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Photochromic systems can convert light energy into mechanical
energy, thus they can be used as building blocks for the fabrication
of prototypes of molecular devices that are based on the photo-
mechanical effect. Hitherto a controlled photochromic switch on
surfaces has been achieved either on isolated chromophores or
within assemblies of randomly arranged molecules. Here we show
by scanning tunneling microscopy imaging the photochemical
switching of a new terminally thiolated azobiphenyl rigid rod
molecule. Interestingly, the switching of entire molecular 2D crys-
talline domains is observed, which is ruled by the interactions
between nearest neighbors. This observation of azobenzene-
based systems displaying collective switching might be of interest
for applications in high-density data storage.

scanning tunnel microscopy | molecular switches | photochromic system |
data storage

S ingle molecules can be functional; i.e., they can be designed
to store information and to perform preprogrammed ac-
tions, thereby to act as a machine (1-4). Nature exploits, to a
great extent, light energy as energy inputs because it is environ-
mentally friendly and everlasting. Among photochromic mole-
cules (5-10), azobenzenes have been extensively studied for their
unique photoisomerization. The transition from the thermody-
namically more stable trans to the cis conformation can be
induced by irradiation with UV light and reversed upon heating
or irradiation with visible light. Such photochemical trans <> cis
isomerization of azobenzene was first described by Krollpfeiffer
et al. (11), and it has been thoroughly studied in the last decades
(12, 13). Many applications profiting from the conformational
rearrangement of the molecule, such as optical data storage
devices (14, 15), switchable supramolecular cavities and sensors
(16), or light-powered molecular machines delivering mechani-
cal work (17, 18), have been proposed. The reversible switching
of azobenzene derivatives has already been investigated at room
temperature on the single-molecule level by scanning tunneling
microscopy (STM) experiments in ultra-high vacuum studies on
isolated molecules packed parallel to the basal plane of the
substrate (19-21), in physisorbed monolayers at the solid-liquid
interface (22, 23), on self-assembled monolayers (SAMs) chemi-
sorbed on Au nanoparticles (24), and as coadsorbate in a
chemisorbed alkyl thiolated SAM on solid flat substrates (25).
However, conformationally flexible alkylthiols exposing azoben-
zene head-groups forming single component SAMs have been
reported being either non or poorly responsive to light excitation.
Moreover, similarly to the case of Langmuir-Blodgett films
incorporating azobenzenes (26), the photoinduced isomerization
has not been thoroughly characterized down to the nanoscale to
provide unambiguous evidence for its occurrence, and no ex-
planation has been given regarding the conformational reorga-

www.pnas.org/cgi/doi/10.1073/pnas.0703748104

nization within the SAM after the isomerization. To overcome
this problem, photoisomerization was indeed accomplished in
the past by “diluting” the function, i.e., by incorporating the
azobenzene-containing molecule in a shorter alkanethiol SAM
matrix (25). Unfortunately, in this latter case, neither a precise
structural picture of the conformation of the azobenzene mol-
ecules in the hosting SAM before and after the switch nor a high
level of understanding of the structural reorganization of the
hosting domain upon interconversion of the guest molecules
could be achieved. In addition, it was not possible to unambig-
uously ascribe the azobenzene isomerization to either a single or
a few molecules adsorbed at defect sites. This is indeed because
of the fact that the photoinduced interconversion of single
molecules of both azobenzenes (25) and other photochromic
systems, e.g., diarylethenes (27), chemisorbed in a hosting
alkanethiol monolayer was observed only for molecules ad-
sorbed at domain boundaries. In such locations, the molecules
are weakly anchored to the substrate and loosely packed and
therefore less stable and thus more subjected to fluctuations.
We designed a fully conjugated oligomer (1) (see chemical
formula in Fig. 1) adapted to chemisorb on Au(111) surfaces into
a single-component SAM, with a packing motif similar to that of
arenethiols. This packing potentially enables, from the steric
viewpoint, single molecules arranged in the densely packed and
crystalline architecture to undergo isomerization. Moreover, 1
has been tailored to possess a high conformational rigidity, which
differs from more conformationally flexible thiolated azoben-
zenes bearing aliphatic units. In fact, SAMs of arenethiols differ
from those of alkanethiols for the rigid character of the molec-
ular components. The m-conjugated backbone is responsible for
T-shaped interactions among the m-states that give rise to the
herringbone structure characterizing SAMs of arenethiols. In
aromatic SAMs, the 77— intermolecular interactions are mostly
responsible for the geometry of the 2D packing on the Au(111)
surface, whereas in alkanethiol SAMs, such geometry is primar-
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Fig. 1. Cartoon of the switching molecule on an Au surface. For the sake of
example, a small domain of molecule 1 [4'-(biphenyl-4-ylazo)-biphenyl-4-
thiol] immobilized on a Au surface has been sketched. Intermolecular inter-
actions between adjacent molecules stabilize the packing of domains consist-
ing exclusively of trans-isomers (Left), as well as the packing of domains
consisting exclusively of cis-isomers (Right).

