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Dynamics of amylopectin in semidilute aqueous solution
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Abstract

The dynamic behaviors of potato amylopectin and waxy corn amylopectin in semidilute solution were investigated by laser light scattering
and viscometer. For potato amylopectin with relatively smaller molecular weight, only pure diffusion motion of amylopectin was found by LLS
in dilute regime. When the concentration was above the critical overlapping concentration (C*), three relaxation modes were found. The line-
width of fast mode (Gf) had a q2 dependence, where q is the scattering vector, and the correlative length (hxhi) could be scaled to concentration
(C ) as hxhiw C�0.79�0.1 when C> 2%. This mode was attributed to the cooperative relaxation motion of the ‘‘blobs’’ in the transient network.
The line-width of slow relaxation mode (Gs) could be scaled with q as Gswqas , as varying from 2.0 to 2.66 as the concentration increased. The
relaxation time of slow relaxation mode (ts) had a C1.8�0.1 dependence. This mode was originated from the association of the amylopectin. The
medium mode was found when C> 4%. The line-width of medium relaxation mode (Gm) could be scaled to q as Gmwqam , am varying from
2.7 to 2.5 with the increasing concentration. The relaxation time of medium relaxation mode (tm) had C0.7�0.1 dependence. The relative intensity
contribution of the medium relaxation mode decreased with a rise in the concentration. This mode was attributed to the thermally agitated
density fluctuation in semidilute solution induced by heterogeneities of the transient network. For waxy corn amylopectin with relatively
huge molecular weight (w108 g/mol), only the internal motion of the single amylopectin molecule was found in dilute regime when
qRg� 2, where Rg is the gyration radius of amylopectin. It was also found that there were three relaxation modes in semidilute solution of
waxy corn amylopectin. The fast relaxation mode was found to be caused first by the internal motion of the single amylopectin molecule,
and then, with the increasing concentration, by the cooperative motion of the transient network. The medium and slow relaxations for waxy
corn amylopectin have the same physical origin as those for potato amylopectin. However, the C dependence and the q dependence of the
medium and slow relaxation times for waxy corn amylopectin were different from those for potato amylopectin. This was attributed to the strong
dynamic coupling effect in semidilute solution of the waxy corn amylopectin. The concentration dependence of the viscosity of amylopectin in
semidilute solution indicated that the topological entanglement of amylopectin was weak due to the highly branching.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The dynamics of polymer chains in semidilute solution are
the fundamental problem in polymer physics. Based on the
‘‘blob’’ theory proposed by de Gennes, the dynamics of the
linear non-association polymers in semidilute solution have
been studied extensively in experiments by dynamic light
scattering [1e9]. Two relaxation modes were normally found
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in the intensityeintensity time correlation function while the
polymer concentration was above the overlapping concentra-
tion. The fast one was attributed to the cooperative diffusion
motion of the ‘‘blobs’’ in the transient network. Most experi-
mental results were in agreement with the ‘‘blobs’’ theory of
de Gennes [1,10]. However, the physical origin of the slow re-
laxation mode of polymer chains in semidilute solution was
still an open question. For example, Strobl et al. [5] interpreted
the slow mode as originating from the diffusion of the ‘‘clus-
ter’’, which was caused by physical association of the polymer
chains in semidilute solution; Stepanek and Brown [6]
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attributed the slow relaxation to the reptation of polymer
chains in semidilute solution because they found its relaxation
time to be independent of scattering angle and was a depen-
dence of M2.3, where M was the molecular weight of the poly-
mer. Also, Maisano et al. [7] found that the slow mode was
a dependence of the polymer structure and suggested that it
originated from the coupling between the viscoelastic relaxa-
tion of the transient network and concentration fluctuation.
Recently, Wu et al. [8] suggested that the slow relaxation
found in semidilute solution stemmed from the thermally
agitated density fluctuation of the transient network and attrib-
uted the varied q dependence of line-width of the slow mode to
the relative length of 1/q to the correlation length (x) of the
density fluctuation.

