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ABSTRACT: UV irradiation reversibly switches a new
insulating and nonmagnetic molecular crystal, BPY[Ni-
(dmit)2]2 (BPY = N,N′-ethylene-2,2′-bipyridinium; Ni(dmit)2
= bis(1,3-dithiole-2-thione-4,5-dithiolato)nickelate(III)), into a
magnetic conductor. This is possible because the bipyridyl
derivative cations (BPY2+) trigger a photochemical redox
reaction in the crystal to produce a change of ∼10% in the
filling of the Ni(dmit)2 valence band, leaving localized spins on
the BPY themselves. In the dark, almost all of the BPY
molecules are closed-shell cations, and most of the Ni(dmit)2
radical anions form spin-singlet pairs; thus, this material is a diamagnetic semiconductor. Under UV irradiation, a photocurrent is
observed, which enhances the conductivity by 1 order of magnitude. Electron spin resonance measurements indicate that the UV
irradiation reversibly generates carriers and localized spins on the Ni(dmit)2 and the BPY, respectively. This high
photoconductivity can be explained by charge transfer (CT) transitions between Ni(dmit)2 and BPY in the UV region. In other
words, the photoconduction and “photomagnetism” can be described as reversible optical control of the electronic states between
an ionic salt (BPY2+/[Ni(dmit)2]

−, nonmagnetic insulator) and a CT complex (BPY2(1−δ)+/[Ni(dmit)2]
(1−δ)− (δ ≈ 0.1),

magnetic conductor) in the solid state.

■ INTRODUCTION

Crystalline molecular charge transfer (CT) complexes exhibit
various metastable states. Optical or phase transitions between
these states might serve as switches if the transitions involve
qualitative and reversible changes in the conduction, magnetic,
and/or optical properties.1 Recently, there has been great
interest in the physical properties of the complexes immediately
after photoexcitation (PE), especially photoinduced phase
transitions (PIPT).2−10 The examination of the PE of
molecular CT complexes seems to be leading to the discovery
of new phenomena applicable to emerging technologies. For
example, time-resolved spectroscopy has revealed that an
organic salt, (EDO-TTF)2PF6 (Chart1), exhibits a metal-to-
insulator transition within 20 fs at room temperature by PE.2,3

Furthermore, the switching behavior of α-(ET)2I3
4−8 has been

applied not only to a thyristor7 but also to nonlinear optics.9,10

The charge degree of freedom is particularly large in
molecular CT complexes, which often produces the metastable
states.11−16 In some compounds, alternately π-stacked electron
donor and acceptor molecules can be transformed from neutral
to ionic by the control of temperature and hydrostatic pressure.
Such a neutral-ionic (NI) phase transition often leads to
ferroelectricity.17 The NI transition has also been attracting

interest from a PIPT perspective for more than 10 years.18,19

Spin-crossover (SCO) metal-complex compounds exhibiting
conversion between high-spin (HS) and low-spin (LS) states
are known to be phase-transition compounds for magnetic
materials, and the photoinduced LS→HS transition of SCO
compounds is known as light-induced excited spin-state
trapping.20,21 Related work in this area is rapidly advanc-
ing.22−25

Aside from studies concerning PE, there is another large
group of molecular CT complexes which have been attracting
global interest for a long time. They are magnetic conductors
having both carriers and localized spins. For example, by
selecting R1,R2 in Cu(R1,R2-DCNQI)2 (2,5-disubstituted N,N′-
dicyanoquinonediimine; R1,R2 = alkyl groups, halogen atoms,
etc.; Chart 1),26−31 they exhibit behavior like a heavy fermion
system with weak ferromagnetism32−40 and re-entrant metal−
insulator (MI) transitions.41−44 Some CT complexes of
bis(ethylenedithio)tetraselenafulvalene (BETS)45−47 exhibit
both magnetic ordering and superconductivity,48−50 while
some BETS complexes exhibit “magnetic-field-induced super-
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conductivity”.50,51 All of these BETS complexes are in sharp
contrast with conventional superconductors, since a magnetic
field usually suppresses the occurrence of superconductivity.
Magnetic fields generally increase electrical resistivity of
materials. However, a CT complex of the iron(III)
phthalocyanine derivative Fe(Pc)(CN)2 loses a substantial
portion (up to 99.8%) of its original resistivity under pressure
and an applied magnetic field, which is denoted “giant negative
magnetoresistance” (GNR).52−57 GNR is often observed in
many Perovskites and the mechanism has been studied.58−60

