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ABSTRACT: The use of biomimetic approaches towards the production of non-solid yet functional architectures holds potential 
for the emergence of novel device concepts. Gels, in particular those obtained via self-assembly of π-conjugated molecules, are 
dynamic materials possessing unique (opto)electronic properties. Their adaptive nature imparts unprecedented responsivity to vari-
ous stimuli. Hitherto, a viable device platform to electrically probe in-situ a sol-gel transition is still lacking. Here we describe the 
fabrication of a sub-micron electrodic cavity, which enables low-voltage electrical operation of π-gels. Thanks to the in situ supra-
molecular self-assembly of the π-gelator occurring within the cavity, we conceived a novel gel-based memristor whose sol-gel tran-
sition is reversible and can be controlled via heating and DC bias. This work opens perspectives towards the fabrication of a novel 
generation of non-solid multiresponsive devices. 

INTRODUCTION  
π-gels are generated through a gelation process of π-

conjugated systems occurring out of equilibrium via nuclea-
tion-governed growth. Upon nucleation, π-conjugated mole-
cules form one-dimensional (1D) supramolecular structures 
which further assemble into a 3D fibrillar network.1 The en-
capsulation of the solvent within the molecular network de-
termines the formation of a gel phase. The high degree of or-
der at the supramolecular level can bestow π-gels a semicon-
ducting character resulting from the tight π-π stacking which 
determines a certain degree of charge delocalization within the 
network.2 Such efficient charge and exciton transport across 
3D networks is a prerequisite for the realization of gel-based 
optoelectronic applications like organic solar cells, field-effect 
transistors (OFETs), etc.3 Despite a variety of π-gels have been 
already produced using different conjugated molecules (called 
π-gelators), their integration in real devices, towards major 
technological breakthroughs, still represents a major chal-
lenge.4  

Although the supramolecular architectures of the π-gelator 
are formed in liquid, their electrical characterization is typical-
ly carried out once they are integrated into real devices as dry 
films.5 While such devices based on aerogels make it possible 
to study the capacity of dry π-gelator networks to transport 
charge carriers, the non-fluid nature of the active material lim-
its the full exploitation of the unique properties of the gel. The 
in situ generation of fresh π-gels into functional electronic 
devices would be extremely attractive as it would allow (i) the 
exploitation of non-dry systems as electroactive components; 
(ii) the use of electric field or current flow to assist supramo-
lecular self-assembly by promoting growth and alignment of 
1D nanostructures as optimal architectures for charge and ex-
citon transport;6 (iii) the optimization of the interfaces with the 
device electrodes; (iv) the utilization of the adaptive nature of 
gels and their capacity to respond to a multitude of external 
stimuli such chemicals, temperature, mechanical pressure, 
illumination and so on, to ultimately realize multifunctional 

devices.7 Finally, the soft nature of gels is of paramount im-
portance towards the emergence of the next generation of 
healable, adaptive and flexible electronic devices.8 

Usually, (nano)fiber aggregates forming a gel possess a di-
ameter at the order of tens of nanometers and a length not ex-
ceeding a few microns.1 As a result, to fully exploit the unique 
single fiber properties as well as to minimize the effect of in-
ter-fibers connections and associated drop in charge transport, 
an ideal gel-based device should rely on interelectrodic gaps 
shorter or comparable to the fiber length. Moreover, it is desir-
able that the electric field lines penetrate the bulk phase rather 
than concentrating at the surface or interface like in the case of 
dye-sensitized solar cells and ionic liquid gated devices. 
Hence, a major challenge facing π-gel electronics consists in 
exploiting a controlled electric field in a novel device configu-
ration to tune the in situ supramolecular self-assembly. To 
address this challenge and make full use of supramolecular 
structures in non-dry phase, here we have used cold-welding 
to form a novel electrodic cavity with a macroscopic lateral 
size and a sub-micron channel length. The latter enables low-
voltage (<5 V) devices operation combined with the facile use 
of thermal stimuli to trigger reversible sol-gel transitions and 
memristor behavior upon direct current (DC) bias. To the best 
of our knowledge, such an electronic device based on fresh π-
gel has never been reported.  

RESULTS AND DISCUSSION  
In our proof-of-concept, we exploit a prototypical p-type 

conjugated polymer, i.e. poly(3-hexylthiophene) – P3HT as a 
model semiconducting system. Such polymer has been widely 
used as active component in OFETs and bulk heterojunction 
solar cells as hole-transporting material.9 At room temperature, 
regioregular (rr) P3HT in xylene is known to form a gel con-
sisting of self-assembled fiber-like networks.10 Such gel can 
also be obtained in toluene leading to a highly viscous phase 
which does not flow under gravity (Figure 1a; 25 mg/ml in 
toluene). During the gelation, polythiophene chains coil up 
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forming nanofibers which asymptotically entangle forming a 
π-gel.10 This gelation process does not exhibit noticeable endo-
thermic or exothermic peaks in differential scanning calorime-
try (DSC) scans (Figure S1 in the Supporting Information). 
Yet, the aggregation progress is accompanied by a pronounced 
change in the typical spectroscopic features as evidenced by 
UV-Vis spectroscopy (Figure 1b). The presence of characteris-
tic absorption band of the P3HT gelator when sandwiched 
between two quartz slides in a 500-nm thick cavity suggests 
that the sol-gel transition can also occur in a sub-micrometric 
cavity whose size is comparable to that used in our study (Fig-
ure 1c). 

