fit is now obtained with dfr,e ) 1.76 ( 0.01, which for
the c-PCyan system agrees with the fractal dimension
obtained by a linear regression according to eq 4 in the
SAXS regime12 (qRg up to 103). The fractal dimension
can also be determined from the Mw dependence of Rg
according to

For the c-PCyan system12 dfr,e ) 1.74 ( 0.02 and
c-PEst-chain system10 dfr,e ) 1.78 ( 0.08 were obtained
in good agreement with the findings according to eq 5.
From these results it becomes obvious that the ensemble
fractal dimension is underestimated when determined
by linear extrapolation in the high q regime of light
scattering according to eq 4 or by fitting the data
according to eq 2. A similar underestimation of dfr,e was
reported by Martin et al.3e for a silica gel system.
Examining eq 5 in the asymptotic region of qê . 1

the reason for these underestimates becomes apparent.
In this limit arctan(qê) f π/2 and eq 5 becomes

Figure 3. Kratky plot of the static LS data obtained for the
c-PEst-chain system and c-PS-star system.

Dapp(q) ) DzP(q)
-m (1)

P(q) ) (1 + a(qRg)
2)-dfr,e/2 (2)

a ) 2
3dfr,e

qRg , 1: P(q) ) (1 + 1
3
(qRg)

2)-1 (3)

qRg , 1: P(q) ∼ (qRg)
-dfr,e (4)

P(q) )
sin[(dfr,e - 1) arctan(qê)]

(dfr,e - 1)qê(1 + q2ê2)(dfr,e-1)/2
(5)

ê2 ) 2
dfr,e(dfr,e + 1)

Rg
2 (6)

Mw ∼ Rg
dfr,e (7)

P(q) ∼ (qê)-dfr,e (8)
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With eq 6 and dfr,e = 1.76 one gets

which means that qRg > 15 has to be reached before qê
. 1 is fulfilled, a regime which is normally not acces-
sible by light scattering even if very large clusters (Rg
= 400 nm) are investigated.
However, as seen from the curves (dotted lines) in

Figure 3, the absolute values of the form factor, em-
phasized by the Kratky normalization, vary sufficiently
with dfr,e at qRg > 8, that conclusions on the internal
structure can be drawn even if the asymptotic regime
is not yet reached.
Using the percolation prediction2

and

one finally obtains with dfr,e ) 1.76 ( 0.04 the fractal
dimension for the individual clusters dfr ) 2.20 ( 0.05,
which indicates fairly swollen clusters.
Dynamic Light Scattering: The First Cumulant.

In theories15 on dynamic LS from flexible linear chains
ν-dependent master curves are predicted when Dapp(q)/
Dz is expressed in terms of qRg. The parameter ν is
defined through the equation Rg ∼ Mw

ν and describes
the solvent quality (ν ) 1/2 for Θ conditions and ν ) 3/5
for good solvent conditions). The apparent diffusion
coefficient is defined asDapp(q) ) Γ(q)/q2. An asymptotic
power law behavior Dapp(q) ∼ qn [Γ(q) ∼ qn+2] has been
predicted16 with an exponent of n ) 1 for chains with
strong hydrodynamic interactions (Zimm17 limit) and n
) 2 for fully screened hydrodynamic interactions (Rouse18
limit).
Figure 4 demonstrates that scaling is also obtained

for the branched systems. Here qRh is chosen as a
dimensionless length scale. The ratio F ) Rg/Rh is for
a given system independent of the molar mass indicat-
ing that the crossover region is already passed. How-
ever, F varies from one system to another. Thus, the
curves for the different systems are shifted by different
factors when plotted vs a qRg scale instead of the qRh
scale used here. Obviously the diffusion coefficients of
the branched c-PCyan and c-PEst-chain systems do not
increase linearly with q as predicted and experimentally
found for monodisperse, linear systems, but follow in
the high qRh regime a power-law of Dapp(q) ∼ q0.8(0.05.
The same behavior was found for the silica gel system
investigated by Martin et al.5c In contrast a linear q
dependence of Dapp(q) ∼ q1(0.05 is found for the c-PS-

star system and was also reported for the radical
copolymer of styrene and divinylbenzene investigated
by Delsanti et al.5d In terms of the first cumulant the
asymptotic power law varies in these examples between
Γ(q) ∼ q2.8 and Γ(q) ∼ q3.
When plotting the data as Γ*(q) vs qRh (Figure 5) the

differences between the behavior of the various branched
systems are even more clearly demonstrated. Γ*(q) is
defined as