All of these unusual responses to magnetic fields originate from
the interaction between carriers and localized spins.
There could still be an undiscovered compound containing

all of the attributes above: a molecular CT complex having both
carriers and localized spins in the photoexcited state (a “photo-
magnetic-conductor”). Despite the extensive prior studies, to
the authors’ knowledge, there have been no reports of such
materials. There are preceding studies for realizing a magnetic
metal system at the ground states by utilizing magnetic metal
complex or stable free radical organic molecules as the counter
cations of the bis(1,3-dithiole-2-thione-4,5-dithiolato)nickelate-
(III) (Ni(dmit)2) radical anion complexes.61−64 Such magnetic
molecules have localized spins at their ground states, yet they
are generally bulky, which causes the following two problems:
(1) It is difficult to make the spins interact with neighboring
molecules through their ligands/protecting groups; the
magnetic interaction is usually indirect and often too weak to
affect the behavior of carriers in a qualitative manner. (2) The
conduction pathways comprised of the Ni(dmit)2 molecules are
interrupted by the bulky magnetic molecules, which make the
resultant CT complexes insulators at the ground states.
Accordingly, they frequently turned out unsuitable for

interaction with carriers on planar π-conjugated molecules
like Ni(dmit)2. In the meantime, if we utilize another kind of
planar π-conjugated molecule also for localized spins, the
interaction between the carriers and localized spins will be too
strong and will result in diamagnetic/antiferromagnetic
insulators, i.e., practically nonmagnetic insulators, at their
ground states. However, if we irradiate such CT complexes to
excite and produce carriers and localized spins, this problem
will be solved. Here, we must select planar π-conjugated
molecules of a similar size to or slightly smaller than the
Ni(dmit)2 molecule for assuring both of conduction pathways
and strong interaction by maximum overlap of the two kinds of
molecules having similar energy levels and molecular orbital
symmetries. Additionally, the cations are desired to be 2+ for
the following reasons: (1) enhancement of the volume ratio of
the [Ni(dmit)2] monoanions in the unit cell, which will lead to
their closer packing; (2) at the same time, lower volume ratio of
the cations will lead to isolation of the cations from each other,
being advantageous for accommodation of localized spins when
they are photoexcited; (3) minimizing the amplitudes of
periodic potential against the carriers movement; the larger the
charge of the cations become, the more often the carriers are
trapped. In this way, the planar π-conjugated molecules can
provide either of localized spins or carriers depending on the
counterparts we select; the bulky localized spin sources do not
have such flexibility. By analogy to photochemical redox
reactions, it was anticipated that a larger number of electrons
should be transferred in a CT transition in photochemical
redox pairs than in other donor−acceptor pairs. For example,
the Ni(dmit)2 complexes with bipyridine derivative dications
belong to the promising candidates, since many bipyridine
derivatives are known to be redox-reactive under irradi-
ation.65−67 Based on this idea, a series of molecular CT
complexes containing photoinduced redox-active species were
examined, and a new molecular crystalline material, BPY[Ni-
(dmit)2]2 (BPY = N,N′-ethylene 2,2′-bipyridinium), was found
to be a “photo-magnetic-conductor”. Herein we report its
synthesis, structure, and physical properties, both in the dark
and upon UV irradiation.

■ RESULTS AND DISCUSSION
Crystal Structure and Molecular Charges in the Dark.

As the structure is complicated, the molecular arrangement of
Ni(dmit)2 and that of BPY will be discussed separately. The
former forms the conduction pathways in BPY[Ni(dmit)2]2
(Figure 1). The asymmetric unit of the crystal includes two
Ni(dmit)2 molecules with a dihedral angle of ∼50°. Although
they are crystallographically independent, the two Ni(dmit)2
molecules have nearly identical structures, suggesting an equal
charge distribution between them. In addition, the bond lengths
indicate that both of the crystallographically independent two
Ni(dmit)2 molecules should be monoradical anions [Ni-
(dmit)2]

−.68 This is consistent with the fact that BPY carries
a charge of 2+, based on the spectra of BPY·Br2 in solution and
BPY[Ni(dmit)2]2 in the solid state (Figure 2 and Figure S2 in
the Supporting Information). Therefore, hereafter their
electronic states in the dark are denoted [Ni(dmit)2]

− and
BPY2+. There are many S−S interatomic distances shorter than
twice the van der Waals radius (<3.70 Å; denoted “short
contacts” below) among the Ni(dmit)2 molecules. The crystal
structure consists of various types of Ni(dmit)2 columns
running in different directions, crossing each other, inter-
connected by the S−S short contacts. Therefore, the whole

Chart 1. Component Molecules for Conductors
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Figure 1. (a,b) Relation between neighboring molecular columns of Ni(dmit)2: (a) and (b) depict different pairs of columns from each other. (c)
(upper) Molecular packing of Ni(dmit)2 in the ac-plane, and (lower) molecular packing of Ni(dmit)2 and BPY in the ac-plane. (d) Close-up view of
relative molecular arrangement around Ni(dmit)2 and BPY.
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Ni(dmit)2 molecular arrangement can be better described as a
three-dimensional close-packed network of Ni(dmit)2 (Figure
1c), instead of a columnar structure. This type of mixed-
stacking structure is advantageous for interaction between
[Ni(dmit)2]

