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Graphene transistors for real-time monitoring
molecular self-assembly dynamics

Marco Gobbi® 234¥ Agostino Galanti4, Marc-Antoine Stoeckel® 4, Bjorn Zyska®, Sara Bonacchi®®,
Stefan Hecht® >/ & Paolo Samori@® 4>

Mastering the dynamics of molecular assembly on surfaces enables the engineering of
predictable structural motifs to bestow programmable properties upon target substrates. Yet,
monitoring self-assembly in real time on technologically relevant interfaces between a sub-
strate and a solution is challenging, due to experimental complexity of disentangling inter-
facial from bulk phenomena. Here, we show that graphene devices can be used as highly
sensitive detectors to read out the dynamics of molecular self-assembly at the solid/liquid
interface in-situ. Irradiation of a photochromic molecule is used to trigger the formation of a
metastable self-assembled adlayer on graphene and the dynamics of this process are
monitored by tracking the current in the device over time. In perspective, the electrical
readout in graphene devices is a diagnostic and highly sensitive means to resolve molecular
ensemble dynamics occurring down to the nanosecond time scale, thereby providing a
practical and powerful tool to investigate molecular self-organization in 2D.
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olecular self-assembly on surfaces generates highly

ordered 2D structures!~3, which are capable to impart

desired functions to a substrate®. As the imparted
functions depend on the arrangement on the molecular scale,
scanning probe microscopy techniques have been widely
employed to map in the direct space the architectural motifs
obtained through self-assembly®~12, The latter, which is ruled by a
complex interplay between intramolecular, intermolecular, and
interfacial interactions!3 is not completely understood!%1°.

Unraveling the dynamics of self-assembly!® could provide
higher control over key parameters governing the mechanism of
molecular self-organization in 2D, thereby permitting to further
engineer molecular functionalization”!”. Scanning tunneling
microscopy (STM) imaging enabled to monitor with sub-
nanometer spatial resolution the kinetics of nucleation and
rearrangements taking place in supramolecular adlayers at solid/
liquid interfaces!8-21, including light-responsive assemblies
composed of photochromic molecules?2-26, However, the infor-
mation provided by STM is confined at a length scale of a few
tens of square nanometers, thus not suitable to describe popu-
lation dynamics of self-assembly on macroscopic distances, which
involves billions of molecules. Moreover, the highest temporal
resolution of STM is limited by the ability to record a few tens of
frames per second!®27, yielding a temporal resolution of 10-100
ms, or slower (1-10s) when it comes to visualizing molecular
assemblies!.

For this reason, the use of a solely electrical read out to track
the ensemble dynamics of molecular self-assembly would be a
highly desirable tool to attain ultrafast response and insight into
the phenomena governing self-organization in 2D. While elec-
tronic devices were employed to monitor in real time single-
molecule reactions?8 and DNA hybridization??, the dynamics of a
complex ensemble process such as the on-surface self-assembly
has not been read out by means of an electronic device.

Here, we demonstrate that graphene field-effect devices
represent a powerful tool to monitor electrically in an easy and
controllable way the complex dynamics of on-surface self-
assembly of photochromic molecules. As a proof of principle, we
employ a molecule that upon irradiation generates a metastable
isomer capable of forming a supramolecular assembly at the
graphene/solution interface, thereby introducing a light-
controlled field effect on graphene analogous to that of an
external gate terminal. Therefore, by measuring the temporal
evolution of the electrical current flowing through graphene, we
are capable to track the dynamics of formation and desorption of
the metastable self-assembled monolayer. Importantly, we
demonstrate that the ultrahigh surface sensitivity of graphene
permits to disentangle the dynamics of self-assembly at the
solid-liquid interface from those of ensemble processes taking
place simultaneously in the supernatant solution, such as pho-
toisomerization and thermal relaxation.

