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ABSTRACT: We here describe the first metal complex
system in which electronic signals can be repeatedly extracted
by converting bistable states related to an intramolecular ligand
rotational motion, which is fueled by visible light. The
molecular structure for relating an electron transfer and a
motion consists of a copper center and a coordinated
unsymmetrically substituted pyrimidine derivative, whose
rotational isomerization causes an electrochemical potential shift. To harness light energy effectively through metal-to-ligand
charge transfer (MLCT) excitation, we prepared a simple copper(I) complex coordinated by a 4-methyl-2-(6′-methyl-2′-
pyridyl)pyrimidine and a bulky diimine. The thermodynamic and kinetic parameters of redox and rotational reactions were
analyzed by cyclic voltammograms at variable temperatures, by considering four stable isomers related to copper(II)/(I) states
and rotational isomeric states. The key feature of this compound is that the rotation is frozen in the copper(I) state (rate constant
for the rotation, kIi→o = 10−4 s−1) but is active in the copper(II) state (kIIi→o = 10−1 s−1) at 203 K. The compound makes a bypass
route to the isomeric metastable copper(I) state, via a tentative copper(II) state formed by photoelectron transfer (PET) in the
presence of a redox mediator, decamethylferrocenium ion (DMFc+), or upon a partial oxidation of the complex. Light- and heat-
driven rotation in the copper(I) state with a potential shift (ΔE°′ = 0.14 V) was analyzed by electrochemical measurements of the
complex in the solution state. The rotor could be reset to the initial state by heating, thereby completing the cycle and enabling
repeated operation fueled by light energy. A significant redox potential shift associated with the copper(II)/(I) transition
accompanied the rotation, thereby providing a new type of molecular signaling system.

■ INTRODUCTION
Multistable molecules that are capable of intramolecular
structural or chemical transitions form a subclass of molecules
useful in nanotechnology applications, such as in single-electron
transistors,1,2 molecular electronics,3−7 magnetic ordering,8−10

artificial photosynthesis,11,12 photochromic materials,10,13−25

and molecular machines.6,7,25−38 Redox-active molecules, in
which oxidation states are reversibly switched by electronic
stimuli, are one of the key components in these molecular
devices. Redox-active molecules can be functionalized with
photoswitchable ability by attaching photochromic mole-
cules,18−24 such as azobenzene21,22 and diarylethene.23,24

The activities of multistable molecules as functional units
within single molecules are frequently observed in natural
systems.39−41 For example, proton gradient energies across
membranes can be converted to chemically high-energy ATP
molecules via rotational motion of the F0 unit of ATPase, where
proton receptors are ultimately fabricated. Ferrocene-attached
unidirectional motion driven by electronic voltages has been
proposed as an energy-converting function acting like a natural
motor.42 The central goal in this field is to harness the natural
motor functions of molecules that can convert the energy of
external stimuli into useful responses based on the capacities of
molecular motion.
To develop an electrochemical potential response from an

artificial molecular rotor with a stimulus-convertible function,

we have focused on simple copper coordination compounds
with bidentate diimines, because of the well-established unique
relationship between reversible redox activities, photophysics,
and coordination structures in these compounds.43−52 The
copper(I) state prefers a tetrahedral geometry, whereas the
copper(II) state favors a square planar geometry or a 5- or 6-
coordinated form due to Jahn−Teller effects.36−38,43−56 The
structural changes associated with electron transfer events turn
out to play a significant role in the function of copper blue
proteins.57−59 As a result, crowded coordination geometry
generally renders the oxidation of copper(I) to copper(II)
thermodynamically less favorable due to destabilization by
steric repulsion in the copper(II) state.43,44 For example, the
oxidation potential of [Cu(dmp)2]

+ (dmp = 2,9-dimethyl-1,10-
phenanthlorine) is much more positive than that of [Cu-
(phen)2]

+ (phen = 1,10-phenanthlorine).43,44 In addition,
copper(I) polypyridyl complexes basically exhibit an absorption
band in the visible light region due to the metal-to-ligand
charge transfer (MLCT) transition.47−51 Introducing bulky
substituents, such as a methyl group,50,51 around the copper
center strongly enhances its luminescence on account of the
long-lived MLCT electronic excited state;47−51 application of
the luminessive copper(I) complexes into optical devices has
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been developed by considering the steric effect around the
copper center.60−63 The MLCT state facilitates the photo-
electron transfer (PET) process,43,44,64 as in ruthenium(II)
polypyridyl complexes.65 Furthermore, bidentate diimines on
copper undergo ligand substitution reactions at minute-scale
rates at ambient temperatures.53,54

These unique properties enable us to design a molecule
whose structural responses can be converted into a different
signal form. We previously examined azobenzene-appended
bipyridine ligands that undergo an electric potential shift via a
reversible photoisomerization through an intermediate stabi-
lized by ligand exchange at the copper center (i.e., the transition
was not intramolecular).66,67 To embed the ligand exchange
within a single molecular process, we introduced a bidentate
ligand that includes a coordinated pyrimidine moiety.68−73 The
ligand can effectively alternate between two possible pyrimidine
nitrogen atom coordination geometries at the copper center via
rotational isomerization. As the alpha substituents on the
alternate pyrimidine nitrogen atoms are different, rotational
isomerization alters the steric interactions within the coordina-
tion sphere at the copper center. The steric effects cause a shift
of the redox potential by favoring either a tetrahedral geometry
(preferred by copper(I)) or a square planar geometry (5- or 6-
coordinated form preferred by copper(II)).43,44 Rotational
isomerization of the bidentate ligand therefore displays dual
redox potentials, the electric signal of which can be detected in
the cyclic voltammogram for the copper(II)/(I) couple.68−71

Copper complexes that include unsymmetrically substituted
pyrimidines, such as 4-methyl-2-(2′-pyridyl)pyrimidine, can
undergo structural transitions based on the chemical energy
supplied by adding redox reagent solutions.68,69 The structural
transitions modulate the electrode potential68 and can
manipulate intramolecular electron transfer within a redox
array comprising a copper center and a bound ferrocene
moiety.69

