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ABSTRACT: In aformer paper, the dimensional properties of degraded starch fractions of different molar
masses were reported. The behavior was found to be dominated by the highly branched amylopectin.
The same samples are now investigated in semidilute solution by static—dynamic light scattering. The
deviating values of the overlap concentrations calculated by four definitions ([#], Ry, Rn, and Ay) are
discussed. The influence of polydispersity, excluded volume, and branching are checked. All starch
fractions form one common master curve in the plot of the normalized osmotic modulus versus the reduced
concentration (c/c*). The data are described in terms of the third and fourth virial coefficients Az and A,.
At concentrations higher than 9%, low-angle excess scattering starts to govern the behavior in static
light scattering, and simultaneously slow motion becomes noticeable in the time correlations function
(TCF) that grows as the concentration is increased. The TCFs are described by stretched exponentials
(KWW functions). Three modes are observed: a fast one increasing with concentration and two other
ones decreasing with concentration. The concentration dependencies of the first two motions are compared
with the behavior of the cooperative and the reptation modes predicted by de Gennes for linear chains.
The third (slow) motion is interpreted as being caused by associates.

Introduction

As pointed out in a previous paper,! most branched
systems arise from random branching of multifunctional
unimers or cross-linking (vulcanization) of linear chains.
These systems are characterized by very broad size
distributions and by the occurrence of gelation at a
critical point of conversion of the functional groups.2—
Amylopectin and glycogen, on the other hand, are
known as highly branched structures that belong to the
class of hyperbranched macromolecules. These struc-
tures can never form a covalent gel.25 The reason for
this behavior results from constraints between the
different reactive hydroxyl groups of the glucose unit
at the C1, C4, and C6 positions. Due to the high
specificity of enzymes, bonds can be formed only be-
tween C1 and C4 or C1 and C6.

This constraint of reactivity has a big influence on
the width of the molar mass distribution and, thus, also
on the dimensional properties.® The global properties
(i.e., Ry, Rn, [#], and A; as a function of M) of starch
fractions in dilute solutions have been reported in part
1.1 In this second part, we now deal with the behavior
in semidilute solutions, which we expected to differ from
that of linear chains.

This paper is divided into three parts: in the first,
the molar mass dependence of the overlap concentration
is considered. Second, we examine interactions among
the branched macromolecules on the basis of their
forward scattering behavior as a function of the con-
centration c, which is a measure of the inverse osmotic
compressibility. Finally, the dynamics of the branched
macromolecules is discussed. In addition, a rather
extended outline of the theoretical background is given.
We considered this part to be necessary since these
theories have been developed for linear chains, and in
applying them to branched materials, the background
has to be carefully kept in mind.

Experimental Section

Starch Fractions.! Potato starch from Cerestar, Vilvorde,
Belgium, was degraded in an alcoholic suspension at room
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temperature by adding different amounts of concentrated HCI.
This is a procedure described by Fox and Robyt.6 The starch
fractions of different molar masses (between 30 000 and 108 g
mol~1) were the same as used in part 1, and their dimensional
properties in 0.5 N NaOH were reported in our former paper.*
In addition, four samples were prepared to obtain a compre-
hensive picture of the properties in the range of high molar
masses (because of special interest in the angular dependence).
All samples contain the large, highly branched amylopectin
and up to 21% of the much smaller, linear amylose; but the
dimensional properties in dilute solution are determined only
by amylopectin.t

Static light scattering measurements were performed at
20°C with a fully computerized and electronically modified
SOFICA photogoniometer (Baur, Instrumentenbau, Hausen,
Germany) in the angular range from 30° to 140° in steps of
5°. An argon ion laser (1o = 488 nm) and a helium/neon laser
(Ao = 632 nm) were used as light sources. A refractive index
increment of 0.142 was used for the measurements in 0.5 N
NaOH.”

Dynamic light scattering measurements were made with
an automized ALV goniometer and an ALV 5000 correlator/
structurator in the multi-r mode (from 30° to 150° in steps of
20°). Since the signal to noise ratio decreased for the more
concentrated solutions, the pinhole was changed from 400 um
to 200 and 100 um to omit this effect.

The solutions were filtered through Millipore filters (0.22
um for the small My, and up to 5 um for high M,, and rather
concentrated solutions). Only for really highly viscous, con-
centrated solutions was filtration no longer feasible. No
heterodyne scattering was observed.

