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Supramolecular self-assembly is a multiple length-scale and time-dependent process involving many
coexisting components. Such complexity requires suitable strategies to extract quantitative dynamical and
structural information on all involved species. Here, we detail an original light scattering method to study
the kinetics of tailored triarylamine molecules capable of self-assembling in supramolecular highly
conductive nanowires upon light exposure. These micrometric assemblies cause the emergence of
intermittences in the scattered intensity and the construction of a predominant slow mode in the
correlation function making separation between small-and large-size species impossible using conventional
treatments. Our strategy is based on the time monitoring of intermittences and allows us to determine the
fraction of nanowires as well as those of small critical nuclei and triarylamine building blocks as a function
of time and light exposure, in good agreement with recent theoretical predictions.
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Self-assembly of molecular building blocks through
noncovalent associations offers the possibility of designing
supramolecular responsive and adaptive ordered structures
at the mesoscale with precise functions [1-4]. Hierarchical
organizations can be triggered in solution by external
stimuli (temperature, concentration, pH, light) to initiate
the self-assembly from the molecular level to the macro-
scopic one. These directed processes create a certain
number of coexisting components (i.e., building blocks,
nonequilibrium intermediate assemblies, and final micro-
metric ordered structures) whose structural and dynamic
behaviors have to be quantified with time. Depending on
the supramolecular systems, multiple mechanisms have
been proposed to explain the complex structural evolution
with time and the final supramolecular morphology:
nucleation-growth [5], sequential self-organization [6],
competing behavior [7], cooperativity [8], or self-replication
[9]. Understanding the kinetic self-assembly pathway may
help to rationalize the design of materials in the desired
shape and size [10].

Because of the multiple length-scale and time-dependent
nature of these complex systems, experimental strategies
have to be developed to characterize the composition of a
mixed system and, in particular, the time-evolving behavior
of all individual species. Several experimental techniques
and methods (NMR spectroscopies or scattering tech-
niques, among others) have been used to characterize such
systems, but it still remains challenging to extract valuable
information from the different components [11]. In this
Letter, we propose an original experimental approach to
quantitatively analyse complex time-evolving and large

0031-9007/15/115(8)/085501(5)

085501-1

PACS numbers: 81.16.Dn, 82.70.Dd, 87.64.-t

length-scale supramolecular systems using light scattering
via the detection of intermittences in the scattered intensity
temporal spectra associated with the formation of hetero-
geneous micrometric dense objects. To illustrate it, we
conduct our method on tailored triarylamine (TAA) mol-
ecules capable of self-assembling in supramolecular highly
conductive nanowires upon simple visible light exposure
(Fig. 1) [12-17].

The origin of the supramolecular TAA nanowire
(STANW) formation has been recently elucidated by a
combination of experiments and theoretical tools [9]
(Fig. 1). Light pulse induces the formation of radical
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FIG. 1 (color online). Chemical structure of the tailored
triarylamine (TAA) molecule used in experiments (upper left;
chemical formula C;4H49CIN,O5;, and molecular weight of
593.25 gmol™!), and schematic representation of the supramo-
lecular self-assembly forming micrometric conducting nanowires
obtained from the amine upon light irradiation.
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cations TAA™ necessary for the growth of the fibrillar
structure and providing its autodoping. Radicals can
aggregate with themselves and with neutral TAA by charge
transfer in conjunction with hydrogen bonding, 7 — =z
stacking, and dipole-dipole interactions. While TAA neu-
tral molecules adopt a pyramidal conformation, radicals are
flat and facilitate stacking. This coalition of interactions
leads to the formation of molecular wires, which can
combine into very strongly packed bundles of larger and
stiffer micrometric fibrils. The radicals are a prerequisite
for aggregation, and a solvent with oxidizing ability like
chloroform is thus indispensable for the self-assembly,
although the solvent itself does not induce oxidation of the
TAA in the dark. TAA™ CI~ dipoles first aggregate to form
double columns stabilized by significant lateral aggregation
energy. The minimal stable double-columnar aggregate,
called the critical nucleus, involves n* = 3 charge-transfer
pairs per column: i.e., 2n* = 6 dipoles, as predicted in
Ref. [9]. Once such a critical nucleus is formed, it attracts
neutral TAA molecules that attach at its ends by aromatic
stacking and H bonding, thus initiating a proliferation of
TAA aggregation without any further molecular oxidation.
Critical nuclei formed by radicals are required for the self-
assembly starting of neutral TAA. The nucleation stops
before the reservoir of TAA is depleted, and for times
t > t. (where t. = n*t*) all fibrils should have roughly the
same length. The nucleation stage (t*) is always shorter
than the growth stage (z.). Also, the aggregation process
turns out to be very fast in the case of light exposure for
more than 5 s. Finally, this system shows sigmoid time
dependency, suggesting a self-replicating behavior (i.e., the
formation of the TAA self-assemblies facilitates its own
formation).

