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ABSTRACT: Although charge-transfer compounds based on
tetrathiafulvalene (TTF) derivatives have been intensively
studied, {[cation]n+·[TTFs]n−} ion pair charge-transfer
(IPCT) salts have not been reported. The aim of this research
is to introduce functional organic cations, such as photoactive
methyl viologen (MV2+), into the negatively charged TTF−
metal coordination framework to obtain this new type of IPCT
complex. X-ray structural analysis of the four compounds
(MV)2[Li4(L)2(H2O)6] (1), {(MV)(L)[Na2(H2O)8]·4H2O}n
(2), {(MV)[Mn(L)(H2O)2]·2H2O}n (3), and {(MV)[Mn(L)(H2O)2]}n (4), reveals that the electron donor (D) TTF moiety
and the electron acceptor (A) MV2+ form a regular mixed-stack arrangement in alternating DADA fashion. The TTF moiety and
the MV2+ cation are essentially parallel stacked to form the column structures. The strong electrostatic interaction is a main force
to shorten the distance between the cation and anion planes. Optical diffuse-reflection spectra indicate that charge transfer occurs
in these complexes. The ESR and magnetic measurements confirm that there is strong charge-transfer-induced partial electron
transfer. Compounds 2, 3, and 4 show an effective and repeatable photocurrent response. The current intensities of 3 and 4 are
higher than that of 2, which reflects that the coordination center of the Mn(II) ion has a great effect on the increasing
photocurrent response.

■ INTRODUCTION

Charge-transfer materials have gathered immense attention due
to their versatile electronic functionalities and applications that
result from the ground-state electron transfer between electron
donor (D) and electron acceptor (A) moieties.1 The first
reported metallic charge-transfer (CT) salt is formed by
tetrathiafulvalene (TTF) and tetracyanoquinodimethane
(TCNQ),2 in which TTF acts as an electron-rich donor. By
using the unique property of the TTF moiety, TTF and its
derivatives (TTFs) have been successfully used as building
blocks for the formation of charge-transfer compounds, giving
rise to organic conductors and even superconductors.3 Various
TTF-related D−A compounds have been investigated in these
decades for studies of molecular-level devices,4,5 such as
molecular switches and sensors.
Most of these molecules are covalently linked D−A

compounds, including D−A diads and D−A−D/A−D−A
triads. Charge-transfer salts formed between cations and anions
(i.e., ion pair charge-transfer, IPCT, complexes) are among an
interesting subclass of the D−A system.6 A series of {[TTFs]n+·
[anion]n−} charge-transfer salts have been reported.3,7 The
other type of IPCT complex {[cation]n+·[TTFs]n−}, to the best
of our knowledge, has not been reported yet, because the TTF
moiety is usually neutral and can be oxidized only to the
corresponding radical cation and dication. The key to obtain

the {[cation]n+·[TTFs]n−} IPCT complexes is apparently that
negative charge should be introduced to the TTF moiety. The
advantage of such complexes is that functional organic cations
are able to be introduced into IPCT compounds of TTF.
We and other groups have reported a series of metal

coordination complexes of TTF−carboxylates with transition
metal ions8,9 and supramolecular salts with alkaline metal
cations.10,11 The TTF−carboxylates can be used as building
blocks to construct multidimensional frameworks with various
π···π interactions, short contacts, and hydrogen bonds. The
negatively charged TTF−carboxylates are a kind of unique TTF
derivatives that motivated us to synthesize the unknown
{[cation]n+·[TTFs]n−} IPCT complexes. On the other hand,
although charge-transfer salts of TTFs have attracted
considerable attention, few charge-transfer salts constructed
by TTF coordination polymers have been reported so far. Our
strategy is to integrate a negatively charged TTF−metal
coordination polymer-based electron-rich framework with
positively charged functional organic electron acceptors to
form {[cation]n+·[TTFs]n−} IPCT-type complexes.
Here, we demonstrate the use of a TTF−tetracarboxylate−

metal coordination anion and the organic photoactive methyl
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viologen dication12 (a well-known electron acceptor, abbre-
viated as MV2+) (Chart 1) to organize the {[cation]n+·

