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We present the spontaneous isomerization of donor—acceptor
Stenhouse adducts anchored onto a gold surface, visualized using
scanning tunneling spectroscopy. Our investigation reveals a
palette of molecular arrangements, including those with ferroelec-
tric-like ordering, evolving over time into a fine pattern consisting
of both open and closed forms of the photoswitch.

Self-assembled monolayers (SAMs) are fundamental to
modern nanoscience and nanotechnology." Understanding
how molecules organize themselves on surfaces is essential for
advancing our knowledge of nanoscale phenomena and devel-
oping novel materials, especially in the field of electronic
devices such as molecular diodes®> and memristors,® organic
field-effect* transistors, LEDs” and solar cells.® Usage of mole-
cular switches as a functional part of molecules is a recent and
far-reaching approach which allows external control of
physicochemical properties of SAMs. In particular, integration
of photochromic units - possessing two or more states
differing by dipole moment - with (semi)conducting
surfaces”® opens new possibilities for electrical signal modu-
lation through remote stimulation.

Among the various techniques used to study photorespon-
sive SAMs, scanning tunneling microscopy (STM) stands out
for its exceptional resolution, enabling visualization down to
the level of a single molecule. Previous STM investigations
have focused on archetypical azobenzene,'™* spiropyran*™’
and diarylethene,'® revealing unparalleled behaviors of these
photoswitches under confinement. However, there has been a
notable absence of studies on donor-acceptor Stenhouse
Adducts (DASA),"*>' despite their promising attributes,
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including responsiveness to visible light and large dipole
moment, which are crucial for biocompatibility and electrical
conductivity. Herein we present the inaugural exploration of
DASA monolayers on a Au(111) surface, uncovering a diverse
spectrum of spatially and temporally resolved molecular
arrangements linked to the spontaneous switching of the
adsorbed chromophores.

To enable tethering of DASA to the gold surface we utilized
a thiol derivative (Fig. 1a) obtained following a procedure pub-
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Fig. 1 (a) Chemical structure of DASA and its interconversion between

ring-opened (linear) and -closed forms. (b) Large-scale STM scan of an
Au surface covered with DASA, performed 2 hours after deposition. Scan
parameters: 900 x 900 nm?, I, = 30 pA, U, = 600 mV. Despite the pres-
ence of the DASA film, the atomic (110) steps of Au(111) surface are
visible. White arrows point on depressions in the deposited film, referred
to as “pits” (see text). (c) STM image showing islands with a regular
molecular structure, taken at t = 10-15 hours. White arrows point to the
areas with adsorbed DASA molecules. (d) STM image showing island and
height profile measured from Z-cross sections at the edge of the island.

This journal is © The Royal Society of Chemistry 2025


http://rsc.li/nanoscale
http://orcid.org/0000-0003-4347-695X
http://orcid.org/0000-0002-8318-0347
http://orcid.org/0000-0002-1636-4488
http://orcid.org/0000-0002-2789-3676
http://orcid.org/0000-0002-7751-3643
http://orcid.org/0000-0003-0602-6116
http://orcid.org/0000-0002-5907-8596
https://doi.org/10.1039/d4nr03942d
https://doi.org/10.1039/d4nr03942d
https://doi.org/10.1039/d4nr03942d
http://crossmark.crossref.org/dialog/?doi=10.1039/d4nr03942d&domain=pdf&date_stamp=2024-12-14
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr03942d
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR017001

Open Access Article. Published on 12 November 2024. Downloaded on 7/30/2025 9:29:12 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

lished by us elsewhere.”” Detailed synthetic information and
the process of preparing structured gold and depositing DASA
thereon are provided in the ESI.t Fig. 1b depicts a large-scale
STM image of a DASA-coated Au(111) surface captured 2 hours
after deposition. The image reveals flat terraces covered with a
film that contains randomly distributed pits, which are marked
by white arrows. These pits are absent on the bare Au(111)
surface, suggesting that these defects are a result of the depo-
sition process. Despite the presence of the DASA film, the atomic
(110) steps of the Au(111) surface remain visible in the scan. This
unstructured film persists for about 10 hours. After 15-20 hours,
we observe the formation of flat islands (shown in Fig. 1c).

Over time, the lateral size of these islands expands to hun-
dreds of nanometers. It is reasonable to assume that the mole-
cules within the islands adopt a “brush-structure”, indicating
an upright position of the molecules relative to the surface,
similar to what is typically observed for n-alkanethioles.”®
However, the height of the islands, measured from Z-cross sec-
tions in Fig. 1d is ~0.6 nm, which is much less than the length
of the single molecule (~1.8 nm). This suggests that the areas
outside the island are still covered with randomly distributed
molecules lying on the surface.