− and BPY2+.
There is one crystallographically independent BPY molecule

in the asymmetric unit. The BPY molecules are inserted into
small spaces in the network, surrounded by Ni(dmit)2. The
bond lengths of the BPY cations are normal in comparison with
its parent molecule 2,2′-bipyridyl, which is usually completely
planar.69,70 However in this salt, interestingly, the molecular
plane of the bipyridyl skeleton is distorted in such a way so that
each pyridine ring is nearly parallel to either of the two
crystallographically independent Ni(dmit)2 molecules (Figure
1d). The distortion is partly because of the geometrical
requirement of the bridging ethylene group. It will destabilize
BPY, will enhance the reactivity, and will favor the CT
interaction with surrounding chemical species more than 2,2′-
bipyridyl.71 The interplanar distances between the pyridine
rings and Ni(dmit)2 are ∼3.4 and ∼3.5 Å, both of which
suggest π−π interactions.
Cation−Anion Interaction. Figure 3a and Table S1 in the

Supporting Information show the overlap and the transfer
integrals of the intermolecular interactions in this material, as
calculated using an extended Hückel method. The parameters
of the calculation are listed in Table S2. The Ni(dmit)2
(LUMO)−Ni(dmit)2 (LUMO) interaction is important
primarily for electrical conduction, while the remainder of the
interactions are important primarily for the relationship
between the cations (localized spins) and anions (carriers).
Among the interactions associated with conduction (S3, S5, S8,
S9, S11, S13 and S14), S3 is dominant. The remaining interactions
are in various directions with different strengths, averaging out
in a rather small anisotropy. These interactions realize the
three-dimensional network of conduction pathways.
Among the BPY−Ni(dmit)2 interactions (S2, S4, S6, S7, and

S10), only S10 is significantly large, while S2, S6 and S7 are the

next largest, comparable to or larger than most of the
Ni(dmit)2−Ni(dmit)2 interactions (S5, S9, S11, S13, and S14).
Assuming that the crystal structure remains unchanged under
UV irradiation, the result of this calculation is that there could
be significant interaction between BPY2+ and [Ni(dmit)2]

−

both in the dark and UV irradiated conditions.
In fact, the UV−vis and NIR spectra of BPY[Ni(dmit)2]2

contain much broader and slightly shifted peaks compared to
those of BPY·Br2 and [n-(C4H9)4N][Ni(dmit)2] (Figures 2 and
S2). Figure S2c clearly indicates that the isolated [Ni(dmit)2]

−

does not absorb the light with λ < 500 nm, which means the
absorption peaks in the UV region are from (i) local excitation
of BPY, (ii) CT between anions, or (iii) CT between anions
and cations. In particular, the line shape at 330−500 nm of
BPY[Ni(dmit)2]2 is clearly different from that of either BPY·Br2
or [n-(C4H9)4N][Ni(dmit)2]. This is consistent with the
assignment of the overlapped broad peaks (∼250−800 nm)
to a series of CT transitions between BPY2+ and [Ni(dmit)2]

−,
which is also supported by the calculated band structure (see
below). These facts indicate that there should be interaction
between BPY2+ and [Ni(dmit)2]

− in BPY[Ni(dmit)2]2. Here,
the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) should be based
on the neutral-molecule states. On the basis of the band
calculation (in the next section) and the solution spectra
calculated using Gaussian09 (Figure S2c,d),72,73 the peak at
∼900−1600 nm in the [n-(C4H9)4N][Ni(dmit)2] spectra
corresponds primarily to the HOMO→LUMO transition of
Ni(dmit)2, while most of the peaks of BPY (∼220 and ∼280−
330 nm) correspond to the (HOMO−n)→HOMO (n = 1−4)
transitions. Thus, in the photoexcited state, the majority of the
unpaired electrons are accommodated in the LUMO of
Ni(dmit)2 and in the HOMO of BPY, respectively. These
orbitals are well overlapped based on the calculation, which
signifies a strong interaction between them.
Here a brief comment should be made on the crystal

structure under UV irradiation. We carried out a single-crystal
X-ray structural analysis with irradiating the crystal with UV,
which gave an identical result with the crystal structure without
UV irradiation. There may be some different reasons for this;
for example, the UV light did not penetrate deeply enough into
the sample to bring about a structural change in a substantial
part of the crystal. Accordingly, thus far we have not obtained
any experimental evidence for or against a crystal structural
change under UV irradiation. Some different methods will be
required to elucidate whether a structural change should
happen or not in the photoexcited state.