The dynamics of branched polymers in semidilute solution
were interesting and complicated. Unlike linear polymers,
branched polymers were not expected to be fully interpenetrat-
ing when they were overlapping. This makes the dynamics of
branched polymers in semidilute solution very different from
linear polymers in semidilute solution. However, there was
still no theory as for the dynamic behavior of branched
polymers in semidilute solution and only a few experiments
were related to the dynamics of branched polymers in semi-
dilute solution [11e13].

Starch is the second most abundant natural polysaccharide,
and is widely used in food industry, paper industry and degrad-
ing plastic industry. Amylopectin is one of the two main
components of starch and is a non-random branched macro-
molecule with 4e4.5% branching density [14,15]. Thus, amy-
lopectin could be a good model molecule for the study of the
behavior of branched polymers in semidilute solution. On the
other hand, the dynamics of amylopectin in semidilute solu-
tion are important for understanding of the retrogradation of
starch-based food. Galinsky and Burchard [11] have investi-
gated the dynamic behavior of degraded potato starch in semi-
dilute solution. At high concentration, three relaxation modes
were found by dynamic light scattering. The fast relaxation
mode was attributed to the cooperative diffusion of ‘‘blobs’’,
which was similar to the case of linear polymers in semidilute
solution. The slow relaxation mode had a strong scattering an-
gle dependence and was attributed to the associated cluster of
starch. The diffusion coefficient of medium relaxation mode
(Dm) was independent of the scattering vector (q) and Dm

could be scaled to concentration (C ) as Dm w C�1.85, thus,
they interpreted it as the reptation of the single amylopectin
chain in semidilute solution. However, the authors also argued
that the diffusion motion of amylose mixed with amylopectin
might be observed. Because the amylose content of degraded
starch was as high as w22%, the translational diffusion of
these smaller molecular weight linear polymers and their
associated clusters would strongly effect the dynamics of the
amylopectin in semidilute solution. Therefore, more experi-
ments still had to be carried out to clarify the dynamics of
amylopectin in semidilute solution.

In the present study, we used two amylose free amylopec-
tins (waxy corn amylopectin and potato amylopectin) to inves-
tigate the dynamics of amylopectin in semidilute solution. The
molecular weight of waxy corn amylopectin was as large as
w108 g/mol, so that only the internal motion of amylopectin
was found in dilute solution when the scattering angle was
larger than 30�. The molecular weight of the potato amylopec-
tin was relatively small (w106 g/mol), so that only the pure
translational diffusion of amylopectin was found in dilute so-
lution. It was interesting to compare their dynamics in semidi-
lute solution.

2. Experiment section

2.1. Materials

Waxy corn amylopectin was purchased from Tokyo Kasei
Kogyo Co., Ltd., Japan. Potato amylopectin was purchased
from SigmaeAldrich Co., UK. Both amylopectins were sepa-
rately dissolved in 0.5 M NaOH solution with magnetic
stirring at 80 �C for 30 min and then the stirring continued
for 2 days at room temperature (20� 3 �C). Then the NaOH
aqueous solutions of amylopectin were passed through the
0.45 mm or 0.8 mm Millipore filter into a dust-free cell to
remove the dust for light scattering experiment.

2.2. Laser light scattering experiments

A commercial laser light scattering spectrometer (ALV/
DLS/SLS-5022F, Germany) was used, which was equipped
with an ALV-5000/EPP multi-t digital time correlator covering
125 ns to 37 h in delay time and a HeeNe laser (Uniphase, out-
put power z 20 mW at l¼ 632.8 nm). The specific refractive
index increments dn/dc of amylopectin in 0.5 M NaOH solution
was 0.142 mL/g. The concentrations of amylopectin for static
light scattering experiment were 6� 10�5e2� 10�4 g/mL.
The laser light scattering experiments were carried out at
25� 0.1 �C. We performed all measurements within 1 day
after sample preparation and no ageing effect was found.

2.3. Viscosity measurements

The viscosity of amylopectin solution was measured by
using a coaxial viscometer (Brookfield RVDV-3þ model,
England). The viscosity measurements were carried out at
25� 0.1 �C with the shear rates in the range of 100e1875 s�1.

3. Results

3.1. Analysis of the laser light scattering data

In static LLS, the angular dependence of the excess
absolute time-average scattered intensity, i.e., Rayleigh ratio
Rvv(q), of dilute solution can lead to the weight-average molar
mass Mw, the second virial coefficient A2, and the root-
mean-square z-average radius hR2

gi
1=2
z (or simply as hRgi).

