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Stimuli-Responsive Nanostructured Viologen-Siloxane
Materials for Controllable Conductivity

Bart W. L. van den Bersselaar, Alex P. A. van de Ven, Bas F. M. de Waal,
Stefan C. J. Meskers, F. Eisenreich,* and G. Vantomme*

Spontaneous phase separation is a promising strategy for the development of
novel electronic materials, as the resulting well-defined morphologies
generally exhibit enhanced conductivity. Making these structures adaptive to
external stimuli is challenging, yet crucial as multistate reconfigurable
switching is essential for neuromorphic materials. Here, a modular and
scalable approach is presented to obtain switchable phase-separated
viologen-siloxane nanostructures with sub-5 nm features. The domain
spacing, morphology, and conductivity of these materials can be tuned by ion
exchange, repeated pulsed photoirradiation and electric stimulation.
Counterion exchange triggers a postsynthetic modification in domain spacing
of up to 10%. Additionally, in some cases, 2D to 1D order–order transitions
are observed with the latter exhibiting a sevenfold decrease in conductivity
with respect to their 2D lamellar counterparts. Moreover, the combination of
the viologen core with tetraphenylborate counterions enables reversible and
in situ reduction upon light irradiation. This light-driven reduction provides
access to a continuum of conducting states, reminiscent of long-term
potentiation. The repeated voltage sweeps improve the nanostructures
alignment, leading to increased conductivity in a learning effect. Overall,
these results highlight the adaptivity of phase-separated nanostructures for
the next generation of organic electronics, with exciting applications in smart
sensors and neuromorphic devices.
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1. Introduction

Stimuli-responsive materials capable of
transitioning between a broad range of
tunable states constitute a promising class
of materials for smart sensors and in-
formation storage.[1–3] Many examples of
materials comprising bistable states that act
as binary “on”- and “off”-states have been
reported, however their design does not
cover multi-level switching tuned by stim-
ulus dosage.[4] Yet, multistate switching is
ubiquitous in nature, exemplified by ionic
channels in neurons that exhibit different
levels of conductance, enabling the fine-
tuning of synaptic transmission and mod-
ulation of neuronal communication.[5,6]

Inspired by such systems, multistate
memory devices have been developed, the
switching mechanisms of which rely on
redox reaction, slow kinetics and charge
trapping.[7] However, variation of the
conductivity in such systems is often dis-
connected from their morphologies due to
the lack of adaptivity in covalent polymers,
which limits the achievable complexity
therein.

Therefore, organic oligomeric materials
that are perfectly defined at the molecular
level are a recent target in next-generation

nanotechnology as molecular structures can be directly linked
to macromolecular properties.[8] Typically, these ordered ma-
terials show enhanced electronic properties compared to their
disordered counterparts as a result of the decreased number
of grain boundaries.[9,10] Specifically, organic materials com-
prising well-defined 1D and 2D morphologies are of great in-
terest for energy transfer and optoelectronics.[11–14] An effec-
tive strategy to create versatile nanostructured organic materi-
als is based on sidechain engineering.[15–17] In the past, dis-
crete oligodimethylsiloxane (oDMS, Ð < 1.00001) have been in-
troduced in end-functionalized molecules, which self-assemble
into 2D materials.[18,19] These phase-separated structures are
exploited to translate molecular events to a macromolecular
level, exemplified by diphenylanthracene-based molecules that
exhibit a hundredfold increase in photon-upconversion in an
ordered material compared to its disordered counterpart.[20]

However, such phase-separated block molecules typically ex-
hibit transitions from 1D to 2D morphologies as a function of
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Figure 1. Chemical structures of block molecules included in this work and overview of VSi7:X2 with counterion structures and physical appearance.

temperature.[21] Contrary, applications such as semiconductors,
transistors, and memristors require tunable electronic proper-
ties at operating temperature, hence fueling the need for addi-
tional stimuli to modulate morphologies other than heat.[22–24]