 
Figure 1. (a) The formation of π-gel (P3HT/toluene; 25 mg/ml) is 
validated because it did not flow under gravitational force. (b) 
Unified UV/Vis absorption spectra of regioregular (rr) and regio-
random (RRa) P3HT in toluene: solution and corresponding or-
ganogel at room temperature. (c) UV/Vis absorption characteriza-
tion of the rr-P3HT sol-gel transition in a cavity ca. 500 nm thick, 
which indicates that the nanofibers (J-type aggregates by nature) 
form inside the cavity. (d) Linearly polarized microscopy (LP-
OM) image, (e) high resolution intermittent-contact mode AFM 
topographical and (f) phase images of the rr-P3HT gelator film. 
(e) Z-scale=26 nm.    

In order to attain a full structural elucidation of the rr-P3HT 
gel used in this study, we have developed a simple method to 
deposit P3HT based gel into a film as described in Figure S2 
in the Supporting Information. Such films were imaged by 
Optical Microscopy (OM) to prove the uniform film coverage 
(Figure S2). Atomic Force Microscopy (AFM) characteriza-
tion was performed to show the fibrillar morphology in rr-
P3HT gelator film (see Figure S3). Interestingly, the different 
domains forming rr-P3HT based film exhibit optical anisotro-
py as monitored by Linearly Polarized Optical Microscopy 
(LP-OM) (Figure 1d and Figure S2 in the SI). This observa-
tion could be explained by the AFM images displayed in Fig-
ure 1e, 1f and Fig. S3, revealing that dry gel films are com-
posed of nanofibers (diameter ~10 nm) whose alignment de-
termines the optical anisotropy.  

The electrical characteristics of the fresh P3HT gels were 
then probed in a cavity formed by two parallel plate Au elec-
trodes. This novel sub-micron electrodic cavity was construct-
ed by cold-welding, i.e. by using mechanical pressure at room 
temperature to join two clean, smooth and oxide-free metal 
pads (Figure 2a).11 Gold was chosen as electrode material be-
cause its inert nature inhibits occurrence of Faraday redox 
reactions when biased in solution. To prevent destructive cavi-
ty collapse when the two glass substrates are pressed tightly 
together, an array of electrically insulating lithium fluoride 
pillars are microfabricated as spacers. In this way, capillary 

forces can successfully drive the penetration of liquids like 
P3HT solutions in toluene into the cavity. The cavity length, 
as small as a few hundred nanometers, is determined by the 
thickness of gold pad and LiF spacers pre-patterned for cold-
welding (Figure 2a). In the Supporting Information, we have 
also demonstrated the fabrication of a similar electrodic cavity 
with gold electrodes being replaced by transparent electrodes 
of tin indium oxide (ITO), which opens perspectives for some 
optoelectronic applications of the π-gels in the future (Figure 
S4).  

 
Figure 2. (a) Schematic diagram of the device fabrication method. 
Model (i) two glass substrates with 10 nm Au/Cr electrode being 
patterned by photolithography. (ii) 260 nm gold pad deposited by 
vacuum evaporation through shadow masks. (iii) 500 nm LiF 
pillars array fabricated by photolithography and lift-off proce-
dures. (iv) two parts of the device are brought together to form an 
electrodic cavity by means of cold-welding. (v) thanks to the ca-
pillary force, the P3HT/toluene solution could feed into the elec-
trodic cavity electrode automatically. (b) An exemplary empty 
sample contains four cavity electrodes. The green color appearing 
in the device region is due to the light resonance effect of the 
cavity. (c) The device has been immersed into bulk P3HT/toluene 
solution to avoid drying during the measurement. 

Such a configuration guarantees a uniform electric field in-
side the cavity (see Figure S5). Thanks to the short electrode-
to-electrode distance, considerable electric field could be 
achieved by a relatively low voltage (< 5V) to prevent unde-
sired electrochemical side reactions, which could be a major 
obstacle when studying supramolecular assembly. Another 
advantage of using electrodic cavity comes from the use of a 
self-encapsulated device structure, which could protect long-
time measurement against dust particles being attracted from 
the environment by electrostatic force. The pictures of an ex-
emplary sample and related prototype measurement setup are 
displayed in Figure 2b and 2c. 

