
HAL Id: hal-03374166
https://hal.science/hal-03374166

Submitted on 11 Oct 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Light-controlled aggregation and gelation of
viologen-based coordination polymers

Shagor Chowdhury, Quentin Reynard-Feytis, Clément Roizard, Denis Frath,
Floris Chevallier, Christophe Bucher, Thomas Gibaud

To cite this version:
Shagor Chowdhury, Quentin Reynard-Feytis, Clément Roizard, Denis Frath, Floris Chevallier, et al..
Light-controlled aggregation and gelation of viologen-based coordination polymers. Journal of Physical
Chemistry B, In press, �10.1021/acs.jpcb.1c06090�. �hal-03374166�

https://hal.science/hal-03374166
https://hal.archives-ouvertes.fr


Light-controlled aggregation and gelation of viologen-based coordination polymers

Shagor Chowdhury,1 Quentin Reynard-Feytis,1 Clément Roizard,1 Denis

Frath,1 Floris Chevallier,1 Christophe Bucher,1, ∗ and Thomas Gibaud2, †

1Univ Lyon, Ens de Lyon, CNRS UMR 5182, Laboratoire de Chimie, F69342 Lyon, France
2Univ Lyon, Ens de Lyon, Univ Claude Bernard,

CNRS, Laboratoire de Physique, F69342 Lyon, France
(Dated: July 1, 2021)

Ditopic bis-(triazole/pyridine)viologens are bidentate ligands that self-assemble into coordination
polymers. In such photo-responsive materials, light irradiation initiates photo-induced electron
transfer to generate π-radicals that can self-associate to form π-dimers. This leads to a cascade of
events: processes at the supramolecular scale associated with mechanical and structural transition
at the macroscopic scale. By tuning the irradiation power and duration, we evidence the formation
of aggregates and gels. Using microscopy, we show that the aggregates are dense polydisperse
micron size spindle shaped particles which grow in time. Using microscopy and time resolved micro-
rheology, we follow the gelation kinetics which leads to a gel characterized by a correlation length of
a few microns and a weak elastic modulus. The analysis of the aggregates and the gel states vouch
for an arrested phase separation process.

PACS numbers: xxx

I. INTRODUCTION

Stimuli-responsive supramolecular self-assemblies have
the potential to organize in various structures depending
on the duration and intensity of the stimulus. Those ma-
terials may in particular self-assemble into a wide variety
of structures ranging from aggregates, capsules, gels or
textured thin films [1]. The gel state [2–11] is an interest-
ing class of soft materials with broad potential applica-
tions ranging from structure directing agents for the syn-
thesis of nanoporous materials, surface patterning, ink,
3D printing to pollutant removal and biomedical appli-
cations [12–16].

Supramolecular gels are typically formed in solution
from the self-assembly of tailor-made low molecular
weight building blocks yielding extended networks sta-
bilized through non-covalent and fully reversible bonds
providing the system with elastic properties at rest.[2–6].
In other words, a sol-gel transition translates molecular
information into macroscopic properties. Gelation path-
ways are not trivial in supramolecular systems since they
generally involve a large number of interactions evolv-
ing over time [17]. Moreover, examples where irradia-
tion leads to a strengthening of rheological properties are
scarce since photons absorption often results in the col-
lapse of the gel [18]. In that context, reaching a deep un-
derstanding of photo-induced gelation of supramolecular
assemblies is crucial for the design of stimuli-responsive
soft materials.

Here, we take advantage of the photo-sensitivity of
viologen-based supramolecular polymers [7–11, 19–23]
to direct the self-assembly toward aggregates or gels.

∗ Corresponding author, christophe.bucher@ens-lyon.fr
† Corresponding author, thomas.gibaud@ens-lyon.fr

Forming gels from viologen derivatives is all the more
important that such materials are of high interest for
various fields such as electrochromism, molecular ma-
chines, memory devices, gas storage and separation or
energy storage [24, 25]. In terms of application, re-
active gels have already proved useful to the develop-
ment of electronic such as memristor [26]. Moreover,
viologens have also been used as key redox-responsive
components in large-area molecular junctions [27, 28].
All these exploratory works demonstrate the interest of
viologen-based material in electronics and open enormous
prospects for innovations.