Results
Optical characterization of photoisomerization in solution. For
this study, we employed the spiropyran (SP) derivative shown in
Fig. la. The octadecyl side chain promotes self-assembly on gra-
phene by forming crystalline lamellae®. Irradiation with ultraviolet
(UV) light at 365nm triggers the conversion to the ring-open
zwitterionic merocyanine (MC) isomer, which is metastable and
thermally reverts back to the ring-closed SP isomer30. The pho-
toisomerization is accompanied by a drastic change in the physical
properties of the molecule, with the MC isomer being character-
ized by a stronger molecular dipole moment.

The SP — MC photoisomerization and the MC — SP thermal
back-switch are most conveniently visualized by a change of

color, as the transparent SP solution progressively turns blue
under UV irradiation3Y, as shown in Fig. 1b-d for a small drop of
SP solution in 1-phenyloctane. Importantly, 1-phenyloctane is a
high boiling point solvent, hence its evaporation can be neglected
on the few-minutes time scale of the experiments described in
this work.

Figure le shows that the typical structured band of MC
chromophores centered at 600 nm appears after a few seconds of
irradiation. Therefore, the kinetics of the SP — MC photoisome-
rization during UV irradiation and the MC — SP conversion at
room temperature can be followed by monitoring the evolution of
the absorbance at 590 nm (hereafter Abssgony). During UV
irradiation, Abssegp, rises until a photostationary state is reached
after 90 s of UV irradiation, and, subsequently, it decreases during
thermal relaxation (Fig. 1f), in agreement with the typical
behavior of SP-based photoswitches in apolar solvents3%31, In
light of the SP — MC first order photochemical reaction, the
photoisomerization kinetics can be fitted by simple exponential
curves in the form Abssgonm (f) = Absgyy — Bxexp (—#/Th0)s
where 7}, o is the time constant which characterizes the dynamics
of the photoisomerization (inset in Fig. 1f and Supplementary
Fig. 1). For the SP — MC photoisomerization kinetics monitored
in our experimental conditions (“Methods”), the reaction is
characterized by a time constant 7, o = 18 s. Importantly, 7, o
was found to be independent on the initial SP concentration
(Co) at the same photon flux (see Supplementary Fig. 1 and
Supplementary Table 1). Note that the optical measurements
displayed in Fig. 1 characterize the molecular events taking place
in the bulk solution, hence they do not provide insights into the
events occurring at the interface between the solution and any
solid support.

Molecular self-assembly at the solid/liquid interface. In order to
characterize interface events, we performed STM imaging at the
interface between highly oriented pyrolytic graphite (HOPG)
and a drop of SP solution in 1-phenyloctane. At the solid/liquid
interface, we could not image any stable assembly for the SP
isomer (Fig. 2a). This finding indicates that physisorbed SP
molecules, which are nonplanar and chiral, do not form a firmly
immobilized self-assembled structure at the solid/liquid interface
due to their low affinity for the basal plane of HOPGZ,

