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ABSTRACT: The conductance properties of a photo-
switchable dimethyldihydropyrene (DHP) derivative have
been investigated for the first time in single-molecule
junctions using the mechanically controllable break
junction technique. We demonstrate that the reversible
structure changes induced by isomerization of a single
bispyridine-substituted DHP molecule are correlated with
a large drop of the conductance value. We found a very
high ON/OFF ratio (>10*) and an excellent reversibility
of conductance switching.

ne current challenge in molecular electronics' is to build

devices integrating molecules whose conductivity can be
reversibly turned on and off by external stimuli such as light,”
an electrochemlcal potentlal mechanical motion," a magnetic
field,® or temperature. In this context, optically addressable
molecules (photochromes) capable of undergoing structure and
electronic changes upon irradiation appear as very attractive key
components to build optoelectronic devices.”

Various experimental approaches have been employed to
investigate charge transport properties of photochromic species
in molecular ensembles as well as at the single-molecule level.
The former include nanoparticle networks,® current-probe
atomic force microscopy (CP-AFM),” scanning tunneling
microscopy (STM),'® liquid metal junctions,"" and molecular
layers sandwiched between lithographically prepared contact
Experiments with a single or a few photochromic
molecules have been addressed in matrix-isolation experi-
ments,"® mechanically controlled break junctions (MCB]J) 1 as
well as in STM-BJ'® and with two-terminal carbon nanotube
devices."® The vast majority of experimental studies reported in
the literature on this topic involve dithienylethene,'**
stilbene,'** or azobenzene' as functional units. These examples
demonstrated two challenges in constructing (single-molecule)
light-driven switches: (i) reversibility and (ii) the significant
attenuation of the ON/OFF ratio with the number of
cycles. 7144

In this communication, we report the first single-molecule
conductance measurements carried out with dimethyldihydro-
pyrene (DHP)/cyclophanediene (CPD) isomers (Figure
1A)." DHP is a polycyclic 7-conjugated unit, which can be

12
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Figure 1. (A) DHP/CPD system. (B) Synthesis of 3. Reagents and
conditions: (i) NBS, DMF/CCl,; (ii) 4-pyridinylboronic acid,
Pd(PPh,),, Na,CO;, THE/H,0, reflux, 29%.

optically converted into a less n-conjugated and colorless CPD
isomer. This system is a rare example of a negative T-
photochrome; ie., the colorless open state (CPD) reversibly
reverts both photochemically and thermally into the colored
and more stable closed isomer (DHP). The polycyclic
hydrocarbon skeleton of the DHP unit can furthermore be
considered as a versatile molecular platform, which can be
chemically functionalized in various ways. As a result, this
molecular material is very attractive for the design of smart
optoelectronic materials or molecular devices.

In this work, we have synthesized and investigated the
conductance properties of 3 (Figure 1B), featuring two pyridine
rings introduced on opposite sides of a DHP scaffold. Pyridine
anchoring groups were selected to ensure efficient binding on
the gold leads and to enable optimized electronic transport
through the functional molecular wire.'®

Preparation of 3 has been achieved in two steps starting from
the 2,7-di-tert-butyldimethyldihydropyrene 1."”'” Bromination
of the latter in the Presence of N-bromosuccinimide led to the
key intermediate 2,””” which was then subjected to a palladium-
catalyzed Suzuki cross-coupling reaction in the presence of 4-
pyridinylboronic acid to afford 3 as a green solid with an overall
29% yield (Figure 1B).

The structure of 3 was confirmed by standard analytical
methods (see Supporting Information (SI)). The singlet
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observed at —3.7 ppm in the 'H NMR spectra of 3 recorded in
deuterated chloroform is the most characteristic feature of the
DHP skeleton. This signal is attributed to the resonance of the
six equivalent internal methyl protons which are strongly
shielded by the diatropic ring current induced by the
delocalized electrons in the 7z-conjugated dihydropyrene unit.
The absorption spectrum of 3 recorded in a chloroform/decane
solution (1:4) exhibits two intense bands at 354 and 395 nm
and two less intense bands in the 450—700 nm range (Figure
2).
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Figure 2. (A) Time-dependent evolution (with 10 min intervals) of
the UV/vis spectra recorded during irradiation of a 2 X 107> M
solution of 3 in CHCl;/decane (1:4, v:v) with visible light at 1 > 490
nm. (B) Cyclic voltammograms of 3 and 4 recorded in dichloro-
methane (0.1 M tetrabutylammonium perchlorate). The blue and red
curves correspond to the closed 3 and the open 4 isomers,
respectively.