We have been interested in recent years in the proper-
ties of viologen-based supramolecular architectures and
coordination polymers grown by spontaneous assembly
of organic ligands with various metal sources [23, 29–
32]. In these studies, the ability of viologen derivatives
to form π-dimers [33] in their reduced state has been ex-
ploited to achieve a remote control over the organization
of molecules within supramolecular assemblies [29–31].
The photo induced reduction of viologen-based accep-
tors is a well documented phenomenon that has already
been used to generate π-dimers [34, 35]. We have re-
cently used this approach to achieve a sol/gel transition
triggered by light irradiation of the palladium-based co-
ordination polymer [23].

As shown in Fig. 1, the ditopic ligand 1 involved in
these polymers features two planar nitrogen-containing
binding units (triazole-pyridine) introduced on both sides
of a viologen-based mechanical hinge that can toggle un-
der stimulation between a folded and a stretched con-
formation. This ligand was found to self-assemble in
the presence of palladium ions to yield linear coordi-
nation polymers capable of undergoing large scale reor-
ganizations in solution under light or electrical stimula-
tion [23]. The driving force of the folding motion is the
π-dimerisation of the in-situ generated viologen cation
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FIG. 1. Schematic representation of the photo-responsive supramolecular coordination polymer used in this
study.

radicals. At this stage, the exact structure of the π-
dimerized structure(s) still remains hypothetical but all
available data suggest the formation of either box-shaped
discreet complexes (3 in Fig. 1) or of accordion-shaped
folded polymers (4 in Fig. 1). As mentioned in a recent
report, the formation of inter-chain dimers (5 in Fig. 1)
in the gel phase can also not be ruled out [36]. Fol-
lowing these initial findings, we have carried out detailed
microscopy and rheological investigations to provide fur-
ther insights into the gelation mechanism.

Main goals of the present paper are to map the state
diagram of the assemblies obtained after irradiation of
the viologen-based coordination polymer and to charac-
terise the kinetics and final properties of the self assem-
bled structures at the microscopic scale. We first de-
scribe the preparation of the samples and the charac-
terization techniques that were implemented to perform
detailed analyzes on microliters-scale samples under air-
tight conditions. Second, we present the state diagram of
the system depending on the characteristic of the stim-
ulus: a light irradiation of duration ti and power P . As
ti and P increase, we evidence that we can direct the
self-assembly toward first aggregates then gels. Third,
using microscopy, we show that the aggregates are dense
polydisperse micron size spindle shaped particles with
an aspect ratio of about two. Fourth, using microscopy
and micro-rheology, we show that the gel forms within a

few hundreds of seconds. This gel displays a correlation
length of about 7 microns and a weak elastic modulus.
Those characterisations leads us to formulate a scenario
based on arrested phase separation that is compatible
with both the aggregates and gel formation.

II. MATERIALS AND METHODS

Sample preparation. All samples were prepared un-
der an argon atmosphere (glove box) from compounds
obtained according to procedures reported earlier [23].
In a typical experiment a fresh 100 µL stock solution
was prepared upon mixing equimolar amounts of 1 and
[Pd(CH3CN)4](BF4)2 in DMF (20 mM) in the presence
of triethanolamine (10 mM). The as-prepared solution
was introduced into a dismantled quartz absorption cu-
vette featuring a 0.1 mm layer thickness. The sample was
then taken out of the glovebox and submitted to light
irradiation during ti at a power P using a led lamp (X-
Cite 120Led Boost from Excelitas) in the reflection mode
through the 10x objective of the microscope (Nikon Plan
fluor, N.A.=0.3).
Microscopy experiments. Microscopy experiments

were carried out on a Nikon Ti-eclipse inverted light mi-
croscope in bright field. We used a 10x and a 40x ob-
jective to image the sample. After photo activation, im-
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ages of the sample were recorded with a camera (ORCA-
Flash4 Digital CMOS camera from Hamamatsu) during
a time t at 20 Hz. The total recording time was cho-
sen long enough so that the image display stationary
statistical properties, ∼ 2000 s. The images I(r) are
1024x1024 pixels. The image intensity was encoded in a
16 bits/pixel grey scale. r is the coordinate of a pixel in
the image. With the objectives 10x and 40x, one pixel
represents respectively 0.644 and 0.161 µm.