A very different scenario is encountered when the supernatant
solution was irradiated with UV light to trigger the SP — MC
isomerization. Immediately after irradiation, an ordered assembly
could be imaged with sub-molecular resolution (Fig. 2b),
displaying a lamellar assembly in which the long alkyl chains
lie flat on the HOPG surface, as typically observed for alkyl chains
on graphitic surfaces»?>. The unit cell of the assembly, as
extracted from STM image analysis, is composed of two MC
molecules and characterized by lattice parameters a=1.1%
0.1nm, and b=3.9+0.1nm, forming an angle a=90+2°
leading to an area A =4.3+0.2nm?. Within the experimental
error, the unit cell extracted from STM image analysis is the same
as that previously measured at the solid-air interface for the same
molecule, indicating that the assembly structure is similar in both
cases?0. A few minutes after UV irradiation, the assembly could
not be any longer imaged by STM (Fig. 2c¢), since, due to the
thermal MC — SP conversion in solution, the MC concentration
decreases below the critical concentration necessary for assembly,
thereby driving desorption of MC from the surface. By recording
different STM images centered at the same location, we could
follow how the self-assembled structure evolves and eventually
disappears after ~6 min (Fig. 2d, see also Supplementary Fig. 2).
Despite its high spatial resolution, STM only provides a
rudimentary estimate for the dynamics of the self-assembly
process in the limited region under investigation.
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Fig. 1 Optical characterization of the photoswitching dynamics. a Reversible photochemical and thermal interconversion of spiropyran (SP) derivative and
its merocyanine (MC) isomer employed in this work. Optical micrographs of a 4 pL drop of SP solution in 1-phenyloctane (concentration Co = 0.9 mM),
highlighting the color change (b) before and (c) after photoisomerization, triggered by 120 s of 365 nm irradiation with ultraviolet light (UV) as well as (d)
after thermal reconversion, achieved by keeping the drop 10 min in the dark (kgT) (scale bar: 2 mm). (e) Absorption spectra of a SP/MC solution in 1-
phenyloctane (Co = 0.09 mM) before (red trace) and after 6 s of 365 nm UV irradiation (blue trace). f Kinetics of the color change of an SP/MC solution in
1-phenyloctane (Co =1mM, Tmm optical path cell), as monitored by plotting the absorbance at 590 nm during 150 s of 365 nm UV irradiation (P=0.5
mW cm~2 illustrated by the purple area) and afterwards in the dark. The inset shows the evolution of Abssgonm during UV light irradiation (blue squares)
and the applied monoexponential fit (red line). The corresponding optical time constant 7y, o is deduced form the fit, and it can graphically be depicted as
the intersection between the saturation value in Abssoonm (dashed line) and the linear fit at the initial stage of irradiation (solid line).

Electrical detection of self-assembly dynamics. Our approach to
employ graphene devices as highly sensitive detector to obtain
greater insight into the self-assembly dynamics is illustrated in
Fig. 3a. We covered a graphene field-effect transistor with a small
drop of SP solution, and triggered the formation/desorption of
the metastable MC assembly at the graphene/solution interface by
switching UV light on and off. Due to the ultrahigh surface
sensitivity of graphene, the MC adlayer induces a change in its
electrical conductance, allowing us to monitor the dynamics of
formation (desorption) of the self-assembled adlayer by recording
the electrical current flowing through graphene during (after) UV
light irradiation.

To investigate how the transfer curve of graphene is modified
by the formation of the MC assembly, we employed a field-effect
transistor based on mechanically exfoliated single layer graphene.
The pristine device displayed an almost ideal transfer curve with a
charge neutrality point at Vg =2V (Fig. 3b, black dashed trace).
Covering its surface with a 6 uL drop of SP solution resulted in a
relatively small shift of the charge neutrality point towards a
more negative value, Vg = —2V (Fig. 3b, red trace). Irradiation
with UV light, triggering formation of the MC assembly, largely
modified the transfer characteristics, inducing a significant

additional shift of the charge neutrality point to Vgo=—-11V
(Fig. 3b, blue trace), indicating n-type doping. As a control
experiment, irradiation of a device covered by 1-phenyloctane
without SP molecules introduces only a minor change in its
electrical characteristics (Supplementary Fig. 3).

The origin of the shift in the charge neutrality point induced by
the formation of the MC adlayer can be understood on the basis of
the nanoscale molecular arrangement?. In particular, the graphene
area covered by the MC adlayer experiences a field effect similar to
that introduced by a gate terminal, generated by orderly aligned
molecular dipoles with an out-of-plane component. In this
scenario, the electrical current changes linearly with the surface
coverage, and the maximum shift in the charge neutrality point is
reached when the entire graphene surface is covered by the self-
assembled MC adlayer (see Supplementary discussion 1). After 15
min, the Ipg—Vq characteristics recovered and almost completely
resembled those of the initial SP solution on graphene, indicating
dissolution of the MC assembly (Fig. 3b, red dashed trace). The fact
that the effect on the electrical characteristics can be rationalized
on the basis of the evolution of the nanoscale arrangement further
confirms the formation and dissolution of the ordered MC
assembly at the graphene/solution interface.
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Fig. 2 Scanning tunneling microscopy images of the SP/MC assemblies at the solid/liquid interface. a Ordered assemblies of the SP isomer could not
be monitored by means of STM at the interface between highly oriented pyrolytic graphite (HOPG) and a 6 plL drop of SP/MC solution in 1-phenyloctane
(Co=1.8mM). b In situ 365 nm UV irradiation of the same drop (P =17 mW cm~2) leads to SP - MC isomerization. Immediately after 60 s irradiation,
a highly ordered MC assembly was visualized by STM. ¢ 10 min after UV irradiation of the same droplet, the MC assembly could not be imaged by STM.
d Large area, survey STM images consecutively acquired in the same spot showing the evolution of the MC disassembly. Different crystalline domains
change size and shape in consecutive images, eventually leading to the disappearance of the assembly from the surface. At the bottom of each image, the
time delay after switching off the UV light is displayed. The images were recorded with the STM tip immersed in a drop of SP/MC solution (Co =1.8 mM)
in 1-phenyloctane, on HOPG. a-c Height images; tunneling current I+ = 60 pA, tunneling voltage V;=600mV; d It =20 pA, V=600 mV.