Preferably, multistimuli responsive materials are developed, due
to their increased complexity.[25]

In this light, an intriguing class of organic molecules are
viologens.[26] Due to their three distinct and (meta)stable redox
states with low reduction potentials, viologens are ideal electron-
acceptors for electronic applications.[27,28] Subsequent one- or
twofold reduction of the viologens increases the electron den-
sity on the bipyridium center, and consequently the conduc-
tivity is enhanced in a step-wise fashion.[29,30] Recently, reduc-
tion of a viologen displayed formation of a stable dimer due to
electrostatic interactions yielding large resistive on/off ratios.[31]

Furthermore, Forbes et al. showed that the coordination of a
tetraphenylborate counterion (Ph4B−) to the viologen allows for
photon induced electron transfer.[32,33] Since excitation of the
Ph4B− ion into its singlet excited state leads to electron transfer
from the phenyl ring to the viologen, light can be used as an exter-
nal stimulus to in situ reduce the viologen core whilst oxidizing
the tetraphenylborate. The spatiotemporal control granted by the
use of light makes the coordination pair of a viologen with Ph4B−

counterions a promising class of materials for targeted multistate
switching.

Although well-defined phase separation, stimuli-
responsiveness, and tunable conductivity individually are of
great interest for the development of new functional materials,
the synergetic use of all three components in a single system
is rare. Here, we present a novel set of functional materials
that combines all these factors in a singular system. We report

a modular approach to prepare a library of viologen-based
materials (Figure 1) that spontaneously phase separate into
well-defined structures and their emerging electronic properties
were investigated. We display how facile counterion exchange
enables postsynthetic modification of both the nanostructures
as well as the electronic properties. Moreover, the conductivity
of the material was reversibly switched between “off”- and a
continuum of “on”-states using photoinduced reduction of the
viologen. Temporal control over both the reduction and the back
electron transfer was obtained by modulating the light intensity
and presence of oxygen. Finally, we show that alignment of the
2D nanostructures enhances the conductivity of VSi7:(Ph4B)2,
stressing the importance of well-defined structures for cognitive
materials.

2. Results and Discussion

The chemical structures of the synthesized viologen-derivatives
and their counterions are displayed in Figure 1. We prepared
viologen-centered block molecules with two different lengths of
oligodimethylsiloxane (VSi7:X2 and VSi11:X2), respectively, and
alkyl-substituted reference compounds VC12:X2 and VMe:X2,
where X is the counterion. Thereby, both the phase-separated
structures as well as the degree to which the sidechains inter-
digitate can be investigated. The most common counterions for
viologens with (opto-)electronic applications were used to explore
their effect on the phase-separated structures and the emerging
properties.[26]

To obtain the library of viologen-centered block molecules,
firstly Si7H and Si11H were reacted with 5-bromo-1-pentene via
a palladium catalyzed hydrosilylation in high yields (85–95%).
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Table 1. Properties of VSi7:X2 block molecules.

Entry Counterion Physical appearance 𝜑non-oDMS
a) (−) Morph.b) dc) (nm)

VSi7:TFSI2 TFSI− Brown wax 0.34 Lam 3.8

VSi7:(Ph4B)2 Ph4B− Orange sticky solid 0.46 Lam 3.8

VSi7:Br2 Br− Yellow brittle solid 0.24 Lam 4.0

VSi7:I2 I− Red brittle solid 0.35 Lam 4.0

VSi7:(PF6)2 PF6
− White sticky solid 0.25 Lam 4.2

VSi7:(BF4)2 BF4
− White brittle solid 0.22 Colh 3.7

VSi7:Cl2 Cl− Brown sticky wax 0.26 Colh 3.9

VSi7:(ClO4)2 ClO4
− Ochre wax 0.22 Colh 4.0

a)
𝜑non-oDMS defined as the volume fraction of the non-oDMS part of the material and determined using the volume of the unit cell of the respective crystal structure of VMe:X2

as reported in the CCDC, a volume of 80 mL mol−1 for each C5H10 linker and a volume of 552 mL mol−1 for each Si7 chain;
b)