The major problem to be solved in this system is how best to
drive the pyrimidine rotational isomerization in the energeti-
cally uphill direction to extract a responsive electric signal
repeatedly. In the present work, we succeeded in driving this
rotational isomeric system using visible light illumination
through a PET process for the first time (Figure 1). The
simplicity of the motion enabled us to accurately tailor the
dynamics of the system. The structure of the copper complex
was carefully designed to optimize sensitivity to photo-
illumination, by considering the sensitivity of the copper(I)
complex excited state to steric factors.47−51 We employed a 4-
methyl-2-(6′-methyl-2′-pyridyl)pyrimidine (MepmMepy) li-

gand, which is similar to our previously described ligand but
includes an additional methyl group at the 6-position of the
pyridyl moiety. The additional methyl group is expected to
extend the MLCT excited state lifetime.47−51 2,9-Dimesityl-
1,10-phenanthroline (Lmes) was used as an auxiliary ligand
because the bulky mesityl group yielded a similar MLCT
lifetime extension; Lmes also helps prevent undesirable
formation of a homoleptic complex.74−77

■ RESULTS AND DISCUSSION
Synthesis and Characterization. MepmMepy was newly

synthesized by a condensation of a reported amidine78,79 with
acetylacetoaldehyde dimethylacetal, according to the modified
procedure described in the literature.80 A new compound,
[Cu(MepmMepy)(Lmes)]

+BF4
− (1+BF4

−), was synthesized by a
reaction of tetrakis(acetonitrile)copper(I) tetrafluoroborate
([Cu(MeCN)4]

+BF4
−) with MepmMepy and Lmes

74,75 in
dichloromethane at room temperature,81 according to the
slightly modified procedures described in our previous
literature (Scheme 1).68 The interconversion between coordi-

nation isomers is described in Figure 1, where the notation of
inner (i-) and outer (o-) isomers indicates the direction of the
pyrimidine ring.
X-ray structural analysis of 1+BF4

−·CH2Cl2·0.5hexane reveals
that both i- and o-coordination forms were present in the same
crystal (Figure 2a and Supporting Information Figure S1). The
crystal structure was treated as a disorder between the i- and o-

Figure 1. Conceptual diagram showing the photodriven and heat-
driven pyrimidine ring rotational isomerization of 1+BF4

−.

Scheme 1. Synthesis of 1+BF4
−

Figure 2. (a) ORTEP view of 1+BF4
−·CH2Cl2·0.5hexane. The

displacement ellipsoids are drawn at a 50% probability level. Hydrogen
atoms, counteranions, crystal solvents, and one complex cation are
omitted for clarity. (b) Temperature dependence of the methyl signal
on the pyrimidine moiety in the 1H NMR spectrum in CD2Cl2 in the
dark.
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forms, considering that the isomeric structures are almost
identical, except for the position of the methyl group.
Occupancy refinement of the disorder gave a i-CuI/o-CuI

isomer ratio = 1:2.3.
The rotational behavior of 1+BF4

− in a solution state was
investigated by nuclear magnetic resonance (NMR) spectros-
copy. The 1H NMR spectrum in dichloromethane-d2 at 273 K
shows two sets of signals, which were assigned to i-CuI and o-
CuI according to their chemical shifts, after consideration of the
shielding effects of the copper and Lmes moieties (Figure 2b and
Supporting Information Figure S2). Broadening of the peaks
upon heating indicates that the two isomers coexisted and
interconverted via rotational motions (Figures 2b and S3). The
molar ratio of i-CuI and o-CuI, estimated from signal
integration, remained fixed at 1:2.3 over the range 200−300
K (Figure S3).
Electrochemistry. Two requirements are required to

manipulate an electron transfer via rotation processes: (i) the
copper(II)/(I) redox potential between i- and o- isomers is
different, and (ii) the rotational interconversion can be frozen
and activated at an accessible temperature range.68,69 We
conducted cyclic voltammetry, as it provides information on
both redox properties and rotation dynamics.
A voltammogram at 203 K in Bu4NBF4−CH2Cl2 at a scan

rate of both 250 and 50 mV s−1 showed two reversible waves
derived from two isomers at E°′ = 0.48 and 0.62 V vs Ag+/Ag
(Figure 3a). The waves at 0.48 and 0.62 V were assigned to the

o-CuII/I and i-CuII/I redox reactions, respectively, as a bulky
substituent around the copper center shifted the potential
toward positive values by preventing the square planar
geometry favored in the copper(II) state.43,44 The prominence
of the wave at E°′ = 0.48 V compared with that at E°′ = 0.62 V
was consistent with the molar ratios of isomers estimated from
1H NMR measurements. A differential pulse voltammogram
showed both o-CuII/I and i-CuII/I waves, where the peak
currents reflect the molar ratio of i-CuI and o-CuI in the
solution (Figure 3b). Repeated potential sweeps in cyclic
voltammetry gave identical current ratios of the isomers. The
nice reversibility of these two waves suggests that four states, i-
CuI, o-CuI, i-CuII, and o-CuII, are sufficiently stable without
subsequent chemical degradation. A reduction wave of 1+BF4

−

was not observed with potential sweeps down to −1.8 V
(Supporting Information Figure S4).
As the temperature was increased to 225 K at a scan rate of

250 mV s−1 (Figure 4a, purple line), the cathodic wave for i-

CuII slightly decreased; the decrease was more apparent at a
scan rate of 50 mV s−1 (Figure 4a, black line). Further warming
to 275 K caused a transformation of the entire voltammogram,
as if there was one cathodic wave (Figure 4b, purple line). The
convergence into a single wave suggests that oxidation
promotes a rotation from i- to o- on the time scale of the
potential sweep.56,83 The preference of the square planar
geometry in the copper(II) state converted i-CuII into o-CuII

because of steric repulsion of the methyl group via a thermally
activated process. From the voltammograms, it appears as if
there is a single reversible redox process when both
interconversions in copper(II) and copper(I) states are
sufficiently rapid, as compared with the potential scan at 50
mV s−1 (shown in Figure 4b).