Figure 3a provides unambiguous evidence that leakage cur-
rent through an empty cavity is negligible at ambient condi-
tion. The yield of the fabrication process is 82% as determined 
through a large device statistics on empty cavities. More pre-
cisely, 158 out of the total 192 devices exhibit a leakage cur-
rent < 1 nA (Vbias = 4 V) as illustrated in Figure 3b. Consider-
ing the short interelectrodic distance, as low as ca. 500 nm, 
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and the relatively large device surface area reaching 1.0 mm2, 
the cavities will feature large signal-to-noise ratio during the 
measurement.   

 
Figure 3. (a) Typical I-V plots of the empty device and control 
experiment with toluene. The inset showed the device surface area 
was determined by the overlap between top and bottom elec-
trodes. (b) A large device leakage statistic determines that the 
yield of the cavity electrodes cavity reached 82%. (c) The 2D 
contour image of the device transmission spectrum. (d) An aver-
age transmission spectroscopy of the electrodic cavity empty and 
containing toluene.  

The device surface area, which was defined by the overlap-
ping square between top and bottom electrodes, can be seen in 
the inset of Figure 3a and in the optical microscopy images in 
Figure S6. Because this electrodic cavity could be viewed as a 
Fabry–Pérot interferometer, the air gap between top and bot-
tom gold electrodes could be characterized non-destructively 
by micro-zone transmission spectrum in Figure 3c and 3d. The 
transmission spectrum reported in Figure 3c indicates that the 
two cavity extremes, i.e. the two gold electrodes, are parallel 
over the whole device width and the transmission peaks reveal 
that photons are in resonance with the cavity. When the cavity 
is filled with toluene, the transmission spectrum varies dramat-
ically due to the different refractive index (Figure 3d). The 
transmission spectra of ITO-based electrodic cavities have 
also been characterized (see Figure S7).  

In polythiophenes, the arrangement of aliphatic side chains 
along the conjugated backbone strongly influences the molec-
ular planarity, conjugation length, intermolecular π-π stacking 
and as a result, on the tendency to form gels.12 For example, 
the steric repulsion between “head-to-tail” alkyl substituent 
groups in regiorandom (RRa) P3HT yields a distortion of the 
molecular backbone thereby reducing the conjugation length 
which appears as a hypsochromic shift in absorption spectrum 
(Figure 1b).12 Interestingly, upon one week storage of RRa-
P3HT in a refrigerator  (ca. 4 °C) we observed neither gel 
formation nor color change of the solution. In contrast, the 
gelation of rr-P3HT/toluene (25 mg/ml) could occur within 
half an hour under the same temperature. The absence of any 
fibrillar morphology as proved in AFM analysis suggests a 
totally amorphous nature of RRa-P3HT film (Figure S8). 
Since the molecular composition and therefore also the chemi-
cal reactivity of rr- and RRa-P3HT are almost identical, the 

RRa-P3HT provides us an ideal control experiment to study 
the role played by neat supramolecular assembly. 

 
Figure 4. (a) Room temperature I-V curves for the electrodic 
cavities contain pure toluene, fresh rr-P3HT solution and RRa-
P3HT solution with the same concentration of 25 mg/ml. The 
inset shows the structural difference between regiorandom (RRa-) 
and regioregular (rr-) poly(3-alkylthiophene) (P3AT) molecules. 
The head-to-tail repulsion in RRa-P3AT will distort the molecular 
backbone planarity, resulting in weak supramolecular interaction. 
(b) I-V plots for cavity contains rr-P3HT solution at variable tem-
perature, which is controlled by a hotplate. The inset portrays the 
origin of current across the molecularly dispersed solutions. (c) 
Current (at 4 V) versus time for both rr- and RRa-P3HT solutions 
when they are DC biased. The inset indicates why the current 
increase upon bias for rr-P3HT which can form gels (nanofibers). 
(d) Current (at 1 V) versus time for the rr-P3HT fresh solution 
when different DC voltages have been applied. 

As a p-type semiconductor which is capable to get positive-
ly charged, the presence of polythiophene makes both the rr- 
and RRa-P3HT solutions more conductive than pure solvent 
(Figure 4a). The capability of the solution to transport current 
was supposed to originate from the migration of charged mac-
romolecules in electric field. In this case, the solution conduc-
tivity would depend on the molecules concentration, ionic 
mobility in the solution and the probability for the molecules 
getting charged at the electrode (for p-type polymers, i.e., an-
ode). The conductivity of the rr-P3HT solution increases with 
the temperature (Figure 4b) as a result of the reduced viscosity 
leading to an enhancement in ionic mobility. A similar trend 
was also observed for RRa-P3HT (Figure S9). The charging of 
P3HT at the gold anode, i.e. the electron transfer occurring 
from neutral P3HT chains to gold, is favorable thanks to the 
appropriate energy level alignment between P3HT (HOMO, –
5.2 eV) and gold (work function WF, –5.1 eV).    

