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The dynamical properties of semidilute solutions of supramolecular polymers formed from molecular rec-
ognition directed association between monomers bearing complementary hydrogen bonding groups were in-
vestigated by rheological and dynamic light scattering experiments. The steady-state flow curves showed a
shear banding type instability, namely the occurrence of a stress plateau �p above a critical shear rate �̇c. The
values of �p and �̇c were found to be of the same order of magnitude as those of the elastic plateau modulus
and the inverse stress relaxation time, respectively. The above features are in agreement with the theoretical
predictions based on the reptation model. Dynamic light scattering experiments showed the presence in the
autocorrelation function of the concentration fluctuations of a slow viscoelastic relaxation process that is likely
to be of Rouse type.
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I. INTRODUCTION

Reversible supramolecular polymers �1–42� can be
formed from the association of two homoditopic hetero-
complementary monomers through sextuple hydrogen-
bonding arrays �17,38,39�. Recent small-angle neutron scat-
tering �SANS� studies showed that such monomers in decane
solutions self-assemble into long semiflexible fibrils with
persistence length of �18 nm and contour length increasing
upon increasing monomer concentration and/or decreasing
temperature �38,39�. The cross-section and the linear density
of the fibrils were found to be constant over large concentra-
tion and temperature ranges and equal to �10.8±0.5� nm2

and �5200±500� g mol−1 nm−1, respectively. This suggest
that the fibrils are formed from few macromolecular chains
likely aggregated via a stacking of the aromating rings con-
tained in the monomers �38,39�. In the dilute regime the
fibrils are linear but in the vicinity of the critical rod overlap
concentration C*, the SANS data suggest the formation of
highly branched entities. Beyond C*, the systems look like
gels.

The aim of this study is to investigate the dynamical prop-
erties of such supramolecular polymers in the semidilute re-
gime. We have first addressed the issue of whether the con-
centrated systems were crosslinked physical gels or highly
viscous solutions. For this purpose, we have performed lin-
ear and nonlinear viscoelasticity experiments. The results ob-
tained by the latter technique in the semidilute regime clearly
indicate that the systems behave as extremely viscous solu-
tions showing a mechanical instability of shear banding type,
similar to that observed in wormlike micellar solutions
�43,44�. Beyond �5C* the systems do not flow at times
scale of days. Estimates of the longest time of the stress
relaxation and of the plateau modulus were obtained by com-
bining linear and nonlinear viscoelastic experiments and
compared to the inverse critical shear rate and the stress pla-
teau respectively associated with the shear instability.

To obtain more insight in the local concentration fluctua-
tions we also performed dynamic light scattering �DLS� ex-
periments both in the dilute and semidilute regimes.

II. MATERIALS AND METHODS

A. Samples characteristics

The strong affinity of the DAD-DAD �D=donor, A
=acceptor� hydrogen-bonding sites for double-faced cyanu-
ric acid type ADA-ADA wedges drives the supramolecular
polymeric assembly in organic solvents of low polarity as
shown in Fig. 1 where the bisreceptor AA9 bearing decanoyl
side chains is associated with the biswedge BB.

The synthesis of the homoditopic receptor AA9 and the
ditopic substrate BB whose formula are given in Fig. 1 has
been described in a previous publication �17,38�.

Bisreceptor AA9 and biswedge BB are almost insoluble in
decane as individual compounds. In contrast, their mixtures
in 1:1 stoichiometry dissolve readily in decane under heating
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FIG. 1. Linear supramolecular polymer �AA9:BB�n formed by
H-bond mediated molecular recognition between heterocomple-
mentary binding sites of homoditopic bisreceptor AA9 and homodi-
topic biswedge BB.
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to form transparent solutions in decane, that are stable over
time and thermal cycles. A sharp increase of viscosity is
observed at the crossover concentration C* between dilute
and semidilute regimes, that is the concentration beyond
which the polymeric aggregates start to overlap each other.
The crossover concentration C* was determined from visco-
simetric measurements and found to be �2.2 mM at T
=25 °C.