Thermodynamics and Kinetics for the Rotation. As
described above, we deduced that the shape of the voltammo-
gram is mostly determined by the competence of the potential
sweep and the nature of the rotational processes. A quantitative
simulation analysis using cyclic voltammograms provides
further constraints on the experimental conditions at which
photodriven i-CuI → o-CuI rotation can be achieved.56,83 We
assumed a square scheme (Figure 5a) between four stable
isomers, i-CuI, o-CuI, i-CuII, and o-CuII, and reproduced the
experimental voltammograms at several temperatures. These
simulations provide thermal and kinetic parameters for the
redox potentials and rotations in both copper(I) and copper(II)
states, as described in Table 1 and Supporting Information
Figure S5 and Table S2.56,83

The equilibrium constant for the rotation in the copper(I)
state (KI), which was set as [o-isomer]/[i-isomer], remained 2.3
over the temperature range 200−300 K (Figure 5b). This result
indicates that the two isomers were comparably stable. In
contrast, a much larger equilibrium constant in the copper(II)
state (KII), obtained from the electrochemical analysis, indicates
that nearly all molecules were present as the o-isomer under
equilibrated conditions (Figure 5b).
The rate constant for the i-→ o- rotation, estimated from the

Arrhenius plots in the copper(I) state (kIi→o), was less than
10−4 s−1 at 203 K, which indicates that the rotational motion
was substantially frozen, which we call the “rotation-OFF state”
(Figure 5c and d). When the temperature was raised to 250 K,
kIi→o increased to 10−1 s−1, indicating that the rotation was
sufficiently activated from OFF to ON in the copper(I) state. At
the intermediate temperature of 225 K, kIi→o was 10−3 s−1,
implying that the rotation proceeded slowly over a period of
several minutes, which enabled us to trace the time progression
of the rotational conversion. In contrast, the rate constant in
the copper(II) state (kIIi→o) was 10−1 s−1, even at 203 K,

Figure 3. (a) Cyclic voltammograms of 1+BF4
− (0.45 mM) in 0.1 M

Bu4N
+BF4

−−CH2Cl2 at a scan rate of 250 (purple line) and 50 mV s−1

(black line) at 203 K. (b) Differential pulse voltammogram under the
same conditions as for part a.

Figure 4. Cyclic voltammograms of 1+BF4
− (0.45 mM) in 0.1 M

Bu4N
+BF4

−−CH2Cl2 at a scan rate of 250 (purple line) and 50 mV s−1

(black line) at 225 K (a) and 275 K (b) in the dark.
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indicating that the rotation was active on the time scale of one
minute (rotation-ON state) (Figure 5c and 5d).84

These results suggest that we can thermally capture a
metastable copper(I) state out of the i-/o- equilibrium at 203 K,
if light converts a coordination isomer into another form. Also,
the metastable state can be reset to its initial state by heating to
250 K, at which thermal rotation proceeds to the equilibrium
state within several seconds. The unique heat-induced ON−
OFF switching of the rotation process in the copper(I) state is a
key phenomenon for photoinduction of our rotational system.

Photophysical Properties. To fuel the rotational isomer-
ization of 1+BF4

− by light illumination, we examined the
absorption and luminescence spectra of 1+BF4

−. The
absorption spectrum of 1+BF4

− in CH2Cl2 is shown in Figure
6a. A characteristic absorption band in the visible region (λmax =

456 nm, ε = 4.8 × 103 M−1 cm−1) was attributed to a transition
from the ground state to the singlet MLCT excited state, which
appears generally in the bis(diimine)copper(I) complex
family.47−49 The absorption spectra of 1+BF4

− in acetone at
both 293 and 193 K were similar to those in dichloromethane.
The rotational behavior in acetone was also very similar to that
in dichloromethane (Supporting Information Figures S6 and S7
and Table S3).
The difference between the absorption spectra of o-CuI and i-

CuI was examined, on the basis of spectral changes upon
oxidation of 1+BF4

−, as follows. The absorption spectral
changes of 1+BF4

− upon addition of 0, 0.14, 0.29, 0.43, 0.57,
0.71, 0.86, and 1.0 equiv (NH4)

+
2[Ce(NO3)6]

2− (ammonium
hexanitratocerate (IV))85 in acetone at 193 K are shown in
Figure 6b. The oxidation diminished the MLCT absorption
band of copper(I) complexes and increased a weak d−d
transition band of copper(II) complexes.43−56 The oxidation
reaction of i-CuI and o-CuI (with the ratio, 1:2.3) proceeded

Figure 5. (a) Illustration for an aim of the simulation analysis based on
the square scheme comprising the redox reaction (vertical) and the
pyrimidine ring rotation (horizontal). (b, c) The van’t Hoff plots (b)
and the Arrhenius plots (c) for the i-→ o- rotational equilibrium in the
copper(I) (green dots) and copper(II) (purple dots) states in 0.1 M
Bu4N

+BF4
−−CH2Cl2 in the dark. (d) The rate constants for the i- →

o- ligand geometry isomerization in the copper(I) and copper(II)
states as a function of temperature, estimated from the Arrhenius plots.
Values determined from a simulated fit to the experimental cyclic
voltammograms are shown as dots. Regression curves of the Arrhenius
plots are indicated by lines.

Table 1. Selected Parameters Obtained from the Simulated
Cyclic Voltammograms of 1+BF4

− at Scan Rates of 250, 100,
50, and 25 mV s−1 in 0.1 M Bu4N

+BF4
−−CH2Cl2

285 K 265 K 245 K 225 K 200 K

E°′o/V
a 0.59 0.57 0.55 0.52 0.48

E°′i/V
b 0.73 0.71 0.69 0.66 0.62

KI
c 2.3 2.3 2.3 2.3 2.3

KII
d 7 × 102 1 × 103 2 × 103 3 × 103 8 × 103

kIi→o/s
−1 e 10 1 0.1 <0.1 <0.1

kIIi→o/s
−1 f >10 >10 5 1 <0.1

aRedox potential for o-CuII/I, vs Ag+/Ag. bRedox potential for i-CuII/I,
vs Ag+/Ag. cEquilibrium constant, set as [o-CuI]/[i-CuI]. dEquilibrium
constant, set as [o-CuII]/[i-CuII]. eRate constant for the i-CuI→o-CuI

rotation. fRate constant for the i-CuII→o-CuII rotation.

Figure 6. (a) UV−vis spectra of 1+BF4
− in CH2Cl2 at room

temperature: absorption spectrum in the dark (purple); absorption
spectrum in the dark, ×10 (dashed purple); emission spectrum
(green). (b) Absorption spectra of 1+BF4

− in the dark upon addition
of 0, 0.14, 0.29, 0.43, 0.57, 0.71, 0.86, and 1.0 equiv of (NH4)

+
2[Ce-

(NO3)6]
2− in acetone at 193 K. (c, d) Differences in absorption

spectra of 1+BF4
− in acetone at 193 K in the dark upon oxidation with

(NH4)2[Ce(NO3)6] between 0.14 equiv and 0.29 equiv (c), and
between 0.71 equiv and 0.86 equiv (d).
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almost independently, because the rotation was frozen at 193
K. As o-CuI is oxidized more easily than i-CuI, the early (from 0
to 0.7 equiv) and later (from 0.7 to 1.0 equiv) spectral changes
qualitatively show absorption changes of o-CuI and i-CuI upon
oxidation, respectively. The changes in the region from 400 to
500 nm reflect the absorption of o-CuI and i-CuI, as MLCT
absorption is much more intense than that of the d−d
transition of copper(II) complexes.
Figure 6c and d display the differences in absorption spectra

upon oxidation in the early (0.14 → 0.29 equiv, where only o-
CuI is oxidized) and later (0.71 → 0.86 equiv, where only i-CuI

is oxidized) spectral changes, respectively. As the absorption
change is constant during the addition of (NH4)