The photoreactivity of 3 in solution was investigated through
visible light irradiation experiments carried out at 4 > 490 nm
using a Xe—Hg lamp (500 W) equipped with a long-pass filter.
All the experiments were carried out with a deoxygenated
solution of 3, prepared under an argon atmosphere. Under
irradiation, the color of the solution changed progressively from
green to colorless, which provides strong evidence for a
chemical process accompanied with changes in photon
absorption properties. The UV/vis spectra depicted in Figure
2 reveal a continuous decrease in the intensity of the main
bands observed between 400 and 600 nm and the simultaneous
appearance of new bands growing in the UV range. These
changes can be unambiguously attributed to the photo-
conversion of 3 into its corresponding colorless open isomer
4 (Figure 2).'” This opening process is confirmed by 'H
NMR, as proved by a large shift from —3.7 to +1.5 ppm of the
singlet signal of '"H NMR corresponding to the internal methyl
protons after irradiation at 4 > 490 nm.

The reversibility of the photoisomerization process was then
checked by irradiation of a solution of 4 at 4 = 254 nm. The
initial colorless sample turned progressively into green-brown.
The UV/vis absorption spectra recorded simultaneously
support the formation of the starting material 3. However,
this conversion is not quantitative, as revealed by the
observation of additional signals attributed to species
presumably produced through undesired side reactions
stimulated by UV light (see SI for details). On the other
hand, thermal activation was found to yield a quantitative back-
isomerization of 4 to 3, as unambiguously demonstrated in
UV/vis and NMR experiments (see SI). The corresponding
activation energy was estimated to be E, = 147.8 kJ/mol on
the basis of temperature-dependent spectroscopic measure-
ments (see SI). These results demonstrate that the 3/4 couple
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can be reversibly converted back and forth through a
combination of optical and thermal stimuli.

In addition, both isomers can be easily identified by
electrochemical methods. The cyclic voltammogram (CV) of
3, dissolved in CH,Cl, containing tetra-n-butylammonium
perchlorate (0.1 M), displays a reversible oxidation wave at E, ,
= 021 V (versus the ferrocene/ferrocenium couple) corre-
sponding to the transitory formation of 3** at the electrode
interface, while under the same experimental conditions, the
CV of 4 exhibits only a poorly defined redox process above 1.00
V (Figure 2B and SI).

The results of the solution-based photoisomerization studies
motivated the design of a single-molecule conductance
experiment. The conductance of junctions containing the
closed form 3 (DHP) is expected to be much higher than that
of junctions with the open form 4 (CPD) because of the
significant difference in 7z-conjugation.”® To demonstrate this,
we employed a mechanically controllable break junction setup
capable of operating in solution and two gold leads for trapping
single molecules. Experimental aspects of the conductance
measurements are summarized in the SI. For further details we
refer to our previous publications.*"

Figure 3A shows typical conductance—distance traces
obtained in the presence of 3 (closed ON state, blue traces)
and 4 (open OFF state, red traces) as recorded in decane/
trichloromethane (4:1, v/v). Plateaus were observed in the
conductance—distance traces in 1G, < G < 10G,, where G, =
2e?/h is the quantum conductance, which corresponds to the
break of a monatomic Au—Au contact. Additional plateaus
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Figure 3. (A) Typical individual conductance versus relative
displacement distance traces of 3 (ON state, blue) and 4 (OFF
state, red) recorded in MCBJ experiments in CHCly/decane (1:4, v:v)
containing 0.1 mM of the target molecules. (B) 1D logarithmic
conductance histograms for the above systems constructed from 1000
individual curves and recorded with a bias voltage of 0.10 V. (C,D) 2D
conductance histograms of 3 (C) and 4 (D).
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evolving in 107'Gy > G > 107%°G, in the experiments with 3
(blue traces) could be identified unambiguously as molecular
junctions containing the closed-form isomer 3 (ON state). The
noise limit of our MCBJ setup under the current experimental
conditions is reached at 107"°Gy. Irradiation of a deoxygenated
solution of 3 in the sealed liquid cell of the MCBJ stage with
visible light (=490 nm) for 30 min leads to the in situ
generation of the open-form isomer 4 (OFF state). However,
no plateaus were observed in the corresponding conductance—
distance traces of molecular junctions with the photogenerated
species 4. The curves decay exponentially up to 1077°G,.

Figure 3B displays the one-dimensional (1D) histogram on a
logarithmic conductance scale as constructed from 1000
individual traces of 3 and 4 (ON and OFF states). The
corresponding two-dimensional (2D) histograms of 3 and 4 are
shown in Figure 3(C,D). The individual conductance—distance
traces were normalized to the common point Az = 0 at G =
0.7Gy, which is characterized by a sharp drop in conductance
immediately after breaking the last Au—Au monatomic contact
upon pulling the leads apart.”> Quantitative analysis of the 1D
and 2D histograms (Figures 3B—D) reveals the existence of
three well-defined conductance features for 3, whereas no
features were observed in experiments with 4. The conductance
of single-molecule junctions containing the open-form isomer 4
is below our experimental detection limit. Control experiments
with only the solvent (decane/trichloromethane) showed no
conductance features, with or without irradiation by visible light
(see SI for details). These experimental observations confirmed
that the large conductance differences in single-molecule
junctions of 3 and 4 could be attributed to the loss of
aromaticity in 4, revealing a distinctly different conjugation of
both molecules™ (see SI).