B. Rheological techniques

Oscillatory studies were performed with a HAAKE RS
rheometer, using a cone-plate geometry �diameter 60 mm,
1°�. As this apparatus can be used in both controlled stress
�CS� and controlled strain �CD� modes, the experiments were
carried out employing both of these modes in the linear re-
gime. The latter condition was verified by measuring the
storage and loss moduli as a function of the shear stress at
frequencies 1 Hz and 0.1 Hz.

The viscometry measurements on low viscosity solutions
of �AA9:BB�n in decane were performed on a Contraves LS
30 low-shear rheometer equipped with a Couette 2T-2T mea-
suring system.

Nonlinear rheological experiments on highly viscous
polymer solutions of �AA9:BB�n in decane were performed
with a HAAKE RS 100 rheometer in a controlled stress �CS�
mode, equipped with a cone-plate geometry �diameter
60 mm, 1°�.

C. Dynamic light scattering

In the dynamic light scattering experiments �DLS�, the
normalized time autocorrelation function, g�2��q , t�, is mea-
sured as a function of the scattered wave vector, q, given by
q= �4�n /��sin�� /2�, where n is the refractive index of the
solvent �1.409 for decane at 20 °C�, and � is the scattering
angle. In our experiments, � was varied between 30° and
130°, which corresponds to scattering wave vectors, q, in the
range from 8�10−3 to 2.9�10−2 nm−1. The measurements
used a standard setup of a spectrometer equipped with a laser
�Melles Griot, 58-GCA-series green diode-pumped solid-
state laser� operating at �=532 nm, an ALV-5000 correlator
�ALV, Langen-Germany Instruments�, a variable-angle de-
tection system, and a temperature-controlled sample cell
�ALV�. The scattering spectrum was measured using a fiber
optical detector and an avalanche photodiode �Perkin Elmer,
model SPCM-AQR-13-FC� and a 100 �m pinhole.

The experimental signal is the normalized time autocorre-
lation function of the scattered intensity �45�:

g�2��q,t� =
�I�q,0�I�q,t��

�I�q,0��2 . �1�

The latter can be expressed in terms of the field autocorrela-
tion function or equivalently in terms of the autocorrelation
function of the concentration fluctuations, g�1��q , t�, through

g�2��q,t� − 1 = 	 + 
�g�1��q,t��2, �2�

where 	 is the baseline �varying between 2�10−5 and 2
�10−4 depending on the scattering angle and/or the concen-

tration� and 
 the coherence factor, which in our experiments
is equal to 0.7–0.9. The normalized dynamical correlation
function, g�1��q , t�, of polymer concentration fluctuations is
defined as

g�1��q,t� =
��c�q,0��c�q,t��

��c�q,0�2�
, �3�

where �c�q , t� and �c�q ,0� represent fluctuations of the poly-
mer concentration at time t and zero, respectively.

In our experiments, the dilute solutions were character-
ized by a single relaxation mechanism with a characteristic
relaxation time inversely proportional to q2. For these solu-
tions we have adopted the classical cumulant analysis �46�.
The extrapolation of ��cq

2�−1 to q=0, where �c is the average
relaxation time of g�1��q , t�, yields the mutual diffusion coef-
ficient D. The latter is related to the average apparent hydro-
dynamic radius, RH, of the supramolecular assemblies
through

D =
kT

6�sRH
, �4�

where k is the Boltzmann constant, s the solvent viscosity,
and T the absolute temperature.

For semidilute solutions characterized by several relax-
ation mechanisms we used the Contin method based on the
inverse Laplace transform of g�1��q , t� �47�. If the spectral
profile of the scattered light can be described by a multi-
Lorentzian curve, then g�1��q , t� can be written as

g�1��q,t� = 	
0

�

G���exp�− �t�d� , �5�

where G��� is the normalized decay constant distribution.

