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ABSTRACT: Organic materials exhibiting metallic behavior are
promising for numerous applications ranging from printed
nanocircuits to large area electronics. However, the optimization
of electronic conduction in organic metals such as charge-transfer
salts or doped conjugated polymers requires high crystallinity,
which is detrimental to their processability. To overcome this
problem, the combination of the electronic properties of metal-like
materials with the mechanical properties of soft self-assembled
systems is attractive but necessitates the absence of structural
defects in a regular lattice. Here we describe a one-dimensional
supramolecular polymer in which photoinduced through-space charge-transfer complexes lead to highly coherent domains with
delocalized electronic states displaying metallic behavior. We also reveal that diffusion of supramolecular polarons in the
nanowires repairs structural defects thereby improving their conduction. The ability to access metallic properties from mendable
self-assemblies extends the current understanding of both fields and opens a wide range of processing techniques for applications
in organic electronics.

■ INTRODUCTION
One of the current challenges facing information technologies
is the development of lightweight, low cost, and disposable
plastic or paper electronic devices.1,2 Conventional inorganic
semiconductors (e.g., silicon) and conductors (e.g., metals) are
expensive and rigid and commonly require multiple etching and
lithographic steps for device fabrication. The discovery of
chemically or electrochemically doped conjugated polymers
and their implementation in organic electronics has been
instrumental to overcome some of these problems.3,4 Many
soluble and processable semiconducting conjugated and
supramolecular polymers have been synthesized and incorpo-
rated as active layers in devices such as OFETs (organic field
effect transistors),5 OLEDs (organic light emitting diodes),6

and OPVs (organic photovoltaics).7 However, metallic organic
polymers sharing the electrical, electronic, magnetic, and optical
properties of metals8 are still very scarce although very
promising for the development of a number of technologies
such as transparent electrodes,9,10 printed electronic circuits
and interconnects,11,12 thermoelectric materials,13,14 or memory
devices.15 To reach such properties, oxidative or reductive
doping should produce unpaired electrons that open a partially
filled conduction band where charge carriers drift with minimal
scattering as is the case in metals.16 Defects enormously affect
such conductivity, resulting in localized electronic states which
alter the transport mechanism from band-like to undesired
thermally activated hopping.17,18 As a result, after four decades
of materials developments, only a few number of organic
structures have reached the landmark of metallic conductivity.19

For conjugated polymers, chain-ordered polyaniline with a low

density of structural defects was recently obtained by dispersion
synthesis, showing a dramatic transition from an insulating to a
metallic material upon doping, and with an increase in
conductivity over 9 orders of magnitude.20 Still, the poor
solubility of doped polyaniline limits its use for a number of
processing techniques. Another kind of organic metal is based
on charge transfer complexes such as TTF-TCNQ salts,21

which are single-crystals and lack the processability and
mechanical properties required by flexible electronic devices.
In a third example, our group has recently shown that
chemically tailored triarylamine molecules can be grown in
the form of one-dimensional supramolecular polymers22

directly between electrodes at the 100 nm length scale.23

These nanowires showed increasing conductivity with decreas-
ing temperature down to 1.5 K, both in the bulk and at
interface with electrodes (with values >5 × 103 S m−1).
However, the crystalline nature of the fibers originating from a
kinetically controlled nucleation/growth process traps struc-
tural defects in the π-stacking structure over larger length scales,
and disconnections of the rigid nanorods produce grain
boundaries which are detrimental for conductivity.
We herein describe a new class of conducting but very soft

and kinetically labile supramolecular triarylamines,24 i.e., in
which reorganization of the molecular units can take place with
a relatively low activation energy. In such a configuration, the
reversible nature of the supramolecular interactions can in
principle correct structural defects (i.e., lateral or rotational
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misalignments of the stacks) by reaching a lower energetic state
under thermodynamic control (self-healing polymers).25,26 We
show that a proper balance between order and mobility leads to
materials presenting a unique combination of functionalities,
namely extended metallic character with soft mechanical and
defect-healing properties.