It is a dimensionless quantity, but includes no poly-
mer specific normalization. When, as expected for
linear chains in the Zimm limit, a q3 dependence of the
first cumulant is reached Γ*(q) reaches a constant value
Γ*(∞), which is predicted15 to decrease with ν.
For the systems with comparatively small basic units,

c-PCyan and c-PEst-chain, the Γ* values decrease
continuously even below the values found experimen-
tally for linear systems under Θ conditions (ν ) 1/2 w
dfr ) 2, Γ*(∞) = 0.045; see ref 4c, 4g). For the c-PS-star
system, on the other hand, an asymptotic Γ*(∞) value
is reached, which agrees well with that found for linear
chains in good solvents (ν ) 3/5 w Dfr ) 1.67, Γ*(∞) =
0.062; see ref 4f,h) and in particular coincides with the
asymptote of the corresponding linear system, polysty-
rene chains in THF.4h
Tetrahydrofuran (THF), the solvent used for all three

systems under discussion, has similar good solvent
properties for these systems. It is therefore unlikely
that the variance in dynamical behavior is based on
differences in excluded volume. Rather the difference
in size of the basic unit appears to be the reason for the
disparity. Two effects have to be taken into consider-
ation. (i) With increasing size of the basic unit the scale
on which linear segments in the clusters are probed
increases. (ii) At a given molar mass the degree of
unimer polymerization decreases as the molar mass of
the unimer becomes larger. Thus a crosslinked c-PS-
star sample of high Rg has less branches and is less
polydisperse than a c-PCyan sample of the same Rg.
We think the observed behavior can be explained by

these two arguments. Due to the large polydispersity
of the c-PCyan and c-PEst systems the q regime is not
reached where Γ(q) ∼ q3 is fulfilled and the Γ* value
still decreases in a qRh regime where monodisperse,
linear systems have already reached their asymptotic
behavior. In this regime, the internal motions of the

Figure 4. Variation of Dapp(q)/Dz as a function of qRh for the
three investigated systems: c-PCyan, c-PEst-chain and c-PS-
star.

qê ) qRg/1.56 (9)

dfr,e ) dfr(3 - τ) (10)

τ ) 2.2

Figure 5. Variation of Γ*(q) as function of qRh for the three
investigated systems: c-PCyan, c-PEst-chain, and c-PS-star.
The bold line represents the translational behavior Γ*(q) ∼
q-1. The dotted line corresponds to the plateau values found
experimentally for linear systems at Θ solvent conditions (ν
) 1/2; Γ*(∞) = 0.045)4c,4d and good solvent conditions (ν ) 3/5;
Γ*(∞) = 0.062)4f,4h.

Γ*(q) ≡ (Γ(q)

q3 )( ηo
kT) (11)
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large clusters are superimposed upon the translational
motion of the smaller clusters. Information on the
internal mobility can still be obtained by examining the
absolute values of Γ*(q). They drop below the asymp-
totically constant value of linear chains at θ conditions.
Note that the fractal dimension of clusters at good
solvent conditions is similar to that of linear chains at
θ conditions (dfr ) 2). The internal motions are here
determined by sections of the clusters which include
branching points and still guarantee self-similarity to
the complete branched clusters (dfr = 2.2). In contrast,
for the internal motions probed in the c-PS-star system
with its large basic unit and lower polydispersity, a
plateau value is reached which is nearly that of linear
chains in a good solvent (dfr ) 1.67), indicating that here
linear sections of the clusters dominate the internal
dynamics. The q regime where translational diffusion
from small clusters and internal motions from large
clusters contribute is apparently hidden in the region
of the fast decay of Γ*(q) at low qRh.
Martin et al.5c and Delsanti et al.5d studied prior to