Theory

Overlap Concentration. A solution of concentra-
tion higher than a certain value c*, at which point the
overall concentration equals the segment concentration
in one swollen coil, is called semidilute. De Gennes
introduced the name “overlap concentration” for c* since
linear chains may be visualized as interpenetrating coils
that eventually become entangled. At c > c* a drastic
change in the properties is expected and also generally
observed. Although the picture of chain overlap may
be problematic with branched structures, the outer
chains of the starch-type branched macromolecules still
can penetrate each other in a manner similar to that of
linear chains. For this reason, the term overlap con-
centration is used throughout this paper. The overlap
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concentration is not only a boundary separating the
dilute from the semidilute regimes it is also a key
parameter in the theories of semidilute solutions.
Unfortunately, c* cannot be uniquely defined, and
several definitions exist that can differ up to a factor
10. For flexible linear chains, the following conventions
are accepted:®

¢y = Unl (1)
C*g, = M/(N(47/3)R,°) 2)
C*r, = MI(N,(47/3) R,®) ©)

c*A2 = 1/A,M,, (good solvent) 4)

The first is an equation for coils; for hard spheres the
right-hand side has to be replaced by the expression 2.5/
[#]. In the next two definitions, the dimension of the
coils is described by equivalent spheres, and the last
one results from thermodynamic interactions. The four
relationships for the overlap concentration are mostly
assumed to be proportional to each other. Apparently
this is the case for linear chains, but, as will be shown
later, these quantities show different molar mass de-
pendencies for the present branched materials. Hence,
depending on which definition for c* is taken, different
conclusions could be drawn.

Static. A description of behavior in the semidilute
regime is not a trivial problem. The molecules are not
isolated, and strong thermodynamic and hydrodynamic
interactions start to dominate the properties. The well-
established procedures, which enabled the interpreta-
tion of data in dilute solution, are not valid any longer.
For instance, the angular dependence of the scattered
light is now also a function of the concentration c, which
is mathematically described by the structure factor

S(q,c):
R, = KcS(q.0) )

S(g,¢) = S'(q,c)P(a)

Only for strongly interacting, hard spheres can S(q,c)
be described by theory, and it is factored into a particle
scattering part, P(q), and an interparticle scattering
part, S'(g,c). In all other cases this factorization is not
strictly valid, but can still be used as a good approxima-
tion.8® Fortunately, extrapolation to zero scattering
angle 6 (g = 0) is often possible, and now S(g=0,c) is
solely defined by thermodynamics.

(a) Virial Expansion. Kc/Rg=o is given by the
inverse osmotic compressibility that can be expanded
in a virial series:

Ke _(Ljfem - L )
R9=o_(RT)(3C) v, (1T 2AMuC + 3AgM,,0 +..(.g)

In the following, the inverse osmotic compressibility (1/
RT)(as/ac) will be denoted as the osmotic modulus. The
higher virial coefficients A; are related to the second
one:%10

ABMWCZ = gA(AZMWC)2 = gAX2 (7)

AM, % = hy(AM,)° = hX? (8)
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Table 1. The Structure Dependent Parameter ga:
Theoretical Values and Experimentally Determined by

Fitting A3°
architecture ga

stiff rod, infinitely thin 0.0a30
flexible, linear chain 0.29 + 0.02
star molecule

f=3 0.35+0.01

f=12 0.54 +0.04
hard sphere 0.625211

a Theoretical values.

where the coefficients ga and ha are structure depend-
ent. For hard spheres, they are all positive and known
up to A2.11 For flexible chains, only Az is known (good
solvent) to be ga = 0.277,12 in good agreement with the
experimental finds of Kniewske and Kulicke!® and of
our own group.’® For hard spheres a virial expansion
up to Ags fails if A,Myc > 0.6, and higher terms have to
be taken into account; for flexible coils the corresponding
limit is (A;Myc) = 2.0.

Several attempts have been made to calculate the
higher virial coefficients for so-called soft spheres,'#1°
by applying the same cluster expansion that was used
with success for hard spheres. McQuarriel* assumed a
Gaussian density distribution of a soft sphere and
calculated the various cluster contributions in three-
dimensional space. Kosmas,!® on the other hand, ap-
plied the RG theory and derived the cluster expansion
in four-dimensional space, followed by an ¢ expansion
to derive the results of three-dimensional space. Both
the soft sphere and Kosmas treatment result in an
alternating series of virial coefficients and are applicable
only up to A,Myc < 2. Even in this region the derived
relationships do not represent the linear chain, but
rather structures that resemble branched materials. In
contrast to hard spheres, the physical meaning of the
higher virial coefficients for interpenetrating chains
remains questionable.

Analytical expressions have also been derived for
prolate and oblate ellipsoids!® and for cylindrical struc-
tures of different axial ratios.

The parameter ga was calculated and experimentally
determined for different structures (see Table 1). The
influence of polydispersity on ga is not sufficiently well-
known. Recent estimations by Stockmayer et al.l” of
polydispersity effects on A; and Az revealed deviations
on the order of at most 20%, even for broad distribu-
tions, e.g., the LogNorm distribution.

We emphasize that the parameter hp in eq 8 in
particular is purely an empirical parameter and does
not represent the effect of the fourth virial coefficient,
but is probably a quantity that averages over the effect
of even higher virial coefficients.