■ RESULTS AND DISCUSSION
The original molecular units of this study, namely tris-amide
triarylamines with various alkyl side chains (TATA 1−3, Figure
1a(i)), were obtained with good yields in a three step process
(see the Supporting Information for the synthetic procedures).
At a concentration of 5 mM in a deuterated 5:3
methanol:toluene mixture, 1 is soluble and a full NMR
spectrum can be recorded (Figure 1a(ii)). Interestingly, upon
the addition of deuterated chloroform (5 vol %) as an electron
acceptor, it is possible to trigger a self-assembly process by a
pulse of white light which oxidizes a catalytic quantity of TATA

to its radical cation TATA·+. Aggregation of these radicals at a
critical nucleation concentration promotes the stacking of
neutral TATA molecules in a subsequent growth process.22

The clear signature of this self-assembly is the disappearance of
the a, b, and c resonance signals due to a strong π-stacking
between TATA cores and resulting in an anisotropic columnar
system kept soluble by lateral flexible alkyl chains (Figure
1a(iii)). In a variety of pure organic solvents (chloroform,
acetonitrile, acetone, or toluene), 1H NMR reveals the direct
self-assembly of TATA 1−3 without the need of light.
Intermolecular hydrogen bonding also participates in the self-
assembly as observed by infrared spectroscopy, which displays
the characteristic shifts of the amide stretching frequencies with
the N−H and CO stretching vibration occurring at 3291 and
1654 cm−1, respectively.27 At the macroscopic level and above a
critical concentration, 1 forms a soft physical gel in chloroform
with a melting enthalpy of 7.6 KJ mol−1 at 35.7 °C. Differential
scanning calorimetry (DSC) also reveals a decreasing critical

Figure 1. Structural characteristics of TATA self-assemblies. (a) (i) Chemical formula of TATA 1, 2, 3 and associated 1H NMR of TATA 1 in a 5:3
methanol-d4:toluene-d8 mixture, in the presence of CDCl3 (5 vol %) before (ii) and after (iii) light irradiation (W, M, and T are the residual
resonance peaks for water, methanol, and toluene, respectively). (b) Freeze-fracture TEM image of TATA 1 showing its native form in chloroform.
(c,d) AFM imaging of TATA 1 at the micrometer scale (c) and at the nanometer scale for a single fiber (d) obtained from a chloroform solution
drop cast on mica. (e) X-ray scattering of a thin film of TATA 1 prepared from a drop cast film on mica. (f) Side view (i) and top view (ii) of the
proposed stacking structure of TATA 1, as obtained from DFT calculations, and with a longitudinal periodicity of 29.1 Å, a nitrogen−nitrogen
distance of 4.85 Å between adjacent molecules, and a dihedral angle of 20° between each plateau.
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gelation concentration and an increasing melting enthalpy for
longer alkyl chains (TATA 2 and 3; Figure S1 and Table S1).
Insight in the structure of this self-assembly is first given by
freeze fracture transmission electron microscopy (FFTEM) in
the gel state (Figure 1b), and by atomic force microscopy
(AFM) of cast films obtained from dilute chloroform solutions
(Figure 1c and Figure S2). Well-defined fibers of more than ten
micrometers long and of high persistence length are character-
istic of such compounds. For TATA 1, high resolution AFM
shows a diameter of 16(±3.0) Å for the individual fibers
(Figure 1d and Figure S2), which also present a twisted
periodic pattern of 30.0(±2.0) Å along their main axis. A model
of the molecular assembly was built up using complementary
small angle and wide-angle X-ray scattering (SAXS and WAXS;
Figure 1e), together with density functional theory (DFT;
Figure 1f).28−30 Strong 100 scattering peak at 0.215 Å−1 as well
as weaker 200 and 300 reflections are characteristic of a
smectic-type packing with a periodicity of 29.1 Å along the one-
dimensional ordering of the molecules (similar to the
periodicity observed by AFM, Figure 2b). The large peak at
1.30 Å−1 corresponds to a distance of 4.85 Å between nitrogen
centers of adjacent triarylamines, in agreement with DFT
results. The apparent pitch (which is due to the 3-fold
symmetry of the TATA core), together with the stacking
distance, imply that 7 molecules are contained in a single period
with a dihedral angle of 20° between them, a value also in
agreement with DFT calculations. The broad scattering peak
centered at 1.40 Å−1 corresponds to amorphous packing of the
alkyl chains, and the small peak around 2 Å−1 corresponds to an
aryl π−π stacking distance of 3.1−3.2 Å. DFT predicts a similar
stacking distance due to both the tilt of the aromatic rings and
the dihedral angle between the molecules.
Exposure of preassembled TATA fibers to visible light in