Morphology of the nanostructure was determined
from the relative positions of the Bragg reflection peaks with respect to the primary reflection (q*). Lamellar morphologies show reflections spaced integers apart (q*, 2q*,
3q*, …) whereas columnar phases show reflections at q*, √3q*, 2q*, √7q*, 3q*, …;

c)
Domain spacing of the morphology determined using d = 2𝜋/q*.

Subsequently, these products were subjected to a Menshutkin re-
action with 4,4′-bipyridine in acetonitrile. Consecutive extraction
and recrystallization yielded VSi7:Br2 and VSi11:Br2 on a multi-
gram scale in 53–70% yield. The purity was confirmed using 1H
and 13C NMR spectroscopy as well as MALDI-TOF-mass spec-
trometry (Figures S1–S6, Supporting Information). VC12:Br2 was
synthesized as reported in literature.[34]

The counterion exchange was performed by stirring a con-
centrated solution of VSi7:Br2 in acetone with an excess of
the respective sodium salt upon which a clear color change
was visible, indicative of the formation of a different charge-
transfer (CT) pair.[35] Extraction of the block molecule from
the aqueous phase yielded VSi7:X2 comprising eight different
counterions (Table 1, see details in the Supporting Informa-
tion). The complete counterion exchange was confirmed us-
ing X-ray photoelectron spectroscopy (XPS), indicated by the
disappearance of the characteristic Br3p peaks after a reaction
time of 1–18 h (Figure 2A). Detailed analysis of the full spec-
tra confirmed the high purity of VSi7:X2 (Figure S7, Supporting
Information).

Since viologens are known to exhibit a different packing in
their crystalline unit cell based on the associated counterion, it
was expected that the morphology of the block molecules also
varies with the counterion.[36–40] Thereto, the phase separation of
VSi7:X2 was investigated using medium- and wide angle X-ray
spectroscopy (MAXS/WAXS, Figure 2B,C). These spectra were
recorded on unannealed samples, as no melting and crystalliza-
tion events were observed using differential scanning calorime-
try (DSC, Figures S8 and S9, Supporting Information). Only
VSi7:(ClO4)2 and VSi7:Cl2 showed the presence of weak glass
transition temperatures of around 95 °C. VSi7:Br2 was shown to
phase separate into a lamellar morphology with a domain spac-
ing (dlam) of 4.0 nm, which is slightly shorter than the calcu-
lated stretched length of the block molecule of 4.2 nm. This dis-
crepancy indicated that the sidechains were partially interdigi-
tated, which was corroborated by the fact that both VSi11:Br2 and
VSi11:(Ph4B)2 show an increase in dlam with respect to VSi7:Br2
and VSi7:(Ph4B)2 smaller than the calculated length of eight ad-
ditional oDMS units (Figure S10A, Supporting Information). In-
spection of the scattering pattern of VC12:Br2 showed that the ma-
terial was highly crystalline without long-range ordering, under-

lining the importance of oDMS to obtain phase-separated struc-
tures (Figure S11, Supporting Information). Similar to VSi7:Br2,
lamellar morphologies were found for VSi7:TFSI2, VSi7:(Ph4B)2,
VSi7:I2, and VSi7:(PF6)2. Surprisingly, a change in domain spac-
ing was observed upon counterion exchange. The maximum dlam
was found for VSi7:(PF6)2 (dlam = 4.2 nm), which matched the
calculated stretched length of the block molecule. Counterion ex-
change from PF6