[TTFs]n−} IPCT-type complexes, (MV)2[Li4(L)2(H2O)6]
(1), {(MV)(L)[Na2(H2O)8]·4H2O}n (2), {(MV)[Mn(L)-
(H2O)2]·2H2O}n (3), and {(MV)[Mn(L)(H2O)2]}n (4). The
regular DADA mixed-stacking structures of these four
compounds are characterized, and strong charge-transfer
property is verified. It is known that the regular packing of
donors and acceptors is a significant factor in obtaining
photocurrent materials owing to excellent exciton separation
and subsequent efficient electron transport to an electrode.13

Therefore, photocurrent responses of these compounds are
investigated and discussed based on the metal coordination
effects.

■ EXPERIMENTAL SECTION
General Remarks. The compound tetrathiafulvalene−tetracarbox-

ylate sodium salt (Na4L) was prepared using the method reported
previously.9c The compound tetrathiafulvalene−tetracarboxylate lith-
ium salt (Li4L) was obtained by following a similar procedure to that
of Na4L, but LiOH was used instead of NaOH. The IR spectra were
recorded as KBr pellets on a Nicolet Magna 550 FT-IR spectrometer.
Elemental analyses of C, H, and N were performed using an EA1110
elemental analyzer. ESR spectra were recorded on a Bruker ER-420
spectrometer with a 100 kHz magnetic field in X band at 110 K.
Electronic absorption spectra were measured on a Shimadzu UV-3150
spectrometer. The temperature dependence of the magnetic
susceptibility of a powdered sample was measured by a Quantum
Design SQUID magnetometer on the MPMS-7 system. PXRD of
compounds 1−4 were carried out on a D/MAX-3C X-ray diffraction
meter with Cu Kα (λ = 1.5406 Å) radiation.
Preparation of Compounds. (MV)2[Li4(L)2(H2O)6] (1). An

aqueous solution (4 mL) of Li4L (4.1 mg, 0.01 mmol) was mixed
with a solution of MVI2 (4.4 mg, 0.01 mmol) in DMF (4 mL). The
mixed solution was stirred for 15 min at room temperature and filtered
into a glass tube; then, dark blue crystals of 1 were obtained in 23 days
from the filtrate by controlled evaporation of the solvent and were
used for all measurements (2.3 mg, yield 19.1% based on Li4L). Anal.
Calcd for C44H40Li4N4O22S8: C, 41.91; H, 3.20; N, 4.44. Found: C,
41.85; H, 3.19; N, 4.33. IR data (cm−1): 1623(vs), 1600(vs), 1536(m),
1434(w), 1337(vs), 1185(w), 1121(w), 1069(m), 833(m), 760(m).
{(MV)(L)[Na2(H2O)8]·4H2O}n (2). Compound 2 was obtained by

following a similar procedure to that of 1, but Na4L (4.7 mg, 0.01
mmol) was used instead of Li4L. Dark blue crystals of 2 were obtained
in 20 days from the filtrate by controlled evaporation of the solvent
and were used for all measurements (2.1 mg, yield 25.2% based on
Na4L). Anal. Calcd for C22H38N2Na2O20S4: C, 32.04; H, 4.64; N, 3.39.
Found: C, 31.64; H, 3.80; N, 3.31. IR data (cm−1): 1646(s), 1616(vs),
1589(s), 1430(w), 1335(s), 1162(w), 1109(w), 1075(m), 1001(w),
833(m), 760(m).
{(MV)[Mn(L)(H2O)2]·2H2O}n (3). An aqueous solution (6 mL) of

Mn(OAc)2·4H2O (5.0 mg, 0.02 mmol) was added into the mixed
solution of MVI2 (4.4 mg, 0.01 mmol) in DMF (4 mL) and an
aqueous solution (4 mL) of Li4L (4.1 mg, 0.01 mmol). The final mixed
solution was stirred for 15 min at room temperature and filtered into a
glass tube; then, dark blue crystals of 3 were obtained in 10 days from
the filtrate by controlled evaporation of the solvent and were used for
all measurements (1.8 mg, yield 26.1% based on Li4L). Anal. Calcd for
C22H22MnN2O12S4: C, 38.32; H, 3.22; N, 4.06. Found: C, 38.54; H,

3.19; N, 3.95. IR data (cm−1): 1600(vs), 1584(vs), 1559(s), 1439(w),
1359(vs), 1223(w), 1092(w), 815(m), 738(m).