(b) Scaling Analysis. For the interpretation of
semidilute solutions a new approach is necessary. Such
an approach was proposed by de Cloiseaux!® and de
Gennes!®20 for flexible linear chains. According to their
model, linear chains, above the overlap concentration
c*, form a transient interpenetrating network. In such
an entangled network, the measured values are no
longer determined by the parameters of the single chain
(e.g., radius of gyration Ry, molar mass My,), but by a
key parameter of the network, which is the correlation
length &, and thus must be independent of the molar
mass. Chains of the same structure but different length
should develop the same behavior in the concentration
dependence.
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In the semidilute solution, the osmotic pressure is
presumed to follow the asymptotic power law:18

~LC) *
7 M(c*) c>c 9)
The exponent x is fixed by the requirement that = must
be independent of M for ¢ > ¢* and by the relationship
c* ~ M~2. For linear flexible chains in good solvents,
where v = 3/5 in R ~ M, this means ¢* ~ M~ (see eq
2), and together with the molar mass independence this
leads to x = 5/4 (from (3v — 1)™%). Thus,

a~ch (10)
amlac ~ ¢4

However, chain stiffness, branching, and polydisper-
sity have some influence, and the molecular mass
dependence of the overlap concentration is not known
in all cases. For comparison of different structures, it
is convenient and common praxis to plot the normalized
(reduced) osmotic modulus

M

W Mw o
Ve (ﬁ)(%) ()

versus the reduced concentration c/c*. The osmotic
modulus (1/RT)(dx/dc) is a quantity that is measured
by static light scattering at a concentration ¢ = 0 and
angle 6 = 0 (apparent molar mass Mapp) and is only
thermodynamically determined. Therefore, it is sen-
sible to use the thermodynamic definition of c¢* (eq 4),
and to plot the osmotic modulus versus the scaling
parameter X = A,M,c = c/c*.

(¢) Renormalization Group Theory. Ohta and
Oono,?! as well as Freed and his co-workers,?? derived
theoretical predictions for the whole region, from dilute
to semidilute behavior, for flexible chains in a good
solvent by using renormalization group (RG) methods.
The exponent in the asymptotic power law is the same
as predicted by scaling analysis (x = (3v — 1)71). But
from this theory an exponent between v = 0.5882% and
v = 0.592%4 instead of Flory’s 3/5 was found. These Rq
exponents result in slightly larger values for x = 1.31
and x = 1.29, respectively, than that predicted by scaling
arguments. For stars with a small number of arms (f
< 6), the same exponent is expected from theory, but
the many-arm systems are involved with theoretical
problems,22 which is reflected by poor predictions,2®
because of segment overcrowding.

From this theory it also follows that the osmotic
modulus is a function of the reduced concentration c/c*,
and implies that (c*)™! = A;M. However, the scaling
parameter X, = [A2LLMnc chosen in the theory is related
to different averages from the experimental parameter
Xex = [A2llsMyc, where n, w, and LS denote number,
weight, and LS averages, respectively.26 Of course, for
uniform samples the effect due to this difference does
not exist. Polydispersity should shift the curve to lower
X when plotting the osmotic modulus versus experi-
mental values, but should not affect the asymptotic
exponential behavior.l” Similar conclusions were drawn
by Trappe?” with the Ohta—Oono expression for flexible
chains.

Since computations on the basis of the RG theory are
very complex, particularly for branched materials,
Hager et al.?8 developed a semiempirical expression for
a fit of experimental data:
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%(38%) =1+ 2X[1 + (@p)2XPPIX)  (12)
with
{1+ @oXV[ g X
00 = (1 T (2q/p)><) (1 21+ (q/p)X) (13)

Expansion of this equation in powers of X identifies the
parameter g as ga, i.e., the ratio of the square of the
second to the third virial coefficient, and for X > 1 the
parameter p corresponds to the exponent x of the
asymptotic power law (M/RT)(dz/ac) ~ (c/c™)*.

On the other hand, the osmotic modulus for hard
spheres was calculated by Carnahan and Starling?® (see
Figure 4). Relationships are also available for rigid rod-
like cylinders.3°

Dynamics. The electric field time correlation func-
tion (TCF) ga(t) is related to the measured intensity
TCF gy(t) by the Siegert relationship.3! For a dilute
solution it is common practice to determine the z-
average relaxation time from a cumulant fit, i.e., by a
polynomial in terms of delay time t for the logarith-
mic TCF. In semidilute solution more than one type of
motion is present, and the cumulant procedure yields
an obscured result that is a weighted function of the
various relaxation processes. In such cases, the various
parts of gi(t) can be approximated by a sum of stretched
exponentials [Kohlrausch—Williams—Watts functions
(KWW)].32*33

g,(t) = a, exp(t/b,)* + a, exp(t/b,)2 + ... (14)

with Yaj=21and 0 <3 < 1.