III. EXPERIMENTAL RESULTS

Rheological experiments were performed on systems with
two concentrations: 3.5 mM �C /C*�1.5� and 5 mM
�C /C*�2.2�. DLS experiments were carried out in a con-
centration range spanning both the dilute and semidilute re-
gimes �0.5�C /C*�5�. All the experiments were conducted
at T=25 °C.

A. Oscillatory experiments

Figure 2�a� shows the frequency dependencies of the stor-
age modulus G���� and of the loss modulus G���� obtained
with both CS and CD modes. The two different shearing
modes give concordant results, with G� larger than G�, both
being only slightly frequency dependent. This behavior is a
gel-like response similar to those previously reported for
weak, physically cross-linked gels �48� or associating poly-
mers �49�. Still, one cannot exclude that G���� and G����
cross over each other at a frequency lower than the experi-
mentally accessible frequency range, that is 0.05 rad /s. As a
matter of fact, the flow experiments reported in the following
show that the samples behave like viscoelastic fluids with
very long stress relaxation time rather than gels exhibiting a
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yield stress. It must also be mentioned that G���� does not
exhibit a real plateau but slightly increases with frequency.
This is generally observed for both regular and equilibrium
polymer systems �29�. Generally, the plateau modulus G0 is
determined from the value of the crossover between G����
and G����. In the present study the crossover value is inac-
cessible but from the pseudo plateau of Fig. 2�a� one can
estimate that G0 is 1.7±0.3 Pa. The Cole-Cole representation
G� versus G� shown in Fig. 2�b� exhibits an upturn at high
frequency indicating a faster relaxation process with a char-
acteristic relaxation time shorter than 20 ms.

B. Flow experiments

Figure 3 shows the variation of the viscosity versus the
shear stress � obtained for the low viscosity solution at the
concentration C=3.5 mM, close to C* �C /C*�1.5�. The
flow behavior of the 3.5 mM solution is typical of a classical
polymer, characterized by a Newtonian plateau at low shear
stresses corresponding to the regime �̇TR�1, where �̇ is the
shear rate and TR the stress relaxation time, followed by a
smooth viscosity decrease in the shear thinning zone.

The relaxation time can be measured from a startup ex-
periment in the linear regime ��̇TR�1� such as that illus-
trated by Fig. 4 that shows the transient response of the vis-
cosity =� / �̇ ��, shear stress� to a shear rate �̇=0.1 s−1 for
a solution at C=3.5 mM. One observes the typical linear
response of a Maxwellian fluid that is a linear increase of the
viscosity at times shorter than the Maxwell relaxation time

TR and then a saturation for t�TR at the constant value of
�34 mPa s.

In the linear regime, the transient behavior is described by
the following equation:

�t� = 0�1 − exp�− t/TR�� . �6�

The fit of the data of Fig. 4 by the above equation leads to
TR=3.6 s and 0=34.25 mPa s. The value of the shear
modulus G0 is obtained from the relation

0 = G0TR. �7�

One obtains G0=9.5 mPa that is a very low value, which is
not surprising taking into account that the concentration of
the solution is hardly above C*.

The flow behavior of the semi-dilute solution at C
=5 mM is quite different as shown in Fig. 5. At low shear
stress one observes a plateau followed by an abrupt decrease
of the viscosity at a critical shear stress �p then by a second
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FIG. 2. �Color online� Viscoelastic spectra for a 5 mM
�AA9:BB�n solution in decane: �a� Real and imaginary parts of the
shear modulus versus angular frequency; �b� Cole-Cole plot at
25 °C.
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FIG. 3. �Color online� Viscosity as a function of the shear stress
for a solution of �AA9:BB�n in decane at C=3.5 mM and T
=25 °C. The continuous line is a guide for the eyes.
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�AA9:BB�n solution at C=3.5 mM at �̇=0.1 s−1 and 25 °C. The
continuous line represents the fit of the data.
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smaller drop at high shear stress. The flow curve represented
in Fig. 5 was measured with the CS mode by increasing the
shear stress by rectangular steps and waiting at each step for
15 min.