− to TFSI− allows for postsynthetic modification
of the domain spacing of 10% (from 4.2 to 3.8 nm). To achieve
such an alteration via covalent chemistry the siloxane content
would require a 15% change. We rationalize that the change in
dlam originates from different crystalline packing of the violo-
gen. Due to the amorphous character of the oDMS pendants,
single crystals of VSi7:X2 cannot be obtained. Hence, we ana-
lyzed previously reported crystal structures of VMe:X2, which re-
vealed different free volume for the sidechains, whilst retaining
the 2D intramolecular stacking required for lamellar morphology
(Figures S12 and S13, Supporting Information).[36–40] Next to a
change in dlam, it was also found that three block molecules with
chloride, perchlorate and tetrafluoroborate counterions sponta-
neously phase separated into a columnar hexagonal packing
(Figure 2D). We hypothesize that this change from 2D to 1D mor-
phologies also originates from the crystalline packing of the vi-
ologen. Close inspection of the crystal structures revealed that
viologen-counterion combinations that result in lamellar order-
ing exhibit intramolecular stacking in two dimensions (Figures
S12 and S13, Supporting Information).[40–42] Contrarily, the crys-
tal structures of viologens with Cl−, ClO4

−, and Ph4B− counteri-
ons contained such interactions only in one direction, explaining
their phase separation into columnar morphologies.

The redox potentials of the viologens were determined using
cyclic voltammetry in solution, showing that the oDMS sidechain
had no influence on the redox potential of the bipyridinium
(Figure S14A–F, Supporting Information). Moreover, multi-cycle
voltammetry experiments using VSi7:(Ph4B)2 revealed excel-
lent stability of the redox switching up to 100 cycles (Figure
S14G, Supporting Information). To further explore the structure–
function relationship of these block molecules, the current-
voltage characteristics of several VSi7:X2 were studied in bulk
to determine their conductivity (Figure 2D). Hereto, the block
molecules were pressed between two ITO covered quartz slides

Adv. Mater. 2024, 36, 2312791 2312791 (3 of 8) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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equipped with UV-light curable clue containing 20 μm spacers
to obtain an active area of 0.3–1.3 cm2 (Figure S15, Supporting
Information). A voltage sweep was performed from −1.2 to 1.2 V
in steps of 0.05 V with a scanning speed of 0.6 V s−1 and the
color of the viologen was monitored during this process. As the
different redox states of viologens have distinct colors, the ab-
sence of color change was a good indication that these voltage
sweeps did not electrochemically reduce the bulk of the violo-
gen. Secondly, we observed that the I/V-curves of VSi7:Br2 and
VSi7:(Ph4B)2 did not pass through the origin. This effect is most
likely due to the displacement of counterions related to the capac-
itance of the cell involving electrolytic and electrochemical con-
tributions. The I/V-curves of the columnar ordered VSi7:(BF4)2
and VSi7:(ClO4)2 passed closer through the origin, indicating
lower capacitance characteristics in these materials. Conductiv-
ity was deducted from the slope of the I/V-curves and we found
that the 2D-nanostructured VSi7:Br2 and VSi7:(Ph4B)2 exhibit
an increase in conductivity (0.24–0.09 μS m−1) with respect to
the columnar VSi7:(BF4)2 and VSi7:(ClO4)2 (0.04–0.01 μS m−1).
Since the domain spacings as determined using MAXS/WAXS
are smaller than the thickness of the layer (20 μm), we argue that
the charge transport is percolative in nature. We rationalize that
the 2D morphologies exhibit higher conductivity than their 1D-
counterparts due to the charge trapping and coulomb blockade ef-
fects that are known to severely limit charge transport in quasi 1D
conductors.