chloroform leads to the appearance of an absorption band in
the near-infrared (NIR), with a complex behavior as a function
of irradiation time (Figure 2a,b). Similar bands have been
described in the literature for mixed valence charge transfer
between bis-triarylamine molecules linked by conjugated
covalent bonds.31 Interestingly, in our system, the presence of
such a characteristic absorption band (λmax = 1100 nm) can
only arise from an intermolecular through-space charge-transfer
between stacked triarylamine cores. In the literature, mixed-
valence charge transfers have been classified depending on the
nature of the electronic delocalization between the redox
centers.32 Class I systems consist of localized redox centers,
while class II are partially delocalized, and class III fully
delocalized. The shape of the charge transfer band can give
insight into the nature of the interaction, with a Gaussian
shaped band expected for a class II charge transfer and an
asymmetric band expected for a class III (see the Supporting
Information). Here, increasing asymmetry observed between 0
and 30 min of irradiation (Figure S16a) indicates an increasing
contribution from fully delocalized class III charge transfers.
The absorption band at 800 nm, starting at 5 min and
increasing in intensity for the remainder of the irradiation
experiment, corresponds to a higher contribution of localized
class I triarylamine cation.
Electronic paramagnetic resonance spectroscopy (EPR)

provides both a quantification of the amount of radicals within
the fibers as well as an alternative means of investigating the
nature of the charge transfer relative to the EPR time scale. The
hyperfine splitting of the EPR signal, arising from a through-
space hyperfine coupling of adjacent triarylamine nitrogen

centers, displays an evolution with the time of light irradiation
(Figure 2c and Figures S16b and S17a). Three distinct although
partially overlapped periods are observed with (i) the growth of
a smooth five line signal corresponding to irradiation times
from 15 s to 7 min (0−15 mol % of radicals); (ii) an evolution
toward a one line pattern from 7 to 18 min (15−25 mol % of
radicals), and (iii) the emergence of a 3-line pattern from 23 to
73 min (29−44 mol % of radicals). In the literature, EPR
studies of covalently linked mixed-valence bis-triarylamines
show similar splitting patterns.33 By analogy, the five line
pattern corresponds to partially delocalized unpaired electrons

Figure 2. Effect of light irradiation on TATA self-assemblies. (a,b)
Sequential absorbance spectra taken during light irradiation (with a
halogen lamp; 10 W cm−2) of a 0.1 mM solution of TATA 1 in
CHCl3; (a) first 6 min of light irradiation, (b) from 7 to 73 min of light
irradiation. (c) Room temperature EPR spectra taken while irradiating
(with a halogen lamp; 10 W cm−2) a 1 mM solution of TATA 1 in
CHCl3 from 1 to 73 min. (d) Room temperature EPR spectra taken
for a sample irradiated for 3 minutes, and subsequently put in the dark
for 60 min. (e) Fluorescence emission of TATA 1 upon light
irradiation showing the quenching induced by the polaron formation.
(f) SAXS of nonirradiated (dotted line) and irradiated (full line) thin
films demonstrating a 49% increase in the correlation length
(calculated as 4π/fwhm). (g−h) AFM image of TATA 1 obtained
from the drop cast of a chloroform solution before light irradiation (g)
and after 15 min of light irradiation (h) showing the healing of
structural defects. In (f) and (g) the nonirradiated solutions were kept
15 min in the dark to discriminate the effect of light from a possible
aging effect.
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between two triarylamines; the one line pattern, to a fully
delocalized system with no energetic barrier to charge transfer;
and the three line pattern, to unpaired electrons which are
localized on one triarylamine.
Thus, both EPR and NIR data demonstrate the initial