us the asymptotic regime with branched systems, but
unfortunately did not publish the absolute Γ*(q) values.
However, the mentioned findings for the power law, Γ-
(q) ∼ q2.8 for the silica gel system and Γ(q) ∼ q3 for
polystyrene/divinylbenzene system, indicate that similar
arguments as applied to our systems can be used to
explain the differing exponents. Silica gel is a system
with a small basic unit and resembles the c-PCyan
system, whereas the styrene/divinylbezene copolymer,
consisting of connected long chains with only a few
branching points, corresponds more to the c-PS-star
polymers.
These considerations suggest that we are dealing with

two limiting cases: In the first case, the branching
density is high, the distance between two branching
points is small, and the width of the size distribution is
very broad. In this case, we will observe a superposition
of internal modes of the large clusters and translational
motions of the smaller clusters in the ensemble. The
internal modes are determined by branched sections of
the clusters. In the second case the distance between
two branching points is large, the branching density is
low, and the polydispersity is moderate. Then the
behavior of linear sections will dominate, and the
superposition regime will be shifted into a q regime
where translational diffusion dominates anyway.
The discussion of this section may be closed with two

questions yet to be answered.
(1) Will Γ*(q) for the highly branched case (c-PCyan,

c-PEst-chain) eventually reach a plateau with a value
Γ*(∞) characteristic of internal motions of branched
sections, or will it increase further to reach the plateau
value obtained for linear systems at similar solvent
conditions?
(2) Is the q2.8 dependence found for the higher

branched systems really due to polydispersity or is it
possibly the result of a hindered internal mobility in
branched systems? The q3 dependence of the first
cumulant predicted for linear systems may not neces-
sarily hold for densely branched systems in which the
constraint exerted by branching points may have a
nonnegligible influence.
Dynamic Light Scattering: The Shape Function.

The first cumulant in dynamic LS represents only the
initial part of the time correlation function. The whole
TCF is sufficiently well-defined by Γ(q) when only

translational diffusion is observed. Then we have19

with

For the limit of very long chains, where only internal
motions are probed (qRg . 1), it was shown by de
Gennes and Dubois-Violette16 that the TCF can be
scaled as a function of a dimensionless time

where t* is a characteristic time and f[t/t*] the so-called
shape function. This expression has for very long delay
times the asymptotic form of a stretched exponential

with exponents of â ) 2/3 for nondrained chains (Zimm
limit) and â ) 1/2 for free draining (Rouse limit). Later
in 1980 Akcasu et al.15 took up the problem once again,
derived equations for chains of finite chain length, and
developed a method for the interpretation of dynamic
light scattering experiments in terms of the first cumu-
lant over the full range of q, including the transition
range from qRg , 1 to qRg . 1. They observed that for
qRg > 2 the correlation functions can be scaled when
Γ(q)t is chosen as a dimensionless time scale, Γ(q) being
here the first cumulant, simply determined as the initial
slope of the correlation function.
No predictions have been made so far for branched

clusters, but it is of interest whether such shape
functions also exist for branched macromolecules. This
was tested experimentally by plotting the correlation
functions obtained at different q vs the dimensionless
time scale Γ(q)t.
We first checked in the low qRg regime how the broad

distribution in the randomly branched systems influ-
ences the TCF. Figure 6 shows the correlation functions
from a branched and a linear low molar mass polyester
(linear, Mw ) 103 000; branched, Mw ) 172 000). The
linear polyester had a rather narrow size distribution
(Mw/Mn ) 1.3), the branched one a rather broad (Mw/
Mn ) 6-7). For both samples the regime of small qRg
is probed where translational motions dominate (qRg
, 1, no angular dependence in static LS). The effect of
polydispersity is clearly seen. The correlation functions