Fig. 1 is the Berry plot of the potato amylopectin in dilute
solution. The average molecular weight ðMwÞ, average
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gyration radius (hRgi) and the second virial coefficient of
potato amylopectin obtained from the Berry plot were
1.5� 106 g/mol, 42 nm and 1.2� 10�4 mol mL/g2, respec-
tively. The dilute solution behavior of waxy corn amylopectin
was reported in our previous paper [16]. The average molecu-
lar weight ðMwÞ, average gyration radius (hRgi) and second
virial coefficient (A2) of waxy corn amylopectin were 1.29�
108 g/mol, 223 nm and 9.4� 10�5 mol mL/g2, respectively.
The overlapping concentration (C*) of amylopectin could
be calculated as C� ¼ 3Mw=ð4pR3

gNAÞ, where Mw, Rg and
NA are the average molecular weight, gyration radius and Avo-
gadro constant, respectively. The calculated C�g ¼ 0:76 wt%
for potato amylopectin and C�g ¼ 0:46 wt% for waxy corn
amylopectin.

In dynamic LLS, the intensityeintensity time correlation
function G2(t,q) (where t is the delay time) in the self-beating
mode was measured. G(2)(t,q) can be related to the normalized
first-order electric fieldeelectric field time correlation function
jg(1)(t,q)j ¼ [hE(0,q)E*(t,q)i] as [17,18]

Gð2Þðt;qÞ ¼ hIð0;qÞIðt;qÞi ¼ A½1þ bjgð1Þðt;qÞj2� ð1Þ

where A [hhI(0)i2] is the measured baseline and b is the
coherent factor, depending on the detection optics. For broadly
distributed relaxation, jg(1)(t,q)j is related to a characteristic
line-width distribution G(G) as

��gð1Þðt;qÞ��¼
ZN

0

GðGÞe�Gt dG ð2Þ

G(G) can be calculated from the Laplace inversion of the
measured G(2)(t,q) on the basis of Eqs. (1) and (2). For
a pure diffusive relaxation, (G/q2)q/0,c/0 leads to the transla-
tional diffusion coefficient D, which is further related to the
hydrodynamic radius Rh by the StokeseEinstein equation:
Rh¼ kBT/(6phD), with kB, T, and h being the Boltzmann
constant, the absolute temperature, and the solvent viscosity,
respectively. Figs. 2 and 3 show that the delay time of
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Fig. 1. The Berry plot of potato amylopectin in dilute solution at 25� 0.1 �C.
correlation function increased and the correlation function
changed from only one relaxation mode to three relaxation
modes with the amylopectin concentration increasing from
a dilute to a semidilute solution. To qualitatively extract the
information related to these relaxation modes, we analyzed
the intensityeintensity function by using the KWW function,
which was normally used for semidilute solution [7,8,11,19].
The KWW function with three relaxation modes can be
written as:

Gð2Þðt;qÞ ¼ BðAf exp
�
�t=tf

�
þAm expðð�t=tmÞbÞ

þAs expðð�t=tsÞgÞÞ2 ð3Þ

where tf, tm and ts are the decay times for fast mode, medium
mode and slow mode, respectively. Af, Am and As are the

 C = 0.02

0.0

0.5

1.0

1.5

2.0

G
(τ

)

τ / ms

 c = 0.02
 c = 8

θ = 90°

θ = 45°

t / ms

 C = 4

 C = 6

 C = 8

 C = 12

10410010-110-210-3
0.0

0.2

0.4

0.6

0.8

1.0

G
(2

) (q
,t)

103102101

101 10210010-110-2

Fig. 2. The typical intensityeintensity correlation function for potato amylo-

pectin in aqueous solution at different concentrations, the line was the fitted

result by KWW equation. The inset shows the typical relaxation time distribu-

tion fitted by CONTIN method.

0.0

0.2

0.4

0.6

0.8

1.0

θ = 90°

G
(2

) (q
,t)

t / ms

C = 0.2

C = 0.8

C = 1.2

C = 2

C = 4

10-3 10-2 10-1 100 101 102 103

Fig. 3. The typical intensityeintensity correlation function for waxy corn

amylopectin in aqueous solution at different concentrations, the line was the

fitted result by KWW equation.