To track in real time the dynamics of formation and desorption
of the self-assembled adlayer, we monitored the drain source
current Ipg while UV light was switched on and off (Fig. 3¢). In
order to quantitatively compare the results obtained with
different devices, we employed commercial devices based on
CVD graphene with the same width/length (W/L) ratio.
Representative measurements performed in a device with W=
L =50 pm are shown in Fig. 3c. We interpreted the Ing change as
the result of the adsorption and desorption of the MC adlayer,
which acted as a light-induced gate terminal, with an amplitude
proportional to the number of MC molecules on the graphene
surface (see Supplementary discussion 2). In good agreement with
the measurement in Fig. 3b, we found that Ipg increased steeply
during the initial stage of UV irradiation due to the formation of
the MC adlayer, which progressively covers the graphene surface.
After ~30s of irradiation, Ips reached a plateau, which
corresponds to a full coverage of the graphene surface by the
MC monolayer. When the UV light was turned off, the current
decreased and eventually reached the preirradiation value,
following the desorption of the MC adlayer.

We found the variation AI=Ipg (t) — I, where I, is the
current measured before UV irradiation (inset in Fig. 3c), to be
quantitatively consistent in three devices characterized by a
different area of the graphene active channel, with the same W/L
ratio, but different W and L (W =L =50 pm and W=L =100
um, see Supplementary Figs. 4-6 and Supplementary Table 2).

Indeed, the intrinsic parameter which is modified by the
formation of the MC assembly is the resistance of graphene,
which depends on the W/L ratio, but not on the absolute value of
W and L. In principle, by scaling down the area of the graphene
active channel to W =L =100 nm, which is within the reach of
standard e-beam lithography, one could detect the dynamics of
self-assembly in a region as small as that investigated by STM
(Fig. 2d), while maintaining the same AI recorded for a device
characterized by a six-orders-of-magnitude-larger active area
(W=L=100 um).

Detailed analysis reveals that the increase in AI during UV light
irradiation can be fitted by the monoexponential equation Al
() = AL, — Bxexp (—t/tp,5), as can be understood using a
simple model (see Supplementary discussion 2). In particular, in
the case shown in Fig. 3c, we determined an electrical time
constant 7y, =6, being markedly different from the optical
time constant extracted for the photoisomerization in solution.
Indeed, both time constants are associated to very different
processes, one reflecting the photoisomerization in the bulk
solution and the other one the formation of the MC self-assembly
at the solid/liquid interface. We highlight that the same power
density and the same UV light source were used for all
experiments carried out in this study (see “Methods”).