Significantly, RRa and rr-P3HT exhibit markedly different 
I-V characteristics when biased at room temperature (Figure 
4c). Upon biasing a RRa-P3HT solution, polythiophene chains 
lose their electrons at the anode and migrate towards counter 
electrode under the effect of an electric field. Thus, the current 
flow through the cavity leads to accumulation of polymer 
chains at the cathode, where positively charged chains neutral-
ize again. During the current-induced concentration redistribu-
tion, the decreasing density of P3HT chains close to the anode 
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determines a major reduction of current flow, leading overall 
to a decrease of the conductivity upon exposure of RRa-P3HT 
to a bias. 

In sharp contrast to RRa-P3HT that is always well dispersed 
at room temperature, the gelation of rr-P3HT is a thermody-
namically favored process at room temperature (Figure 1a). 
The driving force of π-gel formation is the occurrence of in-
termolecular π-π interactions, which will accordingly increase 
transfer integral between adjacent chains and promote charge 
transport. Such a pronounced capability to transport charge 
carriers upon nanofibers formation has also been validated by 
testing the mobility of rr-P3HT and RRa-P3HT films as the 
active layer in the OFET configuration respectively (Figure 
S10, S11 and Table S1, S2). Above mentioned current-
induced molecules accumulation would trigger the formation 
of rr-P3HT nanofibers inside the cavity. These self-assembled 
nanofibers represent percolation pathways for charge carriers. 
With the increasing time of application of electric field in the 
junction, nanofibers form and grow, leading to an increasing 
current (Figure 4c). The increasing magnitude of the bias ap-
plied yields a more rapid current increase as displayed Figure 
4d. Details on the various measurement are provided in the 
Supporting Information.  

 
Figure 5. (a) The current variation trend upon identical DC volt-
age for fresh solution, aged solution which has been stored at 
room temperature for 24 hours and completed gel of rr-
P3HT/toluene by cooling. (b) I-V plots of above mentioned 
P3HT/toluene system in three different phases. The arrows indi-
cate the method for the interconversion between different states. 
(c) Electrically probing several cycles of sol-gel transition. (d) In-
situ measuring the current under bias condition. Warming up at 85 
°C for a few minutes could reset the device to low-conductivity 
state by breaking down the nanofibers formed upon bias. 

According to previous reports, gelation of rr-P3HT proceeds 
gradually from molecularly dispersed solution to coil-like 
aggregates and entangled nanofibers.10 Hence the change in 
conductivity when a bias is applied to rr-P3HT also depends 
on the initial state of the polymer (Figure 5a). For instance, 
after 24 hours storage at room temperature, the conductivity of 
this aged P3HT solution will increase more suddenly than 
fresh solution which is prepared by heating-up to 85 °C and 
immediately cooling-down to room temperature, despite the 
fact both were subjected to the same electric field (Figure 5a). 
This observation is not surprising because nanofiber formation 

can be facilitated by the existence of small pre-assembled su-
pramolecular oligomers seeding further aggregation. Interest-
ingly, when gelation process has completed in a refrigerator 
(ca. 4 °C) and P3HT gel is biased at room temperature, a U-
shaped current variation trend can be observed (Figure 5a; red 
line). In line with expectations, the initial conductivity of gel 
formed by cooling exceeds that of fresh and aged solution. 
However, the current would decrease first before the upward 
trend upon DC voltage. This U-shaped behavior suggests that 
spontaneously formed π-gel is in dynamic equilibrium, which 
is still responsible to the voltage stimulus. 

Here we should note that the conductivity of a gel would 
reach a plateau when long-time (over 72 hours) voltage bias 
was applied. The current density could exceed 10 mA/cm2 at 4 
V (Figure S12). As shown in Figure 5b, the conductivity of 
bias induced gel (blue curve) could be two orders of magni-
tude higher than that of a spontaneously formed gel by cooling 
(Figure 5b, red curve). One of the possible explanations lies in 
accumulation effect caused by current flow. As aforemen-
tioned, the voltage applied promotes accumulation of polythi-
ophene macromolecules at the cathode where nanofibers are 
preferentially formed, leading to a locally higher polythio-
phene density. Another possible explanation is that those 
formed nanofibers have been electrically aligned inside the 
cavity by the electric field.13 Considering the nanofiber quality 
and orientation has significant impact on the charge carrier 
mobility of polymeric semiconductors (Table S1, S2),14 we 
cannot exclude this possibility which has been proved by some 
previous works.15  

A gel phase is very sensitive to temperature which can re-
versibly lead to a formation and disappearance of the gel 
phase; not surprisingly, rr-P3HT/toluene system is highly sus-
ceptible by temperature changes. The conductivity of the re-
sulting π-gel device could be recovered via heating (Figure 
S13). More precisely, we have performed heating-cooling 
cycles and recorded conductivity of spontaneously formed gel 
and fresh solution (Figure 5c). More than 100 times in-situ 
sol-gel transition has been electrically characterized in Figure 
S12. In-situ electrical measurement of electrically-promoted 
formation and heat-induced breakdown of nanofibers is also 
demonstrated as Figure 5d. Thermal reversibility suggests that 
the high-conductivity (high-c) states in spontaneously formed 
and bias-promoted gels both originate from the non-covalent 
network of π-π interaction. This observation provides une-
quivocal evidence for the hypothesis that the conductivity 
variation should originate from the supramolecular assembly 
inside the cavity.  