+
2[Ce-

(NO3)6]
2−, the difference in absorption between o-CuI and i-

CuI would be small. The small absorption difference is similar
to that in our previous rotational system, based on a copper
complex coordinated by 4-methyl-2-(2′-pyridyl)pyrimidine and
2,9-bis(9-anthryl)-1,10-phenanthroline as ligands.68 It should
be noted that introducing methyl substituents into ligands of a
bis(diimine)copper(I) family slightly affects their absorption
spectra, within several nanometers of the maximum absorption
change.50,51 The absorption spectra of the solutions were
reversed by chemical reduction using decamethylferrocene
(DMFc0), suggesting that oxidation of 1+BF4

− proceeds
without the subsequent chemical degradation (Supporting
Information Figure S8).
The redox potential of the excited state of 1+BF4

−, which is
important for constructing a strategy for PET-driven i-CuI → o-
CuI rotational processes, can be estimated using its
luminescence spectra.86 A broad emission band from 1+BF4

−

in CH2Cl2 was observed in the red region (λmax = 750 nm)
(Figure 6a). It should be noted that this emission band may
have arisen predominantly from the i-isomer, as the steric
hindrance among substituents around the copper(I) center
significantly increases the emission efficiency.47−51

The energy difference between the ground and excited states
was estimated at ca. 1.6 eV from the maxima of the emission
spectra.86 The copper(II)/(I) redox potential of the ground
state of the i-isomer was 0.62 V vs Ag+/Ag; thus, the redox
potential of the excited i-CuI state was ca. −1.0 V, sufficient for
oxidation by the decamethylferrocenium ion (DMFc+) with a
reduction potential of −0.4 V. The transiently formed
copper(II) complex would be expected to return to the
copper(I) state by the subsequent back electron transfer
process. The copper(II)/(I) redox potential values for both the
i- and o-isomers were sufficiently positive to reoxidize DMFc0.
This estimation was also supported by the facts that similar
copper(I) polypyridyl complexes undergo PET fairly effi-
ciently,43,44 and DMFc+/0 works as an excellent redox
mediator.87

Photorotation of 1+ with Redox Mediator. The above
results provide a basis for controlling a photoinduced rotation.
The PET process is likely to form a tentative copper(II) state,
which can make a bypass from i-CuI to o-CuI, as the activation
energy for rotation in copper(II) is less than that in copper(I).
In addition, DMFc can be a potential electron acceptor to
complete the PET scheme.
The voltammograms of 1+BF4

− in Bu4NBF4−CH2Cl2 at
several temperatures in the dark were not altered by addition of
4 equiv of DMFc+BF4

− (E°′ = −0.41 V vs Ag+/Ag at 200 K, and
−0.35 V vs Ag+/Ag at 275 K), suggesting that DMFc+ does not
disturb thermal rotational dynamics (Figures 3 and 7 and
Supporting Information Figures S5 and S9). Since DMFc+ does
not oxidize 1+BF4

− (redox potentials: o-CuII/I = 0.89 V vs
DMFc+/0, i-CuII/I = 1.03 V vs DMFc+/0), the ratio of rotational
isomers, i-CuI/o-CuI/i-CuII/o-CuII, is 1:2.3:0:0. For clarity, we
hereafter describe only the rotational isomer ratio i-CuI/o-CuI.
In the presence of 4 equiv of DMFc+ (1.8 mM), the cyclic

voltammogram of a solution containing 1+BF4
− (0.45 mM) was

significantly altered upon photoirradiation in Bu4N
+BF4

−−

Figure 7. Photorotation experiments in the DMFc+ system with notes about the procedures. Experimental (a) and simulated (b) cyclic
voltammograms at a scan rate of 50 mV s−1, and experimental differential pulse voltammograms (c). Investigated DMFc+ systems comprise 1+BF4

−

(0.45 mM) in 0.1 M Bu4N
+BF4

−CH2Cl2 containing 1.8 mM DMFc+BF4
− at 203 K in the dark. Top: initial state (purple lines). Middle: after 60 min

of visible light irradiation (λ > 400 nm) at 203 K (green lines). Bottom: after 2 min of heating at 250 K in the dark (pink lines).
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CH2Cl2. The experimental procedures and results of this
DMFc+ system are summarized in Figure 7. Prior to
photoirradiation (Figure 7a top, purple lines), two redox
waves, one each for the i- and o-isomers in a ratio of 1:2.3, were
observed. The shape of the voltammograms remained constant
in the dark, demonstrating that there were no ongoing
processes in the absence of photoirradiation (Supporting
Information Figure S10). At 60 min, with photoirradiation
with visible light (λ > 400 nm) at 203 K, the redox waves
gradually converged to a wave corresponding to the o-isomer
(Figure 7a middle, green lines). The shapes of the voltammo-
grams after photoirradiation did not change with incubation at
203 K in the dark for 10 min, reflecting the persistence of the
irradiated state (Figure S10). Subsequent heating for 2 min at
250 K in the dark recovered the initial voltammogram,
indicating thermal relaxation of the light-induced metastable
state (Figure 7a bottom, pink lines). The ratios of i-CuI to o-
CuI in the initial, photoirradiated, and recovered states
estimated from a simulated model fit to the cyclic voltammo-
grams (Figure 7b) were 1:2.3, 1:8, and 1:2.3, respectively.83

Changes in the differential pulse voltammograms of the
solution during the process corresponded to the changes in
the cyclic voltammograms (Figure 7c).
Figure 8 displays the changes in the peak current for the o-