Figure 6. Plot of g1(q,t) vs the dimensionless time scale Γ-
(q)t. Correlation functions were obtained at various angles for
a branched, polydisperse c-PEst-chain sample and a corre-
sponding linear, monodisperse polyester sample of low molec-
ular weight (qRg , 1). For comparison, the shape functions
predicted15c for linear systems in the Zimm and Rouse limits
are also plotted.

g1(q,t) ) exp(-Γ(q)t) (12)

Γ(q) ) Dq2

g1(q,t) ) exp{f[t/t*]} (13)

g1(q,t) f b exp[-a( tt*)
â] (14)
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from the randomly branched, polydisperse polyester do
not form a universal master curve and exhibit a
stretched exponential behavior, whereas the linear,
narrowly distributed polyester exhibits the expected
almost single exponential behavior. In Figure 6 the
shape functions predicted15c for internal motions of the
linear chains in the Zimm and Rouse limits are plotted
for comparison. The molecular weight distribution of
the randomly branched system leads obviously to a
superposition of exponential functions resulting in a
stretch exponential behavior which is similar to that
predicted for internal motions with hydrodynamic in-
teraction (Zimm). This makes clear that it will be
difficult to discern the influence of polydispersity from
an effect of internal motions.
However, when samples are investigated in the

regime from qRg < 1 to qRg > 1 one observes by fitting
the TCFs with stretched exponential functions a change
of the stretched exponent from qRg < 2 (â ) 0.85-0.9)
to qRg > 3 (â < 0.85). The change is small but
consistently found for different c-PEst-chain samples.
Finally, for qRg > 3 universal behavior is found for the
TCFs at various q of a given system. In Figure 7 the
angular independent curves found for various samples
of the c-PEst-chain and the c-PS-star systems are
shown. In addition, the curve from a linear polystyrene
chain in THF is shown. The two polystyrene systems,
the linear and the branched one give the same shape
function, and the long time tail can be fitted by a
stretched exponential with â ) 0.64 ( 0.04 in good
agreement with the predicted exponent for Zimm dy-
namics (â ) 2/3). For the c-PEst-chain system a slightly
different curve is found. This may be not significant,
since the scaling with respect to the first cumulant is
involved with large errors, but the long time tail is here
definitely not described by â ) 2/3 but by â ) 0.82 (
0.02. Again the deviating behavior may be interpreted
by the argument that for the wide mesh c-PS-star
system the internal motions of linear sections are
probed, whereas for the higher branched c-PEst-chain
system branched sections of the clusters determine the
internal motions. The findings reported in the litera-
ture for the already mentioned systems are in fair
agreement with this interpretation. Martin et al.5c
found no significant stretched exponential behavior for
the highly branched silica gels, while Delsanti et al.5d
could fit their data for crosslinked long-chain PS/DVB
system with an exponent of â ) 0.67 ( 0.05.
In spite of a certain skepticism, concerning the

possibility of a differentiation between the TCFs which
are dominated by translational motions, but exhibit a
stretched exponential behavior due to polydispersity and

the TCFs which are mainly determined by internal
motions, we can state that the dynamic scattering
behavior of the branched systems is better described by
Zimm relaxations with hydrodynamic interactions than
by the Rouse spectrum with no hydrodynamic interac-
tions. The q dependence of the first cumulant (Γ ∼ q2.8
and Γ ∼ q3) is close or equal to that expected in the
Zimm limit, and the angular independent shape func-
tions at qRg > 3 exhibit approximately the predicted15c
form for Zimm dynamics.

Conclusions

The present experiments with three randomly
branched systems revealed that the effect of branching
has an influence on the internal motions when the
branching density is high. From an analysis of the
asymptotic q dependence of the first cumulant alone it
remains unclear whether the motions of the branching
units influence the behavior or whether simply the very
broad size distribution causes the observed effects.
However, the analysis of the absolute values of the
reduced cumulant Γ*(q) demonstrates that for the
highly branched systems internal motions are indeed
resulting from branched sections of the clusters, whereas
for the less branched system internal motions of linear
sections dominate. On the other hand, the variance in
branching density was found to have no influence on
the static particle scattering function.
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