The reported photoinduced reduction of a viologen in
VMe:(Ph4B)2 prompted us to investigate the influence of illumi-
nation on the conductivity in VSi7:(Ph4B)2.[33] The formation of
a metastable reduced viologen can take place via photoinduced
electron transfer between the bipyridium center and the Ph4B−

counterion, provided that the reaction partners are in close prox-
imity (<3 Å).[32] Inspection of the WAXS spectra of VSi7:(Ph4B)2
revealed a peak at q = 20 nm−1, which corresponds to roughly
3 Å, which is absent in VSi7:Br2 (Figure S10B, Supporting
Information). Hence, the reaction partners are in close enough
proximity for photoinduced electron transfer to occur. Hereafter,
VSi7:(Ph4B)2 was sandwiched between two quartz slides to
form a uniform layer with a thickness of 10 μm. The UV–vis
spectrum was recorded at intervals of 15 s, whilst constantly
irradiating (𝜆irr = 405 nm) the sample for 95 min (Figure 3A).
A clear change in the UV–vis spectrum was observed with the
appearance of two bands centered at 402 and 607 nm. Visually,
a color change of the sample from yellow to deep blue occurred,
indicative of the formation of the radical cation.[32] When the
increase in intensity around 607 nm levelled off after 95 min
of irradiation, the light source was turned off and the decay of
the radical cation was monitored in the dark (Figure 3B). The
disappearance of the aforementioned characteristic peaks at 402
and 607 nm was evident. Close observation of the intensity at
607 nm revealed that the radical cation had a lifetime of several
days in ambient atmosphere (Figure 3C). The decay is mediated

Figure 2. A) XPS graphs of VSi7:X2 showing the disappearance of Br3p peaks upon counterion exchange. B,C) MAXS/WAXS scattering profiles of VSi7:X2
block molecules with lamellar morphology (B) and columnar morphology (C). D) I/V-curves of VSi7:X2 with various counterions. Conductivity was derived
from the slope of the curve and the active area of the cell. In the legends of all figures, the counterions X− of the block molecules VSi7:X2 are indicated.

Adv. Mater. 2024, 36, 2312791 2312791 (4 of 8) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Solid-state UV–vis measurement of VSi7:(Ph4B)2 between quartz slides (thickness = 10 μm). A) UV–vis spectra measured every 15 s under
constant irradiation (𝜆irr = 405 nm, E= 12 mW cm−2). B) UV–vis spectra of the thermal decay of VSi7:(Ph4B)2. C) Absorbance at the absorption maximum
of the radical cation (607 nm) monitored over time. The purple segment represents the irradiation period of 90 min. The inset shows a zoom-in of the
increase in absorption during irradiation. D) Multiple cycles of irradiation/decay of VSi7:(Ph4B)2 between quartz slides. Insets show color change upon
reduction/oxidation of VSi7:(Ph4B)2. The sample was irradiated for 15 s (𝜆irr = 405 nm, E = 230 mW cm−2) and the back electron transfer was accelerated
by placing the cell in an oxygen-rich atmosphere.

by diffusion of oxygen into the cell, as apparent from the radial
pattern of the color loss. Moreover, samples prepared under inert
atmosphere in a glovebox retained their blue color for at least
several weeks, stressing the importance of oxygen in the decay
process of the radical cation. UV–vis studies of VSi7:(Ph4B)2
in dilute solutions showed spectral changes similar to those of
reference compound VMe:(Ph4B)2 upon irradiation, indicating
that the radical formation herein is consistent with literature
(Figure S16, Supporting Information).[32] Importantly, the char-
acteristic absorption bands of the radical appeared only upon
irradiation of VSi7:(Ph4B)2 and were not visible in control exper-
iments with VSi7:(BF4)2 (Figure S16F, Supporting Information).
During the decay, a new absorption maximum around 450 nm
appears, which we hypothesize to originate from liberation of
the tetraphenylborate radical in dilute solution, as proposed in
the mechanism by Forbes et al.[33] Comparing the decay of the
radical cation of VSi7:(Ph4B)2 with the decay of the radical cation
VMe:(Ph4B)2 in solution, we find that the half-life time of the
radical cation of the siloxane derivative is roughly 50% longer.
The increased radical stability in the block molecule is expected
to result from steric hindrance due to the additional oDMS
chain.