To obtain an accurate value of �p sweep shear stress ex-
periments were carried out in a narrow range of stresses
close to �p. Figure 6 shows the transient responses to vari-
able shear stresses applied for periods of 5 min. The drop of
viscosity occurs for �p�1.39 Pa.

We have also verified the reversibility under stress of the
system. Figure 7 illustrates the recovery of the 5 mM solu-
tion after being submitted to a stress ���p. First, the solu-
tion was sheared at �=5 Pa for 5 min, so that the viscosity
of the solution becomes very low. Upon applying immedi-
ately after a shear stress of 1 Pa, the initial viscosity of the
solution was recovered in a time of the order of magnitude of
the Maxwell time given by Eq. �7� using 0=170 Pa s and
G0=1.7 Pa �TR�100 s�.

C. Dynamic light scattering

DLS experiments provide evidence of the structural evo-
lution of the system as the concentration is increased. In the
dilute regime up to slightly above C* �1.2 mM�C
�3.5 mM� the autocorrelation function of the scattered field
g�1��q , t� is close to a single exponential.

The average characteristic relaxation time �c varies as q−2.
The mutual diffusion coefficient D, given by ��cq

2�−1, yields
the hydrodynamic radius through Eq. �4�.

At concentrations C�5 mM, that is, in the regime where
the polymer chains are entangled, the autocorrelation func-
tion of the scattered field becomes bimodal as shown by the
example given in Fig. 8. The fast relaxation time �c varies as
q−2, which is the signature of a collective diffusion process,
whereas the slower relaxation time �R is independent on q,
which indicates a viscoelastic relaxation process �see Fig.
8�b��. Figures 9�a� and 9�b� show the concentration depen-
dences of ��cq

2�kT /6�s and �R, respectively. Also is re-
ported in Fig. 9�c� the q-independent ratio of the amplitudes
of the two modes as a function of the concentration obtained

100

1000

10000

100000

1000000

0 500 1000 1500 2000

time (s)

η
(m
Pa
s)

5Pa
1Pa

FIG. 7. �Color online� Recovery curve for a 5 mM solution of
�AA9:BB�n in decane at 25 °C.
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from the fits of g�1��q , t�. A maximum of ��cq
2�kT /6�s is

observed in the vicinity of C*. Both �R and the amplitude
ratio increase significantly beyond C�8 mM. These features
will be discussed in the following.

IV. DISCUSSION

A. Rheological behavior

The abrupt decrease of viscosity by several orders of
magnitude at a critical shear rate �̇c, observed in the flow
curve of Fig. 5 is similar to those reported for wormlike
micelles �50� and for associating polymers �49,51�. Figure 10
gives a representation shear stress versus shear rate of the
data of Fig. 5. In this representation, the measured flow curve
at controlled mean strain rate �̇ exhibits a plateau ���̇�=�p.
An explanation of this behavior has been given by Spenley et
al. �52� who proposed a model based on the reptation mecha-
nism for relaxation of entanglements. Specifically it is found
that the stress versus strain-rate curve, ���̇�, in homogeneous
steady-shear flow is nonmonotonic, which means that there
exists a �̇ range over which the stress is multivalued as illus-
trated by Fig. 11. If the applied shear lies in the region of

decreasing stress, an initially homogeneous flow becomes
mechanically unstable. As a result, the solution evolves up to
a stationary state of shearing where bands of highly sheared
liquid of low viscosity coexist with a more viscous part sup-
porting a lower rate. In the banded regime, changes in shear
rates essentially alter the proportions of the low and high
viscosity bands. The stress upturn occurring at high shear
rate describes a homogeneous flow of oriented particles and
takes into account the solvent contribution. The issue of the
selection in the shear banding process and of the value of the
stress �p shared by the two bands is still a matter of debate.
The model initially proposed by Spenley et al. postulated
that �p is at the maximum of the underlying nonmonotonic
flow curve occurring at �̇c=2.6 TR