8047C. Yang et al. / Polymer 47 (2006) 8044e8052
relative intensity contributions for fast mode, medium mode
and slow mode, respectively, 0< b	 1 and 0< g	 1,
Afþ Amþ As¼ 1.

The mean decay times for medium and slow modes are
given by

htmi ¼
ZN

0

exp½�ðt=tmÞb�dt ¼ ðtm=bÞGð1=bÞ ð4aÞ

htsi ¼
ZN

0

exp½ � ðt=tsÞg�dt ¼ ðts=gÞGð1=gÞ ð4bÞ

where G is the gamma function. A non-linear fitting was used
to obtain the best-fit values of the decay times and their rela-
tive intensity contributions. All fit errors were smaller than
12%. b and g were all w0.9 and they varied slightly with
varying the concentration. The experimental results are listed
in Table 1.

3.2. Potato amylopectin

Fig. 4 shows that the line-width of fast relaxation mode
(Gf) could be scaled to scattering vector (q) as Gfwqaf ,
af z 2.0� 0.1 and af being almost independent of the con-
centration. This fast relaxation was related to the cooperative
motion of the ‘‘blob’’ in the semidilute solution of potato
amylopectin. The correlation length of the ‘‘blob’’ (hxhi) could
be calculated according to StokeseEinstein equation. Fig. 5
shows that when C< 2%, the hxhi of potato amylopectin
decreased with the increasing concentration and it could
be scaled to C as hxhiw C�0.07�0.01. This indicated that the
size of potato amylopectin shrunk slightly when it started
overlapping. When C was higher than 2%, the size of the
‘‘blob’’ (hxhi) could be scaled to C as hxhiw C�0.79�0.1.

Fig. 6 shows that the line-width of slow relaxation mode
(Gs) could be scaled to scattering vector (q) as Gswqas , as in-
creasing from 2.0 to 2.66 with increasing concentration. This
relaxation mode could be attributed to the association of
potato amylopectin in solution. At low concentration regime,
the association behavior was so weak that the size of the asso-
ciated cluster was smaller than the ‘‘observation length’’ (1/q),
i.e., we could ‘‘see’’ the diffusion of the cluster. This explained
why as was w2.0 at low concentration. With the increasing
concentration, the amylopectin became associated with large
clusters, whose size was larger than the ‘‘observation length’’
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Table 1

DLS experimental results of the amylopectin solution (q¼ 90�)

Sample codea C (wt%) tf (ms) htmi (ms) htsi (ms) Af Am As

P1 0.4 0.342� 0.007 e e e e e

P2 0.6 0.320� 0.006 e e e e e

P3 0.8 0.316� 0.006 e e e e e

P4 1 0.304� 0.005 e e e e e
P5 2 0.299� 0.004 e 0.668� 0.035 0.41� 0.01 e 0.59� 0.02