Since reduction of viologens is known to enhance their con-
ductivity, we envisioned that step-wise irradiation of VSi7:(Ph4B)2

leads to switchable conductivity states. This hypothesis was
strengthened by the solid-state UV–vis measurements, since
each data point in Figure 3C depicts a different amount of rad-
ical cation formed and thus a different conductivity. To evalu-
ate this possibility, the ITO-cells were irradiated during 30 s and
their I/V-curves recorded (Figure 4A; Figure S17A, Supporting
Information). An increase in conductivity showed that the radi-
cal cation of VSi7:(Ph4B)2 is already formed after 30 s of irradi-
ation. When the cell was stored in an oxygen-rich atmosphere,
the radical cation was oxidized and returned to the dication state
within 24 h. However, when the device was left in ambient air, the
back electron transfer process took up to one week (Figure S17A,
Supporting Information). Moreover, control experiments using
VSi7:(BF4)2 did not display this change in conductivity (Figure
S17B, Supporting Information), hence underlining the impor-
tance of the Ph4B− counterion in the reduction process. Ther-
mal effects during the reduction of VSi7:(Ph4B)2 were excluded
by monitoring the temperature increase upon irradiation, which
was found to be minimal (increase of 5 °C after 40 s of irradia-
tion, Figure S18, Supporting Information). MAXS/WAXS spectra
confirmed that irradiation had not disrupted the lamellar pack-
ing of the material, and that the CT-distance between viologen
and counterion remained unchanged (Figure S19, Supporting
Information).

Adv. Mater. 2024, 36, 2312791 2312791 (5 of 8) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. A) I/V-curves of VSi7:(Ph4B)2 before irradiation (yellow), after irradiation of 30 s (blue) and after 24 h in an oxygen-rich atmosphere (green) (𝜆irr
= 405 nm, E = 230 mW cm−2, thickness = 20 μm, A = 0.8 cm2). B) Conductivity upon irradiation of VSi7:(Ph4B)2 for 15 s (twice) and subsequent decay
of the radical for one week. Inset figures show the color change at different times during the experiment. C) Long-term potentiation of VSi7:(Ph4B)2 by
15 s pulsed irradiation, followed by 30 s lag time before the next pulse. D) Conductivity of VSi7:(Ph4B)2 during multiple cycles of irradiation (irradiation
for 15 s (twice) and subsequent decay of the radical for one week). After numerous voltage sweeps, the conductivity of the dication state increased.

To test the stability of the switching process, the ITO
cell was subsequently subjected to several irradiation cycles
(Figure 4B; Figure S20A, Supporting Information). For each cy-
cle, VSi7:(Ph4B)2 was irradiated twice with a 15 s pulse of 405 nm
light and the conductivity was determined after each pulse. The
sample was then left to undergo back electron transfer and its
conductivity was recorded after one day and after one week. Here,
the vital role of oxygen diffusion was again apparent, as visible
from the radial color pattern in the inset of Figure 4B. The results
of these experiments show that the aforementioned reversibility
in the switching of VSi7:(Ph4B)2 also results in reversible states
with varying conductivity.

To push the limits of this system in the generation of mul-
tiple conducting states, we tested pulsed light irradiation with
short increments of consecutive 15 s light pulses, followed by
30 s lag time (Figure 4C; Figure S20B, Supporting Information).
From these experiments we find that pulsed light irradiation re-
sults in a continuum of conductive states, indicated by the small
changes (<0.1 × 10−7 S m−1) between the states. Nevertheless,
we show that different levels of conductivity can be targeted by
matching the irradiation time to the desired outcome. Thereafter,
conductivity decreases after each pulse, due to the back electron
transfer process mentioned above. Moreover, Figures 3A and 4C
show that the timescale of the in-situ reduction is controlled by

the intensity of the light (E = 12 vs 230 mW cm−2, respectively).
Next, the back electron transfer is controlled by the presence of
oxygen. These two parameters allow us to control the “on”- and
“off”-switching of the system by exposure to light and oxygen.