Monitoring the change in current during subsequent cycles in
which UV irradiation was repeatedly switched on and off at
regular time intervals, while keeping V=0V, reveals that
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Fig. 3 Electrical characterization of the self-assembly dynamics. a Schematic representation of our approach to monitor interfacial merocyanine (MC)
self-assembly by the electrical current flowing in graphene. A droplet of spiropyran (SP) solution is casted onto a graphene device, and UV light is
employed to trigger the SP - MC photoisomerization and consequently the formation of the MC self-assembled adlayer. After UV light irradiation, MC
molecules thermally switch back to SP, leading to the dissolution of the MC assembly. The time evolution of the current flowing through the device allows
monitoring the dynamics of formation and dissolution of the MC adlayer. b Drain current Ips versus gate voltage Vg measured on a micromechanically
exfoliated single layer graphene device before and after casting a drop of SP solution in 1-phenyloctane (Co = 0.9 mM, dashed black curve and solid red
curve, respectively), immediately after 60 s of 367 nm UV irradiation (solid blue curve), and after another 15 min in the dark (dashed red curve). ¢ Time
evolution of Ips (at Vgs = 0 V) before, during and after UV irradiation. The purple area in the graph corresponds to the duration of UV light irradiation. The
inset shows the evolution of the MC-induced extra current Al during UV light irradiation (blue squares) and the applied monoexponential fit (red line) to
deduce the corresponding time constant 7y, e. We highlight that the time constants z,, 0 and z,,,¢ derived by the optical and electrical experiments are
characteristic of different physical phenomena, being 7,0 associated with the isomerization in solution, and z,, ¢ with the formation of the self-assembly.
d Time evolution of Ips during consecutive irradiation cycles with the same irradiation time; e-d Measurements performed on commercial CVD graphene
devices and concentration Co =4 mM. e Thermal relaxation of MC monolayer: comparison between the time evolution of the current Ips and the
absorbance Abssoonm (Co =2 mM) as well as the substrate coverage, as extracted from STM images (Co = 1.8 mM).

evolution of the current was not only qualitatively analogous, but
also quantitatively. In the four consecutive cycles shown in
Fig. 3d, the average saturation value reached by the current is
Ips = 6.05 A, with a deviation of only 15 nA. Moreover, in each
cycle the current value reached after thermal relaxation is very
similar to the preirradiation value, resulting Ips = 3.05 + 0.02 pA.
In this way, the current increase AI upon successive cycles of UV
irradiation was within 1% (AI=3.00 +0.02 pA). Even the time
evolution of Ipg recorded in three subsequent irradiation cycles
with different irradiation time was found to overlap closely
(Supplementary Fig. 7).

A different situation is encountered for the dynamics of
desorption of self-assembly. Figure 3e shows the evolution of
Abssoonm and Ipg after 60s the UV irradiation, and compares
them with the areal coverage extracted from the STM movie in
Supplementary Fig. 2. We found that Abssgg,, could be fitted by
a simple exponential decay in the from Abssgonm (f) = Absgy X
exp (—t/Ta0), where 75 o = 87 s denotes the time constant for the
thermal decay in solution. Instead, the desorption of the self-
assembly as revealed by Ipg follows a more complex dynamic,
which can be fitted by the sum of two exponential decays
characterized by different time constants (see Supplementary
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Fig. 8). Through STM imaging, it is possible to follow how the
self-assembled adlayer evolves during successive scans in the
same area, initially covering the whole substrate surface and
desorbing rather abruptly after ~6 min.

While Abssggnm is related to the thermal relaxation of MC in
solution, the decay of Ipg and the variation in surface coverage
measured by the STM after UV irradiation describe the same
physical phenomenon, which is the desorption of the MC self-
assembly. However, the two techniques probe a different number
of molecules and possess a different time resolution. In particular,
the STM images shown in Fig. 2 monitor the dynamics of ~3800
molecules, as determined by the nominal size of the image (90 x
90 nm?) and considering the size of the unit cell. Therefore, the
spatially confined nature of STM impedes its use for an accurate
description of the dynamics of a large population of molecules.
For instance, the first STM image acquired after UV irradiation in
another area of the sample displayed a self-assembled adlayer,
which did not cover completely the scanned area (see
Supplementary Fig. 2). Instead, the time resolution is limited by
the duration of image acquisition, which is t=34s for the
measurements in Fig. 2. Importantly, it remains unclear whether
and to which extent the presence of the STM tip perturbs the
dynamics of desorption. In contrast, our electrical detection of the
self-assembly is noninvasive, and monitors the dynamics of a
molecular ensemble of more than 4 x 10° molecules, covering an
area as large as 100 x 100 um2. Self-assembly, which is an
ensemble process characterized by relatively slow kinetics
evolving on the time scale of seconds, is perfectly suited to be
monitored with conventional electronics, which grants a typical
sampling rate of 10-100Hz. In our experiment, the time
resolution was set to 100 ms, which was ideal to capture the
few-seconds dynamics of our system (see Supplementary discus-
sion 3).