Micro-structure analysis. Depending on the sam-
ple, the structure was analysed either with a shape recog-
nition or a Fourier transform algorithm. For aggre-
gated samples, the molecules form microscopic spindle
shape particles. This shape was quantified using an el-
lipsoid recognition algorithm which gives the diameter of
the particle along r‖ and perpendicular r⊥ to its long
axis [37]. As set up, this methods is sensitive to struc-
ture down to 1.8 µm. For the gel samples, the molecules
form a uniform and isotropic network with a network
characteristic length of a few microns. This character-
istic length was extracted from the radial average of
the Fourier transform (FFT ) of the image at a time t:
I(q, t) = |FFT [I(r, t)− 〈I(r, t)〉]|2. The wave vector am-
plitude q is the variable in Fourier space associated to r
in real space. 〈I(r, t)〉 is the spatial average intensity of
the image.

Time resolved micro-rheology. Micro-rheology
measurements involved acquiring movies under the mi-
croscope of the sample seeded with colloidal tracers.
We used 5 µm diameter polystyrene colloidal particles
(Fluka) as tracers. The amount of colloids was adjusted
to reach a diluted colloid regime – the distance between
colloids is at least 5 colloid diameters – to avoid colloid-
colloid interactions. Micro-rheology consists in taking
advantage of the dynamics of the embedded colloids. The
colloids act as local probes whose dynamics, activated by
the thermal motion, depend on the mechanical proper-
ties of the sample: the loss modulus G′′, which accounts
for the viscous dissipation of the sample and the elas-
tic modulus G′, which accounts for the elastic properties
of the sample. To retrieve the viscoelastic properties G′

and G′′ of the sample, micro-rheology experiments re-
quires image analysis and calculations. In brief, image
analysis consists in tracking the trajectories r(t) of each
embedded colloids in the sample as a function of the time
t [38, 39]. We obtain about 50 trajectories per movies.
The tracking algorithm precision on r(t) is about 1/10th

of a pixel: ' 16 nm, with the 40x objective. From those
trajectories, the mean square displacement of the col-
loids 〈∆r2〉 is calculated as a function of the lag time ∆t.
Micro-rheology principles [40, 41] then rely on computing
the complex viscoelastic modulus G or the creep compli-
ance J . G is obtained from the unilateral Laplace trans-
form L[.] of 〈∆r2〉 using the generalized Stokes-Einstein
equation: G(s) = kBT

isaL[〈∆r2〉] . i is the imaginary num-

ber such that i2 = −1, s is the Laplace frequency, kB
is Boltzmann’s constant, T = 20◦C is the temperature
of the sample (in Kelvin for the formula) and a is the

radius of the colloids. This equation is based on a gen-
eralized Langevin equation which describes the sphere’s
motion in the continuum (neglecting the sphere’s iner-
tia), and it is consistent with energy equipartition and
the fluctuation dissipation theorem. G = G′ + iG′′ is
the shear modulus. Its real part yields the elastic modu-
lus G′(f) and its imaginary part gives the loss modulus
G′′(f) where f is the frequency in Hz, with s = 2πf .
The calculation method is based on [40, 41]. An alterna-
tive consists in working directly on the mean square dis-
placement which is proportional to the creep compliance
J(t) = kBT/[πa〈∆r2〉] [42, 43]. J(t) relates the mate-
rial strain deformation γ(t) to the rate of applied stress

σ̇(t) via γ(t) =
∫ t

0
J(t − t′)σ̇(t)dt′ [44]. The direct pro-

portionality of the mean square displacement and creep
compliance avoids artifacts from converting the data to
the complex viscoelastic modulus G [43]. Those artefacts
can be seen in Fig. 6c where G′ may drop drastically at
the edges of frequency domain.

As our samples evolve in time, we decomposed the
movies in a succession of sequences of duration 50 s.
50 s therefore represents the time during which a micro-
rheology experiment is performed and the kinetics reso-
lution. Doing so, we assumed that the sample properties
are stationary or evolve very little during this 50 s time
scale.