Surprisingly, upon repetition of multiple cycles (irradiation for
2 × 15 s, followed by radical decay of one week) we found that the
conductivity of the dicationic species increased from cycle 2 to
cycle 5 by 360% (Figure 4D, also visible after 200 s in Figure 4C).
In stark contrast, a negligible increase of 1.5% in conductivity
was observed after performing multiple cycles on a fresh device
without light irradiation (Figure S21, Supporting Information).
To understand the nature of this “learning” effect, we studied
changes in the nanomorphology of VSi7:(Ph4B)2 before and after
pulsed light irradiation in the device. Hereto, grazing incidence
medium/wide angle X-Ray spectroscopy (GiMAXS/WAXS) was
performed on a fresh sample of VSi7:(Ph4B)2 as well as on a sam-
ple that underwent pulsed light irradiation and voltage sweeps.
We prepared the fresh sample by pressing the material between
two ITO-covered quartz slides and subsequent removal of the
top slide. Similarly, for the material that was exposed to light
and voltage sweeps we removed the top ITO-electrode and mea-
sured GiMAXS/WAXS on the material that remained on the bot-
tom slide. We found that both samples were phase-separated into
a lamellar morphology, proving that neither the irradiation nor

Adv. Mater. 2024, 36, 2312791 2312791 (6 of 8) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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applied potential disrupted the 2D morphology (Figure S22, Sup-
porting Information). Next, we probed the relative orientation of
the block molecule to the ITO substrate. Here, close inspection
of the normalized intensity of the primary Bragg reflections as
a function of azimuth angles showed that VSi7:(Ph4B)2 from the
device exhibited a more pronounced peak at 180° (Figure S22,
Supporting Information). This position of the peak intensity indi-
cates that the lamellar domains were oriented preferentially par-
allel to the substrate. In contrast, fresh VSi7:(Ph4B)2 showed a
more randomly oriented lamellar morphology on the substrate,
with a full width half maximum (FWHM) value of 22° versus 4°
in the aligned sample. This fivefold decrease in FWHM shows
that the enhanced conductivity of VSi7:(Ph4B)2 over cycles of
pulsed irradiation goes in concert with an improved orientation
of the lamellae parallel to the substrate. We rationalize that this
effect originates from a progressive alignment of the dipole mo-
ment of VSi7:(Ph4B)2 with the electric field. These results bring
insights into the intriguing prospect of mechanisms of learning
into materials, where repeated input leads to structural modifica-
tion and improved function.[43]

3. Conclusion

We have demonstrated a scalable approach to synthesize a library
of viologen-based block molecules that phase separate into well-
ordered morphologies. Easy exchange of counterions enables
postsynthetic simultaneous modification of the morphology and
conductivity of the viologen. Moreover, VSi7:(Ph4B)2 was in situ
reduced upon irradiation, revealing its tunable electronic proper-
ties, where the reduction is regulated by light exposure and the
state retention by storage of the device under inert atmosphere.
Finally, the conductivity of the “off”-state increased after several
voltage sweeps, which was explained by the analysis of the mate-
rial orientation. This research adds a new strategy to the toolbox
for tuning the electronic properties in organic nanomaterials as it
allows for control over an extremely long-lived radical cation with
enhanced conductivity compared to its dicationic state. By exploit-
ing the phase separation into sub-5 nm domains, the molecular
changes in conductivity of the viologen is translated to a macro-
scopic device. Besides, the conductivity of these materials was al-
tered using counterion exchange, light, and alignment of the 2D
morphologies using an electric field. Therefore, such systems al-
low the use of orthogonal stimuli to control the morphology and
emerging function, whereas conventional organic devices typi-
cally rely on one process.[7] These findings underline the poten-
tial of these systems in advanced (opto-)electronic materials.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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