CuII/I anodic wave in the experimental cyclic voltammograms

(Supporting Information Figure S11) upon repeated operations
with alternating light irradiation and heating. The process
worked repeatedly, demonstrating that the photoinduced
isomerization and the redox switching were reversible (Figure
8). These results clearly demonstrate a reversible change in the
molar ratios of isomers based on photodriven and heat-driven
rotational isomerization
The convergence of redox waves at 203 K in the DMFc+

system with visible light irradiation was negligible after 5 min,
considerable after 20 min, and nearly saturated after 60 min
(Table 2 and Supporting Information Figure S12). As selective
irradiation with blue light (λ = 450 ± 40 nm) also induced
isomerization from the i- to the o-isomer, isomerization could
have resulted from excitation of the MLCT absorption band
(Table 2). Because photoisomerization did not occur in the
absence of DMFc+, a reaction pathway through PET from
copper(I) complexes to the electron acceptor (DMFc+)
appeared to be a key step for the i- to o-conversion (Table
2). It should be noted that 20 min of visible light irradiation at
225 K did not alter the voltammogram (Table 2); these results
are discussed in the final section.
Figure 9a shows the schematic representation of photo-

rotation in the DMFc+ system. The observed photodriven and
heat-driven isomerization mechanisms can be interpreted in
terms of the kinetics of the transition between the preferred

ligand geometries of the copper(I) and copper(II) states,
obtained from simulation fits to the voltammograms (Figure 5).
The i- and o-isomers are present in the initial copper(I) state in
a ratio of 1:2.3 (KI = [o-CuI]/[i-CuI] = 2.3). Photoirradiation of
the solution induces PET from the excited i-CuI state (*i-CuI)
to the electron acceptor (DMFc+), as the oxidation potential of
*i-CuI is −1.0 V. The transiently formed i-CuII isomerizes to o-
CuII for two reasons: (i) the ligand geometric transition within
the copper(II) state was not frozen (kIIi→o = 10−1 s−1, in the ON
state); and (ii) i-CuII was thermodynamically unfavorable as
compared with o-CuII, on account of large steric repulsion (KII
= [o-CuII]/[i-CuII] > 102). Finally, the transiently formed o-CuII

is reduced to o-CuI through a back-electron transfer reaction
with DMFc0. The net process proceeds through the conversion
of i-CuI to o-CuI. If the forward conversion rate constant is
sufficiently larger than the thermally activated reverse rate
constant (from o-CuI to i-CuI, kIo→i = 10−4 s−1 at 203 K, in the
OFF state), the photodriven i-CuI → o-CuI ligand isomerization
proceeds. Therefore, the rate of i-CuI → o-CuI photorotation is
greater than 10−4 s−1 in the DMFc+ system at 203 K. The
photorotation induces the change in a ratio of i-CuI/o-CuI (in

Figure 8. Changes in the anodic peak current at 0.55 V in the
experimental cyclic voltammograms of 1+BF4

− (0.45 mM) in 0.1 M
Bu4N

+BF4
−−CH2Cl2 containing 1.8 mM DMFc+BF4

− at 203 K.

Table 2. Photorotation Experiments under Several
Conditions Using Cyclic Voltammograms

entry
t/

mina λ/nmb
DMFc+/
equivc

T/
Kd

changes in i-CuI/o-
CuIe

1 5 >400 4 203 negligible
2 20 >400 4 203 1:2.3 → 1:6
3 60 >400 4 203 1:2.3 → 1:8
4 60 450 ± 40 4 203 1:2.3 → 1:4
5 60 >400 0 203 negligible
6 20 >400 4 225 negligible

aIrradiation time. bIrradiation wavelength. cChemical equivalent of
DMFc+BF4

− to total 1+BF4
−. dTemperature. eChanges in i-CuI/o-CuI

upon light irradiation, judging from a simulated model fit to the
experimental cyclic voltammograms of 1+BF4

− (0.45 mM) containing
1.8 mM DMFc+BF4

− in 0.1 M Bu4NBF4−CH2Cl2 at a scan rate of 50
mV s−1 in the dark at T K before and after light irradiation. All
voltammograms are displayed in Figure S12 of the Supporting
Information.

Figure 9. (a, b) Schematic representation of the PET-driven i-CuI to o-
CuI ligand geometry isomerization of (a) 1+BF4

− in the presence of
DMFc+ and (b) the partial oxidation of 1+BF4

− by (NH4)
+
2[Ce-

(NO3)6]
2−. The reversible changes in the molar ratios of the isomers

upon light irradiation and heating are illustrated in the bottom panels.
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the conditions of Figure 7, from 1:2.3 to 1:8). The reversion
from the light-induced metastable state by the thermal process
at 203 K would take on the order of 104 s, judging from the rate
constant value, kIo→i = 10−4 s−1. Heating to 250 K (kIo→i = 10−1

s−1, in the ON state) provides sufficient thermal energy to the
copper complex that the initial ratio of isomers is restored
through back-isomerization. Consequently, the results show
that the i-CuI → o-CuI rotation via the redox potential shift in
the DMFc+ system can be driven by light.88

Photorotation from i-CuI to o-CuI under Partial
Oxidation. We next attempted to construct a combined
photorotation-redox switching system without the need for an
electron mediator, to show its high versatility. The mechanism
described above predicts that a more efficient reversible
transition is expected if the copper(II) complex itself acts as
an electron acceptor (E°′ = 0.48 V), in place of the relatively
weaker DMFc+ state (E°′ = −0.41 V) (Figure 9b).
To test this speculation, 1+BF4

− in Bu4N
+BF4

−−CH2Cl2 was
partially oxidized by 0.4 equiv of (NH4)

+
2[Ce(NO3)6]

2−. The
changes in the partially oxidized system with light irradiation
and heating were basically similar to those of the DMFc+

system, judging from the anodic waves in the voltammograms.
In this case, the sample contains four copper components, as

it includes copper(II) species even in the dark condition. The
ratio of each component was estimated as follows.

= ‐ + ‐a o i[ Cu ] [ Cu ]II II (1)

− = ‐ + ‐a o i1 [ Cu ] [ Cu ]I I (2)

− = ‐x a o(1 ) [ Cu ]I (3)

‐ + ‐ + ‐ + ‐ =o i o i[ Cu ] [ Cu ] [ Cu ] [ Cu ] 1I I II II (4)

in the dark, upon repeated operation with 60 min of visible
light irradiation (λ > 400 nm) at 203 K and 2 min of heating at
250 K in the dark. The voltammograms are shown in Figure
S11 of the Supporting Information.
Here, the total amount of copper(II) species is expressed as

a, which is identical to an equivalent amount of oxidant. The
ratio of o-CuI to total copper(I) species is expressed as x. Since
the rotation in the copper(II) state is always under equilibrium,
the molar ratio of i-CuII is negligible, considering its large
equilibrium constant (KII = [o-CuII]/[i-CuII] > 102). Therefore,

= ‐ + ‐ ≅ ‐a o i o[ Cu ] [ Cu ] [ Cu ]II II II (5)

As KI = [o-CuI]/[i-CuI] = 2.3 does not depend on temperature,
x in the initial state is