Within the islands (Fig. 2a) the molecules demonstrate a
close-packed hexagonal structure with the molecular axis tilted
relative to the surface plane. A similar hexagonal arrangement
is observed during the adsorption of alkanethiols on Au
(111).> The bright spots seen in Fig. 2a essentially correspond
to positions of sulfur atoms chemically bonded with the Au
(111) surface. The lateral repeat distance between molecules,
measured from the cross-sectional profile (inset in Fig. 2b), is
close to 5 + 0.5 A. In fact, neighbouring molecules are separ-
ated by a distance equal to \/ 3T ~ 5 A, where T is the intera-
tomic distance of the Au(111) surface (7 = 2.9 A). Thus, the sep-
aration between neighbouring molecules is identical to the
distance between second-neighbouring (110) Au rows (inset in
Fig. 2a). This indicates that DASA molecules are bound in equi-
valent 3-fold adsorption sites of the Au(111).

As a result, the monolayer is commensurate with the Au
substrate along the (112) and (110) directions. Therefore, it
can be concluded that the DASA monolayer adopts a so-called
(\/ 3% \/ 3)R30° structure with basic lattice vectors (a = b =5 =+
0.2 A) (Fig. 2a, inset). Similar structures with the same lattice
vectors have been observed for n-alkanethiol monolayers on Au
(111).>*

Contrary to n-alkanethiol monolayers, which remain stable
for weeks (Fig. 2c), the DASA film exhibits varying brightness
of spots corresponding to the molecule tops (Fig. 2b).
Molecules with higher and lower brightness initially appear to
be randomly distributed on the surface. Measurements reveal
a height difference of approximately 0.4 nm, which corres-
ponds to the height difference between the open and the
closed forms of DASA, with the closed form measuring about
1.4 nm (Fig. 2b, inset, Fig. S8, ESIt). This suggests that some
molecules demonstrating lower brightness undergo transform-
ation, either spontaneously'®*>***” or induced by electric
current from the STM tip,""" into the cyclic (closed) form.
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Fig. 2 (a) High-resolution STM image of adsorbed DASA molecules

taken at t = 15-20 hours. The inset in the right corner shows a model
side view of the monolayer. The inset in the left corner shows schematic
representation of the (\/3 X \/3)R30° structure for the DASA monolayer.
Gold atoms on the Au(111) substrate are marked by open circles, while
filled circles represent the sulfur tail groups of DASA molecules. Scan
parameters: Iy = 30 pA, U, = 600 mV. (b) High resolution STM image of
the DASA monolayer captured at 30 hours after deposition. Molecules
have dark or bright contrast, with “bright” and “dark” molecules are
rather randomly distributed on the surface. The right inset schematically
depicts the arrangement of DASA molecules in their open and closed
forms. The left insert demonstrates the height profile measured from
Z-cross sections. (c) High-resolution STM image of an n-dodecanethiol
monolayer adsorbed on Au(111), captured on 20th day after deposition.
Insets show the molecular height profile and the arrangement of
n-dodecanethiol molecules. Scan parameters: Iy = 27 pA, Uy = 720 mV.
(d) Schematic diagram illustrating idealized models of the electrostatic
interaction between immobilized polar DASA molecules. The left side
shows the arrangement of open forms with high electrostatic interaction
energy, while the right side depicts the lowest energy configuration,
which involves the closed form.

This behavior contrasts with the DASA molecules in solution
(toluene/chloroform), where the thermodynamically less stable
cyclic form requires continuous illumination to persist, and
after the cessation of the latter, quickly (within minutes) ther-
mally relaxes back to the open (linear) form (Fig. S7, ESI{). The
observed structural transformation is likely driven by lateral
electrostatic interaction between DASA molecules. We consider
the following mechanism, which is based on the model of
longitudinal surface charge density wave proposed by
Madhusudana.?® The DASA molecules with large longitudinal
dipole moments, D =~ 10 Debye (Fig. S8, ESIt),>® can be viewed
as cylindrical rods featuring alternating positive and negative
electric charges along their long axes (Fig. S9, ESIf). These
molecules are chemically immobilized onto the flat surface at
a very short distance, R ~ 5 A. Consequently, interactions
between the like-charged regions have a strong effect on the
total energy of SAM structures. We assume that this accumu-
lated electrostatic interaction energy may trigger the transition

Nanoscale, 2025,17, 214-218 | 215
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to the closed form. A shift of one DASA molecule relative to its
adjacent molecule by half the period, ¢, of the charged wave
produces strong electrostatic attraction between the two
oriented in a syn-polar fashion, as illustrated in Fig. 2d. The
energy reaches a minimum when the positively charged regions
of one DASA molecule align with the negatively charged regions
of the neigbouring molecule. The incompleteness of the
process can be attributed to the strengthening of electrostatic
repulsion associated with the further build-up of the closed
molecular forms, as well as a limited degree of freedom and
flexibility within the SAM. The bulky DASA heads in the closed
form may hinder efficient and complete isomerization of all
adsorbed molecules. Thus, the molecular architecture within
the SAM is rather influenced by the delicate balance between a
number of molecules in linear and cyclic forms.