P6 4 0.147� 0.004 e 2.541� 0.102 0.15� 0.01 e 0.77� 0.02

P7 6 0.133� 0.004 0.898� 0.212 4.819� 0.380 0.12� 0.01 0.20� 0.01 0.67� 0.01

P8 8 0.091� 0.0004 1.014� 0.125 6.936� 0.361 0.15� 0.01 0.20� 0.02 0.66� 0.02

P9 10 0.088� 0.0022 1.304� 0.164 10.77� 0.551 0.22� 0.01 0.13� 0.01 0.66� 0.02

P10 12 0.073� 0.0014 1.379� 0.170 23.639� 1.344 0.35� 0.01 0.14� 0.01 0.51� 0.01

W1 0.4 0.153� 0.029 1.325� 0.173 7.200� 1.157 0.06� 0.005 0.45� 0.04 0.48� 0.06

W2 0.6 0.180� 0.028 1.531� 0.192 10.124� 1.118 0.07� 0.05 0.41� 0.04 0.51� 0.04

W3 0.8 0.218� 0.024 1.902� 0.167 18.001� 1.271 0.09� 0.06 0.38� 0.02 0.53� 0.02

W4 1 0.233� 0.018 1.943� 0.171 22.544� 1.377 0.11� 0.01 0.35� 0.01 0.54� 0.02

W5 1.2 0.285� 0.018 2.732� 0.201 42.970� 2.343 0.16� 0.01 0.33� 0.01 0.51� 0.01

W6 1.5 0.302� 0.012 4.013� 0.282 101.95� 4.756 0.22� 0.01 0.27� 0.01 0.51� 0.02

W7 1.8 0.285� 0.01 4.918� 0.375 149.72� 7.013 0.25� 0.02 0.23� 0.01 0.51� 0.02

W8 2 0.267� 0.02 7.185� 0.452 259.33� 12.91 0.27� 0.01 0.22� 0.01 0.51� 0.01

W9 3 0.196� 0.006 11.724� 1.084 253.30� 4.40 0.30� 0.01 0.17� 0.01 0.53� 0.02

W10 4 0.155� 0.002 10.833� 0.863 309.37� 15.52 0.35� 0.02 0.17� 0.01 0.47� 0.02

a P denotes the potato amylopectin and W denotes the waxy corn amylopectin.
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(1/q). Therefore, the internal motion of these large clusters
was observed. The character of the internal motion could be
expressed as: as w 3.0, however, as a result of the coupling
of internal motion and diffusion motion of the large clusters
as was w2.66. Fig. 6 also shows that the relaxation time of
slow mode (ts) was dependent on C1.8�0.1 in experimental
concentration regime.

The medium relaxation mode was found when the concen-
tration was higher than 4%, which was higher than the concen-
tration in which association of amylopectin started. The hxhi
at this concentration (13 nm) was smaller than half the size
of amylopectin (32 nm). In this case, the amylopectin was
heavily overlapping. Fig. 7 shows that the line-width of
medium relaxation mode (Gm) could be scaled to q as
Gmwqam , am decreasing from 2.85 to 2.40 with the increasing
concentration, and the tm had slight concentration dependence
(tm w C0.7�0.1).
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Fig. 5. The concentration dependence of cooperative correlation length (hxhi)
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Fig. 8 shows the concentration dependence of the relative
intensity contribution of the three relaxation modes. As

increased and Af decreased with the increasing concentration
when C< 4%. It was reasonable because the size of the asso-
ciated clusters increased with increasing concentration, so that
the scattering light intensity contributed from these clusters
would become strong. This was similar to the case of the
associative linear polymers [20e22]. However, it was surpris-
ing to find, when C> 4%, As and Am slightly decreased with
the increasing concentration, Af increased with a rise in the
concentration. This was similar to the case of the gel system
at postgel domain [19,22e24]. At the postgel stage the slow
mode would be strongly constrained due to cross-linking so
that the intensityeintensity function of gel is transformed
from two relaxation modes to one relaxation mode. It is help-
ful to note that the amylopectin is a hyperbranching polymer
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and can associate through H-bond interaction. When the amy-
lopectin molecule overlapped, the strong physical cross-
linking could occur through H-bond interaction. The strong
physical cross-linking constrained the diffusion of the large
associated cluster so that As decreased with a rise in the
concentration.

3.3. Waxy corn amylopectin

The dynamics of waxy corn amylopectin in dilute solution
were related to the translational diffusion motion and the inter-
nal motion of the amylopectin [16]. When qRg< 2, the trans-
lational diffusion was found by DLS, and the line-width (G)
could be scaled to scattering vector (q) as G w q2. When
qRg> 2, only the internal motion was found by DLS, and
the line-width (G) could be scaled to q as G w q2.73�0.02.

Fig. 9 shows that af first increased with the increasing con-
centration, then decreased from 3.0 to 2.0 with the increasing
concentration and the tf increased slightly with the increasing
concentration and then also decreased with the increasing con-
centration. In dilute solution, only the internal motion of waxy
corn amylopectin was observed due to the large size of waxy
corn amylopectin. At semidilute regime, the dynamic correla-
tion length (hxhi) decreased and the cooperative motion of am-
ylopectin network could be observed with the increasing
concentration. When the hxhi became much smaller than the
observation length (1/q), only the cooperative motion of amy-
lopectin network could be observed. Because the line-width of
internal motion of polymer chains was a dependence of q3 and
the line-width of cooperative motion was a dependence of q2,
af decreased from 3.0 to 2.0 with the rising concentration.
Further, tf first increased then decreased with the increasing
concentration because the internal motion relaxation time in-
creased but cooperative motion relaxation time decreased
with the increasing concentration. As it was difficult to prepare
a homogeneous solution of the waxy corn amylopectin when
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C> 4%, we did not continue investigating the case of higher
concentration to examine the concentration dependence of
cooperative motion of the waxy corn amylopectin.