The parameters a; correspond to the weight of the
various processes, and b; and j; characterize the mean
relaxation time [#;[] which is given by

i \Bi

where I'(x) is the T function. The parameter g is a
measure for the width of the 7 distribution, § = 1
corresponds to a single exponential and stands for a
narrow distribution, and a smaller § means a broad
distribution.

If 1/7 is a linear function of g2, the relaxation process
is diffusive.3* The diffusion coefficient of this motion is
calculated from the mean relaxation time by eq 16, and
the hydrodynamic radius is obtained from the diffusion
coefficient by the Stokes—Einstein relation (eq 17):

G (1) (15)

D = 1/(zq?) (16)
R, = ke T 17
h— 6'7-”70D ( )

Equation 17 is applicable only to particles in dilute
solution.

(a) Scaling Analysis. For the dynamic behavior of
linear chains in semidilute solutions, de Gennes%3%
predicted two types of motion: (i) a fast one, where the
cooperative diffusion D¢oop increases with the concentra-
tion and should be independent of the molar mass (it is
connected to a hydrodynamic correlation length & by the
Stokes—Einstein type of equation),’® and (ii) a slower
one, Dyep, that decreases with concentration and molar
mass and originates from reptation, i.e., the motion of
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Figure 1. Overlap concentration c* calculated from [»] (D),

Ry (v), Rn (a), and (@) A, (eqs 1—4) for the different molar

masses. +, scaling parameters from Figure 9. The lines are to

guide the eyes.

individual chains along their contour length through the
entanglement network, which is described by a tube
formed of the neighboring chains.3%36 Linear chains in
a good solvent should follow the relationships

kT
Dcoop = 67”706 ~ C3/4MO (18)

2
tube

R
Dyep ~ ———~ [ Vi (19)

rep

For a linear chain in a 6 solvent, de Gennes predicted a
concentration dependence for Deop With an exponent
of 1.

Munch et al.3738 and Adam et al.3® found exponents
between 0.66 and 0.77 for semidilute solutions of PS and
PDMS in good solvents. In the last time, tentative
evaluation of the dynamic behavior was made by plot-
ting Dcoop/D, (D, diffusion coefficient at zero concen-
tration) versus the scaling parameter X = A;M,,c.27:40
In contrast to expectation, no scaling behavior was
observed for the various molar masses, and an expo-
nent of 3/4 was not reached even for the largest
molecules.

The slowly decaying reptation mode was first inves-
tigated by forced Rayleigh scattering*! and then also
found by dynamic light scattering by Chu and Nose.*?
Amis and Han*?® studied this mode for PS in THF by
DLS. Only in a short concentration range did they find
the exponent of —1.75. Extended investigations were
made also by Brown.**

A good summary of the dynamic behavior in semidi-
lute solution on the basis of scaling laws and a com-
parison of expected and experimental data are given in
ref 20.

Results

Overlap Concentration. The molecular param-
eters in dilute solution, i.e., radius of gyration R,
hydrodynamic radius Ry, second virial coefficient Ay,
and intrinsic viscosity [y], were determined and dis-
cussed previously.l With these data, the overlap con-
centrations c*, as given by eqs 1—4 were calculated.
Figure 1 shows the plot of c* versus the molar mass.
As expected, different curves were obtained for the four
relationships. Two interesting observations can be
made: (i) The curves determined from [#] and A, have
similar shapes but are shifted vertically by a factor. (ii)
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Figure 2. Theoretical values of the ratio A;My/[x] for stars*
in depending on the number of arms (flexible ring: f = 4.5).4¢
The shaded area denotes the experimental range of branched
polymers (Figure 3a).

The curves calculated from Ry and Rp have quite
different slopes (influence of the p parameter, see part
1), but for c* of low molar masses, the curve from Ry
merges with the curve from [y].

The fact that c* from [5] differs from that from A; is
not surprising, although for linear chains almost iden-
tity is found because the former is based on a hydro-
dynamic volume and the other is based on a thermo-
dynamically defined volume. The ratio of these two
experimental quantities (A;My/[#]) is 2.2 + 0.2. This
value may be compared with those observed and calcu-
lated for other geometrical structures. For hard spheres
one has A;M/[y] = 1.6, for linear chains 1.10 was
derived by the RG theory (experiment 1.04 + 0.10), for
star-branched molecules the values are 1.52 for f = 4
and 1.73 for f = 6,5 and for flexible rings (f = 4.5) the
value is 1.43.46 These data are plotted in Figure 2. It
appears likely that the star-branched macromolecules
will approach an asymptotic value that would be near
the experimental data for the branched molecules. The
increase in the mentioned ratio from 1.1 for linear
chains*’ to 2.2 or 2.14 (fractionated branched polycya-
nurates)*® for the branched ones may result from the
asymptotic coil penetration function W* that increases
more strongly with branching than the Fox—Flory
parameter ® in the intrinsic viscosity (Figure 3). The
decrease to 1.6 for the hard sphere is a little unexpected,
but may result from the smooth and well-defined
surface, which has a noncomparable effect on the
hydrodynamics.