Band Structure in the Dark. Figure 3b shows the
calculated band structure within the framework of an extended
Hückel tight-binding band approximation.74 Because of the
molecular close packing of Ni(dmit)2, the bands around the
Fermi level EF (∼−10.59 eV; Figure 3c), which originate
primarily from the LUMO of Ni(dmit)2, are warped in a rather
isotropic way. In addition, the molecular orbitals of BPY and
Ni(dmit)2 mix to form energy bands. Accordingly, many of the
interband transitions in the UV region correspond to the CT
bands between BPY2+ and [Ni(dmit)2]

− (Figure 3d). The
amount of charge (δ) transferred in the CT transition is

δ α β
α β

= | − |
+

f
2 2

2 2 (1)

Figure 2. Diffuse reflectance spectra of TBA[Ni(dmit)2] and BPY·Br2
dispersed in KBr, where TBA = n-(C4H9)4N: (a) whole spectra and
(b) close-up view.
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where α and β are the coefficients in Figure 3d, and f is the
oscillator strength. The series of broad bands in the UV−vis−
NIR region observed for BPY[Ni(dmit)2]2 (Figure 2) can be
qualitatively understood as an envelope of various CT bands, as
stated in the previous section.
There is an additional important feature in the band

structure: the bands are rather narrow, as is often the case in
solid state Ni(dmit)2. In particular, the narrow band at EF has
two opposing effects. Strong electron correlation tends to open
a band gap at EF, while the slightest change in the formal charge
of the Ni(dmit)2 anions produces a large Fermi surface, i.e., a
stable metallic band structure. In fact, BPY[Ni(dmit)2]2 actually
exhibits semiconducting behavior with a small band gap, in
spite of the calculated metallic band structure. This is
considered to be an effect of the strong electron correlation,
which was not considered in the band structure calculation. As
the small bandwidth at EF has yet to realize the other effect, it is
intriguing to enforce the CT between Ni(dmit)2 and BPY
beyond the restrictions of thermodynamic equilibrium, which is
possible with light.
Conduction Properties. As shown in Figure 4 BPY[Ni-

(dmit)2]2 exhibits semiconducting behavior with an activation
energy of Ea = 0.11 eV (∼1400 K) and a dark resistivity of ρ RT
= 63 Ω·cm (RT = room temperature; surface resistivity Rsq =

1.2 × 105 Ω) at 300 K. Considering the diamagnetism (see
below) and the activation energy being much larger than RT,
the observed ρ RT is unusually low.

Figure 3. (a) Selected pairs for calculation of overlap integrals Sj (j = 1−14) involving Ni(dmit)2 and BPY. For simplicity, interactions between
anions are shown in Figure S1 in the Supporting Information. (b) Extended Hückel tight-binding band structure considering BPY and Ni(dmit)2
both. Green/black curves denote the bands primarily originated from BPY/Ni(dmit)2. Red broken line marked with EF denotes Fermi level. Γ, X, M,
Y, Z, R correspond to (0,0,0), (0.5,0,0), (0.5,0.5,0), (0,0.5,0), (0,0,0.5), (0.5,0.5,0.5) in reciprocal space, respectively. (c) Close-up view of band
structure around EF. (d) Schematic description of CT transition between Ni(dmit)2 (abbreviated as [Ni]) and BPY.

Figure 4. Temperature dependence of electrical resistivity of single
crystals of BPY[Ni(dmit)2]2 under the dark condition measured with
current along [010] using a four-probe method. Inset shows the
Arrhenius plot of the same data. Red line is the best-fit line, giving the
activation energy of 0.11 eV.
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The BPY salt exhibits the most evident response in its
electron spin resonance (ESR) and conduction properties when
it is irradiated with a UV light source (∼250−450 nm), while it
exhibits only a slight response to light of other wavelengths.
This is unique, because known photoconductors do not exhibit
wavelength selectivity so long as their energies exceed the
threshold required for carrier generation. In this salt, the
threshold (energy gap for conduction) is ∼5000 nm, as
estimated from the Ea (0.11 eV) in the dark. The UV region
covers the CT transitions between BPY2+ and [Ni(dmit)2]

−.
Figure 5a shows the photocurrent I response to UV

irradiation (375 nm; 3.3 eV) at RT. A rapid, clear, and stable
response is observed. This material is stable against UV
irradiation: even after continuous exposure to UV in air at RT
for 1−2 h, the ESR spectra and the X-ray oscillation
photographs are no different from those before the exposure.