III. RESULTS

A. Directing the microscopic state of
self-assemblies with light irradiation

We used microscopy to image the sample and map the
state diagram of the dispersion under different irradiation
conditions. We varied the irradiation time ti from 0 to
180 s and the lamp power P from 0 to 100%. Fig. 2 shows
bright field microscopy images of the same sample under
different irradiation conditions. Images were taken when
the structure of the sample no longer varied, t = 2000 s
after switching off the lamp. At low ti and P , the sample
was found to form aggregates. The aggregated sample is
spatially heterogeneous and composed of individual elon-
gated aggregates randomly oriented of size a few tens of
microns. At higher ti and P , the sample forms a gel. All
the gels display the same structural and mechanical prop-
erties: a spatially homogeneous and weakly contrasted
network with a correlation length ξ ' 7 µm and a weak
elastic modulus G′ ' 0.3 Pa. The measurements of those
properties are presented later in the article. We define
t∗ the time when the first structures appear under the
microscope, Fig. 3. For aggregates, t∗ is of about 1000 s.
For gels t∗ is lower and decreases with ti and P .
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FIG. 2. State diagram as a function of the initial
photo-activation time ti and power P . (a) State dia-
gram of the dispersion inferred from microscopy images and
micro-rheology as P and ti increase. (b) Microscopy images
of the sample after reaching its final state at t = 2000 s af-
ter irradiation as function of the photo activation time ti and
the power P . Upper arrow: P = 100% while ti varies from
0 to 180 s. Lower arrow: ti = 180 s while P varies from 0
to 100%. Circular spot on the images are the 5 µm diameter
tracer colloids used for micro-rheology.
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FIG. 3. Aggregation and gelation time t∗ as a function
of the initial photo-activation time ti and power P . t∗

is define as the first time structures appear on the microscopy
images after the irradiation in turn off. Evolution of t∗ + ti
as function of P while ti is kept constant and equal to 180 s
(black). Evolution of t∗ + ti as function of ti while P is kept
constant and equal to 100% (blue). Full symbols correspond
to the aggregate state while open symbols correspond to the
gel state.

B. Micro-structure characterization of the
aggregation and the gelation

It is remarkable that a simple change in the time and
power of irradiation lead to such different states: aggre-
gate or gel. Irradiation conditions to form aggregates
were best achieved using a combination of low power or
short irradiation time as indicated in Fig. 2. As shown in
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FIG. 4. Aggregation kinetics using time resolved mi-
croscopy for an irradiation of P = 100 % during
ti = 30 s (a) Bright field images of the aggregate I(r, t) at
t = 370, 420 and 700 s. (b) Evolution of the average value of
r‖ (blue) and r⊥ (green) as a function of t. Light blue and
green curves shown the evolution of a typical single particle.
Inset: superposition of the image of a particle and its contour.
(c) From top to bottom, time evolution of σI the standard
deviation of I(r, t), the particle aspect ratio r‖/r⊥, and the
polydispersity. The vertical dash line indicate t∗ = 850 s.

Fig. 4a, molecular dispersion irradiated with P = 100 %
for ti = 30 s,gave isolated elongated micro-particles. Al-
though those micro-particles coalesce, within our experi-
mental time window, we never observed the formation of
homogeneous phases. The first particle observed under
the microscope appears around t ' 850 s after irradia-
tion. Such particles display two important characteris-
tics. (i) A spindle like morphology with a long axis of
length r‖ and a short axis of length r⊥. As shown in
Fig. 4b, on average, 〈r‖〉 and 〈r‖〉 grow with time up
to roughly 10 µm. The average aggregated particles as-
pect ratio, defined by r‖/r⊥, is about 1.8, Fig. 4c. The
particle polydispersity, defined by the ratio between the
standard deviation of the particle size divided by the par-
ticle size, is always large and increases from ' 0.8 to 1.1.
(ii) High molecular densities, as revealed by the dark col-
oration of the microscopy images, Fig. 4a. The density
difference between the particle and the background can
be estimated through σI the standard deviation of the
image I(r, t), Fig. 4b. Particles are much denser that the
gel backbone as shown in Fig. 2.