formation of a mixed population of classes II and III charge
transfers, followed by a transition to a single population of class
III, which then tends to a localized class I as the higher number
of charges in the one-dimensional fiber leads to electrostatic
repulsion. A complementary experiment was performed by
irradiating a solution for 3 min and by then following the
evolution of the radicals in the dark (Figure 2d). Interestingly,
the change of the EPR signal toward a one-line pattern was
observed over 1 h. This indicates that the transformation from
class II to class III charge transfers is not related to the number
of radicals, and suggests an intrinsic structural evolution of the
system with time.
To understand the relationship between the nature of the

charge transfer and the irradiation time, we compared the X-ray
scattering profiles of two thin films; one made from a
nonirradiated solution, and the other one from a solution
irradiated for 15 min (Figure 2f). A Gaussian fit of the peak at
0.215 Å−1 revealed a noticeable decrease in the peak width at
half-maximum, demonstrating an increase of the fiber
correlation length (ξ) of 49%, going from 163 Å in the dark
to 243 Å upon irradiation (Figure S6). The 300 reflection of
the irradiated sample also displays a noticeable sharpening,
indicating a decreasing cumulative disorder, i.e. a fewer number
of structural defects with light.34 Characterization of numerous
samples using high resolution AFM unambiguously confirmed
the improved ordering of the fibers, as well as the self-healing of
the gel in the 100 nm range, upon light irradiation (Figure 2g,h
and Figures S4 and S5). Altogether, these results strongly
suggest that class III charge transfer occurs between molecules
in a thermodynamic minimum while class II charge transfer
occurs at small structural defects in the self-assembly where the
electronic coupling and reorganization energy are less efficient.
DFT calculations also support a class III delocalized charge
transfer in the optimized assembly geometry within the
framework of Marcus−Hush theory (Figure 3a−c and Figures
S10−S12).35,36
We propose to describe this type of charge transfer complex

migrating through the fibers as a “supramolecular polaron”,
which consists in a “through-space” version of the polarons
observed in conjugated polymers, and associating the radical
cation with a lattice deformation.16 This is also in agreement
with further fluorescence experiments which show exciton
quenching by the supramolecular polarons as is commonly
observed with polarons in conjugated polymers (Figure 2e and
the Supporting Information).37,38 For TATA 1, DFT
calculations give an optimized binding energy of 16.2 kcal/
mol for the neutral dimer and of 37.1 kcal/mol for the radical
cation dimer, demonstrating a sufficient energetic gain to heal
defects (i.e., lateral or rotational misalignements) in the course
of their diffusion through the columnar stacks.
In the presence of these polarons, the supramolecular

polymer presents unique and clear signatures of metallic
behavior. For instance, temperature-dependent EPR measure-
ments were performed down to 4 K on the powder obtained
from irradiated fibers, and a plot of the inverse EPR signal
versus temperature displays two distinct regions (Figure 4a).
The lower temperature region below 90 K shows a linear
dependence, indicating that the signal is arising from unpaired

Figure 3. DFT optimized geometry for TATA self-assemblies. (a,b)
Interactions energies determined by DFT for a generic (i.e., with a
single lateral methyl group instead of the alkyl chain) monocationic
dimer of TATA as a function of the Nitrogen−Nitrogen distance (a)
and the dihedral angle (b). (c) (i) HOMO, (ii) SOMO, and (iii)
LUMO orbitals of a generic TATA monocationic dimer, as
determined by DFT calculations in the optimized geometry.