Fig. 10 shows that as and am for waxy corn amylopectin
were all larger than 3 when 0.8%< C< 3%. The concentra-
tion dependence of slow and medium relaxation times is
shown in Fig. 11. Unlike the C dependence of ts and tm of
potato amylopectin, the C dependence of ts and tm of waxy
corn amylopectin could not be described by a single power
law. The medium and slow relaxations of waxy corn amylo-
pectin had stronger C dependence at higher concentration.

Fig. 12 shows that As increased with increasing concentra-
tion up to 1.0%, then it decreased slightly with the increasing
concentration, whereas Am decreased and Af increased with the
increasing concentration. This was similar to the case of the
potato amylopectin.
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4. Discussion

4.1. Effect of branching on the dynamics
of the amylopectin in semidilute solution

The overlapping and entanglement of linear polymer in
semidilute solution were well known [1,10,25e27]. The
dynamic correlation length of the linear polymer in semidilute
solution can be scaled with the concentration as xh w C�0.75

[1,10]. In the unentangled regime, the concentration depen-
dence of the solution viscosity is h w C1.0, whereas in en-
tangled regime, the concentration dependence of the solution
viscosity is h w Ca with a¼ 3.4e3.7 [27]. The dynamics of
branched polymer are more complex than that of linear poly-
mer. Both the branching chain length and branching density
influence the dynamics of branched polymer [12,13,28].
With the increasing number of branched chains, the dynamic
behavior of star polymer in semidilute solution was found to
turn from linear polymer behavior to colloid behavior [13].
The dynamic behavior of hyperbranching polymer glycogen
with branching density of 8% was reported to be similar to
the dynamic behavior of colloid [12]. Amylopectin is a hyper-
branching polymer with branching density of 4e4.5%, whose
branching point was supposed to be able to prevent the inter-
penetration of polymers. However, the concentration depen-
dence of the correlation length of the degraded potato starch
in semidilute regime as reported by Galinsky and Burchard
[11] (hxhiw C�0.9) and shown in our present results
(hxhiw C�0.79) indicated that such branching structure of am-
ylopectin could not prevent the interpenetration of molecules.
Potato amylopectin solution showed a Newtonian liquid
behavior when C< 10%, however, the waxy corn amylopectin
solution showed a non-Newtonian liquid behavior when
C> 0.8%. Fig. 13 shows the concentration dependence of
the zero-shear viscosity of amylopectin solution. At the dilute
concentration regime, the zero-shear viscosity of potato
amylopectin solution had almost the same concentration
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0.0

0.2

0.4

0.6
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Fig. 12. The concentration dependence of relative intensity contribution (A)

of three relaxation modes for waxy corn amylopectin.
dependence as that of waxy corn amylopectin. When
the concentration was above the overlapping concentration,
in the experimental concentration regime, the zero-shear
viscosity of potato amylopectin could be scaled with C as
h0 w C1.53�0.04 and the zero-shear viscosity of waxy corn
amylopectin could be scaled with C as h0 w C2.01�0.05. The
concentration dependence of zero-shear viscosity of amylo-
pectin in semidilute solution was much weaker than that of
linear polymer in entangled regime. This suggested that the
topological entanglement of amylopectin was much weaker
than that of the linear polymer due to the high branching.
On the other hand, the rigidity of the amylopectin chain also
might weaken the entanglement of amylopectin in semidilute
solution. Compared with the case of potato amylopectin
solution, the non-Newtonian behavior and concentration
dependence of the zero-shear viscosity of waxy corn amylo-
pectin solution were stronger. This indicated that the physical
cross-link in semidilute solution of waxy corn amylopectin
was stronger than that in semidilute solution of potato
amylopectin.