The best gelation conditions were obtained using high
power and long duration irradiations (Fig. 2). As shown
in Fig. 5, with pictures recorded for a molecule disper-
sion subjected to irradiation of P = 100 % for ti = 120 s,
the first structures appear under the microscope at about
t = 690 s. The gel kinetics and micro-structure are very
different from the aggregation state. First, the gel struc-
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FIG. 5. Gelation kinetics using time resolved mi-
croscopy for an irradiation of P = 100 % during
ti = 120 s. (a) Bright field images I(r, t) of the gelation
process at different time t. (b) Evolution the Fourier spec-
trum I(q, t) of the microscope images I(r, t) as function of
the wave number q for different time t. Colors code for the
time t after irradiation. (c) From top to bottom, time evolu-
tion of the correlation length ξ and peak intensity IM . The
vertical dash line indicate t∗ = 690 s.

ture does not shown any evidence of local anisotropy.
The images display a well defined length scale. This is
evidenced in Fig. 5b through the Fourier spectrum I(q, t)
of the gelling molecular dispersion. I(q, t) shows in par-
ticular a peak at qp of intensity Ip. qp is related to the
correlation the length of the gel ξ, i.e., the characteris-
tic length of the gel network defined by ξ = 2π/qp. Ip
is an indicator of the structure contrast and therefore
the molecular density of the network structure with re-
spect to the background. Above t = 690 s, ξ is constant,
ξ = 6.9± 0.2 µm, and Ip increases by almost two orders
of magnitude. Contrary to the aggregate state, the gel
length scale is set a the early beginning of the kinetics and
remains afterward unchanged. However, the contrast and
therefore the gel backbone becomes denser during the ki-
netics. To sum up, the gel forms an homogeneous porous
network structure of typical size ξ ' 7 µm.

C. Viscoelastic characterization of the sol-gel
transition

We have next focused on the mechanical properties of
the molecular dispersions leading to the gel state. We
found that irradiation, in the limit where P or ti is high,
induces full gelation of the sample on times scales of
the order of t∗. In Fig. 6, for the gelation conditions,
P = 100 % during ti = 120 s, conditions identical to the
sample whose structure is analysed in Fig. 5, we extract,
thanks to the dynamics of colloids dispersed in the sam-
ple, the mechanical properties of the sample after photo-

activation using time resolved micro-rheology. This anal-
ysis is decomposed in tree main steps: tracking the tra-
jectory of the colloids r(t) (Fig. 6a), computing mean
square displacement of the colloids 〈∆r2〉(∆t) (Fig. 6b),
and extracting the variation of the loss G′′ and elastic
G′ modulus as a function the frequency f (Fig. 6c). We
choose to focus on four characteristic times of the gela-
tion kinetics to describe its evolution: t = 100, 700, 1100
and 1300 s.

At t = 100 s, the sample is translucent and homo-
geneous (Fig. 5a). As shown in Fig. 6a, the colloid
trajectory is open and the colloid diffuses micrometric
distances during this acquisition of 50 s. As shown in
Fig. 6b, this corresponds to a linear variation of the
mean square displacement 〈∆r2〉 with the lag time ∆t:
〈∆r2〉 = 4D∆t. The colloid diffuses with a diffusion
constant D = 0.018µm2/s. At this stage, the sample is
a newtonian fluid. In, Fig. 6c G′ is negligible and G′′

varies linearly with f : G′′ = η2πf with η ' 5 mPa.s the
viscosity of the sample.

At t = 700 s, the sample display for the first time
a structure at the micro scale: a network of correlation
length ξ ' 7 µm (Fig. 5a). The colloid trajectory r(t) is
more compact (Fig. 6a). The mean square displacement
behave as a power law of time 〈∆r2〉 ∼ ∆t0.6. G′ and
G′′ are power law of the frequency, parallel and equal to
one another. This behavior is very close to the behavior
of a dispersion at the gel point as defined by Chambon
and Winter [45]. We note that the time at which the
dispersion structure at the microscale t∗ coincides with
the gelation time tg defined by Chambon and Winter,
tg = t∗. Given that tg is measured with a precision of
50 s and t∗ of one second, we selected the structure mea-
surements rather that the microrheology measurement to
define tg.

At t =1100 s, the structure is very similar to the one
observed at 700 s. However, the tracers dynamics become
different. Indeed, the colloid’s trajectories r(t) display
dynamical heterogeneities: a colloid spends some time
at a specific location before jumping to another location.
In other words, a colloid is mildly trap by the network
and explore a small region for a characteristic time be-
fore the sample rearrange and let the colloid escape to
another location where it is again trapped, and so on.
The associated 〈∆r2〉 shows at small ∆t a diffusive be-
havior, Fig. 6b. At intermediate ∆t ' 1 s, 〈∆r2〉 reaches
a plateau around 2.10−3 µm2: the colloid is confined to
region of average size of 0.045 µm. At long ∆t, the col-
loid diffuse again. This scenario is typical of viscoelastic
fluids [46] as corroborated by Fig. 6c. At high frequencies
(short ∆t), G′′ > G′ and G′′ ∼ f the sample is fluid and
the energy is dissipated in the thermal vibration of the
sample. At intermediate frequencies (intermediate ∆t)
G′ ∼ G′′ the sample is mildly elastic. At small frequen-
cies (large ∆t), G′ < G′′, the sample can rearrange itself
and is therefore fluid.