ily governed by the sulfur head group—substrate interaction (28).
Finally, 1, because of its similar structure to arenethiols, can be
expected to posses an essentially planar conformation enabling
a tight packing at the supramolecular level originated by 7
intermolecular interactions. We describe herein the nanoscale-
resolved visualization of the trans <> cis switching occurring at
surfaces by means of STM imaging. Such spatially resolved
mapping makes it possible to gain insight into the isomerization
mechanism and yield. The conclusions derived on the basis of the
STM data are corroborated by UV-visible (UV/Vis) spectros-
copy results.

Results and Discussion

Photochemical studies in chloroform solutions revealed that our
molecule represents an optically addressable molecular switch
that can undergo trans <> cis photoisomerization, as monitored
by UV-Vis spectroscopy [see Fig. 2B and supporting information
(SI) Figs. 5 and 6]. 'H-NMR studies in solution upon light
irradiation provided evidence for the formation of a photosta-
tionary state with a trans — cis conversion of 88%, and a back
thermal isomerization characterized by a first-order reaction
with a rate constant k = 8.6:10~* sec™! (SI Fig. 7) (29). Optical
studies performed in transmission mode revealed spectral
changes upon subsequent irradiations at A = 450 nm and A = 360
nm of SAMs chemisorbed both on transparent Pt and Au
surfaces as displayed in Fig. 24 and SI Fig. 8, respectively. The
spectra in Fig. 24 unequivocally show the reversible character of
the switching process on solid substrates. The stability and
reversibility of the signal detected during the lifetime of a device
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Fig. 2.

is of paramount importance when evaluating the use of an
organic compound for molecular device applications. The pho-
toconversion of the photostationary state within the SAM was
calculated to span between 94% and 100% (see Methods). The
back thermal reaction on the surface is dominated by a first-
order kinetic with a rate constant k = 1.33-10~*sec™! (SI Fig. 9).
These values indicate clearly that the cis — trans thermal
reaction is slower when 1 is organized in SAMs if compared with
1 dissolved in a chloroform solution.

STM studies of the chemisorbed monolayer made it possible
to investigate the structural and light-induced dynamical prop-
erties of 1 on Au(111) with a molecular resolution. A SAM of 1
was prepared by incubating the substrate under dark condition
overnight and studied at the solid-air interface. The STM image
in Fig. 34 shows a monocrystalline domain: each bright spot
represents a single molecule adopting the trans conformation.
The densely packed and highly ordered 2D architecture exhibits
a herringbone structure with a rectangular unit cell (a = 0.65 =
0.05 nm, b = 0.89 = 0.05 nm, and a = 84° = 5) containing two
molecules. Such packing is in very good agreement with that of
arenethiol SAMs (30) and azobenzene alkylthiolated molecules
chemisorbed on Au(111) (31, 32). In such a crystalline motif, the
molecules pack more perpendicularly to the Au(111) surface if
compared with alkanethiol SAMs.