Isihara and Hayashida*® calculated the ratio for
prolate ellipsoids and reported an increase in this ratio
with the axial ratio. However, by using the equations
for cylinders, as given by Yamakawa,®® one finds a
continuous decrease, and a similar result is obtained
when the Simha equation for viscosity®! is used together
with Isahara’s expression for A,. Isahara et al. probably
made a trivial numerical error.

On the other hand, Ry, and [5] are both hydrodynamic
guantities, but they are influenced differently by the
hydrodynamics. Thus, the overlap concentration need
not display the same molar mass dependence. Only in
the limit of low molar masses do the two curves coincide.
The various weighting of averages for Ry rather than
for [n] could be one reason, because a correction would
result in higher c¢* from Ry, (c* ~ My, [1/RZ) than from
[7] (c* ~ Mn/lRg®[). In Figure 2b the ratio c*gr,/c*[, is
plotted. The theoretical curves were calculated by
taking into consideration the polydispersity of the ABC
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Figure 3. (a) Ratio A;M,/[5] as a function of the molar mass
of starch (®). The dotted lines denote the range of experimental
errors, and the dashed line indicates fractionated branched
polycyanurates.*® (b) Ratio of the overlap concentrations from
both hydrodynamic definitions. The solid line indicates theo-
retical curve when polydispersity is taken into account.

polycondensation model. The approximation

R, m%l ~ WP ( )3 (20)

was made and the curve was calculated for vg, = 0.39
(see part 1). Expressions for My, My, Mz, and p were
taken from the literature.>? This theoretical curve
decreases even more strongly with molar mass than the
experimental values and indicates that the polydisper-
sity is indeed the main reason for the stronger decay of
C*Rr, in Figure 3b than of c*p,.

Another factor to be considered is the influence of
excluded volume. In their theories, Kurata and Ya-
makawa?®? derived different dependencies for the intrin-
sic viscosity [#] and the friction coefficient E (propor-
tional to the hydrodynamic radius Ry) as a function of
the expansion factor a = Ry/Rg 6, where Ry ¢ corresponds
to the unperturbed dimension. This dependence can be
described in general terms by c¢* ~ o™*, where the
exponent for c*; is Xp) = 2—2.43 in the region from
freely drained to nondrained coils, but it is xg, = 0—1.96
for c*g,. This would result in a stronger decrease in the
overlap concentration with the molar mass for c*p,; than
for c*gr,. However, the opposite behavior was obtained.
Hence, the theoretical molar mass dependence of c*g,/
c*1; should be slightly less than that shown in Figure
3b and, thus, comes closer to the experimental curve.

However, we have to emphasize that all of these
conclusions are based on theories for linear chains, and
conclusions on branched materials have to be considered
with caution. No theories are available so far for
branched structures. Certainly the branched molecules
become more sphere-like, but the hydrodynamic proper-
ties cannot be directly compared with those of hard
spheres since spheres have a smooth and well-defined
surface, whereas the highly branched macromolecules
will more resemble spheres with hairy chains on the
surface. This hairy periphery very likely may cause a
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Figure 4. Zimm plot of sample LD11 (M,, = 920 000 g/mol)
in the concentration range 0.7—18%.

higher viscosity, which now will bring c*,; closer to that
derived from Rp.

Osmotic Modulus. In Figure 4 is given an example
of a Zimm plot that covers the whole concentration
region in our experiments. Three parts can be recog-
nized: (i) In dilute solution, a low angular dependence
is found and the concentration dependence seems to be
linear. (ii) A transition to the semidilute region follows.
The concentration dependence is no longer linear but
develops a marked upturn. Furthermore, a strong
angular dependence (so-called low-angle excess scatter-
ing) becomes noticeable, and the region gradually
expands with c. (iii) In the last region this strong excess
scattering has extended to high angles and governs the
behavior. The concentration dependence shows a turn-
over and then decreases sharply. This turnover occurs
for all samples at a concentration of 9 + 1%. For the
high molar masses, the excess scattering starts already
at low concentration (3%) and the turnover region
becomes broader, but the position of the maximum
remains unchanged. The excess scattering is a sign for
very large clusters or associates.>*% These grow very
quickly in size as the concentration is increased.

For further evaluation, all scattering curves of various
concentrations were extrapolated to g = 0, disregarding
the excess scattering. The so-derived quantities are the
inverse osmotic compressibilities, which for simplicity
will be denoted as the osmotic modulus. Surprisingly,
the points from all molar masses, in the range from
30 000 to 43 x 108 g/mol, form one common master
curve (Figure 5). Such behavior is a sign of self-similar
structures (the same branching density for all samples).
An influence of increasing polydispersities with M,,
could be expected from the RG theory. Evidently this
influence is small. In this figure the sharp turnover for
four of the samples is also plotted (but now the reduced
concentration c/c* is used). For the high molar masses,
the modulus curve could be realized up to high X values.