Dynamic light scattering (DLS) is a powerful method
allowing separation between small- and large-size species
with relaxations widely separated in time and characteriza-
tion of bimodal systems [18-22]. The physical origin of
fast and slow modes may differ according to the system
considered. In particular, diffusion of large particle aggre-
gates [20], relaxation of charge fluctuations [21], viscoelastic
processes [22], slow fluctuations in nonergodic systems such
as glasses or gels [23,24], or multiple light scattering in
turbid media [25] are possible mechanisms that might be
responsible for a slow component in the correlation function
and have led to seminal DLS developments. In dilute
equilibrium systems, fluctuations in the scattered intensity
with time, I(g,t), measured at a given scattering angle
6 or, equivalently, at a given scattering wave vector
q = (4zn/A)sin(6/2), are directly reflecting the so-called
Brownian motion of the scattering particles. However, for
very heterogeneous systems—i.e., with a large-size distri-
bution—or systems having fast-evolving structures such as
our studied one, micrometric objects behave as dust going
randomly through the laser beam, causing the appearance of
intermittences in the count rate and the construction of a slow
mode of large amplitude in the correlation function, making

the analysis of the fast relaxation processes of the greatest
interest impossible. To overcome this issue, we propose a
quantitative method for extracting information on small
objects, as the TAA critical nuclei whose proportion may
evolve with time and whose contribution in the short time
range of the correlation function is masked by the slow
contribution associated with the formation of micrometric
aggregates (here, the STANWSs). Also, it was not possible to
characterize the critical nuclei of a few nanometers, and their
evolution with time during the aggregation process with
neutron or x-ray scattering as the signal is dominated by the
STANWS and the acquisition time is much larger than the
kinetic characteristic times.

Solution of TAA in chloroform is light yellow right after
purification. It proved stable for a long time if kept in the
dark. When exposed to visible light with a 20 W power
lamp, it changes color to light green. These changes persist
for a few weeks in the dark and are attributed to the self-
assembly of TAA [12]. Dilute solutions of monomeric TAA
[7.5 mM (0.45 vol%)] were prepared in deuterated chloro-
form CDCl;. Dust and impurities were removed from the
samples before irradiation by filtration through 0.22 ym
PTFE Millipore filters. Prior to irradiation with visible light,
no evidence for the presence of self-assemblies or larger
objects could be deduced in DLS since no characteristic
decays were observed in the intensity correlation function.
The relaxation associated with the diffusion of free diluted
small TAA molecules in chloroform is too fast to be detected
in the short time range of the correlation function.

First, the evolution of the size of the scattered objects has
been probed after different pulses of light irradiation (5, 10,
and 15 s) for the first time in this study. Small-size species
could be characterized as soon as the amplitude of the
STANW’s slow mode is not predominant. Figure 2(a)
shows the evolution of the normalized time intensity
autocorrelation function [Eq. (1)], measured with homo-
dyne scattering experiments at a scattering angle 0 of 90°
over 1 h in the dark of TAA solution lightened for 5 s prior
to measurement:

9P(q.1) — ¥ (g, )
9Y(q.0) = ¢?(g. )

The correlation function is clearly bimodal and can be
described by the sum of two exponential decays superposed
with an oscillatory term. The well-defined oscillations,
independent of the scattering wave vector ¢, measured in
the long time range are caused by convection due to the
local heating of the highly absorbing sample by the incident
laser beam [26]. The two exponential decays are deconvo-
luted using the CONTIN program to yield the amplitudes of
the two modes as well as hydrodynamic radii R;, associated
with the two relaxations (see the Supplemental Material
[27] for details). The insert shows the distribution of the
scattered intensity with R, obtained by applying the
CONTIN analysis to the data compiled between 10~ and

= |gW(q.1)*. (1)
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FIG. 2 (color online). Evolution with irradiation time of the
intensity correlation function averaged over one hour for a
7.5 mM TAA solution at & = 90°. (a) 5 s of irradiation. (b) 10
and 15 s of irradiation. The inset shows the normalized distri-
bution of the scattered intensity with the size by applying the
CONTIN analysis between 107° and 2 x 1073 s.