The same film was then irradiated for 15 min at 365 nm to
activate the trans — cis isomerization. Fig. 44 displays an STM
image recorded 90 min after the irradiation. In the image, a
single cis molecule is marked by the oval. The upper part of the
image exhibits molecules mostly isomerized in the cis confor-
mation, whereas the lower part is mainly dominated by the trans
conformer. In Fig. 4, the profiles I and II are traced across the
molecules adopting a cis and a trans conformation, respectively.
Both profiles I and II exhibit a constant distance between
binding sites, which amounts to 8.8 A. However, in profile I, each
molecule displays two peaks separated by a distance of 2.6 A,
which represents a fingerprint of the cis isomer. This value is not
directly related to the distances calculated according to the
atomic (geometrical) model. In fact, the tunneling is governed by
the overlap of the tip’s density of state with well defined
molecular orbitals containing the contribution of the molecule—
substrate interaction. Therefore, the measured distance between
the two spots of a cis molecule should be explained in terms of
the shape of the molecular orbitals contributing to the tunneling
and not according to the distances between the atoms or groups.
The cis molecule appears in the STM current images as formed
by two spots. The high electron density at the Au-S bond has
been shown to originate a high contrast in STM images, allowing
the easy identification of the Au-thiols binding sites (33). There-
fore, we attribute the brighter spot to the straight biphenyl-
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Absorption spectra of the reversible switching of 1in a SAM on Pt and in a solution. (A) UV/Vis spectral changes upon photoisomerization of 1 arranged

in SAMs on Pt surfaces. The SAM of 1 has been switched back and forth between the trans and the cis conformer by irradiating the sample with UV light at 450
and 360 nm, respectively. After each switching process, absorption spectrum were recorded. The curves shown have been obtained by subtracting two
subsequent absorption spectra. (B) UV/Vis spectral changes upon photoisomerization of 1 in chloroform solution.
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Fig. 3. STM images of the trans and cis domain. (A) Constant-current STM
image of trans-AZO SAM on Au(111) showing a rectangular unit cell contain-
ing two molecules (a = 0.65 = 0.05 nm, b = 0.89 = 0.05 nm, and « = 84° *+ 5).
Average tunneling current (Ir) = 55 pA; bias voltage (V) = 150mV. (B) STM
image showing a cisdomain of asample prepared by incubating overnight the
Au(111) substrate in solution of 1 under light irradiation at 365 nm. After
removal from the incubating solution, the sample was further irradiated for
90 min before imaging. The picture has been recorded ~30 min after irradi-
ation. It = 13.22 pA; V¢ = 280 mV. The arrows indicate the direction of the
bending during the switch of each molecule in the domain.

thiolated side of the aromatic chain (34). Consequently, the
second spot corresponds to the terminal biphenyl side group of
the aromatic chain that is relocated upon isomerization. The
isomerization to the cis conformation brings the upper biphenyl
side of the chain closer to the gold surface. In such a position,
the biphenyl moiety electronically interacts with the substrate; a
tunneling-through-space process allows the monitoring of these
molecular segments by STM.