Concentration dependence of the self-assembly dynamics.
Finally, the potential of graphene devices to monitor in real-time
molecular processes can be fully appreciated by comparing the
dynamics extracted for the formation of the self-assembly and the
photoisomerization at different concentrations C,. Figure 4a, b
display the time evolution of Abssgg,, and of AL, which reflect the
kinetics of SP photoisomerization in the bulk solution and of
formation of the MC self-assembled adlayer, respectively.
Switching on the UV light (at t = 0's) results in an abrupt increase
in both Abssgon, and Al which results from the photogeneration
of MC molecules and by the gating effect of the MC adlayer at the
graphene surface. While Abssgo,,, reaches a different saturation
value in all cases, Al does not reach a saturated value at low
concentration (Cy < 0.75 mM), while it does at high concentration
(Co>0.75mM). In addition, while the saturated value reached by
Abssgonm increases with Cy, the saturated value reached by A is
similar (for Cy>0.75 mM), indicating that the maximum gating
effect is the same at the different concentration. Based on our data
we conclude that after 1 min of UV irradiation a complete self-
assembled adlayer is formed whenever Al reaches saturation, i.e.,
for Co>0.75 mM. We stress that AI was quantitatively similar in
the three devices, which were tested with multiple Cy (Supple-
mentary Figs. 4-6).

Another important difference emerges by comparing the time
constants Ty, o and Ty, g, extracted by fitting Abssgonm and Al
with a monoexponential equation, as described above (Fig. 4c).
Thy,0» associated to the photoisomerization in the bulk solution,
does not vary significantly in the studied range, remaining in
the range 1y,,0=18+2s. On the contrary, 7,5, associated to
the formation of the MC assembly, depends dramatically on the
initial SP concentration, decreasing steadily in the whole

concentration range. The same trend was extracted in three
different devices (for clarity, only two are shown in Fig. 4c). We
estimate that the dynamics of formation of the monolayer cover a
range from above 200s at 10puM to 6s at 4mM (see
Supplementary information). This variation suggests that the
formation of the self-assembly requires a critical concentration of
MC molecules in the vicinity of the surface. At low SP
concentration, such concentration is not achieved even when
the stationary state is reached upon irradiation of the solution
(Fig. 4d). Instead, above 0.75 mM the saturation in the current is
reached before the stationary state in solution, indicating that the
concentration of MC is above the critical value needed to generate
a monolayer (Fig. 4d). For example, at 4 mM the formation of
self-assembly is characterized by a time constant 7y, g=6s.
Assuming that the self-assembly covers completely the surface
after a time 37,5 = 18, from the spectroscopic data shown in
Fig. 4a, it is possible to see that the MC concentration is ~60%
obtained at the stationary state. In this way, we demonstrate the
ability to precisely disentangle the dynamics of very different
molecular processes occurring simultaneously thanks to the
ultrahigh surface sensitivity of graphene.

In conclusion, we have shown that graphene devices constitute
a robust experimental platform to monitor in real time the
complex dynamic process of molecular self-assembly at the solid/
liquid interface. As a proof of concept, we demonstrated the
characterization of the dynamics of formation and desorption of a
metastable self-assembled adlayer formed by an SP derivative at
the graphene/solution interface. Such a precise monitoring of an
interfacial phenomena is not accessible via bulk characterization
techniques. The electrical read out is highly sensitive, practical,
reliable, and in principle offers an ultrafast time response, making
it suitable to follow rapidly evolving processes. While in this work
the temporal resolution is limited by our experimental setup,
ultrafast graphene devices operating above 400 GHz range have
been demonstrated’? and offer the opportunity to follow
molecular dynamics in the few-nanoseconds range. We anticipate
that our strategy will be exploited to resolve the dynamics of more
complex molecular ensemble processes taking place on solid
surfaces, such as the formation of 2D polymers3>. It also holds
great potential for applications in (bio)diagnostic and (bio)
chemical sensing.