= + =x K K/(1 ) 0.7I I (6)

In the case of a = 0.4, the molar ratio in the initial state of the
partial oxidation system is i-CuI/o-CuI/i-CuII/o-CuII =
1:2.3:0:2.2. Considering that the copper(II) state is always
under equilibrium and that i-CuII can be set to 0, we describe
the rotational isomer ratio only as i-CuI/o-CuI for clarity. Thus,
oxidation of 0.75 mM 1+BF4

− by 0.4 equiv of (NH4)
+
2[Ce-

(NO3)6]
2− (0.30 mM) in Bu4N

+BF4
−−CH2Cl2 yields 0.45 mM

of 1+BF4
− solution with copper(II) complexes (0.30 mM) as

redox mediator.
Cyclic voltammograms of the partially oxidized system noted

above showed two anodic waves at 225 K, one each for the i-
and o-isomers, in a ratio of 1:2.3, which reflects the ratio of i-
CuI and o-CuI in the solution (Figure 10a top, purple line). No
deformation of voltammograms in the dark occurred,

suggesting that the expected self-exchange electron transfer
between the copper species induced negligible changes in the
ratios of rotational isomers (Figure S13 of the Supporting
Information). The redox waves almost completely converged
into a single wave corresponding to the o-isomer upon 3 min of
photoirradiation with visible light (λ > 400 nm) at 225 K
(Figure 10a middle, green line). The convergence can be
qualitatively explained by a change in molar ratio from i-CuI/o-
CuI = 1:2.3 to ca. 1:8, since the light-induced changes in the
cyclic voltammograms resemble those of the DMFc+ system
from the viewpoint of anodic waves; simulation of the anodic
waves also supported the molar ratio changes (Figure S13 and
Table S4). The voltammograms gradually recovered to the
initial state in the dark (Figure S14) and were completely
restored after a 20-min interval (Figure 10a bottom, purple).
Figure 10b displays the changes in anodic peak currents of the
o-isomer in the cyclic voltammograms at 225 K in the partially
oxidized system for 10 repeated operations (experimental
voltammograms are displayed in Figure S15). The result shows

Figure 10. (a) Experimental cyclic voltammograms at a scan rate of
100 mV s−1 of 1+BF4

− (0.75 mM) in Bu4N
+BF4

−−CH2Cl2/acetone
(v/v 20:1) upon addition of 0.4 equiv of (NH4)

+
2[Ce(NO3)6]

2− (0.3
mM) at 225 K in the dark. Top (purple line): initial state. Middle
(green line): after 3 min of visible light irradiation (λ > 400 nm) at 225
K. Bottom (purple line): after a 20-min interval at 225 K in the dark.
(b) Changes in the anodic peak current at 0.50 V at 225 K in the
experimental cyclic voltammograms of the solution upon repeated
operation with 3 min of visible light irradiation (λ > 400 nm) at 225 K
and 20-min intervals at 225 K in the dark. The voltammograms are
shown in Figure S14 of the Supporting Information.
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the excellent repeatability of the photorotation and redox
switching.
The PET process of the partially oxidized system can be

described as follows (Figure 9b). Photoirradiation of i-CuI

followed by PET to o-CuII yields i-CuII and o-CuI, leading to a
rapid rotational isomerization transition of i-CuII to o-CuII. The
net scheme is i-CuI to o-CuI without back electron transfer to o-
CuII, unlike in the DMFc+-mediated system. It should be noted
that the photorotation proceeds even at 225 K, unlike in the
DMFc+ system, and in a very short time frame. The rate of i-
CuI → o-CuI photorotation is greater than 10−3 s−1 in the
partially oxidized system at 225 K, coincident with the
competitive thermal back-isomerization process, with rate
constant kIo→i = 10−3 s−1. The scheme contributes considerably
to changes in the molar ratio, i-CuI/o-CuI, from initial to
metastable irradiated states (in Figure 10, from 1:2.3 to ca. 1:8).
The rate constant of thermal reversion at 225 K is kIo→i = 10−3

s−1, which qualitatively implies that the light-induced
metastable state is restored to equilibrium after 103 s. The
estimation is consistent with the 20-min recovery process
displayed in the voltammogram at 225 K. Consequently, partial
oxidation turns out to be an effective way to achieve the
conversion of light stimuli to redox potentials through i-CuI →
o-CuI photorotation.
Factors Dominating Photorotation Rate. Upon study-

ing the photorotation condition, we noticed that photorotation
under partial oxidation proceeds much faster than in the
presence of DMFc+. The rate difference is beyond that
attributable to concentration or temperature and, therefore,
must originate from the rotation mechanism.
When we used DMFc+ with 20 min of visible light irradiation

at 225 K and at 200 K (Table 2), the light-induced
voltammogram changes at 225 K were negligible, because the
rate of o-CuI → i-CuI thermal reversion at 225 K (kIo→i = 10−3

s−1) overcomes that of photodriven i-CuI → o-CuI. Photo-
rotation in the DMFc+ system, on the other hand, requires
cooling to 200 K (kIo→i = 10−4 s−1). As the conditions were
identical, with the exception of temperature, we determined
that the rate increment of kIo→i due to heating is larger than that
of photorotation. In other words, the slow thermal reversion
rate is a determining factor for photorotation at 200 K in the
DMFc+ system.
On the other hand, photorotation was observed at 225 K in a

partially oxidized system (Figure 10). Possible variables in the
experimental conditions of the two systems related to
photorotation behavior are as follows: (i) temperature (225
K), (ii) concentrations of total copper(I) species (0.45 mM),
(iii) light irradiation time (3 or 20 min), (iv) concentration of
the redox mediator (0.30 mM or 1.8 mM), and (v) type of
redox mediator (copper(II) complex or DMFc+). Conditions
(i) and (ii) are identical in both systems. Conditions (iii) and
(iv) are considered to work against rapid rotation in a partially
oxidized system, by decreasing the density of photons and the
probability of collisions during intermolecular electron transfer.
Therefore, enhancement of the photorotation rate must be
related to redox mediator processes. In a comparison of the two
photorotation schemes (Figure 9), the partial oxidation system
does not require back electron transfer processes to complete
the scheme. Also, the highly reducing driving force of o-CuII can
contribute to the higher efficiency of photorotation in the
partially oxidized system, as compared with the case in the
DMFc+ system. The expected slow rate of electron transfer in

copper(II)/(I) species may contribute to the efficiency of
rotation processes.
Consequently, we succeeded in establishing two kinds of

systems in which light stimuli are reversibly converted into
copper(II)/(I) redox potentials via molecular rotation, but
which exhibited different photorotation behaviors.