4.2. Effect of association on the dynamics of amylopectin
in semidilute solution

The dynamics of the associative polymer in semidilute
solution were reported by many researchers [20e22,29e32].
The q dependence and the C dependence of the line-width
of relaxation mode originating from the associated cluster
were closely dependent on the study system. For example,
Esquenet and Buhler [20] found that for large molecular
weight hyaluronan, the line-width of slow relaxation originat-
ing from the associated cluster could be scaled to q3, whereas
for small molecular weight hyaluronan the q dependence of
the line-width of slow relaxation was q2 even at high concen-
tration. Nemoto et al. [29] found that the line-width of slow
relaxation caused by the associated large cluster was indepen-
dent of q. However, Koňák et al. [21] found that the line-width
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slope:1.53±0.04
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Fig. 13. The concentration dependence of the viscosity of amylopectin

solution.
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of slow relaxation originating from the associated large cluster
could be scaled to qa, a varying from 2.0 to 5.0 with varying
the concentration. The slow relaxation mode originating from
the associated cluster was found in potato amylopectin solu-
tion when C/C* w 2.5. Nevertheless, this slow relaxation
mode was found in waxy corn amylopectin solution when
C/C* w 1.0. Furthermore, the q dependence and C depen-
dence of the relaxation originating from associative cluster
in waxy corn amylopectin solution were stronger than those
of the relaxation originating from associative cluster in the
potato amylopectin solution. The as and am for waxy corn
amylopectin were all larger than 3 when 0.8%< C< 3%.
Koňák et al. [21] also found such strong q dependence of
the relaxation originating from associative cluster. They
explained their results by the dynamic coupling effect in semi-
dilute solution predicted by Ngai et al. [26,27]. The dynamic
coupling model predicted that if one primitive relaxation
mode was modified by coupling with its environment through
entanglement, this relaxation mode would become slower and
the q dependence of the relaxation time would increase. If
large as and am originated from the dynamic coupling effect,
they would decrease with the disassociation of large clusters.
This is because the disassociation of large clusters would
weaken the physical cross-link in semidilute solution. Indeed,
Table 2 shows that the as and am all decreased when the
viscosity-corrected relaxation times of slow mode and
medium mode decreased at higher temperature. Note that the
decreasing of viscosity-corrected relaxation times of slow and
medium modes indicated that the large clusters were partly
disassociated. Thus, the decreasing of the as and am at higher
temperature indirectly justified our attribution of the large as

and am to the dynamic coupling effect in semidilute solution
of waxy corn amylopectin. As the viscosity experiments
indicated that the physical cross-link in potato amylopectin
solution was weaker than that in waxy corn amylopectin
solution, therefore, our attribution of the large as and am to
the dynamic coupling effect could explain why the as and
am for potato amylopectin were found smaller than those for
waxy corn amylopectin.

4.3. The heterogeneity fluctuation of amylopectin
in semidilute solution

The medium relaxation mode found in semidilute solution
both of potato amylopectin and waxy corn amylopectin had
a strong q dependence. The tm for potato amylopectin had
slight concentration dependence (tm w C0.7�0.1), whereas the

Table 2

The viscosity-corrected relaxation times (q¼ 90�) and the scaling exponent

(a) in G w qa for waxy corn amylopectin in semidilute solution at 25 �C
and 50 �C (C¼ 1.8%)

T

(�C)

tfT/h

(Km2/N)

tmT/h

(Km2/N)

tsT/h

(Km2/N)