Methods
Synthesis. The synthesis of the SP derivativeZ® is detailed in the Supplementary
note 1.

Optical characterization. All the experiments reported here were performed using
1-phenyloctane as solvent, purchased from TCI Chemicals and used without fur-
ther purification. Importantly for our experiments, the absorbance of 1-
phenyloctane is negligible at 365 nm. UV light irradiation was performed with
optical fiber-coupled LEDs (ThorLabs), A, = 367 nm, FWHM = 7 nm. For
optical and electrical experiments, collimated UV irradiation light intensity was
carefully controlled (P4 = 0.5mW cm~2, measured with photodiode power meter,
ThorLabs), in order to obtain reproducible conditions for the kinetic measure-
ments. Such relatively low power density was employed to avoid an unintentional
increase in the droplet temperature during the few-minutes irradiation. Indeed, the
realization of a stable stationary state in the optical characterization rules out a
significant temperature increase, as discussed in Fig. S1.

Optical micrographs highlighting the color change of SP solution were recorded
using a stereomicroscope equipped with a digital camera (Olympus SZ61TR).
UV-Vis absorption spectra and isomerization kinetics were recorded at room
temperature (26 °C) with a Jasco V650 spectrophotometer, in matched quartz
Suprasil cuvettes (Helma). Absorption spectra were recorded in 10 mm optical path
cuvettes. In order to reproduce the droplet-on-device conditions, isomerization
kinetics were recorded by monitoring the absorbance at 590 nm (Asgonm) of
unstirred solutions in 1 mm optical path cuvettes. We chose 590 nm and not the
max (ca. 605nm) in order to avoid reaching too high absorbance values in the
experiments at the highest concentrations. For consistency we performed all
measurements at the same wavelength.
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Fig. 4 Concentration dependence of photoisomerization and self-assembly dynamics. a, b Time evolution of absorbance (measured at A =590 nm)
and electrical current at different initial SP concentrations Co. € time constants 7,0 and 7y, ¢ extracted from the absorbance variation of a solution
(photoisomerization) and from the variation of the electrical current (formation of the self-assembled adlayer). The measurements performed in two
devices are shown, one with L = W =50 um and another one with L = W =100 um. d Cartoons depicting our interpretation of the measured data. At low
initial concentration, the graphene surface is not covered by a continuous adlayer even after a relatively long irradiation time, after the stationary state is
reached (t =100 s); at high initial concentration, the graphene surface is fully covered before the stationary state is reached (t =18 s).

For photoisomerization kinetics, irradiation of the solution was performed
in situ within the spectrophotometer chamber, by shining a collimated beam of UV
light on the front face of the cuvette, tilted of ca. 30° with respect to the
spectrophotometer’s analysis beam. Starting from thermal equilibrium conditions
(As9nm~0—negligible amount of MC in solution) UV irradiation was performed
for fixed amounts of time (t=1, 2, 3, 4, 5, 7, 10, 15, 20, 25, 30, 35, 40, 50, 70, 110,
150's), and Asgpnm Was recorded immediately after switching off UV light.

Scanning tunneling microscopy. Investigation on the self-assembly of SP and MC
was performed by STM at ambient pressure and room temperature, using freshly
cleaved highly oriented pyrolytic graphite (HOPG) as substrate. The experiments were
performed using a Veeco Multimode III (Bruker) equipped with an STM head and a
1 um-range piezoelectric scanner (A-Piezo, Bruker), working in constant current
mode. STM tips were mechanically cut from a Pt/Ir (80:20) wire (0.25 mm diameter,
Goodfellow). Self-assembly was studied at the solid-liquid interface between HOPG
and a supernatant solution, by applying 6 pL of the latter on the substrate, after having
checked the integrity of substrate and tip by visualizing the graphite lattice. The raw
STM data were processed using a dedicated image processing software (Gwyddion),
by means of flattening and subtraction of a 2° polynomial background. In Fig. 2b, the
drift of the piezo was corrected using the underlying graphite lattice as a reference.
The lattice of the underlying substrate was visualized by lowering the bias voltage V,
to 10 mV after imaging the MC assembly and increasing the tunneling current to I; =
60 pA. Tip height and current were measured for all STM images. Unit cell para-
meters were obtained by Fourier analysis.

