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The assembly of artificial molecular machines to allow precisely
controlled motion that responds to light and electrons is currently
a popular research topic in nanosciehd¢owever, the question
of how we extract effective “output” from such motion remains to
be discussed. We can find many examples of this type of motion
in natural molecular machinédpr instance, our visual sense uses
trans/cis photoisomerization of rhodopsin in the refimasulting
in an electrical signal to the nervous system through a multistep B
chemical reaction proceé4&his natural approachi.e. the relation
of a signal receptor and a signal supplier through a reversible p
chemical reactiorrcan also be applied to the assembly of an Figure 1. ORTEP drawing for [Cufans-0AB),]* with ellipsoids drawn
artificial molecular machine. In the present work, we succeeded in at the 50% probability levels. H atoms, counterions, and solvent molecules
relating the photoinduced trans/cis structural conversion of an are omitted for clarity.
azobenzene moiety (light receptor) and the redox reaction of a The trans-cis isomerization of the azo moiety in [Qudns-
copper complex moiety (electron supplier) through a reversible oAB),]* is expected to change the-s stacking and coordination
ligand coordination reaction. geometry of the copper center, because the bent structure of the

In our molecular design, two azobenzene moieties are substitutedcis-azobenzene moiety makes it difficult for this moiety to interact
at the 6,6-position of 2,2-bipyridine, to accomplish the trans/cis  with the other 0AB ligand. In théH NMR spectra (see Sl), the
structural photoconversion in the densely packed environment signals on 4ert-butylphenyl moieties exhibit considerable upfield
around the copper(l) center, which has a labile melighnd bond shifts (0.15-0.5 ppm) in [Cufrans-0AB),]* compared to
arising from its d° configuration. The ligand oAB (0AB-= 6,6- [Cu(oPh}]™, but almost no shifts were observed in [Cis-
bis(4'-tolylazo)-4,4-bis(4tert-butylphenyl)-2,2bipyridine) and its 0AB),]*. The upfield shifts seem to be caused by the shielding
copper(l) complex [Cu(oAB)BF, were synthesized and well effect of opposite azo moieties of another ligand, and thus these
characterized using this strategy. TAE NMR spectra (see  two groups are likely far separated in [Cig-0AB),]*, and the
Supporting Information [SI]) and the X-ray crystal structure (Figure cis-azo moieties have no effect on the enhancementrofr
1) confirmed that all azo moieties in 0AB and [Cu(oAB)take a stacking. As a result, the coordination structures of @G-

Bu

[Cu(oAB)]

completely trans form under conditions of darkness-0AB was 0AB),]* and [Cu€is;-0AB),] " are fairly different from each other
obtained in an almost quantitative yield of 89% by UV irradiation with respect to the interligand-stacking effect.
of a solution oftrans-0AB, with a small amount ofrans,,cis;- To convert the structural difference between trans and cis
0AB formed at a photostationary state. Reaction of [Cu{CK).]- complexes as a driving force for electron transfer, the ligand
BF, with 2 equiv of cis;0AB successfully yielded [Cug{s,- exchange reaction can be an effective mediator, because it closely
0AB);]*, which was well characterized withl NMR and’3C NMR concerns both phenomena,; i.e., (i) the interligantr stacking is
spectra at OC (see SI). known to have a large stabilizing effect on formation of the:'-

A comparison of the crystal structures of [@afs-0AB),]™ diimine bischelate copper(l) complexeand (ii) it is expected that
(Figure 1) and its simple analogue, [Cu(oRh)(oPh = 6,6- the oxidation potential of copper(l) will change with the ligand

diphenyl-4,4-bis(4'-tert-butylphenyl)-2,2-bipyridine) (see Sl) re- exchang€.We estimated the coordination ability of these ligands
veals that the azobenzene group makes a significant contributionby evaluating the ligand exchange equilibrium of [Cu(pywith