The BPY salt photoconductivity σph was examined under UV
irradiation (375 nm) with varying temperature and light
intensity (Figure 5b and Table S3). BPY[Ni(dmit)2]2 exhibits
higher dark conductivity than many other [Ni(dmit)2]

−

compounds with closed-shell organic cations by ∼103 times
or more.75 Considering the high σdark, the σph/σdark ratio is
rather high in this material (>10 at 200 K). For comparison, [n-
(C4H9)4N][Ni(dmit)2] exhibits hardly any photoconductivity
(σph/σdark ≤ 2) (Figure 5c), though it also has many conduction
pathways based on the S−S short contacts among the
[Ni(dmit)2]

−.
Under UV irradiation, BPY[Ni(dmit)2]2 exhibits semi-

conducting behavior with a smaller activation energy (0.08
eV) than it does in the dark (0.11 eV) (Figure 5d).
It is interesting that the conductivity is enhanced with the

light intensity in a nonlinear way. Usually, photoconductivity
increases with light intensity linearly, because the number of

Figure 5. Photoconduction of single crystals of BPY[Ni(dmit)2]2 measured with current along [010] using a two-probe method in vacuo. (a)
Photoconductive response to UV (375 nm) at 300 K (applied voltage = 0.1 V, light intensity = 11.6 mW cm−2). (b) Dependence of
photoconductivity σph on light intensity and temperature, shown as surface conductivity σsq. Red curves in (b) are fitting curves using eq 2 and
parameters in Table S4. (c) Comparison of surface conductivity under UV irradiation σsq between [n-(C4H9)4N][Ni(dmit)2], (P
PH)2[Ni(dmit)2]2(ClPh)

83 and BPY[Ni(dmit)2]2 (ClPh = C6H5Cl, TBA = n-(C4H9)4N). For PPH, see Chart1. (d) Activation energies of
conduction with/without UV irradiation. Rsq means surface resistivity. (e) Contribution of photoconductivity (temperature dependence of σdark
(black), a (red) and b (blue) in eq 2).
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photoexcited carriers should be proportional to the number of
photons absorbed. As shown in Figure 5b, the observed
behavior is well reproduced by a polynomial (eq 2; for the
parameters obtained, see Table S4),

σ = σ + +aI bIsq dark
2

(2)

where σdark, a, and b are fitting parameters, and I is the light
intensity. The data are not reproduced with any other fitting
function including exponential and/or higher polynomial terms.
This result can be explained as follows. The observed
photoconduction is actually the sum of three different
contributions: dark conductivity, photoconductivity with the
standard mechanism mentioned above (“standard photo-
conduction”), and a third term (Figure 5e). The temperature
dependence of the first term (σdark) obtained from the curve-
fitting analysis gives an activation energy of 0.11 eV, which
agrees with the directly measured value (Figure 4; 0.11 eV),
consistent with its physical meaning. The second term (aI) in
eq 2 describes the contribution of the standard photo-
conduction. The third term (bI2) in eq 2 describes a genuine
photoinduced conduction, because the temperature depend-
ence of b (i.e., activation energy ∼0) is qualitatively different
from the dark behavior (σdark), and thus thermally inaccessible
to the dark state. The third parameter (b) is characteristic in
that it is nearly temperature independent, unlike the other
contributions, which is suggestive that its dominant origin is
independent of temperature. The I2 dependence of the third
term is suggestive of the importance of a cooperative effect.23,76

One such origin is considered to be the electron−electron and/
or spin−spin interaction among the photoexcited carriers and/
or photoexcited localized spins. Considering the temperature
dependence, the third term (bI2) should indicate metallic
(photo)conduction. Like BPY[Ni(dmit)2]2, metals with small
band widths and localized spins can exhibit nearly temperature-
independent conduction because of the strong electron−
electron and/or spin−spin interactions. This interpretation is
consistent with the magnetic properties under UV irradiation
discussed below, and also with a theoretical study on PIPT of
ionic-to-neutral transitions based on a one-dimensional
extended Peierls−Hubbard model.77 Although BPY[Ni-
(dmit)2]2 is not a one-dimensional system, there are many
important similarities shared between BPY[Ni(dmit)2]2 and the
model system in the theoretical study: a mixed-stack organic
charge-transfer complex, the importance of three-dimensional
interactions (cooperative effect), the character of the phase
transition (ionic-to-neutral), the nonlinear dependence on the
light intensity, and the effectiveness of off-resonant irradiation.
In fact, the key feature of such a system, i.e., the nonlinear
dependence, has been widely observed in many cases of PIPT
with respect to the magnetic, conduction, and optical
properties.78 The relative intensities of the three different
contributions (σdark, aI, and bI2) obtained here are not intrinsic
and depend on the experimental conditions such as light
intensities and wavelengths, incident angles, sample thickness,
etc. However, in addition to the wavelength selectivity, the
finding of this nonlinear light intensity-dependence indicates
that the mechanism of this photoconductivity should be
different from the known mechanism common to many other
photoconductors.
Magnetic Properties. BPY[Ni(dmit)2]2 exhibits a dia-

magnetic susceptibility χ = −(9 ± 1) × 10−4 emu mol−1 in the
dark (Figure 6). Because each [Ni(dmit)2]