STM experiments were performed at an initial C; = 1.8 mM concentration of
SP. UV light irradiation experiments were performed in situ, by irradiating the
solution on the substrate after having verified the absence of any supramolecular
packing of SP prior to light irradiation. The experimental setup to perform UV
(365 nm) irradiation involved a UV lamp (P4~2.0 mW cm~2), and was performed
by directly placing the lamp close (d < 5 cm) to the sample, after stopping the STM
scanning, but keeping the tip in tunneling contact.

STM imaging was subsequently performed in the same sample area, permitting
to visualize the evolution of the MC adlayer. For this experiment, the time
resolution is limited by the time necessary to acquire successive frames by STM
~30s. Also, while we could use STM to monitor how the self-assembly is desorbed,
we were not able to acquire consecutive high-resolution images for the formation
of the self-assembly. Indeed, the UV irradiation necessary to trigger the formation
of the MC assembly introduces a high level of noise in the STM measurements,
which prevented the acquisition of images.

Device fabrication and characterization. Back-gated devices based on scotch-
tape exfoliated or commercial CVD graphene were employed in this work.

The scotch-tape devices were fabricated on SiO, (90 nm)/Si substrates with a
Microtech laser writer, equipped with a 405 nm laser standard photoresist
(AZ1505, Microchemicals). A 35-nm-thick Au film (without adhesion layer)
was thermally evaporated onto the patterned photoresist and lift-off was carried
out in warm acetone (40 °C). Commercial chips containing 36 field-effect
transistors based on CVD graphene were employed (GFET S20 from Graphe-
nea, SiO0,(90 nm)/Si n++ dielectric, Ni/Al electrodes). Before performing the
measurements, the devices were cleaned by immersion in acetone and N-
methyl-2-pyrrolidone, and then rinsed with isopropanol. With this cleaning
procedures, the devices with L = W =50 um and L = W = 100 um showed
almost ideal graphene characteristics, with a charge neutrality point close to
Vs =0V. Upon casting a droplet of SP solution in 1-phenyloctane, the charge
neutrality point shifted to Vg <0V, so that the irradiation experiments carried
out at Vg =0V probed a linear part of the transfer characteristics, in which
current increase corresponded to a shift of the charge neutrality point to more
negative values (n-type doping).

Irradiation experiments on the graphene field-effect transistors were performed
at room temperature (26 °C), by shining a beam of collimated UV light
perpendicularly to the surface of the device covered with a droplet of 1-
phenyloctane solution of SP and recording the current while applying a
drain-source voltage Vpg=10mV. Up to three devices on the same chip and
covered by the same solution droplet could be measured simultaneously during the
same UV irradiation. The conditions for UV irradiation were the same employed
for the optical characterization (fiber-coupled LEDs ThorLabs, A,,,x = 367 nm,
FWHM = 7 nm, Py = 0.5 mW cm~2). Experiments were performed by
progressively increasing the initial SP concentration (Cy), starting from pure
solvent, upon adding small amounts (~few microlitre) of concentrated solutions
adjusted to obtain the desired concentration. For the highest concentrations
employed in this study (2 and 4 mM), we casted the lowest volume of solution
capable of covering all the devices under test (8 pl). In this way, we minimized the
thickness of the droplet, and therefore the optical path and the internal filter effect
(see also Supplementary Fig. 1). Intervals of 20 min between the additions and the
measurements were allowed, in order to obtain homogeneous concentration of SP
by simple diffusion.

Data availability
The data that support the findings of this study are available from the corresponding
authors upon reasonable request.
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