The unit cell parameters found for the cis domains, which
amount toa = 0.62 * 0.05 nm, b = 0.81 * 0.05 nm, and « = 88°
+ 5, are identical to those of the trans domains, within the
experimental error bars, strongly supporting an isomerization
mechanism without rearrangements at the Au-sulfur binding
sites. Thus, only a conformational transition of the aromatic
chain takes place, which is presumably accompanied by a change
in the molecular tilt to compensate for the difference in the
molecular volume between the trans and cis conformers. The
same lattice parameters of the cis unit cell have been found
chemisorbing the cis conformer on the Au substrate. This sample
was prepared by incubating the gold surface overnight in a
solution of 1 under light irradiation (at 365 nm) and further
irradiating for 90 min after removal from the solution (Fig. 3B).
This experimental evidence is relevant, because it suggests that
both cis and trans conformers can chemisorb into thermody-
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namically stable and highly ordered crystalline films. Like the
trans domains, the cis domains adopt a herringbone structure,
proving that the m— intermolecular interactions are also re-
sponsible for the stability of the cis domains. In previous studies,
cis-azobenzene derivatives have been physisorbed only flat on
Au(111) by a prior irradiation of the azobenzene solutions, but
it was not possible to form ordered cis domains starting from the
trans conformers adsorbed on the gold (35). Significantly, in Fig.
3B, it is possible to identify the bending direction of the switching
molecules, as indicated by the arrows. Inside a cis-unit cell, the
two molecules isomerize, bending the upper biphenyl side in
opposite directions. The unidirectionality of the switch occurring
on adjacent molecules along the direction of the unit cell main
axis, together with the opposite orientation of bending in
neighboring rows, is caused by the minimization of steric hin-
drance. Because the trans binding sites seem to not be disturbed
by the switching process, we deduce that the intermolecular
interactions between the cis molecules stabilize the herringbone
structure of the new cis domain, which is further corroborated by
the slow thermal back-isomerization detected for the SAMs by
UV-Vis absorption measurements.

We showed that the isomerization is extended over many
adjacent molecules arranged into a few tens of nanometers-wide
crystalline domain. The observation of such a long-range switch-
ing, means that the yield of conversion on a domain of the trans
conformer is nearly complete, i.e., it is higher than the isomer-
ization yield in solution, as also documented by optical spec-
troscopy. This long-range order can be ascribed to a cooperative
process that determines the long-range conversion. Upon the
initial isomerization of a few molecules, the intermolecular
interactions between the switched molecules and the surround-
ing trans isomers are most likely weakened, promoting the
isomerization of other adjacent molecules along the unit cell
main axis direction, a mechanistic picture that is further sup-
ported by the unidirectional character of the bending. The
possibility to stabilize the cis conformer through the intermo-
lecular interactions among adjacent molecules in a cis domain is
responsible for the considerably increased yield of the isomer-
ization on the solid substrate with respect to the solution yield.
This consideration is corroborated by the value of the kinetic
constant calculated for the thermal back cis — trans reaction on
metal surface, which is more than seven times lower than in
solution. The rigidity of the aromatic backbone is responsible for
the cooperative switch and the 77— interchain interactions are
fundamental for the long lifetime of the cis isomer at surface. In
fact, upon switching of one molecule, the number of accessible
conformations (i.e., relaxation states) of adjacent molecules,
leading to a decrease of the free energy of the domain, is limited
by the rigidity of the backbone. Such reduced number of
conformations that can be adopted to stabilize the cis domains
favors the occurrence of a cooperative and unidirectional switch.
The absence of this cooperative effect might be the reason why
the so-far reported systems consisting of bidimensional crystals
of alkylthiols exposing azobenzene head groups (31, 32) did not
display comparable switching properties; in fact, both require-
ments, i.e., rigidity and 77— interchain interactions, were not
fulfilled.