The analysis of the master curve in terms of virial
coefficients (eqs 6—8) is better done in a plot of the
normalized forward scattering Ryg—oA./K versus X =
A:M,c (see Figure 6). A good fit is obtained with
parameters ga = 0.18 + 0.03 and ha = 0.03 £ 0.01.

Ry—oA, _ X
K 1 4 2X + 3g,X? + 4h,4X°

(21)

In the past only a ga fit (ha = 0) was made, and a
structure dependence of ga was found from experiments.
Some of the ga factors were derived by theories (see
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Figure 5. Osmotic modulus versus the scaling parameter X
= A,Myc for all samples (v, My, = 35 400; O, M,, = 105 000; @,
M,, = 920 000; a, My, = 43 x 10° g/mol). The dashed line
indicates the fitted curve with ga = 0.18 + 0.03 and ha = 0.03
+ 0.01. The dotted lines indicate the onset of aggregation.
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F coils of linear chains
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Figure 6. Normalized forward scattering, symbols as in
Figure 5. The three additional curves correspond to cross-
linked epoxies pre5, pre8, and prel0 measured by Trappe®’
(see Table 2).

Table 2. Structure Dependent Parameters ga and ha of
the Virial Expansion, Experimentally Determined
Including A4 (eq 21), and Parameters of the Hager Fit28
(egs 12 and 13)2

virial expansion hager fit
sample ga ha P=Xx q=0a
starch 0.18 +£0.03 0.03 +0.01 3.9 0.165
pre5 (Mw = 0.183 0.067 9.4 0.190
172 000 g/mol)
pre8 (My = 0.124 0.211 77 0.269
1.77 x 10% g/mol)
prel0 (My = ~0 0.308 7600 0.292

13.6 x 10° g/mol)

a pre5 to prel0 are epoxy resins of increasing branching density
and pregel samples.?’

Table 1). One result was a decrease in ga with growing
stiffness. To describe the strong decrease in the curve
at large X, i.e., after the maximum, it was necessary to
include the fourth virial coefficient A4 (ha = 0). This
was done first by Trappe?’ for anhydride-cured epoxies.
She found a decrease in ga and an increase in ha with
increasing extent of branching and molar mass of the
pregel samples. The parameters found for amylopectin
fit well into her series (see Table 2 and Figure 6). A
decrease in ga could be an indication of increasing
stiffness with branching density and could be inter-
preted by a stretching out of the inner coil segments
due to segment overcrowding. However, the apparent
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correlation between ga and ha indicates that these two
factors have to be considered as mere fitting parameters.

A fit of the data was also attempted with the semiem-
pirical equation by Hager et al.?® (egs 12 and 13), but
the fits were successful only for J(x) = 1, which would
not be fully consistent with the theoretical derivation.
Increases in the exponents p = x and the prefactors q
= ga were found for starches and cured epoxies as a
result of increasing branching density (see Table 2). The
strongly increasing exponent could be expected since
with increasing branching the macromolecules start to
resemble hard spheres, which exhibit a divergence at
X = 3 (close sphere packing).

Up to this point we have discussed only how the
osmotic modulus curve can be fitted, which in its essence
is an empirical treatment. A quantitative interpretation
of these curves on the basis of a fundamental theory is
not yet possible for the multiple-branched chains. At-
tempts to calculate the behavior were made for star-
branched macromolecules on the basis of RG theory, but
this treatment did not give fully satisfying results
even for star-branched molecules with less than eight
arms. The experimental curves appear shifted toward
the hard sphere behavior more strongly than predicted.
Ten years ago Witten et al.5¢ gave a hint of a reason-
able explanation, which is based on the Daoud—
Cotton model®” and the restricted segment interpen-
etration due to segment overcrowding near the center
of the star. Thus, the central part of the star molecule
already resembles a hard sphere. Taking this concep-
tion into account, the transition to hard sphere-like
behavior becomes at least qualitatively understandable
for the multiple-branched chains. However, this con-
ception still does not explain the difference in behavior
of the starch molecules compared to the randomly
crosslinked epoxy chains. Of course, these two types
of polymer differ in the type of molar mass distribu-
tion, which is much broader for the randomly cross-
linked epoxies, and this might be one reason for the
deviation. The other point is that the branching in
starch is not fully random, but a correlated process,
which may lead to a different capability for interpen-
etration of the outer chains. However, as long as no
theory is available, we are not able to check these points
guantitatively.