−1 with �p=0.67�G0. The
occurrence of shear bands for wormlike micellar systems has
been established by experiments �53–56� and good quantita-
tive agreement was found between the prediction of the
model with the assumption of top jumping and the experi-
mental data �50,52,57,58�. Some studies have revealed flow
curves in which clear departures from top jumping are seen
but these studies refer to rather concentrated systems �weight
fraction 
5–30 %�. In any case, it has always been found
that the stress plateau occurs at a shear rate of the order of
TR

−1 and has a value of the order of G0. The results presented
in this study are in agreement with both the theoretical pre-
dictions and the previous reported experimental data on equi-
librium polymers. In particular the stress plateau occurs at a
shear rate �̇=1.2�10−2 s−1 as compared to TR
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and has a value of 1.39 Pa that is of the same order of mag-
nitude as G0
1 Pa. There is however some specific features
of the system investigated. It is quite remarkable that a pro-
nounced discontinuity in �̇, signature of the shear banding
instability, is observed for a sample with concentration only
twice C*. For wormlike micellar systems, the instability ap-
pears only for samples with C /C*�20 �43,44�. This is likely
to be due to the formation, inferred from the SANS data, of
transient crosslinks between polymeric fibers �39�. Such
crosslinks would add their contribution to that of entangle-
ments thus enhancing the plateau modulus and slowing down
the reptation process similarly to what is observed for asso-
ciating polymers �49,59,60�. The second interesting observa-
tion concerns the occurrence at high shear rate of a second
stress plateau that is possibly associated to a Rouse-like
mode. The above results must be compared to those recently
obtained on solutions of bis-urea-substituted toluene
�EHUT�, a bifunctional monomer that assembles reversibly
into long polymer chains by multiple hydrogen bonds
�61,62�. These systems exhibit a quite complex nonlinear
rheological behavior with three different shear-banding re-
gimes appearing successively upon increasing shear rate. The
first of these regimes has the features of a mechanical insta-
bility characterized by a shear plateau that extends over a
much shorter range of shear rates than the one observed in
Fig. 10. Such a difference might be linked to the flexibility of
the supramolecular chains. The EHUT polymers are quite
rigid with a persistence length exceeding 100 nm whereas
the persistence length of both the wormlike micelles and the
�AA9:BB�n polymers is less than 20 nm �38,39,63�.

B. Dynamic light scattering

The results of dynamic light scattering must be examined
on the light of previous experimental studies and theoretical
approaches on solutions of both covalently bonded and equi-
librium polymers. In most cases the autocorrelation function
of the scattered field is found experimentally to be bimodal
as in the present study �64–69�. The origin of the slow mode
ranges from cluster �67�, to viscoelastic mode �64,65,68�,
and to well defined chain motions described either by Rouse
or reptation models �64,65,69�. In our case, the variation of
�R presented in Fig. 8�b� supports the presence of a pure
q-independent viscoelastic slow mode �64,65�.

Several theoretical studies were published on this subject
�70–73�. In particular, Semenov derived a full treatment
where the relaxation of concentration fluctuations takes into
account both deformation of entanglement network and the
direct effect of the reptation motion of polymer chains �71�.
In this approach, three stages of relaxation of concentration
fluctuations are predicted. The first stage is due to coopera-
tive deformation of entanglement network and is character-
ized by a time:

�c =
K

Mg + K
� kTq2

6�s�H
�−1

, �8�

where �H is the hydrodynamic length, s the solvent viscos-
ity, Mg the elastic modulus of the entanglement network, and
K the bulk modulus. The second stage is a Rouse-type relax-

ation of the macromolecular tension along the tube with a
q-independent relaxation time �R. The last stage, associated
with the reptation process is characterized by a spectrum of
relaxation times with an average time �slow of the order of the
reptation time TR. Semenov has also calculated the ampli-
tudes of the different relaxational contributions. As a rule,
the amplitude of the first cooperative stage Ac is the largest,
and the amplitude of the second “Rouse” stage AR is the
smallest. The ratio AR /Ac is given, in the limit generally
encountered Mg /K�1 by

AR

Ac



1

6

Mg

K
. �9�

For most investigated systems, this ratio is too small to be
detected and the autocorrelation function is analyzed in
terms of collective diffusion and reptation processes �64,65�.