Conclusions

In summary, we have shown that a properly designed azobenzene
molecule can undergo cis-trans photoisomerization in large
domains at surfaces. This switch, which occurs in densely packed
single-component SAMs without perturbing the molecular lat-
tice, is complete over hundreds of molecules, and it exhibits a
cooperative character. Such a cooperative process is previously
unexplored and widely applicable for switchable single-
component SAMs consisting of intrinsically rigid and tightly
packed molecules, given that the mechano-chemical switch is not
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Fig.4. Cooperative switching occurring over a single molecular domain. (A) STM image of SAM of 1 formed on stripped Au(111) incubated in the dark for one
night in 5:10~4 M solution in toluene. In the image, a single cis molecule is marked by the oval. The sample was irradiated for 15 min before measurements. The
image was recorded 90 min after the irradiation. This time frame is very small if compared with the 2 weeks needed to achieve a complete restoration of
the trans isomer of alkyl-thiolated cis-azobenzenes under dark (42). The lower unit cell contains the trans isomers; the upper unit cell contains cis molecules. The
profiles are traced along the direction of the unit cell main axis, i.e., the direction of the switch (see Fig. 2B) It = 49.00 pA; V1 = 145 mV. (B and C) Line profiles
showing profile | the cis conformer (B) and profile Il the trans conformer (C). The two spots were observed to be located in identical positions also upon changing
systematically the scan angle and scan rate, as well as on different samples and employing different tips, therefore ruling out any imaging artifact. Moreover,
the switch was visualized by STM by using various tunneling parameters and therefore diverse tunneling gap impedances. Thus, although we cannot fully neglect
amechanical or electrical contribution of the tip to the switch, we do believe it does not hold a prime role. Although the isomerization occurs over some hundreds

of adjacent molecules, it does not take place over the whole sample surface.

sterically hindered. Therefore, it opens new avenues for the
design of molecules capable of switching in a controlled fashion
over a monolayer. The high yield of the cis-trans isomerization
on metal substrate opens intriguing perspectives for high-density
data storage devices (36) on the basis of photochromic com-
pounds. Our long-range photoisomerization taking place on the
surface was not observed in previous STM studies performed at
the solid-liquid interface, because the dynamic exchange be-
tween the supernatant solution and the adsorbate did not allow
the unambiguous determination of whether the isomerization
was occurring on the surface or in the solution through a
subsequent desorption and readsorption process (22, 23). This
system is ideal to implement in crossbar memories and for the
achievement of light-driven logic operations (37). A monolayer
of photoisomerizable molecules embedded in a molecular switch
tunnel junction can be used as a data storage element (bit) (36).

Current activity is addressed toward the assessment of crucial
parameters as switching speeds and potential degradation of
molecular components. Moreover, the fully conjugated molec-
ular structure of our building blocks renders our highly ordered
SAM aunique workbench for molecular devices, in particular for
nanomechanical and nanoelectronic applications.

Methods

Synthesis and Characterization. The target structure, i.e., 4'-
(biphenyl-4-ylazo)-biphenyl-4-thiol (1), has been assembled in a
seven-step synthesis displayed in Scheme 1. The key steps were
the formation of the azo linkage in a Mills reaction (38) between
4-nitrosobiphenyl and 4-amino-4’-methylsulfoxybiphenyl to
form a suitable precursor, which was converted to 1 by a
Pummerer rearrangement followed by in situ hydrolysis (39). The
newly synthesized compounds have been characterized by 'H-
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Synthesis of the azo-functionalized rod 1 comprising a terminal sulfur group. (Reaction a) Step 1: NH4Cl, Zn, MeOCH,CH,OH, and H,0 at 35°C. Step

2: FeCl3, MeOCH,CH,0H, H,0, and EtOH at —5°C, 63%. (Reaction b) NaSMe and DMI at 150°C, 60%. (Reaction ¢) mCPBA and CH,Cl, at 0°C, 89%. (Reaction d)
(Ph)>C = NH, [Pd(dba)s]-CHCl3, KOtBu, BINAP, and CH3CgHs at 80°C, 77%. (Reaction e) NH,OH-HCl, NaOAc, and MeOH at room temperature, 95%. (Reaction f)
AcOH and CHCl, at 65°C, 83%. (Reaction g) Step 1: (CF3C0),0 and CH3CgHs at 40°C. Step 2: Et3N, CH3CgHs and EtOH, at room temperature, 27%. Detailed
information on the synthesis and characterization are given in the S/ Text.
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NMR and BC-NMR spectroscopy, mass spectrometry, and
elemental analysis. However, the poor solubility, together with
the limited availability of 1, did not allow a '3C-NMR spectrum
to be recorded. In view of the x-ray structure of the precursor 7
(see SI Text and SI Fig 10) already comprising the biphenyl-azo
substructure, we assume that both biphenyl subunits are essen-
tially planar, and due to the planar character of the N = N group,
all moieties reside in the same plane. The planar structure leads
to strong w—m stacking interactions between neighboring mole-
cules in the solid state, resulting in very limited solubility of 1 in
organic solvents.