Figure 4. Metallic characteristics of TATA self-assemblies. (a)
Temperature-dependent EPR measurement of TATA 1 displaying a
low-temperature region consisting entirely of localized Curie spins
(see linear behavior) and a higher temperature region displaying a
mixture of Curie and delocalized Pauli spins. (b) Fit of χT vs T with
the Curie−Weiss law for data between 4 and 80 K (r2 = 0.999). (c)
Relative intensity of the half-field EPR transition versus temperature.
The data were fitted with the Bleaney−Bowers model giving a weak
antiferromagnetic coupling with J = −0.48 K (r2 = 0.998). (d)
Reflectance measurements of an irradiated thin film of TATA 1
displaying a plasma resonance near 1.2 eV, typical of delocalized
metallic electrons and theoretical fit of the reflectance with the Drude
model (dotted line), ε(ω) = ε∞ − ωp

2τ2(1 + ω2τ2)−1. (e) Absorption
spectrum of an irradiated thin film of TATA 1 displaying optical
signatures of polaronic bands. (f) Determined band structure
calculated from absorbance measurements in (e) and showing a
half-filled polaronic band at −4.5 eV.
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Curie spins within the fibers. Then, starting at 90 K and above,
a deviation from Curie behavior indicates a contribution from
Pauli spins, which should display temperature independent
behavior and which are commonly observed in materials
containing metallic electrons. In particular, a similar transition
between low temperature Curie behavior and higher temper-
ature Pauli or mixed Curie and Pauli behavior has been
observed in films of metallic polyaniline.39 Additionally, by
fitting the curve in the low temperature region using the
Curie−Weiss law, a value of −1.81 K was found for the Weiss
constant which indicates a weak antiferromagnetic interaction
between radicals within the fibers (Figure 4b). The weak half-
field signal (g ≈ 4), observed around 10 K and below,
demonstrates exchange-coupling of the doublet electrons giving
rise to singlet (S = 0) and triplet (S = 1) states. The half-field
signal dependence with temperature was fitted with Bleaney−
Bowers model40 to give a value of J = −0.48 K (Figure 4c),
which is also indicative of weak antiferromagnetic exchange-
coupling and of a singlet ground state within the fibers.
Following the method of Eaton, a distance of 3.73 Å was
calculated between coupled spins at cryogenic temperatures
indicating most of the spin density is on the aromatic carbons,
in line with our DFT calculations.41 Finally, a further signature
of the metallic behavior comes from the reflectance measure-
ments displaying a minimum around 1.2 eV. These data are
well-fitted by the Drude model for a true metallic behavior
which gives the values of the plasma frequency (ωp = 1.16 eV)
and of the relaxation time (τ = 1.16 × 10−14 s; Figure 4d).20,42

In an irradiated thin film, and by using both EPR (Figure S17c)
and absorption spectroscopy (Figure 4e), we observed a high
stability of the radical which remains unchanged for at least six
months. It is striking to observe a classic polaronic absorption
signature as described for conducting conjugated polymers43

and, from the two main absorptions, a polaronic conduction
band with a half-filled energy level located at 1.1 eV above the
valence band (Figure 4f).
In order to probe the effect of light on the fibers’ conduction

properties directly in a device, we have then used transparent
ITO electrodes separated by a 4 μm gap. Conductivity
measurements were performed with a dc current on fibers
made of TATA 1, 2, and 3 (all at a concentration of 17 mM in
tetrachloroethane), and on a nonself-assembling tri-
(bromophenyl)amine for control experiments (Figure 5a).
Compared to this control, previous to light irradiation and
under a 0.1 V bias (which is far below the oxidation potential of
the triarylamine derivatives), conductivities of 2 orders of
magnitude higher for 3, and 4 orders of magnitude higher for 1
and 2 are observed, demonstrating conduction through the
preformed fibers. Upon subsequent irradiation for 50 s, an
increase of 2 orders of magnitude in conductivity is observed
for TATA 1 and 2, while the gel of 3 exhibits nearly a four-
orders-of-magnitude increase, leading to a similar conductivity
for the three TATAs after irradiation. This observation can be
correlated to a larger fluorescence quenching in the case of
TATA 3 (Figure S18). The measured conductivity then
remains very stable in the dark, 6 orders of magnitude higher
than the control molecule. We here consider that the
contribution of ionic current is negligible because, in addition
to its stability in the dark under a dc field and to the negligible
response of the control molecule, the measured electronic
conductivity remains unchanged when adding 10% of
tetrabutylammonium chloride to the gel of 1. It was also
possible to affect the conductivity of the organogel without light