2 x 1073 s; i.e., the long time range oscillatory relaxation is
not included in this analysis. One found R, = 8 nm for the
fast diffusive decay associated with small self-assemblies
defined as critical nuclei with n* > 2 [9], and characterized
here for the first time. As deduced from the presence of a
second slow process in the correlation function, the samples
contain a second class of particles about 2 orders of
magnitude larger than the small assemblies. The value of
1.25 um is larger than the experimental length scale ¢!
of 300 nm, but it gives a good order of magnitude for the
dense fibrillar nanowire aggregates described above [28].
These micrometric fibers can also be seen with the naked eye
as they glitter in the laser beam and are responsible for
intermittences in the scattered intensity temporal spectra.
TAA molecules self-assemble into two thermodynamically
stable structures, a large one corresponding to the nanowires
and one smaller in size corresponding to critical nuclei.
Interestingly, for longer light irradiation times [10 and
15 s; see Fig. 2(b)], the amplitude of the slow mode, A,
is increased and reaches a value close to 100%, which
makes analysis of the fast contribution associated with the
critical nuclei impossible, as the slow mode totally masks
the 8 nm critical nuclei relaxation in the short time range of
the correlation function and indicates that the mass and/or
the number of micrometric fibers have been increased.
However, critical nuclei, from which columnar fibrils grow
by supramolecular association of neutral TAA, are in large
numbers at the beginning of the kinetic and their evolution
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FIG. 3 (color online). (a) Evolution with time of the scattered
intensity (count rate in kHz) at a scattering angle of 90° for a
7.5 mM solution of TAA molecules in chloroform illuminated for
5 s. The insert shows the evolution of the baseline count rate over
time. The red line corresponds to the count rate of pure chloro-
form. (b) C(t)/C, evolution over time after 5 s (black squares),
10 s (blue diamonds), and 15 s (red triangles) of light irradiation.

with time and their irradiation time is of significant
importance. Their number is expected to drop rapidly
during the growth process, and for this reason a different
method is proposed for having access to such kinetic
properties and to their concentration over the whole time
span of the aggregation process. For that purpose the count
rate [i.e., the intensity-time curve /()] has been monitored
over four hours after irradiation at a scattered angle of 90°.

Figure 3(a) and its insert display the count rate and the
evolution of its baseline as a function of time in the dark
after 5 s of light irradiation, respectively. Around 70 s after
the counting starts, extra-high jumps in the I(¢) curve
(peaks with intensity larger than 100 kHz) due to the
formation of large aggregates are intermittently observed,
giving a real time display of STANWS passing through the
laser beam. The amplitude is directly correlated to the mass
of the STANWs: the higher the amplitude, the higher the
mass (typical size d > 1 um and scattered intensity / = d®°).
One notes that, for 5 s of light irradiation, the maximal
amplitude is around 300 kHz, while it reaches 5000 kHz for
10 and 15 s (see the Supplemental Material [27]), indicating
that larger objects are formed with longer light exposure.
This experiment shows that the first micron size object
(i.e., the first peak) appears ~70 s after the counting rate
measurement starts—that is, 70 s after irradiation; this
appearance time is shortened to ~15 s if the irradiation time
is increased to 15 s (see the Supplemental Material [27]).
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The count rate baseline represents the fluctuations of
scattered intensity associated with the fast process observed
in Fig. 2, i.e., with the total scattered intensity reduced by
intermittent count rates jumping associated with the micro-
metric supramolecular fibers. The baseline level is thus
directly related to the concentration of critical nuclei made
of six TAA'™, and of free TAA ™ and neutral TAA (which are
too small to display a relaxation in the correlation function)
and decreases with time until almost reaching the intensity of
pure chloroform for infinite times, indicating that TAA and
nuclei are consumed during the polymerization process. Note
that, when the light irradiation is switched off, the amounts of
radicals decrease like 1/t to reform neutral TAA [9]. The
Rayleigh ratio (see the Supplemental Material [27]) at t = O,
when fibers are not formed, gives an estimate of the TAA and
critical nuclei amounts as R,_g = K.(Ciee taa-Mraa+
Ciree TAA+ -Mraa+ + Chuciei-Mnuciei)» Where K is the scatter-
ing constant (see the Supplemental Material [27]). According
to our previous study, the mass of the critical nuclei is constant
with time and equal to that of six TAA molecules, i.e., of 2n*
dipoles (M»,,, =M pyciei = 6Mpan =3559.5 gmol™") [9]. With
Ctoml = C(t - O)free TAA T C(t = O)free TAA+ T Cnuclei(t = 0)’
one finds C(t=0)geeransan+ =4x107g/ecm®  and
Chuciei(t = 0) = 4.5 x 107* g/cm?®, for an irradiation of
5 s. The nuclei amount is found to be quite similar for
10 and 15 s irradiation times; however, the concentration of
free radicals that could not be determined with these
experiments should depend on the illumination rate.