Monolayers Preparation. For UV measurements, Pt and Au films
with a nominal thickness of 10 nm have been prepared on quartz
by E-Beam deposition and vacuum sublimation, respectively.
STM measurements have been carried out on gold evaporated
on mica substrates (100-nm thick). The SAMs were prepared by
immersion of freshly prepared metallic substrates into a 0.1 mM
solution of 1 in degassed chloroform at room temperature for
24-48 h. After immersion, the samples were carefully rinsed with
pure chloroform and blown dry with argon.

UV/Vis Spectroscopy and Photoirradiation. UV/Vis spectra have
been recorded with a Kontron (Zurich, Switzerland) Uvikon
931 spectrophotometer. The irradiation of the SAMs of 1 has
been performed in situ inside the spectrophotometer cavity.
The irradiation cycles have been executed with a Spectral
Luminator (LOT-Oriel, Stamford, CT). The exposure time of
the irradiation has been indicated in the figures. Measure-
ments on SAM on Pt and Au substrates were carried out under
nitrogen to avoid the substrate oxidation. The bandwidth of
the light source in the UV/Vis region was 5 nm. The photoi-
somerization of the SAM has been measured as spectral
differences to reduce the interference of the metal absorption
band. Pt metal surface has been used as a solid substrate to
record the spectral differences related to the trans-cis isomer-
ization without the contribution of the changes in surface
plasmon bands of the metal.

Kinetical Studies of the Trans-Cis Isomerization in Solution and on the
Surfaces. The yield of the photoconversion in solution of 1 from
the trans to the cis form has been calculated from the ratio of the
'H-NMR signals of the two isomers in the initial and in the
photostationary state. The spectrum of the cis form has been
calculated combining the data of the percent of the photocon-
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version from trans to cis form obtained form the 'H-NMR
spectra and the related UV-Vis spectra. The spectra of the
measured trans and the calculated cis form in solution are
reported in SI Text and SI Figs. 7 and 9.

We have calculated the trans — cis photoconversion yield at
the photostationary state of 1 in the SAMs on Pt and on Au by
assuming that the values of the extinction coefficients of the cis
and trans forms do not change upon organization on SAM:s,
because they are only slightly dependent on their environment
(40, 41). Under this approximation, the trans — cis photocon-
version yield has been obtained by deconvolution of the absorp-
tion spectra of the photostationary state.

The thermal cis — trans back isomerization of 1, both in
solution and in SAMs, has been followed by recording the
increase of UV/Vis spectra at A = 360 nm. From these data, the
lifetimes and the constant rates were calculated. The kinetic
constants reported in the main text for the back thermal reaction
in solution, on Pt and on Au surfaces, are calculated according
to a first-order kinetic equation.

STM. STM images were obtained in constant-current mode with
a commercial apparatus (Multimode Nanoscope IV; Veeco,
Woodbury, NY) in air and at room temperature. The STM tips
were cut from a Pt/Ir wire (0.25 mm). Unit cells were averaged
over several images, making use of SPIP software [Scanning
Probe Image Processor (SPIP), version 2.0; Image Metrology,
Lyngby, Denmark].

Substrate and Monolayer Preparation. Au(111) terraces were ob-
tained by flame annealing of gold evaporated on a mica sub-
strate. The trans-SAMs were formed after overnight incubation
in the dark of the Au(111) in a 5-10~* M solution of 1 in toluene
or CHCls.

Complete details of methods used are given in SI Text.
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