− (= radical

monoanion) should possess S = 1/2 spins, the observed
susceptibility indicates strong antiferromagnetic interactions
among the [Ni(dmit)2]

− species, which makes the material
diamagnetic (spin-singlet) at the ground state. This anti-
ferromagenic interaction is consistent with the calculated
overlap integrals, among which S3 is dominant and positive,
corresponding to a strong antiferromagnetic interaction
between the [Ni(dmit)2]

− species.
The same material exhibits qualitatively different magnetic

behavior under UV irradiation (Figure 6). The difference in the
susceptibilities under the dark and irradiated conditions (Δχ ≡
χirr − χdark) effectively manifests the temperature dependence of
χirr, because χdark is temperature independent, except for T ≤ 15
K (Curie tail due to oxygen and lattice defects). From ∼50 to
300 K, Δχ is nearly temperature independent and exhibits only
a slight broad maximum at ∼200 K. This behavior can be
interpreted as Pauli paramagnetism, with the strong correlation
due to the small band widths of BPY[Ni(dmit)2]2. From ∼50
to ∼10 K, Δχ begins to increase with decreasing temperature.
This observation indicates the existence of localized spins. For
T ≤ 10 K, a sharp decrease in Δχ is observed. Such low-
temperature behavior (T ≤ 50 K) suggests a strong
antiferromagnetic interaction between the localized spins in
photoexcited BPY[Ni(dmit)2]2. It should be noted here that
the localized spins are only on photoexcited cation (BPY2+)*,
and they cannot directly interact with each other because every
(BPY2+)* is surrounded by photoexcited anion ([Ni-
(dmit)2]

−)*. Accordingly, the strong antiferromagnetic inter-
action should involve the magnetic interaction between
(BPY2+)* and ([Ni(dmit)2]

−)*.
Electron Spin Resonance. The ESR spectra acquired in

the dark are shown in Figure 7. This material exhibits a single
peak at g1 = 2.036 with a large line width (>20 mT at 293 K).
Comparison with the ESR spectrum of [(n-C4H9)4N][Ni-
(dmit)2] at 293 K (gdmit = 2.025 (||), 2.015 (⊥)) and that of
BPY·Br2 under UV irradiation (gBPY = 2.001 (293 K), 1.993
(153 K)) (Figure S3) indicates that the signal observed in the
dark should be assigned to [Ni(dmit)2]

−. At 293 K, the ESR
signal is clear but too broad to discuss in a quantitative way
(Figure S4). At 153 K, the line width becomes much smaller.

Figure 6. Magnetic susceptibility of BPY[Ni(dmit)2]2 under the dark
condition and under UV irradiation. Under dark, both data of heating
(red triangles) and cooling (blue circles) processes are shown, and
core diamagnetism is corrected. Under dark, a jump at ∼5 K is not
intrinsic; it is produced after some scattered data points are removed.
Total susceptibility happened to be close to 0 around ∼5 K, which
made data scattering in an irreproducible way. Under UV irradiation,
open triangles around 50 K indicate the noise due to oxygen.
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Since the UV irradiation involves CT between BPY2+ and
[Ni(dmit)2]

−, the (BPY2+)* and ([Ni(dmit)2]
−)* are tenta-

tively called “CT-excited” states in order to distinguish them
from photoexcited states without CT between the cation and
the anion. Under UV (∼250−450 nm) irradiation, an
additional signal clearly appears in the ESR spectrum (Figure
7). The line shape indicates that the spectrum should contain
two kinds of contributions from different types of spins. The g-
values are g1* = 2.034 and g2* = 1.996. Judging from the g-
values, the observed signals are assigned to the unpaired
electrons on the CT-excited cation (BPY2+)* (g2*) and the
CT-excited anion ([Ni(dmit)2]

−)* (g1*). The relative line
widths support this assignment, as delocalized (conduction)
electrons generally exhibit larger ESR line widths than localized
spins do. It should be noted here that the additional peak does
not appear at any temperature without UV irradiation. In
addition, the higher the temperature becomes, the less intense
(BPY) or the broader (Ni(dmit)2) the ESR signals become.
This disagrees with the observations in Figures 7, S3b, and S4,
and excludes the possibility that the additional peak originates
substantially from heating effects.
The spectrum was simulated by assuming an electron spin (S