At t = 1300 s, the sample kept its micro structure,
with a correlation length ξ ' 7 µm but the network is
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FIG. 6. Gelation – from the embedded colloids dynamics to time resolved micro-rheology. This sample is photo-
activated during ti = 120 s at P = 100%. (a) Representative trajectories r(t) of a colloid embedded in the sample at different
time t after photo activation. The color from blue to yellow codes for the time t after photo activation. The grey scale codes for
the time from 0 s (dark grey) to 50 s (light grey). The scale bar always represent 0.2µm. Note that the scale bar increases size
as t increases, meaning the trajectory is zoom in as t increases. The doted red circle in the trajectory at t = 1100 s indicate the
localization of the colloid before diffusing to other location. (b) Mean square displacement of the colloids 〈∆r2〉 as a function
of the lag time ∆t. Each 〈∆r2〉 is extracted from movies sequences of duration 50 s. (c) Viscoelastic proprieties of the sample
deduced from 〈∆r2〉: loss G′ (line) and elastic modulus G′′ (dot line) as a function of the frequency f .

more contrasted, Fig. 5b. The colloid trajectory is now
very compact: the colloid is trapped to a single location
by the network, Fig. 6a. The associated 〈∆r2〉 shows a
diffusion process at short time scales and then a plateau
at long time scales, Fig. 6b. This behavior is typical of
viscoelastic solids [46, 47], Fig. 6d. At high frequencies f ,
just like the viscoelastic fluid, G′′ > G′, the sample dissi-
pate energy due to the thermal vibrations of the network
against the background solvent, but at intermediate and
small frequencies f , G′ dominates G′′ and G′ plateaus
to G′ ' 0.3 Pa: The sample cannot rearrange on long
time scales and is as such an elastic solid. G′ ' 0.3 Pa
is a very low value of elasticity. For such a value, the gel
would probably flow due to its own weight if put in an
incline vial.

The time-resolved microrheology data displayed in
Fig. 6b are reminiscent of Larsen and Furst work on
gelation [48]. These authors have indeed studied the
viscoelastic properties of physical and chemical polymer
gels and focused on the sol-gel transition using time re-
solve microrheology. They showed that the mean square
displacements of their colloidal tracers embedded in the
dispersion could be scaled on a master curve. This

is also the case for our data provided that t < tg.
As shown in Fig.7, the master curves is constructed
by shifting individual 〈∆r2〉 curves along the ordinate
and abscissa. Starting from the initial diffusive dynam-
ics, subsequent 〈∆r2〉 curves are divided by a time-shift
factor a and a mean square displacement shift factor
b. The resulting master curve has a logarithmic slope
α = d ln(〈∆r2〉)/d ln(∆t) =1 for ∆t/a > 1, which de-
creases monotonically to a value α ' 0.6 with decreasing
∆t/a. At this point, subsequent curves can no longer be
scaled onto this initial master curve.

For t > tg, our data cannot be mapped on a master
curve due to the dynamical heterogeneities displayed by
the colloidal tracers.

Such dynamics, involving hopping processes, is rem-
iniscent of behaviours monitored with more com-
plex soft solids like food gels mainly composed of
proteins, polysaccharides and lipids [49] or laponite
gel/glasses [50]. Those dynamical heterogeneities have
been inputted to micro structural features in the gel on
length scales comparable to the probe particle sizes [51,
52]. Here, this is exactly the case: the colloid of diam-
eter 5 µm and the gel correlation length ξ ' 7 µm are
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FIG. 7. Gelation – scaling behavior of the mean square
displacement 〈∆r2〉 for t < tg. (a) 〈∆r2〉 as a function of
∆t rescaled by b and a respectively. The colored rescaled
series correspond to the data presented in Fig.6b with the
same color code. The black lines correspond to rescaled data
for other photo-activation conditions (P, ti), namely: (6%,
180 s), (12%, 180 s) and (25%, 180 s). Inset – Evolution of
the scaling parameters a (circle) and b (square) as a function
of the normalized time (t − tg)/tg. tg is defined by tg = t∗.
Large symbols correspond to the photo-activation conditions
ti = 120 s and P = 100% and the smaller symbols correspond
to the other photo-activation conditions. Lines are power law
fits to the data: a ∼ [(t − tg)/tg]y with y = 3.0 ± 0.3 and
b ∼ [(t− tg)/tg]z with z = 1.8± 0.2.