to m-conjugation and ther—x stacking effects in [Cufans- trans-0AB or Cis;-0AB with *H NMR in CD,Cl, (bpy = 2,2-
0AB),]*. Four interligandz—z stackings are observed between bipyridine). When [Cu(bpy]* was added to 2 equiv dfans-
pyridine and the six phenyl rings in [Ciéns-0AB),]*, and the ~ OAB, 32% of trans-0AB replaced bpy and formed [Cugns-
interligand dihedral angle (between two NCuN planes) i 6®ich 0AB),]*" to reach equilibrium within 30 min. On the other hand,
is lower than that for [Cu(oPH)" (72°). An increment ofr—x almost no [Cu¢is,-0AB),]* formation was observed from a mixture
stacking fairly flattens the coordination geometry around the copper Of [Cu(bpyk]™ and 2 equiv ofcis,-0AB. These results clearly
center of [Cufans-0AB),]* from the tetrahedral coordination, demonstrate that the coordination stabilization of f@r(s-

which is a common structure in copper(l) compleXkes. 0AB);]* is greater than that of [Cais,-0AB),]*, as predicted from
the r-stacked structure of [Ctrans-0AB);]*.

t University of Tokyo. Concomitant with the bpy/oAB ligand exchange reaction, the
*Tokyo Institute of Technology. copper valence electron energy is expected to change, as tlhie Cu
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Figure 2. Schematic representation of energy migration in the mixture of
0AB and [Cu(bpy)] *.
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Figure 3. Time-course rest potential changes (A) and electrolysis currents
(B) of a photoirradiated sample containitigns-0AB (1 x 10-3 M), [Cu'-
(bpy*)2]BF4 (5 x 1075 M), and [CU'(bpy*)2](BF4)2 (5 x 1074 M) in 0.1

M BusNBF; solution (CHCI,). Sequential photoirradiation was carried out
with monochromatic UV light (365 30 nm) and visible light (436- 30

nm). The electrolysis potential applied in B was set at 0.20 V, which is the

electric current response induced by closing the electronic circuit
was also measured with the bias potential maintained at the midpoint
between the cis and trans redox potentials (at 0.02 V). The current
was cathodic in the trans form, but it was inverted to anodic when
UV irradiation isomerized the azobenzene moiety todtssform
(Figure 3B). The response also could be repeated continuously, and
it is worth noting that the system completely recovered its initial
state in a sequential procedure, because the charge migration was
canceled out through the cathodic and anodic current.

The photoelectric conversion was also attained using a sim-
ple solid polymer electrolyte cell, ITO/0AB, [Clopy*),]™,
[CU"(bpy*),]>H(PEO-LIM)/ITO (see SlI). The voltage between the
two ITO electrodes changed positively and negatively with multiple
sequences responding to UV and visible light irradiation, respec-
tively. The potential difference between the two ITOs may be
caused by the temporal gradient of the trans/cis ratio through the
light path.

In conclusion, a molecular machine-based photoelectric conver-
sion system was demonstrated in this study. The coordination
chemistry of copper plays a key role in converting the photoinduced
mechanical work of azobenzene to electronic work, and thereby
creating a reversible and charge-storable system. The combination
of a redox reaction with trans/cis conversion of azobenzene has
been reported by several groups thuséfaut electrons were used
as input stimuli to induce isomerization. The catenation of individual
reversible reactions to make an input/output path is a completely
new approach that affords a molecular system working purely with
light energy and supplying electrical signals to outside of the
molecule.
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midpoint value between the trans and cis rest potentials (denoted by the COE Program for Frontiers in Fundamental Chemistry from MEXT,

red dotted line in A).

Cu redox potentials of [Cu(bpy)™ and [Cufrans-0AB),] " differ
significantly. This difference is attributed to the bulky groups at
6,6-position of bipyridine in 0AB preventing the formation of a
favorable square planar structure in the'Gtate’ In a differential
pulse voltammogram of the mixture containing [Cu(bpy)and
Cis-0AB in an electrolyte solution (see Sl), a'@Gu redox wave

of [Cu(bpy)]™ was observed at0.20 V (vs ferrocenium/ferrocene),
and a small redox wave of [Cti6-0AB),]™ (0.45 V) was seen.
But whencis,-0AB was converted ttrans-0AB with visible irra-
diation, a new Cl/Cu redox wave of [Cufans-0AB),]* devel-
oped at 0.45 V. This result directly exhibits that the electrochemical
behavior could be controlled reversibly with UV/visible irradiation,
and the reaction in this system can be described in Figure 2.

The redox potential change generated through photoisomerization

Japan.

Supporting Information Available: Mateirals and methods, crystal
structures of [Cutans-0AB);]BF, and [Cu(oPhy)BF,, '*H NMR data
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This material is available free of charge via the Internet at http://
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