= 1/2) on the BPY and on the Ni(dmit)2 species, and by
considering the three-dimensional anisotropy of their g-values,

line widths, and hyperfine interactions with 14N (I = 1, natural
abundance 99.635%) and 1H (I = 1/2, natural abundance
99.9844%) nuclei. The simulated spectrum reproduces the
main feature of the observed spectrum well (Figure 7). The
parameters obtained (Table S5) are consistent with those for
other Ni(dmit)2 radical anion complexes.79 This material
exhibits a stable and reversible response in the ESR under
repetitive UV irradiation (Figure S5).
The amount of CT under UV irradiated condition can be

roughly estimated from the change in ESR intensity, which
indicates an ∼10% decrease in charge on the Ni(dmit)2 anions
under UV irradiation (δ ≈ 0.10 in [Ni(dmit)2]

(1−δ)−). This
value is consistent with the band calculation: δ ≈ 0.25 × 0.33 ≈
0.08 by applying (the summation of) eq 1 to the bands located
at ∼2.75−5 eV (250−450 nm) above EF. This is fairly good
agreement, despite the rough estimation.

Mechanism and Possibility of PIPT in BPY[Ni(dmit)2]2.
Here we will discuss some possible mechanism, which do not
exclude other possibilities and should be elucidated by further
studies. Some of the optical transitions in the UV region in
BPY[Ni(dmit)2]2 are assigned to intermolecular LUMO→(-
LUMO+n) (n ≥ 2) transitions between Ni(dmit)2 species.
However, the (LUMO+2) and higher levels of Ni(dmit)2 are
practically localized levels in this material, unable to provide the
high electrical conduction observed. Accordingly, UV irradi-
ation does not appear to produce so evident a σph in this
material unless some active role of BPY is taken into
consideration. The UV irradiation brings about the CT
transitions between BPY2+ and [Ni(dmit)2]

− as well as between
the [Ni(dmit)2]

− themselves (Figure 2). The latter CT
transitions are also possible upon UV irradiation of other
Ni(dmit)2 complexes, which, however, hardly produces any σph
(Figure 5c). Therefore, the discussion thus far indicates a
strong connection between a large σph and cation−anion
interactions, i.e., the importance of the CT transition between
cation and anion. The CT transitions in this material have the
character of a solid-state (reversible) photochemical redox
reaction. The large sum of the oscillator strengths (∼0.33) in
the UV region suggests a large number of electrons transferred
between BPY2+ and [Ni(dmit)2]

−. This type of CT transition is
essentially similar to the optical transitions between the valence
and conduction bands in standard photoconduction, yet the
number of electrons transferred is characteristically larger than
any other type of optical transition. This can be considered to
originate from the photoinduced redox activity of the bipyridyl
derivatives, and might account for the larger photoconduction
than other Ni(dmit)2 complexes without such photoreactive
cations.
Another possible mechanism could be PIPT. Qualitative

changes in the physical properties under UV irradiation might
be less obvious in BPY[Ni(dmit)2]2 than in usual thermody-
namic transitions because of the limited volume fraction of the
UV affected part of the sample (within a few μm from the
surface). The extremely narrow band at EF means that the
slightest change in band filling might result in a drastic change
in the Fermi surface, which in turn may cause a structural/
electronic transition. In this case, the transition is from an ionic
to CT state, and the final (CT) state is characterized by partial
charges on BPY2(1−δ)+ and [Ni(dmit)2]

(1−δ)−, intermediate
between ionic and neutral states. This transformation is similar
to the melting of charge ordering in (EDO-TTF)PF6

2,3 and α-
(ET)2I3,

4−10 and yet BPY[Ni(dmit)2]2 also exhibits a melting of
the diamagnetic spin-ordering and produces new spins on

Figure 7. ESR spectra of the single crystal of BPY[Ni(dmit)2]2
measured under the dark condition and under UV (∼250−450 nm;
∼2 Wcm−2) irradiation at 153 K, and simulated spectra using the
parameters in Table S5: (a) as obtained and (b) first integral of (a).
Magnetic field was applied perpendicular to [010].
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different molecules at the same time. Such a type of PIPT has
not been reported. A detailed mechanism will be clarified by
time-resolved experiments, and studies on related materials will
reveal how universal PIPT occurs.