In the π-gel device, conductivity increases with the device 
current flow through the cavity (Figure 4c, 4d and 5a). This 
observation suggests that gel-based device could operate as a 
heat reversible memristor.16 Upon a given DC bias voltage, the 
memory window would widen up to more than three orders of 
magnitude thanks to the upsoaring conductivity (Figure S14). 
However, this gel-memory has a volatile nature, i.e., the 
memory window will shrink gradually when kept in ambient 
condition without bias. More precisely, the high-c/low-c ratio 
gets reduced from 10000 to 10-100 following one week stor-
age because the rr-P3HT gel is in dynamical equilibrium.  

In the Supplementary Figure S15, we have tested rr-P3HT 
with a lower molecular weight (MW) of 31300 using our sub-
micron electrodic cavity and observed the same memristor 
behavior as reported in the main text, where rr-P3HT 
(MW=55000) was used without specific notification. The elec-
trical properties of rr-P3HT in sol/gel states has also been 
characterized in the ITO-based electrodic cavity with varying 



5 

 

interelectrodic distance of 100 nm, 250 nm and 550 nm (Fig-
ure S16). We should note here the use of transparent ITO 
based electrode makes this cavity-like device configuration 
very attractive for future integration of photo switchable su-
pramolecular systems as the active material, imparting to the 
device a faster response. Also, being LiF-free, the ITO-based 
electrodic cavity could be used to test different supramolecular 
nano-aggregates in aqueous phase opening the door for explor-
ing complex assemblies for bio-electronics. 

CONCLUSION  
In summary, herein we have devised a sub-micron elec-

trodic cavity which serves as an enabling device configuration 
to show the significant conductivity variation (more than three 
orders of magnitude) of the regioregular P3HT sol-gel transi-
tion. Thanks to the short interelectrodic distance (100-500 
nm), large lateral size (>1.0 mm2) and the self-encapsulation 
property, our cavity-based device configuration also allows to 
demonstrate a simple organic memresistor by exploiting the 
regioregular P3HT gel as the functional material, meanwhile 
we adopted thermodynamically stable regiorandom P3HT in 
molecular dispersion for the control experiment proving the 
electrically-promoted self-assembly should be the reason of 
memresistor behaviors. The thermal reversibility of the device 
conductivity further validates the non-covalent nature of the 
assemblies. Such a device is different from electrochemical 
cells and dye-sensitized solar cells, for which the electrolytes 
must be added to enhance the solution conductivity. The elec-
trolyte-free nature of our “fresh-gel” based device guarantees 
that the electric field will be very uniform instead of merely 
being located at the electric double layer, and that the current 
flow totally originates from the supramolecular nano-
structures rather than ionic conduction or electrochemical re-
actions.  

The ultrahigh surface-to-bulk ratio, tailorable reaction activ-
ity and abundant supramolecular chemistry of a π-gel system 
makes it an ideal scaffold to host the other synergic molecules 
and nanomaterials for advanced opto-electronic functions.17 

Hitherto, numerous potential electronics applications of π-gels 
have been foreseen. However, only very few have been real-
ized yet due to the difficulty associated with device fabrica-
tion. The device architecture we have devised here represents 
a versatile platform for in situ opto-electronic characterization 
of supramolecular gelators. The study of π-gels based devices 
will extend the frontier of solid-state electronics: the integra-
tion of functional building blocks will enable to increase func-
tional complexity of the materials which can be exploited to 
realize biomimetic electronics and more generally multifunc-
tional devices. In addition, the incorporation of photorespon-
sive groups like azobenzene and diarylethene into the gelator 
molecule backbone or termini is envisaged to confer light re-
sponsivity and fast response, by taking advantage of the trans-
parent nature of the electrodic cavity made with ITO. 

Supporting Information 
The Supporting Information is available free of charge on the 
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conversion (PDF) 

AUTHOR INFORMATION 
Corresponding Author 

* samori@unistra.fr 
* emanuele.orgiu@emt.inrs.ca 

Present Addresses 
§Institut National de la Recherche Scientifique (INRS), EMT 
Center, 1650 Blvd. Lionel-Boulet, J3X 1S2 Varennes, Québec, 
Canada. 
‡Nanjing Univ, Natl Lab Solid State Microstruct, Sch Elect Sci & 
Engn, Collaborat Innovat Ctr Adv Microstruct, Nanjing 210093, 
Jiangsu, Peoples R China. 

Notes 
The authors declare no competing financial interests. 