In the present study, the slow relaxation shown in Fig. 8
cannot be attributed to a reptation based mechanism, as the
reptation time inferred from the rheological data is much
longer than �R. For the system at C=5 mM, TR�100 s,
whereas the relaxation time obtained by DLS is 13 ms. As a
matter of fact, evidence of the long relaxation reptational
process appears in the recording of the static scattering in-
tensity that exhibits fluctuations at scales of the order of min-
utes for that concentration. One must then conclude that the
slow q-independent mode observed in the DLS experiments
is Rouse-like. Its amplitude is larger than for other polymeric
systems investigated so far, which indicates a larger elastic
modulus Mg. In this respect it must be recalled that small-
angle neutron scattering experiments suggested the forma-
tion of crosslinks between the polymeric fibers �39�. Accord-
ing to Eq. �9�, an increase of crosslink density with
concentration would account for the increase of AR /Ac ob-
served in Fig. 9�c� as Mg increases with the crosslink density,
whereas K is independent of this parameter.

The fast mode observed in the DLS data is unambigu-
ously the diffusive mode with characteristic time given by
Eq. �8�. For linear polymers, the variation of ��cq

2�kT /6�s

with concentration reflects that of the hydrodynamic radius
in the dilute range and of the apparent hydrodynamic corre-
lation length in the semidilute regime as both K and Mg
follow the same scaling law of the concentration. For con-
ventional polymeric systems the latter scales with the con-
centration according to �H�c−0.77 �74�. The data of Fig. 9�a�
shows an enhanced decrease at high concentration, likely due
to the increase of Mg / �K+Mg� resulting from an increase of
the crosslinks density �cf. Eq. �8��. It must also be noted that
the linear viscoelasticity results shown in Fig. 2�b� indicate
the presence of Rouse-like mode with a characteristic time
smaller than 20 ms, which is in agreement with the DLS
result that yields a value �R�15 ms.

V. CONCLUSION

The main result obtained in the above rheological study is
the observation of a shear banding type instability in the flow
experiments. This instability that has been predicted theoreti-
cally for both regular covalently bonded polymers and equi-
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librium polymers has been mainly observed for wormlike
micellar systems. The stress plateau or equivalently the dis-
continuity of viscosity occurs at a critical shear rate �̇c of the
order of magnitude of the inverse relaxation time of the
stress in the linear regime and has a value close to that of the
shear plateau modulus in agreement with the theoretical pre-
dictions.

Still, the experiments do not allow us to draw conclusions
concerning the breaking time of the polymers as the analysis
of the main relaxation spectrum is not feasible, this spectrum
being located at frequencies much lower than the experimen-
tal window.

The very low concentration at which the shear instability
occurs and the very long terminal time of the stress relax-
ation suggest that temporary interfibers junctions form as
soon as the polymeric fibers overlap each other. An interest-
ing feature concerns the presence in the high �̇ range, before
the stress upturn, of a second regime of still inhomogeneous
flow where the rheology of the viscous bands would be con-
trolled by Rouse relaxation. In this respect, it must be
pointed out that the theoretical models developed to describe

the linear viscoelasticity of associating polymers, based on
the sticky reptation mechanism, predict a bimodal stress re-
laxation with a high frequency mode controlled by the life
time of the temporary interchain junctions�59�.

The DLS results show also the presence of a Rouse mode
of much larger amplitude than in conventional polymer sys-
tems. The analysis of this mode allows concluding that the
increase of the elastic modulus of the solution with concen-
tration is enhanced with respect to that of entangled solutions
of linear polymers. This explains also why the decrease of
the apparent hydrodynamic correlation length in the semidi-
lute regime is faster than the scaling behavior of linear poly-
mer. It remains to see whether the original features of the
dynamical behavior reported in this study are common to all
supramolecular polymer systems.
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