■ CONCLUSION

In the dark, BPY[Ni(dmit)2]2 is a diamagnetic semiconductor
having narrow bands around the Fermi level. Although this
material does not exhibit any phase transition in the dark, UV
irradiation over a wide temperature range (200−300 K) makes
it a magnetic conductor. This is different from the many cases
of PIPT known to date, which require irradiation under
particular thermodynamic conditions close to the original (i.e.,
dark state) phase transitions or at extremely low temperatures
(<10 K). Analysis of ESR has established the existence of two
different types of spins under UV irradiation: localized spins on
(BPY2+)* and carriers on ([Ni(dmit)2]

−)*. An interaction
between carriers and localized spins is suggested by an
extended Hückel calculation, UV−vis−NIR spectra, and
magnetic susceptibility measurements under UV irradiation.
This photoresponsive behavior might be understood as CT-
based photoconduction or a (new) kind of PIPT. Whether the
observed photoconduction is based on an unknown mechanism
or not, this conduction change under UV irradiation involves
ionic to charge-transfer state transformation. Further pursuit of
related salts will reveal how general such valence transitions are
and also clarify their relationship to PIPT.

■ EXPERIMENTAL SECTION
Materials and Methods. All chemicals were purchased as highest

grade and used as received. [n-(C4H9)4N][Ni(dmit)2] was synthesized
according to the literature.80 BPY·Br2 was prepared by refluxing 2,2′-
bipyridyl (Wako Pure Chemical Industries, 2.00 g, 12.8 mmol) in 1,2-
dibromoethane (Tokyo Chemical Industry, 75.0 g, 0.40 mol) for 3.5 h,
followed by recrystallization from cold methanol/ether (Wako). Pale
greenish gray fine crystals. Yield: 1.24 g (28%). Found (calcd): C,
39.53 (41.89); H, 4.10 (3.52); N, 7.71 (8.14). IR (KBr): ν/cm−1 3058,
3043, 3004, 2950, 2865, 2051, 1612, 1496, 1461, 1419, 1373, 1319,
790, 713. UV−vis (CH3CN): λ/nm (log ε) 218 (4.325), 250 (3.316),
258 (3.232), 308 (4.034), 318 sh (4.00). Single crystals of
BPY[Ni(dmit)2]2 were obtained from a slow double decomposition
of the saturated solutions. BPY·Br2 (10 mg) and [n-(C4H9)4N][Ni-
(dmit)2] (10 mg) were respectively added in acetonitrile (Wako; 20
mL each) and were dissolved as much as possible using a supersonic
wave machine. After filtration, one of the solutions was added to the
other. The mixed solution stood in the dark for several days at RT to
yield shiny black platelets or needles of ∼0.5−1 mm. Found (calcd):
C, 26.16 (26.52); H, 2.00 (1.11); N, 2.62 (2.58). IR: 1339(CC),
1060 (CS), 507 (Ni−S) (for the IR spectra, see Figure S6). Single-
crystal X-ray structural analysis was carried out with a Rigaku
Saturn724 diffractometer using multilayer mirror monochromated Mo
Kα radiation (λ = 0.7107 Å) at 120 ± 1 K. The details of the structural
analysis are described in the Supporting Information along with the
CIF file, which is also deposited to CCDC as file 884912, and can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif. For the calculation
of UV−vis−NIR spectra of the monoradical anion [Ni(dmit)2]

− using
Gaussian09,72,73 the time-dependent (TD) method was utilized to
determine the energy levels of the lowest six excited states. The basis
set was B3LYP/6-31+G(3d,3pd). The initial molecular geometry was
imported from the CIF file obtained from the single-crystal X-ray
structural analysis on BPY[Ni(dmit)2]2, and optimization of the
molecular structure was not carried out prior to the calculation.
UV Irradiation. Different light sources with band-pass filters (Δλ =

40−60 nm), Notch filters (UVA, UVB, vis for 300−400, 240−300 and
400−700 nm) and/or optical fibers were used to examine the

photoconductivity; Hg/Xe lamp (SAN-EI Electric, SUPERCURE-
203S; 200 W, 220−1100 nm), Xe lamp (Asahi Spectra, LAX-Cute; 100
W, 200−1100 nm), D2/tungsten-halogen lamp (Hamamatsu Pho-
tonics K.K., L7893; 30 W (D2) and 5 W (halogen), 200−1100 nm,
high-power tungsten-halogen lamp (Spectral Products, model ASBN-
W100F-L; 100 W, 300−2600 nm), and laser (NEOARK; max. 20 mW
with adjustable focus and intensity, 375 ± 5 nm). Actual light power of
a particular wavelength was measured using a Si-diode power meter
(OPHIR, NOVA). The details of the specifications of the light sources
used in this work were described in our previous papers.81,82

Physical Property Measurements. Except for the magnetic
susceptibility, all the single crystals were briefly checked by X-ray
oscillation photographs to identify the crystal quality and the
directions of the crystallographic axes. As for the magnetic
susceptibility measurements, several of the single crystals were
subjected to X-ray oscillation photographs to identify the crystal
phase. Other details of electrical resistivity, magnetic susceptibility, and
ESR measurements are described in Supporting Information.
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