ACKNOWLEDGMENT  
We thank Dr. Stefano Azzini for recording the transmission spec-
tra of the ITO based cavities and Dr. Thibault Chervy for per-
forming the transfer matrix calculations. This work was financial-
ly supported by EC through the ERC project SUPRAFUNCTION 
(GA-257305) and the Marie Sklodowska-Curie ETN projects 
iSwitch (GA No. 642196) and the SYNCHRONICS (GA 
643238), the ANR Equipex Union (ANR-10-EQPX-52-01), the 
Labex projects CSC (ANR-10-LABX-0026 CSC) and NIE (ANR-
11-LABX-0058 NIE) within the Investissement d’Avenir program 
ANR-10-IDEX-0002-02 and the International Center for Frontier 
Research in Chemistry (icFRC). 

REFERENCES 
(1) (a) Terech, P.; Weiss, R. G. Chem. Rev. 1997, 97, 3133. (b) Yu, 

G. C.; Yan, X. Z.; Han, C. Y.; Huang, F. H. Chem. Soc. Rev. 
2013, 42, 6697. (c) Babu, S. S.; Praveen, V. K.; Ajayaghosh, A. 
Chem. Rev. 2014, 114, 1973. (d) Weiss, R. G. J. Am. Chem. 
Soc. 2014, 136, 7519. (e) Cornwell, D. J.; Smith, D. K. Mater. 
Horizons 2015, 2, 279. (f) Ghosh, S.; Praveen, V. K.; 
Ajayaghosh, A. Annu. Rev. Mater. Res. 2016, 46, 235. 

(2) (a) Ajayaghosh, A.; George, S. J. J. Am. Chem. Soc. 2001, 123, 
5148. (b) Hoeben, F. J. M.; Jonkheijm, P.; Meijer, E. W.; Schen-
ning, A. Chem. Rev. 2005, 105, 1491. (c) Wang, X. J.; Xing, L. 
B.; Cao, W. N.; Li, X. B.; Chen, B.; Tung, C. H.; Wu, L. Z. 
Langmuir 2011, 27, 774. (d) Nalluri, S. K. M.; Shivarova, N.; 
Kanibolotsky, A. L.; Zelzer, M.; Gupta, S.; Frederix, P.; Skaba-
ra, P. J.; Gleskova, H.; Ulijn, R. V. Langmuir 2014, 30, 12429. 

(3) (a) Babu, S. S.; Kartha, K. K.; Ajayaghosh, A. J. Phys. Chem. 
Lett. 2010, 1, 3413. (b) Babu, S. S.; Prasanthkumar, S.; 
Ajayaghosh, A. Angew. Chem.-Int. Edit. 2012, 51, 1766. (c) Sa-
kakibara, K.; Chithra, P.; Das, B.; Mori, T.; Akada, M.; Labuta, 
J.; Tsuruoka, T.; Maji, S.; Furumi, S.; Shrestha, L. K.; Hill, J. P.; 
Acharya, S.; Ariga, K.; Ajayaghosh, A. J. Am. Chem. Soc. 2014, 
136, 8548. (d) Praveen, V. K.; Ranjith, C.; Bandini, E.; 
Ajayaghosh, A.; Armaroli, N. Chem. Soc. Rev. 2014, 43, 4222. 

(4)  (a) Würthner, F.; Chen, Z.; Hoeben, F. J. M.; Osswald, P.; You, 
C.-C.; Jonkheijm, P.; Herrikhuyzen, J. v.; Schenning, A. P. H. J.; 
van der Schoot, P. P. A. M.; Meijer, E. W.; Beckers, E. H. A.; 
Meskers, S. C. J.; Janssen, R. A. J. J. Am. Chem. Soc. 2004, 
126, 10611. (b) Yao, S.; Beginn, U.; Gress, T.; Lysetska, M.; 
Würthner, F. J. Am. Chem. Soc. 2004, 126, 8336. (c) van Her-
rikhuyzen, J.; Syamakumari, A.; Schenning, A.; Meijer, E. W. J. 
Am. Chem. Soc. 2004, 126, 10021. (d) Kitahara, T.; Shirakawa, 
M.; Kawano, S.; Beginn, U.; Fujita, N.; Shinkai, S. J. Am. 
Chem. Soc. 2005, 127, 14980. (e) Ajayaghosh, A.; Praveen, V. 
K. Acc. Chem. Res. 2007, 40, 644. (f) Hirst, A. R.; Escuder, B.; 
Miravet, J. F.; Smith, D. K. Angew. Chem.-Int. Edit. 2008, 47, 
8002. 

(5) (a) Messmore, B. W.; Hulvat, J. F.; Sone, E. D.; Stupp, S. I. J. 
Am. Chem. Soc. 2004, 126, 14452. (b) Puigmarti-Luis, J.; Lau-
khin, V.; del Pino, A. P.; Vidal-Gancedo, J.; Rovira, C.; Lau-
khina, E.; Amabilino, D. B. Angew. Chem.-Int. Edit. 2007, 46, 
238. (c) Prasanthkumar, S.; Saeki, A.; Seki, S.; Ajayaghosh, A. 
J. Am. Chem. Soc. 2010, 132, 8866. (d) An, B. K.; Gierschner, 
J.; Park, S. Y. Acc. Chem. Res. 2012, 45, 544. (e) Chakraborty, 



6 

 

P.; Das, S.; Mondal, S.; Bairi, P.; Nandi, A. K. Langmuir 2016, 
32, 1871. 