To understand the nanowires formation, we then fol-
lowed the evolution of the free TAA and critical nuclei
concentration with time since this information is contained
in the count rate baseline level. Neglecting the virial effects
and considering that the nuclei form factor tends to 1 (an
assumption comforted by the value of R}, i ijical nuctei & 8 nm
that is smaller than 30 nm, i.e., the limit measurable size
in static light scattering), the baseline intensity can be
expressed as

Lvasetine (4 1) % Crree TAA(1)Mr1aA + Ciree TAA (1) M1AA
+ Chuctei (1) Mnuctei
(1) + Crree TAA+ ()
(1)|M1ana, (2)

= [Cfree TAA
+ 6Cnuclei

where Cree TaA(7), Criee Taa+(#) and Cpyei(2) represent
concentrations at time ¢t of free neutral TAA, of free
radicals, and of the nuclei, respectively. Finally, for the
I(1)/1, ratio, one obtains

it) _ Cfree TAA(t) + Cfree TAA'*(I) + 6Cnuclei(t) _ CO)
Iy Chee aA(0) + Ciree Taa+ (0) + 6Cpyeei(0)  Co
(3)

Experimentally, [(z) represents the ratio (lyufine —
Icpct,)/ Trolenes Where iguene and Iepcy, are the measured
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FIG. 4 (color online). 1— C(t)/Cy evolution with time for
the different irradiation times: 5 s (black squares), 10 s (blue
diamonds), and 15 s (red triangles). The lines correspond to the
best fits of the data (see the main text).

scattering intensities of reference toluene and deuterated
chloroform [the red line in Fig. 3(a)], respectively.
Figure 3(b) shows the C(z)/C, evolution with time after
different irradiation times (5, 10, and 15 s). We observe
that C(¢)/C, decreases over the whole experiment time,
revealing that there are almost no remaining free nuclei and
TAA after 4 h in the dark for 15 s of light exposure. The
decay rate of the C(r)/C, curve is also clearly stronger
when the irradiation time is increased. These results
confirm previous works indicating that primary TAA and
critical nuclei are consumed to form micrometric fibrils.
Since these fibrils do not contribute to the count rate
baseline, one can deduce their time-dependent fraction
w(#), which corresponds to ~1 — C(#)/C, (Fig. 4). For all
irradiation times, w(f) shows a sigmoid evolution—i.e., a
low fraction regime at short time followed by an increase
more or less pronounced and by a plateau at infinite time—
expressed as w(¢) = K tanh(¢n*/t,) [9], where K repre-
sents the fibrils self-assembly rate, which should be equal
to 1 if the solution is composed of 100% fibrils at infinite
time. We have to point out that these predictions have been
made for samples continuously exposed to light during 1 h,
i.e., having a high proportion of critical nuclei initiating
the fibrils formation and the TAA consumption. Therefore,
our data have been fitted using a similar expression,
K tanh(tn*/t.)%, in which a stretched exponent @ = 1/3
has been used to take into account the lower steepness of
the experimental sigmoidlike variations due to the short
experimental irradiation times and to the relaxation of free
radicals in 1/¢ after illumination switch-off [9]. From the
best fits of the data shown in Fig. 4, one obtains growth
times 7, = 18574, 1908, and 1862 s and K = 0.58, 0.60,
and 0.74 for irradiation times of 5, 10, and 15 s, respec-
tively. As expected, the growth characteristic time f,
decreases with the irradiation time while K increases,
showing that the concentration of small units has become
pretty low, in good agreement with theoretical predictions.

To summarize, the time monitoring of intermittences
allows us to follow the formation of micrometric nanowires
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in a light-induced time-evolving heterogeneous supramo-
lecular system. Our results give the time-dependent con-
centrations of all species of very different sizes and allow
the characterization of the complex overlap between
nucleation-growth and self-replicating processes in this
system. The presence of large heterogeneous species such
as aggregates leading to the emergence of intermittences
and of a slow mode of very large amplitude (A, = 100%)
masking the contribution of small units in the short time
range of the correlation function is a common experimental
situation encountered in many aggregating systems. One
may thus predict that our method can be applied to a variety
of studies involving other types of complex, colloidal, or
biological systems having multiple components in large
length and time scales—such as functional organic materi-
als [29-34], protein fibrils, polymer or micellar solutions
[35,36], nanofluids [37], or giant viruses and bacteria-drug
systems [38,39]—covering a wide range of applications in
materials as well as in the biological sciences.
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