irradiation but, instead, by applying a difference of electric
potential comprised between 0.6 and 0.8 V (that is crossing the
oxidation potential of TATA). The I−V curves demonstrate a
transition toward an ohmic behavior upon electrochemical
oxidation, illustrating the change in the conduction mode going
from a semiconducting to a conducting state (Figure 5b). The
nonself-assembling control triarylamine was also oxidized by
performing I−V sweeps up to 2 V, yet no change to the I−V
curve shape was observed. In addition, it was possible to form
the nanowires directly inside the device by first inserting a
solution of nonassembled TATA 1 (5:3 methanol:toluene with
5% tetrachloroethane) and by subsequent light irradiation. The
4 orders of magnitude increase of the conductivity and the
characteristic linear I−V curve remained after the light was
turned off (Figure 5c), demonstrating a self-construction
process in a gap as large as 4 μm between simple commercially
available ITO plates.23

We finally probed the conductivity improvement afforded by
the light-induced healing process in the fibers. After irradiation
of the initial gel of TATA 1 with a short pulse of light (15 s
with the voltage held at 0.1 V), an increase of the conductivity
was measured afterward in the dark, with a gain comprised
between 30 and 50% (Figure 5d and Figure S19). This value
can be correlated with an increase of the coherence length and
a decrease of structural defects in the polymer, as determined
by SAXS and AFM (see above). We also measured a delay time
(Td) between switching the light off and reaching the maximum
conductivity value, and interestingly an inverse dependence of
Td on the applied voltage was noticed (inset in Figure 5d). We
postulate that this further increase reflects the supramolecular
optimization of the fibers thanks to the increased photoinduced

Figure 5. Combined influences of polarons’ formation and diffusion
on the conductivity of TATA self-assemblies. (a) Resistance versus
time for 17 mM TATA samples in tetrachloroethane, and for a
nonassembling tri(bromophenyl)amine as a control molecule. The
gray background corresponds to the light irradiation time (halogen
lamp; 10 W cm−2). (b) I−V curves for samples subjected to
electrochemical oxidation. The control tri(bromophenyl)amine was
subjected to an I−V scan up to 2 V to ensure electrochemical
oxidation. (c) I−V curves before and after light-induced fibers
formation of TATA 1 in a mixed solvent system of 5:3
methanol:toluene +5 vol % tetrachloroethane. (d) Dark conductivity
increase time (Td) after 15 s irradiation of TATA 1 (halogen lamp; 10
W cm−2); the gray background corresponds to the light irradiation
time. Inset displays the dependence of Td on the applied voltage (see
Figure S19 for the corresponding plots).
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charge injection linked to the polarons’ diffusion in the electric
field.

■ CONCLUSIONS
In conclusion, we have described the synthesis and the unique
properties of a new class of soft supramolecular polymers made
of columnar stacks of tris-amide triarylamines. These one-
dimensional fibers can be oxidized to their radical cation by
light (photodoping) or electrochemically. The resulting
presence of delocalized Pauli spins and polaronic absorption
band shows that this supramolecular system has similar charge-
transport characteristics to those observed in metallic
conducting conjugated polymers. This first demonstration
that supramolecular polymers can present electronic, magnetic,
and optical signatures similar to those measured through-bond
in the best conjugated polymers extends the current under-
standing of both fields and unifies them. In addition, we have
shown that the induced through-space mixed-valence charge
transfer within their structure behave as “supramolecular
polarons” which diffuse along the fibers and fix structural
defects of the stacked structure, representing a novel
cooperative healing mechanism thanks to the presence of the
charge carrier itself. The capacity of soft supramolecular self-
assemblies to self-optimize their conduction properties44−46

provides alternatives to conventional organic metals in terms of
responsiveness, healing, and processability, which is of interest
for applications in organic electronics and spintronics.
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