■ CONCLUSION
We demonstrated the conversion of light stimuli into
electrochemical potential via reversibly working artificial
molecular rotation. The energy-processing function was
acquired by adding a photoresponse to a copper-coordinated
pyrimidine ring rotation system, in which the molecular motion
can be extracted as an electrochemical potential of the
copper(II)/(I) redox reaction. A key feature of the present
system is that the population of bistable isomers in the
copper(I) state with different redox potentials (ΔE°′ = 0.14 V)
is reversibly converted by light and heat stimuli through a PET-
induced process. The bistability is acquired by the high
activation energy of the copper(I) state, which is drastically
decreased in the transiently formed copper(II) state. PET
processes can take a bypass route in the rotation of the
copper(I) complex. The system works not only with a redox
mediator but also upon partial oxidation, in which the copper
complex itself considerably assists the photorotation, in contrast
to the role of DMFc+ in the DMFc+ system.
Generally, photodriven bistable material changes are

accompanied by significant color changes, which involve light
absorption efficiency and reconstruction of the electronic
state.13−25 Our present photo- and heat-driven rotation system
works without a significant color change or copper(I) 1MLCT
absorption, but it can induce electron transfer. It provides a
further methodology to construct photodriven materials.
Since molecular electronics components such as transistor1,2

and memory7 work by charge injection, the present redox
potential response can be progressed into other types of signals
via intramolecular electron transfer. The function of the light-
driven redox-synchronized molecular rotor can provide
electronic, magnetic, and other molecular signaling character-
istics.

■ EXPERIMENTAL SECTION
Materials. 6-Methyl-2-pyridinecarboximidamide monohydrochlor-

ide,78,79 tetrakis(acetonitrile)copper(I) tetrafluoroborate,89 2,9-dimesi-
tyl-1,10-phenanthroline (Lmes),

74,75 and decamethylferrocenium tetra-
fluoroborate90 were also prepared according to methods described in
the literature. Other chemicals were used as purchased.

X-ray Structural Analysis. A red single crystal of
1+BF4

−·CH2Cl2·0.5hexane was obtained by diffusing hexane into a
dichloromethane solution of 1+BF4

−. Diffraction data were collected
with an AFC10 diffractometer coupled with a Rigaku Saturn charge-
coupled device (CCD) system equipped with a rotating-anode X-ray
generator producing graphite-monochromated Mo Kα radiation (λ =
0.7107 Å). Lorentz polarization and numerical absorption corrections
were performed with the program Crystal Clear 1.3.6. The structure
was solved by the direct method using SIR 92 software91 and refined
against F2 using SHELXL-97.92 WinGX software was used to prepare
the material for publication.93 The crystallographic data are listed in
Table S1 of the Supporting Information. The isomeric structures were
almost identical, except for the position of the methyl group.
Occupancy refinement of the cyrstallographic disorder gave a i-/o- =
3:7 isomer ratio, as analyzed by the PART option of the SHELX-97
program. The disorders of the BF4

− molecules in the crystals were
analyzed by the PART, ISOR, DELU, and SIMU options of the
SHELX-97 program.
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Instrumentation. Nuclear magnetic resonance spectra at several
temperatures in the dark were recorded using a Bruker DRX 500
spectrometer, using a ca. 20 min data-recording interval. The 13C
NMR spectrum of MepmMepy was recorded using a JEOL ECX 400
spectrometer. The reported chemical shifts of the solvent residual
peaks were used for calibration of the NMR spectra in chloroform-d1
(CDCl3, δ = 7.26 ppm for 1H, δ = 77.16 ppm for 13C) and
dichloromethane-d2 (CD2Cl2, δ = 5.32 ppm for 1H).82 UV−vis
absorption spectra in the dark were recorded with a JASCO V-570
spectrometer and a Hewlett-Packard 8453 spectrometer equipped with
a USP-203-A UNISOKU cryostat, using a quartz cell with a 1-cm
optical path length. Steady-state corrected emission spectra were
recorded with a HITACHI F-4500 spectrometer. Electrochemical
measurements were recorded with an ALS 750A electrochemical
analyzer (BAS. Co., Ltd.) and a HZ-3000 electrochemical analyzer
(Hokuto Denko Co. Ltd.), each equipped with a UNISOKU cryostat.
The working electrode was a 0.3 mm i.d. glassy carbon electrode; a
platinum wire served as the auxiliary electrode, and the reference
electrode was an Ag+/Ag electrode (a silver wire immersed in 0.1 M
Bu4N

+ClO4
−/0.01 M Ag+ClO4

−/CH3CN). The solutions were
deoxygenated with pure argon prior to the electrochemical measure-
ments. Light irradiation was performed using a MAX-302 xenon lamp
(ASAHI SPECTRA) equipped with an optical fiber with a long-pass
filter (cut-on 400 nm) or a bandpass filter (central wavelength 450 nm,
full width at half-maximum 80 nm).
Thermodynamic and Kinetic Analysis. The molar ratios of

isomers of 1+BF4
− in solution at several temperatures were determined

from the 1H NMR signal integration in the methyl group on the basis
of pyrimidine moieties. The broad spectra at around room
temperature were excluded from the thermodynamic analysis. The
experimental cyclic voltammograms were simulated using BASi
Digisim 3.03a software, based on two independent double-step
electron transfer systems. The isomer equilibrium constants in the
copper(II) state were derived from the experimentally obtained
equilibrium constants of isomers in the copper(I) state and the two
redox potentials of i- and o-isomers. The van’t Hoff plots were based
on an equilibrium constant of [o-isomer]/[i-isomer]. The molar ratios
of isomers at variable temperatures were calculated from extrapolations
of the van’t Hoff plots. The rate constants for rotational processes
from the i- to o-isomer were determined from the simulation analysis
of the cyclic voltammograms. The rates of the rotations at various
temperatures were calculated from the slopes and intercepts of the
Arrhenius plots. The good fit of simulated curves with the
experimental voltammograms confirmed the validity of the analyses.
Synthesis of 4-Methyl-2-(6′-methyl-2′-pyridyl)pyrimidine

