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a b s t r a c t

Microrheology based on diffusing-wave spectroscopy, dynamic light scattering (DLS), and macrorheology
were performed on solutions of polyacrylamide-derivative associating polymer containing imidazole
groups. By adding Ni ion, the physical gel is formed by metal-ligand bond. The physical gel point, where
the percolation of a transient network is supposed to occur, was microrheologically determined. In the
DLS measurement showing ergodicity at all the conditions studied, we observed three modes in the
autocorrelation functions: fast, intermediate, and slow modes. The fast mode is the collective diffusion
(gel mode), while the slow mode is attributed to the diffusion of clusters. For the intermediate mode,
with increase in Ni ion concentration, the transition from diffusive mode to relaxation mode was
observed near the microrheologically determined physical gel point. In postgel regime, intermediate
mode can be attributed to the macroscopic relaxation since the activation energies are comparable with
the relaxation energy estimated by macrorheology.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Hydrogels are cross-linked polymer chains swollen in water.
Due to biocompatibility, permeability and deformability, hydrogels
are often used in biomedical applications in forms of films as
wound care dressings, nanoparticles as drug delivery systems, and
complex coacervates as tissue engineering matrices [1e4]. Control
and improvement of rheological properties of hydrogels are
crucially important to achieve better performance in these
applications.

Hydrogels can be classified into two categories depending on
the strength of the cross-linking interactions: chemical gels and
physical gels. Chemical gels are networks formed by covalent

bonds. The material is percolated by the network spanning the
whole sample [5]. The obtained permanent cross-links preserve the
topological structures of the networks, making them elastic but
brittle. On the other hand, physical gels are formed by noncovalent
physical bonds, e.g., hydrophobic interaction, hydrogen bond,
electrostatic interactions and metal-ligand bond. The obtained
transient networks are elastic at shorter time scales than the life-
time of elastically active chains and viscous at longer time scales.

Recently, the physical cross-linking attracts attention since such
transient cross-links reversibly break and reform enabling the gels
to dissipate a large quantity of energy and to self-heal under
deformation [6e8]. Hydrogels that include both physical and
chemical cross-links have been made to improve mechanical
reinforcement of the hydrogels [7,8]. In terms of the reversibility of
cross-links, the supramolecular dynamic cross-links, a kind of
physical cross-links, have also attracted attention in the context of
tough hydrogels [9]. In order to design tough self-healing hydrogels
based on supramolecular cross-linking, better physical
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understanding dynamic properties of the supramolecular cross-
linking is essential. By changing the amount of supramolecular
cross-linking, the system can show various viscoelastic behaviors
from those of dilute and semidilute polymer solutions to those of
viscoelastic gels because the cross-linking is reversible.

In general, the rheological properties of physical gels are
different from those of chemical gels due to the reversible nature of
physical cross-links. Meanwhile, even physical gels do not flow in
observation time if the lifetime of the transient physical cross-link
is sufficiently long, that is, they rheologically behave similarly to
chemical gels. For such permanent physical gels, signatures of the
gelation, or the percolation of the polymer chains to the infinite size
(sample size) are the divergence of the zero-shear viscosity to in-
finity and the power-law behavior of the viscoelastic modulus for a
wide range of time. The appearance of this WintereChambon (WC)
law is a strong evidence of the gelation due to a percolation tran-
sition of connectivity [10e13].

On the other hand, when the lifetime of the transient cross-link
is shorter than the observation time scales, the physical gels flow
thus the divergence of the viscosity cannot be observed, even
though the transient percolated networks are formed. It is plausible
to expect that theWC law appears for such flowable physical gels in
the time range shorter than this lifetime. However, it is not easy to
access this time range with conventional rheological methods.
Recently, high-frequency passive microrheology based on
diffusing-wave spectroscopy, DWS, was successfully applied to a
model flowable physical gel of poly(vinyl alcohol)eborax [7,14].
This modern optical rheological technique allows us tomeasure the
linear viscoelastic properties of a sample in a wide frequency
regime

�
101 � 105 Hz

�
from the mean-square displacement (MSD)

of micron-sized probe particles embedded into the sample [15e17].
By using the DWS microrheology, the physical gel point of the
model physical gel was determined in terms of WC criterion [14]:
the power-law behavior was observed only in the high frequency
range, or the shorter time scale than the network relaxation due to
the transient bond dissociation.