To trace the evolution of the monolayer, we carried out STM
measurements over several days. After 50 hours, we noted the
emergence of a “zig-zag” structure exhibiting a regular arrange-
ment of bright and dark spots, indicative of two different con-
formations of DASA molecules within the monolayer (Fig. 3a).
The schematic packing model depicted in Fig. 3b illustrates
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Fig. 3 (a) Intermediate “zig-zag"” structure of DASA monolayer observed
50 hours after deposition. Insets demonstrate molecular height profile
(left) and the arrangement of DASA molecules in their open and closed
forms. Scan parameters: Iy = 30 pA, U = 600 mV. (b) Corresponding
schematic model of molecular packing. The rhombus marks the primi-
tive unit cell of the packing, consisting of 4 molecules — two molecules
with closed conformation and two molecules with open conformation.
(c) (\/3 X \/3)R30° structure modulated by a c(4 x 2) superstructure. The
white rectangle highlights the unit cell of the c(4 X 2) superstructure.
Insets demonstrate molecular height profile (left) and the arrangement
of DASA molecules in their open and closed forms. (d) Schematic model
of the packing of DASA molecules in the final hexagonal (\/3 X \/3)R30°
structure modulated by the rectangular c(4 x 2) superstructure. The red
hexagon represents the unit cell of the Au(111l) surface. The blue
hexagon corresponds to the packing of molecular tails (SH-groups). The
black rectangle reflects the packing of DASA molecules in the open con-
formation, while the red circles represent molecules in the closed form.
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the ordering, where the “zig-zag” pattern consists of open-
form (yellow circles) and closed-form (red circles) molecules,
suggesting the coexistence of two equivalent structures.
This molecular arrangement persisted for approximately
10-20 hours. However, around the 70 hour mark, we observed
the appearance of signs of a rectangular structure (Fig. 3c). As
shown in the schematic packing model (Fig. 3d), the adsorp-
tion sites remained in their original positions, forming a well-
known (/3 x 1/3)R30° structure (with the unit cell marked by
a blue hexagon). Simultaneously, the molecular backbones in
the open form (yellow circles) assembled into a rectangular c(4
x 2) superstructure (indicated by the rectangle). Ultimately, the
DASA monolayer adopted a hexagonal (/3 x 1/3)R30° structure
modulated by the rectangular c¢(4 x 2) superstructure (Fig. 3d).
This structure remained stable for several days, representing
the culmination of the structural evolution of the DASA
monolayer. The observed intermediate “random” and “zig-zag”
structures correspond to metastable states of the monolayer.

It is noteworthy that the field strength in the tunneling gap
during scanning can be relatively high, reaching up 10° V m™,
which is close to the desorption field. Naturally, this raises
question about the potential influence of the STM tip on the
structural evolution of DASA monolayer. To address this
concern, we conducted an experiment, where the DASA mono-
layer was left undisturbed for 4 days after deposition, without
any scanning control. Remarkably, we found that the resulting
structure remains consistent with the previously observed (\/ 3
x 4/3)R30° structure modulated by the ¢(4 x 2) superstructure.
This experiment provides evidence that the structural evol-
ution of DASA monolayer occurs solely under the influence of
thermal and electrostatic energies, without significant pertur-
bation from the STM tip.

The arrangement of the DASA monolayer does not inher-
ently rely on the light sensitivity of the DASA molecules, which
spontaneously align on the gold surface due to their chemical
nature and large permanent dipole moments. To investigate
the effect of light on the self-assembly of the DASA monolayer,
we conducted experiments under illumination (532 nm) at
intensities ranging from 3 to 240 mW cm™>. Surprisingly, no
structural ordering of the monolayer was observed after this
treatment. This can be explained by considering the unit cells
in Fig. 3, which consist of molecules in both open and closed
forms. This coexistence appears to be a necessary condition
for forming the “zig-zag” structure and the final hexagonal
(v/3 x 4/3)R30° arrangement, modulated by the rectangular c(4
x 2) superstructure. In contrast, under illumination, all DASA
molecules in the monolayer adopt the same bent confor-
mation, which likely imposes geometric and electrostatic limit-
ations that prevent the formation of a well-ordered structure
detectable by STM.

Conclusions

In summary, we demonstrated highly ordered self-assembled
monolayers of DASA photochromes obtained through liquid

This journal is © The Royal Society of Chemistry 2025
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deposition on a reconstructed Au(111). Using STM under
ambient conditions, we observed the structural evolution of
these monolayers over several days, progressing from initial
disorder through metastable phases to the stable final struc-
ture. The self-assembly process is accompanied by the gradual
increase in the population of the closed form of DASA, facili-
tated by coulombic stabilization, resulting in the emergence of
a distinctive dipole architecture on the metal surface. The
resultant monolayer can be regarded as a novel class of polar
SAMs, holding significant promise for applications in opto-
electronic technologies.
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