(MepmMepy). Under a nitrogen atmosphere, 6-methyl-2-pyridine-
carboximidamide (1.0 g, 5.8 mmol) was dissolved in an ethanol
solution of sodium ethoxide (prepared from 175 mg of sodium and 60
mL of ethanol) at room temperature. Acetylacetoaldehyde dimethy-
lacetal (1 mL, 8 mmol) was added to the mixture. The reaction
mixture was refluxed for 3 days. The reaction mixture was cooled to
room temperature and acidified with acetic acid. The solvent was
evaporated and the residue dissolved in water and extracted with
CH2Cl2. The organic layer was dried over sodium sulfate, filtered, and
evaporated. The residue was chromatographed on an alumina gel
column eluted with ethyl acetate−hexane (1:1 v/v). The solvent was
evaporated to obtain a colorless powder: yield, 0.285 g (1.54 mmol,
27%). 1H NMR (500 MHz, CDCl3): δ 8.76 (d, J = 5.1 Hz, 1H), 8.29
(d, J = 7.8 Hz, 1H), 7.74 (t, J = 7.7 Hz, 1H), 7.26 (d, 1H), 7.16 (d, J =
5.1 Hz, 1H), 2.72 (s, 3H), 2.65 (s, 3H). 13C NMR (100 MHz,
CDCl3): δ 24.7, 25.1, 119.9, 121.0, 124.7, 137.2, 154.7, 157.5, 159.1,
163.8, 168.0. Elemental analysis. Calculated for C11H11N3: C 71.33, H
5.99, N 22.69. Found C 71.53, H 6.19, N 22.40.
Synthesis of [Cu(MepmMepy)(Lmes)]

+BF4
− (1+BF4

−). Under a
nitrogen atmosphere, [Cu(MeCN)4]

+BF4
− (28.3 mg, 0.0900 mmol)

was added to Lmes (37.1 mg, 0.0891 mmol) in 5 mL of CH2Cl2. To the
resultant orange solution, MepmMepy (15.7 mg, 0.0848 mmol) was
added, and the color of the solution changed immediately to dark red.
The reaction mixture was stirred for 30 min. The solution was filtered,
and diethyl ether (15 mL) was added to the solution to precipitate the

product, a deep red solid of 1+BF4
−: yield, 42 mg (0.055 mmol, 65%).

1H NMR (500 MHz, CD2Cl2 273 K): δ 8.71−8.66 (m, i-3H + o-2H),
8.30 (d, J = 7.7 Hz, i-1H), 8.24 (d, J = 7.7 Hz, o-1H), 8.20 (s, i-2H),
8.19 (s, o-2H), 8.14 (d, J = 5.4 Hz, o-1H), 7.87−7.80 (m, i-3H + o-
3H), 7.30 (d, J = 4.1 Hz, i-1H), 7.29 (d, J = 7.7 Hz, o-1H), 7.25 (d, J =
5.6 Hz, o-1H), 7.22 (d, J = 4.8 Hz, i-1H), 6.39 (s, i-2H), 6.33 (s, i-2H),
6.32 (s, o-2H), 6.28 (s, o-2H), 2.64 (s, o-3H), 2.05 (s, i-3H), 1.97 (s, o-
3H), 1.95 (s, o-6H), 1.93 (s, i-6H), 1.90 (s, i-3H), 1.77 (s, o-6H), 1.69
(s, i-6H), 1.68 (s, o-6H), 1.61 (s, i-6H). Elemental analysis. Calculated
for C41H39N5CuBF4·C0.1H0.2Cl0.2: C 64.90, H 5.19, N 9.21. Found: C
64.71, H 5.33, N 8.92.

Monitoring of Photorotation from i-CuI to o-CuI in the
Redox Mediator System. The electrochemical cell, shielded from
room light by covering with aluminum foil, was equipped with
electrodes, a cryostat, and the optical fiber connected to the xenon
lamp. The electrochemical cells were interfaced with a cryostat
container, whose size and shape fitted the cells. The opening between
the cell and the container is filled with methanol. The electrochemical
measurements were performed on the static solution at 203 K in the
dark after vigorous stirring. Under an argon atmosphere, a 2 mL 0.1 M
Bu4N

+BF4
−−CH2Cl2 solution of 1+BF4

− (0.45 mM) was cooled at 203
K in the dark, followed by electrochemical measurements. Then, the
solution was stirred and photoirradiated with visible light (λ > 400
nm) at 203 K for 60 min, followed by further measurements, which
showed a negligible change in the voltammograms. Then, a 100 μL
deoxygenated CH2Cl2 solution of DMFc+BF4

− (1.8 mM, 4 equiv to
1+BF4

−) was added to the solution at room temperature. The solution
was cooled at 203 K in the dark, followed by measurements in the
initial state. Then, the solution was stirred at 203 K in the dark for
several minutes, followed by measurements to check that no changes
were detected in the voltammogram with time. Then, the solution was
stirred and photoirradiated with visible light (λ > 400 nm) at 203 K for
60 min, followed by measurements which showed considerable
voltammogram changes. The solution was stirred at 203 K in the
dark for several minutes, followed by measurements for the persistence
of the irradiated state. After a 2-min heating of the solution to 250 K in
the dark with stirring, the solution was cooled to 203 K in the dark,
followed by measurements in the warmed state. The operations were
repeated three times, with a 60-min photoirradiation at 203 K and a 2-
min heating in the dark at 250 K, to achieve repeatable voltammogram
changes. Then, the operations were performed using blue light (λ =
450 ± 40 nm) instead of visible light. The solution was heated to 225
K in the dark, followed by measurements performed at 225 K instead
of at 203 K. The solution was stirred and photoirradiated with 20 min
of visible light (λ > 400 nm) at 225 K, followed by measurements at
225 K, which showed a negligible change.

Monitoring of Photorotation from i-CuI to o-CuI in the
Partially Oxidized System. The measurements were performed
using the same electrochemical cell mentioned above. Electrochemical
measurements were performed for the static solution at 225 K in the
dark after vigorous stirring. Under an argon atmosphere, a 100 μL of a
deoxygenated acetone solution of ammonium hexanitratocerate (IV)
(0.3 mM, 0.4 equiv to 1+BF4

−) was added to 2 mL of 0.1 M
Bu4N

+BF4
−−CH2Cl2 solution of 1·BF4 (0.75 mM) at room temper-

ature. Then, the solution was cooled to 225 K in the dark, followed by
measurements at the initial state. The solution was stirred and
photoirradiated with visible light (λ > 400 nm) at 225 K for 3 min,
followed by measurements in the irradiated state, which gave a
considerable voltammogram change. The solution was stirred for 20
min at 225 K in the dark, followed by the measurements. The
operation was repeated 10 times, with 3 min of visible light (λ > 400
nm) irradiation at 225 K followed by a 20-min interval at 225 K in the
dark, to achieve a repeatable voltammogram change.
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