Dynamic light scattering (DLS) is commonly used to charac-
terize the dynamics of polymer solutions and gels at short time
scales. DLS has been used not only to characterize the collective
diffusion dynamics related to the correlation length of the entan-
gled or cross-linked polymer chains, but also to characterize gela-
tion of chemical gels [18,19]. A gel point can be determined by the
following two signatures. (1) A power-law behavior of the auto-
correlation function is observed near the gel point, since the
structure is self-similar and no characteristic size and time exist
(i.e., any size between the single chain and the sample exists). (2)
The scattering light signals become non-ergodic in the postgel re-
gion since the concentration gradient is topologically fixed in the
chemical network and therefore a part of the scattered light does
not fluctuate with time. The portion of the frozen-in intensity de-
pends on the position of the measurement in the gel [20,21].
Similarly, for permanent physical gels, the scattering signal can be
no longer ergodic in the observation time scale, and the power-law
behavior is observed [22].

On the other hand, it is not evident to apply these criteria to the
flowable physical gels; the ergodicity holds because the network
structure constantly changes due to thenature of physical cross-links,
and the system flows, thus the transition to non-ergodicity cannot be
used as a signature of gelation. As far as the authors know, no sys-
tematic study on the power-law behavior of the autocorrelation
function at the gel point has been reported. Since there coexist
different dynamic modes having different qedependence with the
power-law mode, detailed multiangle studies are needed [23].

In the present study, we investigate dynamical properties of
physical gels with metal-ligand bond around the physical gel point

by DLS and microrheology based on DWS, complemented by
macrorheology. The supramolecular physical gels consist of
polyacrylamide-derivative associating polymers containing imid-
azole groups which can formmetal-ligand bonds in the presence of
transition metal ions, Ni2þ: Although similar physical gels formed
bymetal-ligand coordination bonds have been recently reported by
Fullenkamp et al., the WintereChambon criterion has not been
applied to determine a physical gel point [24]. Here, we first show
that the physical gel point can bemicrorheologically determined by
DWS for physical gel cross-linked by the metal-ligand bonds. Then
we characterize the dynamics of three modes found by DLS in
pregel and postgel regimes. We discuss how the transient nature of
physical cross-links alters dynamical properties of the flowable gel
before and after gelation.

2. Experimental section

2.1. Synthesis of poly(acrylamide-co-1-vinylimidazole)

1-Vinylimidazole, acrylamide, sodium formate were purchased
from Sigma-Aldrich (Lyon, France). 2,20-Azobis[2-(2-imidazolin-2-
yl)propane] dihydrochloride (VA-044) was purchased from Wako
Chemicals GmbH (Neuss, Germany). NiCl2$6H2O was purchased
from Prolabo (Paris, France).

Poly(acrylamide-co-1-vinylimidazole) was synthesized by free
radical polymerization in water. In order to minimize secondary
reactions (chain branching, hydrolysis etc), the polymerization was
conducted at 30 �C in the presence of a chain-transfer agent, so-
dium formate, following the procedure detailed in Ref. [25]. In a
flask containing 435 ml of water, acrylamide (12:8 g), 1-
vinylimidazole ð1:88 gÞ and sodium formate (3:40 g) were dis-
solved. The solution was stirred under a nitrogen atmosphere at
30 �C. A solution of the initiator VA-044 (0:0646 g in 3 ml of water)
separately prepared under a nitrogen atmosphere was added to the
flask. The polymerization reactionwas kept for 5 h under a nitrogen
atmosphere. The obtained viscous solution of the copolymer was
dialyzed for 1 week in milli-Q water. The dry copolymer was ob-
tained by lyophilization. Static light scattering was used to deter-
mine the molecular weight. With a literature value of dn=dc for
polyacrylide (0:183 ml g�1 [26]), the molecular weight was esti-
mated as 1:1� 105g mol�1. The chemical structure of poly(-
acrylamide-co-1-vinylimidazole) is shown in Fig. 1.

2.2. Diffusing-wave spectroscopy microrheology

We performed microrheological measurements based on
diffusing-wave spectroscopy (DWS) using a laboratory-made setup.
As the coherent source, a Spectra-Physics Cyan CDRH laser
(l ¼ 488 nm) with an output power of 50 mW was used. The laser
beam diameter was increased up to approximately 1 cm using a
beam expander. The diffused light was collected by an optical fiber
with a photon counter (ALV, Langen, Germany) placed in the
transmission geometry.
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Fig. 1. Structure of poly(acrylamide-co-1-vinylimidazole) and a schematic figure of the
complex cross-linked by metal-ligand bonds.
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