Dynamic Behavior. The intensity time correlation
function (TCF) g(t) of a dilute solution shows only one
motion that is related to the translational diffusion of
the branched particles. When going to higher concen-
trations, a second relaxation process becomes noticeable,
which is in accord with the increasing excess scattering
in the static light scattering experiments. Figure 7a
shows an example of the angular dependence of gx(t)
for a semidilute solution. The signal to baseline of the
TCF's go(t) was about 1.6 and was normalized to 2 for
reasons of convenient comparison. As expected, the
relaxation times of the two modes decrease with in-
creasing scattering angle, and simultaneously the frac-
tion of the slow mode also decreases. Another picture
is obtained when considering the concentration depen-
dence at a fixed angle (90°, Figure 7b). With increasing
concentration the relaxation time of the fast mode
decreases, but the relaxation time and the fraction of
the slow mode increase. A more detailed, quantitative
analysis revealed the slow motion to be composed of two
modes. The fit by KWW functions made it clear that a
good fit of the total TCF is possible only with three
relaxation modes.
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Figure 7. Normalized time correlation function g,(t) for
sample LD11 (M,, = 920 000 g/mol): (a) angular dependence
(@, 20°; O, 30°; A, 50°; A, 70°; W, 90°; O, 110°; v, 130°; v, 150°);
(b) concentration dependence (®, 0.7%; O, 2.5%; a, 5%; A, 6.2%);
W, 7.1%; O, 8.8%; v, 12.6%; v, 14.1%). The arrows indicate
increasing scattering and increasing concentration, respec-
tively.
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Figure 8. Concentration dependence of diffusion coefficients
for sample LD11 (M,, = 920 000 g/mol): (f, v) fast motion, 3
= 1, angular independent; (m, A) medium motion, 8 ~ 0.8, in
the three-motion fit angular independent; (s, O) slow motion,
p decreasing, strong angular dependence; (c, ®) cumulant
results. The f, m, and s modes were determined by KWW fits.

Three samples—a small (35 400 g/mol), an intermedi-
ate (920 000 g/mol), and a large molar mass (43 x 106g/
mol)—were investigated in detail. In all cases, the TCFs
at high concentrations had to be described by a sum of
three KWW functions. Only in the transition region
from the dilute to the semidilute solution could the
curves be fitted by two modes. Figure 8 shows the
results for the example of the intermediate molar
mass. The TCFs of the dilute solutions were evaluated
by a 3-cumulant fit, and the semidilute solutions
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Figure 9. Cooperative diffusion coefficients (fast motion) for
(O) LD8 (My, = 34 500 g/mol), (v) Ld11 (M,, = 920 000 g/mol),
and (O) LD18 (M, = 43 x 108 g/mol). The slope of the curve is
0.9; filled symbols indicate the cumulant fit.

were described by the sum of two or three KWW
functions.

The fast motion may be discussed first. This coopera-
tive motion has no angular dependence, and the expo-
nent in the KWW function was f = 1. This means a
diffusive process of a monodisperse object, as expected
for the cooperative diffusion. In Figure 9, the diffusion
coefficients of the three samples are plotted versus the
concentration. The three curves for the various molec-
ular weights run into one common curve at large c. This
behavior corresponds to the predictions by de Gennes
for linear chains, according to which the properties
become independent of the molar mass in the semidilute
region and are only determined by the correlation length
& = KT/(6710Dco0p), Which describes the mesh size of the
transient network. The asymptotic slope in the present
curve is 0.9; de Gennes predicted 0.75 for linear chains
in a good solvent and 1 for a 6 solvent. In the present
case, however, the chains are branched, and for such
structures no predictions are known to us. Further-
more, an upper limit seems to exist where no further
increase in D¢yp takes place. We are not fully clear
whether this limit is caused by the limitation of the
method of analysis or whether this limit is due to the
system. The correlation length £ in that limit corre-
sponds to a distance of about 1.8 nm, which is ap-
proximately the length of maltotetraose.

The two other motions have very different concentra-
tion dependencies as the diffusion coefficients decrease.
In the log—log plot, the second (intermediate) motions
of the three samples seem to have the same slope. This
resembles reptation modes for which de Gennes pre-
dicted a concentration dependence with an exponent of
—1.75, but also a molar mass dependence (eq 19).
Because of the limited molar mass range that was
covered, the exact molar mass dependence was difficult
to verify. We found an exponent of —0.7, which is
considerably lower in value than the —2.0 predicted for
linear reptating chains.

In Figure 10, the diffusion coefficients are normalized
with respect to D,, obtained at zero concentration. For
the x coordinate, we looked for a scaling parameter.
Master curves were obtained when dividing ¢ by 6.5,
5.5, and 2.7 for the small, intermediate, and large molar
masses, respectively. These scaling parameters should
correspond to the overlap concentration c*g,. Surpris-
ingly, these parameters do not correspond to c*g,, as
expected, but apparently correspond much better to c*g,
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Figure 10. Diffusion coefficients of the medium and slow
motions, normalized with respect to D, at zero concentration
as a function of c/c*, the c* values are given by the + symbols
in Figure 1. Symbols as in Figure 8.