af am as

25 81 970 25 637 2.54� 0.03 3.92� 0.19 4.16� 0.07

50 81 672 19 699 2.53� 0.08 3.45� 0.11 3.96� 0.12
concentration dependence of tm for waxy corn amylopectin
could not be scaled to a single power law. The relaxation
mode which was different from the cooperative relaxation of
transient network and the relaxation of the associative large
cluster was also found by Galinsky and Burchard [11]. They
investigated the dynamics of degraded potato starch in semi-
dilute solution and found that the diffusion coefficient of me-
dium relaxation mode (Dm) was independent of the scattering
vector (q) and Dm could be scaled to concentration (C ) as
Dm w C�1.85, thus, they interpreted it as the reptation of the
single amylopectin chain in semidilute solution. Obviously,
our results were not in agreement with the results of the Galin-
sky and Burchard [11]. The viscoelasitc relaxation was nor-
mally found in semidilute solution of linear polymer [2,6,7].
The dynamics of the linear polymer in semidilute solution
were dealt with by Brochard and de Gennes [33] and devel-
oped by Adam and Delsanti [34] for the case of q conditions.
They predicted that there were two relaxation modes in semi-
dilute solution of linear polymers. The fast relaxation mode
was attributed to the cooperative motion of the ‘‘blobs’’ in
the entangled network of polymers, while the slow relaxation
mode was related to the viscoelastic nature of the transient net-
work, in which case the chains can disentangle and the elastic
stress relaxes with a decay time ts. They also predicted that
ts w q0M3C1.5. The q dependence and C dependence of the
medium relaxation found in semidilute solution of amylo-
pectin were not in agreement with the theoretical prediction
for viscoelastic relaxation of linear polymers in semidilute
solution. Further, we could obtain some information on the
molecular weight dependence of tm by comparing the tm of
waxy corn amylopectin and the tm of potato amylopectin,
although we could not examine the molecular weight depen-
dence of tm because only two molecular weight samples
were used. The molecular weight of waxy corn amylopectin
is w70 times the molecular weight of the potato amylopectin.
At C¼ 4%, tm of potato amylopectin was w1 ms. If the
medium relaxation originated from the elastic relaxation, the
tm for waxy corn amylopectin would be w3� 105 ms
(t w M3). However, it was found that the tm for waxy corn
amylopectin was w10 ms at C¼ 4%, which was far smaller
than the predicted value if we attributed the medium relaxation
to the elastic relaxation of the transient network.

It is to be noted that, first, the medium relaxation mode
appeared after the association and strong overlapping of
amylopectin; second, the relative intensity contribution of
this medium relaxation (Am) decreased with the increasing
concentration. Therefore, this medium relaxation mode could
be attributed to the density fluctuation in the semidilute solu-
tion, which was caused by heterogeneities in the transient
network due to the association of the amylopectin. Similar
results were found by Kjøniksen and Nyström [22] who
surmised that the intermolecular association gave rise to large
heterogeneities in the incipient semidilute regime and the
solution structure was characterized by a collection of many
clusters of various sizes which were slightly interconnected
with each other. With the increasing concentration, the relative
contribution of this density fluctuation decreased, i.e., more
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homogeneous network formed. Recently, Wu et al. [8] inves-
tigated this kind of density fluctuation in semidilute solution
and solegel transition using a UV irradiation induced cross-
linking system and found that the line-width of the density
fluctuation (Gs) could be scaled to q as Gswqas , as decreasing
from 3.0 to 2.0 with the increasing of cross-linking density due
to the decreasing of the correlation length of density fluctua-
tion with the rising cross-linking density.

5. Conclusion

Three relaxation modes were found in semidilute solution
of amylopectin. For potato amylopectin, the line-width of
fast mode (Gf) had q2 dependence, and the correlative length
(hxhi) could be scaled with concentration (C ) as hxhiw
C�0.79�0.1 when C> 2%. This mode was attributed to the
cooperative relaxation motion of the ‘‘blobs’’ in the transient
network. For waxy corn amylopectin, the physical origin of
the fast relaxation mode was transformed from the internal
motion of the single amylopectin molecule to cooperative
motion of the transient network with the increasing concentra-
tion. The slow relaxation mode found in semidilute solution of
amylopectin was originated from the association of the amylo-
pectin. It was found that the waxy corn amylopectin had
stronger association behavior than potato amylopectin. The
medium mode found in the semidilute solution of amylopectin
was attributed to thermally agitated density fluctuation in-
duced by heterogeneities of the transient network due to the
association of amylopectin. The relative intensity contribution
of medium relaxation mode decreased with increasing concen-
tration. The C dependence and the q dependence of medium
and slow relaxation times for waxy corn amylopectin were
different from those for potato amylopectin, which was caused
by the strong association effect in the semidilute solution of
waxy corn amylopectin. The concentration dependence of
the viscosity of amylopectin in semidilute solution was weaker
than that of the linear polymer in entangled regime.
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