(6) (a) Zhang, C. Y.; Zhang, X. J.; Zhang, X. H.; Fan, X.; Jie, J. S.; 
Chang, J. C.; Lee, C. S.; Zhang, W. J.; Lee, S. T. Adv. Mater. 
2008, 20, 1716. (b) Wang, Z. L.; Bao, R. R.; Zhang, X. J.; Ou, 
X. M.; Lee, C. S.; Chang, J. C.; Zhang, X. H. Angew. Chem.-Int. 
Edit. 2011, 50, 2811. (c) Su, B.; Wu, Y. C.; Jiang, L. Chem. Soc. 
Rev. 2012, 41, 7832. 

(7) (a) Wang, C.; Chen, Q.; Sun, F.; Zhang, D. Q.; Zhang, G. X.; 
Huang, Y. Y.; Zhao, R.; Zhu, D. B. J. Am. Chem. Soc. 2010, 
132, 3092. (b) Morris, K. L.; Chen, L.; Raeburn, J.; Sellick, O. 
R.; Cotanda, P.; Paul, A.; Griffiths, P. C.; King, S. M.; O'Reilly, 
R. K.; Serpell, L. C.; Adams, D. J. Nat. Commun. 2013, 4, 1480. 
(c) Cornwell, D. J.; Daubney, O. J.; Smith, D. K. J. Am. Chem. 
Soc. 2015, 137, 15486. (d) Kartha, K. K.; Praveen, V. K.; Babu, 
S. S.; Cherumukkil, S.; Ajayaghosh, A. Chem.-Asian J. 2015, 
10, 2250. (e) Draper, E. R.; Eden, E. G. B.; McDonald, T. O.; 
Adams, D. J. Nat. Chem. 2015, 7, 849. (f) Jones, C. D.; Steed, J. 
W. Chem. Soc. Rev. 2016, 45, 6546. 

(8) (a) Tee, B. C. K.; Wang, C.; Allen, R.; Bao, Z. N. Nat. Nano-
tech. 2012, 7, 825. (b) Bauer, S.; Bauer-Gogonea, S.; Graz, I.; 
Kaltenbrunner, M.; Keplinger, C.; Schwodiauer, R. Adv. Mater. 
2014, 26, 149. (c) Armao, J. J.; Maaloum, M.; Ellis, T.; Fuks, 
G.; Rawiso, M.; Moulin, E.; Giuseppone, N. J. Am. Chem. Soc. 
2014, 136, 11382. (d) Yu, X. D.; Chen, L. M.; Zhang, M. M.; 
Yi, T. Chem. Soc. Rev. 2014, 43, 5346. (e) Jia, H. Y.; Huang, Z. 
J.; Fei, Z. F.; Dyson, P. J.; Zheng, Z.; Wang, X. L. ACS Appl. 
Mater. Inter. 2016, 8, 31339. 

(9) (a) Bao, Z.; Dodabalapur, A.; Lovinger, A. J. Appl. Phys. Lett. 
1996, 69, 4108. (b) Sirringhaus, H.; Brown, P. J.; Friend, R. H.; 
Nielsen, M. M.; Bechgaard, K.; Langeveld-Voss, B. M. W.; 
Spiering, A. J. H.; Janssen, R. A. J.; Meijer, E. W.; Herwig, P.; 
de Leeuw, D. M. Nature 1999, 401, 685. (c) Li, G.; Shrotriya, 
V.; Huang, J. S.; Yao, Y.; Moriarty, T.; Emery, K.; Yang, Y. 
Nat. Mater. 2005, 4, 864. 

(10) (a) Malik, S.; Jana, T.; Nandi, A. K. Macromolecules 2001, 34, 
275. (b) Chen, C. Y.; Chan, S. H.; Li, J. Y.; Wu, K. H.; Chen, H. 
L.; Chen, J. H.; Huang, W. Y.; Chen, S. A. Macromolecules 
2010, 43, 7305. (c) Newbloom, G. M.; Weigandt, K. M.; Pozzo, 
D. C. Macromolecules 2012, 45, 3452. 

(11) (a) Ferguson, G. S.; Chaudhury, M. K.; Sigal, G. B.; Whitesides, 
G. M. Science 1991, 253, 776. (b) Kim, C.; Burrows, P. E.; For-
rest, S. R. Science 2000, 288, 831. (c) Lu, Y.; Huang, J. Y.; 
Wang, C.; Sun, S. H.; Lou, J. Nat. Nanotech. 2010, 5, 218. 