(see Figure 1). The physical meaning of these shift
factors remained not clear to us.

The slope of the second motion is —1.85 and is also
angular independent, and the § parameter of KWW
functions is about 0.8; this could be an effect of poly-
dispersity. For linear chains de Gennes predicted a
slope of —1.75 as a result of chain reptation. The
exponent —1.85 might be assigned to such a type of
motion, but it is difficult to imagine the reptation of
large branched macromolecules. In such cases, an
exponential decrease rather than power law behavior
should be observed, and in fact the points of measure-
ments could likewise be fitted by a bent curve. Possibly,
however, it is the low fraction of amylose whose motion
is observed here.

The behavior of the third motion is clearer. It has a
strong angular dependence and 8 decreases from 0.7 to
0.5 with increasing concentration. These are evidently
the associates that are formed with increasing concen-
tration. Again, it appears inconceivable that such
extremely large clusters can move through the semidi-
lute transient network, and in fact such slow motions
completely disappear for covalently linked, permanent
networks. Thus, the motion of the center of mass must
result from the random forming and breaking of bonds,
which indeed would result in an apparent motion of the
clusters. We wish to emphasize that such slow motion
was observed first by Amis et al.5® with gelatin and
confirmed by ter Meer with carrageenan.>® In the mean
time, a large number of other examples have been found,
which in most cases were controversially interpreted.?044

Summarizing Remarks

Three points have been treated in this paper. These
are (i) the difference in the overlap concentration when
using different molecular parameters, (ii) the concentra-
tion dependence of the osmotic modulus, and (iii) the
dynamics of the semidilute solutions. The striking
differences in the overlap concentration c*, in particular
the molar mass dependence, could be clarified as being
mainly the result of polydispersity and different averag-
ing, on the one hand, and of the differences between
hydrodynamic and thermodynamic interactions. Thus,
our paper may be considered as a first step to resolve
the apparent differences in the definitions of ¢*, which
eventually may lead to algorithms for deriving the
various concentrations c* once one of the four overlap
concentrations quoted in eqs 1—4 has been measured.
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Figure 11. Glass transition temperature of amorphous amy-
lopectin as a function of starch content (ref 62): @, T4 by DSC;
A, Tg4 calculated by using Tgswarcn = 500 K, dashed line,
theoretical curve calculated by an equation given in ref 62.
The shaded area denotes the range of measurement.

The osmotic modulus exhibits a concentration depen-
dence between flexible interpenetrable chain molecules
and impenetrable hard spheres, and this is evidently
due to a hindered interpenetration of the outer chains.
Each class of branched macromolecules showed self-
similarity behavior, but differences between these classes
still exist for reasons that remained to be clarified.

At concentrations higher than 9% all starch samples
appear to cluster together, which is recognized by an
onsetting sharp decrease in the osmotic modulus. In-
sight into this behavior could be obtained from dynamic
light scattering. Pronounced slow motion commences
at the same concentration where the osmotic modulus
starts to decrease. This again confirms the clustering
of chains. Three reasons for the appearance of slow
motion are discussed in the literature. The rheological
coupling that was brought forward by Brochard and de
Gennes® can be excluded in this case because this
would not be connected with the observed decrease in
the osmotic modulus, with the low-angle scattering, and
with the strong angular dependence of this mode.

Polymer physicists tend to interpret the clustering as
an effect of glass formation.’’ Due to the thermal
fluctuations, high segment accumulation may occur
locally in the clusters, resulting in patches of glassy
material, which, because of the frozen internal mobility,
dissociate only slowly. We think that this interpretation
can be excluded, because the effect occurs in our case
in the range of 10—15%. Kalichevsky et al.52 measured
the concentration dependence of the T, for starch and
found a strong decrease with increasing water content,
as is depicted in Figure 11. Extrapolations of this curve
to 15% starch result in a glass temperature of about
—120 °C, and this T4 appears too far away from the
temperature of our measurements to exert a strong
effect. Hence, the cluster formation is most likely a
result of association due to intermolecular H-bonding,
as is common for polysaccharides.3

The fast mode causes no problem since this corre-
sponds to the common collective diffusion of the so-called
pseudogel mode. To obtain a reasonable fit of the data,
a further mode between the fast and slow motions had
to be assumed. The exponent of concentration depen-
dence of —1.85, together with the fact of no angular
dependence of the diffusion coefficient, could give an
indication of reptation, which appears in linear flexible
chains in the semidilute regime. It is difficult to
visualize a reptation with branched molecules. The
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process of self-diffusion is certainly different since we
observed a molar mass dependence with an exponent
of —0.7, in contrast to that for linear chains of —2.0. On
the other hand, Helmstedt®* found a similar intermedi-
ate motion for branched polyethylene with a value of
—1.9 for the exponent in the concentration dependence.
Possibly the self-diffusion is not the result of the
reptation, but rather an effect of the matrix reorganiza-
tion.
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