about the same size. These sponge-like network structure
creates a gel backbone of relatively high supra-molecular
density and regions where the supra-molecules have been
depleted, resulting in a porous network.

Based on our observations and those of previous au-
thors, we propose the following scenario for the evolu-
tion of the microstructure and the micro-rheology data
for the gelation conditions, P = 100 % during ti = 120 s.
In the early stage of the kinetics, the dispersion is homo-
geneous at the microscopic scale: the macro molecules
are randomly distributed throughout the medium and
diffusing freely. However, as the macro molecules dif-
fuse, they move closer and get bound to one another
through non covalent attractive interactions. These
macro molecules chains grow extensively over time and
eventually some span the container: this percolation
characterizes the bulk gelation time. The hallmark of the
gel point in rheology is defined by Chambon and Winter
as the time when both moduli G′ and G′′ exhibit ap-
proximately the same power-law frequency dependence
G′ ∼ G′′ ∼ fn where n = 0.5 [45]. Moreover, near the
gel point, the longest relaxation time and creep compli-
ance are expected to exhibit power-law behavior so that
a ∼ [(t− tg)/tg]y and b ∼ [(t− tg)/tg]z with n = y/z [53].
For our sample, the gel point is at t = tg ' 700 s with
n = 0.6, a slightly higher value than the one proposed
proposed by the model in [45]. The measured critical ex-
ponents y and z are respectively equal to y = 3.0±0.3 and

z = 1.8±0.2 and lead to n = 0.60±0.12. Those values are
self-consistent and informs us about the gelation mecha-
nism. Indeed, our critical exponents are compatible with
de Gennes Stauffer percolation model for gelation [54, 55]
which leads to y = 2.69 and z = 1.94 but incompatible
with Rousse or Zimm theory [56] which leads respectively
to (y = 4, z = 2.67) and (y = 2.67, z = 2.67).

For t > 700 s, the structure is set and forms a sponge-
like network with a correlation length, ξ ' 7 µm. This
is not the case for the mechanical properties. Indeed the
sample is still mostly viscous and the colloidal probes
diffuse with only slight hindrance. As the microstructure
densify and becomes more elastic for t = 700−1100 s, the
sample is a viscoelastic fluid: the colloidal probe show dy-
namical heterogeneities and the colloid is trapped within
the structure at intermediate time scale but diffuse on
long time scales. At the end of the kinetics, for t > 1200 s
the gel backbone is sufficiently elastic to hinder dynam-
ical heterogeneity and the colloid probe the gel elastic-
ity namely G′ ' 0.3 Pa at relatively low frequencies,
f ' 0.1 Hz.

IV. DISCUSSION AND CONCLUSION

In summary, we have shown that depending on photo-
activation conditions, starting from a well dispersed sus-
pension in fluid state, we can tune the self-assembly of
viologen based molecular building blocks into aggregates
or gels. Those results are compatible with a physical
pathway that involves an interplay between phase sep-
aration and dynamical arrest. We hypothesize that the
irradiation conditions allows to tune the attraction inten-
sity between the building blocks as shown in Fig. 8. In
other words, long and high power irradiation of the sam-
ple leads to the formation of interchain dimers causing a
reinforcement of the interactions.