The presence of three distinct conductance features in the
histograms of 3 [high (H), middle (M), and low (L)] could be
attributed to the sequential formation of different config-
urations between the respective (single) molecule and the gold
leads.'®*'® Quantitative analysis of the 2D conductance (Figure
3C) and characteristic length (see SI) histograms leads to the
following characteristic values: the high conductance state H is
observed as conductance cloud in 102G, < G < 107!G,,
centered around the most probable value Gi* = 1077G, at a
relative lead displacement Azy™ = 0.15 nm. Considering the
snapback distance Az, = 0.5 £+ 0.1 nm upon breaking of the
monatomic Au—Au contact,lg’m”23 we estimate an absolute
most probable gap distance zy* = Azy* + Az, = 0.65 + 0.1
nm. The middle conductance feature M dominates in 10™*3G,
<GK<L 10_3'5G0, with the most probable value Gy* = 10_4'°G0
and the corresponding absolute gap distance zp* = 1.28 nm.
The low conductance range L develops in 10_6'5G0 < GKL
1075°G,, with G ¥ = 107%3G, and z,* = 1.52 nm. These data
demonstrate that the single-molecule junction conductance of 3
decreases in distinct steps upon pulling the gold leads apart.
Comparing the absolute displacement values z* with the
theoretical length of the closed isomer in an extended
configuration of the molecular junction, L;*¥(3) = 1.55 nm,
and the typical length of a Au—N(pyridyl) bond z,p, = 0.21
nm,** we tentatively rationalize the junction evolution as
follows (see SI for details): immediately after breaking the Au—
Au monatomic contact, the molecule slides along the tip of
either of the two electrodes with its 7-system attached to it (H),
assumes a tilted orientation between the two electrodes (M),
and finally transforms into a fully upright extended molecule
(L) just before breaking. This scenario is supported by recent
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quantum-chemical and transport calculations in combination
with MD-simulated stretching traces of pyridyl-terminated
tolanes.'® Details of the junction evolution and characteristic
experimental and computed parameters are given in the SIL
To further elucidate the two-state conductance switching
closed (3) < open (4), we investigated sequential multiple in
situ illumination and thermal return cycles at room temper-
ature. All experiments were carried out using a deoxygenated
solution of 3 under argon protection. The MCBJ measurements
started with the closed form 3 (ON state). The three
conductance features were clearly observed (see SI and Figure
SS). We have chosen the mid-conductance range M with its
most probable conductance value of Gy* = 107*°G, as
reference. Next, we irradiated the solution in the MCB]J liquid
cell for 30 min with visible light (=490 nm), which led to the
complete conversion of 3 (ON state) into 4 (OFF state).
The corresponding conductance histograms of 4 are
displayed in Figure 3 and in the SI Molecular junctions
formed with 4 did not show any detectable conductance
features within the accessible sensitivity range of our setup.
Clearly, the single-molecule junction conductance of the OFF
state is below 10773G,. Therefore, we have chosen this value as
the upper limit of the conductance in the OFF state (Figure 4).

Switching cycle

Figure 4. Five sequential, fully reversible cycles of the photothermally
triggered in situ conductance switching between DHP (3) and CPD
(4). The blue circles represent the most probable middle single
junction conductance of the ON state 3, and the red circles symbolize
the upper limit of the OFF state 4.

The ON state 3 recovers completely from the OFF state 4
upon thermal activation at room temperature during a waiting
time of 45 min in the dark. The transformation of 4<>3 was
monitored in the MCBJ setup as well as in UV/vis and NMR
measurements under similar conditions. More than five of these
combined photothermal switching cycles were monitored
without detecting any attenuation in the corresponding
conductance values of both states. Choosing the mid-
conductance M state as reference, an ON/OFF ratio
approaching 10* was estimated, ie., 4 orders in magnitude.
This ratio is significantly higher as compared to published data
for other Ehotochromic molecules, such as diarzlethene-
s,/ v1214615b 4, obenzenes,”® or redox switches,>>** and
demonstrates convincingly the unique properties of the DHP-
type system studied in this communication.

To conclude, we have investigated the reversible photo-
thermal switching of a bispyridine-appended dimethyldihydro-
pyrene/cyclophanediene photochromic system employing UV/
vis spectroscopy, NMR, and electrochemical measurements.
Single-molecule conductance experiments using a mechanically
controlled break junction setup in solution clearly revealed
distinct changes in conductance between the fully conjugated
ON state (3, closed form) and the broken conjugated OFF
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state (4, open form). The photothermally triggered con-
ductance switching between these two isomers is fully
reversible, is stable over more than five sequential cycles, and
reveals an excellent ON/OFF ratio approaching 10*. This study
demonstrates that DHP derivatives represent highly promising
candidates for constructing addressable nanoscale molecular

building blocks.
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Details on experimental procedures, and additional spectra and
measurements. This material is available free of charge via the
Internet at http://pubs.acs.org.
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