(12)  (a) Ong, B. S.; Wu, Y.; Liu, P.; Gardner, S. J. Am. Chem. Soc. 
2004, 126, 3378. (b) Guo, J. M.; Ohkita, H.; Benten, H.; Ito, S. J. 
Am. Chem. Soc. 2009, 131, 16869. (c) Mauer, R.; Kastler, M.; 
Laquai, F. Adv. Funct. Mater. 2010, 20, 2085. (d) Ko, S. W.; 

Verploegen, E.; Hong, S.; Mondal, R.; Hoke, E. T.; Toney, M. 
F.; McGehee, M. D.; Bao, Z. N. J. Am. Chem. Soc. 2011, 133, 
16722. (e) Ko, S. W.; Hoke, E. T.; Pandey, L.; Hong, S. H.; 
Mondal, R.; Risko, C.; Yi, Y. P.; Noriega, R.; McGehee, M. D.; 
Brédas, J. L.; Salleo, A.; Bao, Z. A. J. Am. Chem. Soc. 2012, 
134, 5222. 

(13) (a) Sardone, L.; Palermo, V.; Devaux, E.; Credgington, D.; De 
Loos, M.; Marletta, G.; Cacialli, F.; Van Esch, J.; Samorì, P. 
Adv. Mater. 2006, 18, 1276. (b) Yoshio, M.; Shoji, Y.; Tochigi, 
Y.; Nishikawa, Y.; Kato, T. J. Am. Chem. Soc. 2009, 131, 6763. 
(c) Shoji, Y.; Yoshio, M.; Yasuda, T.; Funahashi, M.; Kato, T. J. 
Mater. Chem. 2010, 20, 173. (d) Velichko, Y. S.; Mantei, J. R.; 
Bitton, R.; Carvajal, D.; Shull, K. R.; Stupp, S. I. Adv. Funct. 
Mater. 2012, 22, 369. (e) van der Asdonk, P.; Kragt, S.; Kouwer, 
P. H. J. ACS Appl. Mater. Inter. 2016, 8, 16303. 

(14) (a) McCulloch, I.; Heeney, M.; Bailey, C.; Genevicius, K.; Mac-
donald, I.; Shkunov, M.; Sparrowe, D.; Tierney, S.; Wagner, R.; 
Zhang, W. M.; Chabinyc, M. L.; Kline, R. J.; McGehee, M. D.; 
Toney, M. F. Nat. Mater. 2006, 5, 328. (b) Tsao, H. N.; Mullen, 
K. Chem. Soc. Rev. 2010, 39, 2372. (c) Tseng, H. R.; Phan, H.; 
Luo, C.; Wang, M.; Perez, L. A.; Patel, S. N.; Ying, L.; Kramer, 
E. J.; Nguyen, T. Q.; Bazan, G. C.; Heeger, A. J. Adv. Mater. 
2014, 26, 2993. 

(15)  (a) O'Connor, B.; Kline, R. J.; Conrad, B. R.; Richter, L. J.; 
Gundlach, D.; Toney, M. F.; DeLongchamp, D. M. Adv. Funct. 
Mater. 2011, 21, 3697. (b) Lobov, G. S.; Zhao, Y.; Marinins, A.; 
Yan, M.; Li, J.; Toprak, M. S.; Sugunan, A.; Thylen, L.; Wosin-
ski, L.; Ostling, M.; Popov, S. Opt. Mater. Express 2015, 5, 
2642. 

(16) (a) Koo, H. J.; So, J. H.; Dickey, M. D.; Velev, O. D. Adv. Ma-
ter. 2011, 23, 3559. (b) van de Burgt, Y.; Lubberman, E.; Fuller, 
E. J.; Keene, S. T.; Faria, G. C.; Agarwal, S.; Marinella, M. J.; 
Alec Talin, A.; Salleo, A. Nat. Mater. 2017, 16, 414. 

(17) (a) Ajayaghosh, A.; Praveen, V. K.; Vijayakumar, C. Chem. 
Soc. Rev. 2008, 37, 109. (b) Amabilino, D. B.; Puigmarti-Luis, 
J. Soft Matter 2010, 6, 1605. (c) Wadhavane, P. D.; Galian, R. 
E.; Izquierdo, M. A.; Aguilera-Sigalat, J.; Galindo, F.; Schmidt, 
L.; Burguete, M. I.; Perez-Prieto, J.; Luis, S. V. J. Am. Chem. 
Soc. 2012, 134, 20554. (d) Mukherjee, S.; Kar, T.; Das, P. K. 
Chem.-Asian J. 2014, 9, 2798. (e) Huber, R. C.; Ferreira, A. S.; 
Thompson, R.; Kilbride, D.; Knutson, N. S.; Devi, L. S.; Toso, 
D. B.; Challa, J. R.; Zhou, Z. H.; Rubin, Y.; Schwartz, B. J.; 
Tolbert, S. H. Science 2015, 348, 1340. (f) Nair, V. S.; Mukho-
padhyay, R. D.; Saeki, A.; Seki, S.; Ajayaghosh, A. Sci. Adv. 
2016, 2, e1600142. (g) Bhattacharya, S.; Samanta, S. K. Chem. 
Rev. 2016, 116, 11967. 

 

 
 