Gelation is a commonly observed phenomena in poly-
mers and in supramoculer assemblies [57]. It occurs for
example when the molecular building blocks aggregate to
form a space spanning network. In our system gelation
occurs for large irradiation power or irradiation, namely
when the attraction between the building block becomes
strong. The gel formed is very peculiar as it displays
a very large correlation length ξ, a few order of magni-
tude larger than the size of the individual building blocks.
Such a very large correlation length ξ vouch for a very
specific gelation mechanism: an arrested phase separa-
tion. In this scenario, the very large correlation length ξ
arises from density fluctuations in the vicinity of a crit-
ical point. At sufficiently high attraction and concen-
tration in π-dimers, the dispersion undergo spinodal de-
composition leading to bicountinuous network composed
of a dilute and a concentrated fluid phase. Usually the
spinodal decomposition proceeds and leads to the coex-
istence of two homogeneous fluid phases separated by an
interface. There is however a sweet spot where the glass
transition mingle with the spinodal decomposition and
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FIG. 8. Schematic state diagram illustrating the physi-
cal pathway leading to aggregation and gelation. State
diagram as a function of the attraction between the building
blocks and the concentration of the building blocks. The red
line corresponds to the binodale line, the orange line to the
spinodal line, the dash green line to the glass line, the hor-
izontal green line to the separation between the phase sepa-
ration and the arrested phase separation. The black arrows
correspond to the physical pathway taken by the system and
leading from a fluid state to the aggregates or the gel state.

leads to gelation, Fig. 8. In this scenario, the concen-
trated phase becomes denser and meets the glass line, it
becomes kinetically arrested and freezes the phase sep-
aration process leading to a gel with a large correlation
length ξ [58, 59].

In our system, aggregation occurs for low irradiation
power or time, namely when the attraction between the
building blocks is mild. At the molecular level it might be
explained by the lower concentration of π-dimers leading
to supramolecular structures 3 or 4 having less inter-
molecular interactions (Fig. 1). As shown in Fig. 8, this
quench lead us in a region of the state diagram embed-
ded between the binodal line and the spinodal line. In
this region, phase separation proceed through the for-
mation of isolated droplets composed of a dense fluid in
background compose of a dilute fluid phase. Usually the
phase separation proceeds and leads to the coexistence
of two homogeneous phase fluid separated by an inter-
face. Here, as for the arrested spinodal decompositon,
as the concentration of the droplet increases and reach
the glass line, the phase separation is stopped leading to
isolate aggregate as observed experimentally.

We also observe that the aggregates display a spindle-
like structures. This structure is typical of liquid-
crystal dispersion and corresponds to the hallmark of
the Isotropic-Nematic transition [37, 60]. The Isotropic-
Nematic transition is a phase separation and therefore is
compatible with the arrested phase separation scenario.
It however deals with liquid-crystal molecular systems;
i.e. rod-shaped molecules. The spindle-like structures
are called tactoids and correspond to Nematic droplets

composed of elongated molecules that tend to point in
the same direction but do not have any positional order.
The spindle-like shape results from the molecules orien-
tation and the interplay between the interfacial tension
and the splay and bend elastic constants of the nematic
domain [61]. In viologen-based molecules, liquid-crystal
phase have recently been observed [62–64]. However tac-
toids have not been reported maybe due to their tran-
sient nature. We tried to check for a birefringent signa-
ture of our spindle-like structure under cross-polarisation
microscopy but fail due to the opacity of the structure.
At this point, our best guess is that the molecules self-
assemble into liquid-crystal due to the photo-induced for-
mation of 3 presenting an appropriate rod-shaped struc-
ture. Following this hypothesis, these more rigid struc-
tures could then form tactoids due to inter-molecular in-
teractions with adjacent boxes by orbital overlap involv-
ing more than two viologen radical-cations as already re-
ported [65, 66]. Metal-metal interaction between palla-
dium complexes might also be at stake.

To conclude, thanks to time resolved experiments such
as the microstructure analysis via microscopy and the
mechanical properties analysis via microrheology, we
were able to propose a unique physical pathway leading
to both aggregation and gelation. This pathway is driven
by an arrested phase separation. Such a scenario is new
to supramolecular systems but has already been observed
in colloidal dispersions [67], polymers [68] and proteins
solutions [69]. It opens up new perspectives in the field
of viologen-based responsive supramolecular gels [7–11].
This work provides a physical analysis of a highly com-
plex chemical system. The chemical evolution in terms
of interactions and reactions pathway remains to be elu-
cidated and compared to the physical pathway proposed
in this article. Indeed the influence of many parameters
remains to be addressed and will be the subject of a sub-
sequent article: exact structures of supramolecular self-
assemblies (box, folded chain, inter-chain π-dimers), na-
ture of the supramolecular interactions involved (orbital
overlap of viologen radical-cations, metal-metal bonds),
solubility and electrostatic effects of the charged building
blocks.
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