{(MV)[Mn(L)(H2O)2]}n (4). Compound 4 was obtained by following a
similar procedure to that of 3, but Na4L (4.7 mg, 0.01 mmol) was used
instead of Li4L. Dark blue crystals of 4 were obtained in 20 days from
the filtrate by controlled evaporation of the solvent and were used for
all measurements (1.5 mg, yield 22.9% based on Na4L). Anal. Calcd
for C22H18MnN2O10S4: C, 40.43; H, 2.78; N, 4.29. Found: C, 40.25;
H, 2.65; N, 4.31. IR data (cm−1): 1623(s), 1604(vs), 1579(s), 1559(s),
1434(w), 1355(vs), 1223(w), 1087(w), 815(m), 738(m).

X-ray Crystallographic Study. The measurement was carried out
on a Rigaku Mercury CCD diffractometer at low temperature with
graphite-monochromated Mo Kα (λ = 0.71073 Å) radiation. X-ray
crystallographic data for all compounds were collected and processed
using CrystalClear (Rigaku).14 The structure was solved by direct
methods using SHELXS-97,15 and the refinement against all reflections
of the compound was performed using SHELXL-97.16 All of the non-
hydrogen atoms were refined anisotropically, and hydrogen atoms
were added theoretically, except that the H atoms of O−H were
located from the map. Relevant crystal data, collection parameters, and
refinement results can be found in SI-Table 1.

Electrode Preparation and Photocurrent Measurement. The
photoelectrodes of the compounds were prepared by the powder
coating method. As a typical procedure, the crystals of compounds
(0.005 mmol) were ground and pressed uniformly on the ITO glass
(1.0 × 1.0 cm, 100 Ω/□). A 150 W high-pressure xenon lamp, located
20 cm away from the surface of the ITO electrode, was employed as a
full-wavelength light source. The photocurrent experiments were
performed on a CHI650E electrochemistry workstation in a three-
electrode system, with the sample-coated ITO glass as the working
electrode mounted on the window with an area of 1.0 cm2, a Pt wire as
auxiliary electrode, and a saturated calomel electrode (SCE) as
reference electrode. The supporting electrolyte solution was a 0.1 mol·
L−1 sodium sulfate aqueous solution. The applied potential was 0.5 V
for all measurements. The lamp was kept on continuously, and a
manual shutter was used to block exposure of the sample to the light.
The sample was typically irradiated at intervals of 20 s.

■ RESULTS AND DISCUSSION

Discussion of the Structures and Molecular Packings.
Since the charge-transfer and photoelectrochemical properties
reported below were measured using crystal samples, the
molecular structures are important to understand the properties
and mechanism. Single crystals of the compounds were
prepared carefully by controlled evaporation of the reaction
solvents. X-ray structural analysis shows that compound 1 is
composed of TTF−tetracarboxylate−alkali metal coordination
anions and MV2+ cations. It consists of a tetranuclear unit
crystallized in the triclinic P1 ̅ space group. Two crystallo-
graphically equivalent Li(I)(2) atoms are linked together by
carboxylate groups of the TTF moiety into a dinuclear unit,
which are further joined to the other crystallographically
different Li(I)(1) atom by a carboxylate group on the other
side of the TTF moiety into a tetranuclear unit (Figure 1a and
Figure S1a). The carboxyl groups of the two sides of the L4−

ligand exhibit different coordination modes: one is mono-
dentate, and the other is μ2-η

2:η1. There are strong hydrogen
bond interactions between the tetranuclear units to form the
column structure (Figure S1b, SI-Table 2). Compound 2 shows
a supramolecular two-dimensional (2-D) structure, composed
of MV2+ dications, the ligand L4−, and a one-dimensional (1-D)
cationic [Na2(H2O)8]n

2+ chain and crystallized in the
monoclinic P21/c space group. The Na1 has a distorted
octahedral environment, and the NaO6 octahedra are each
edge-shared with two of its neighbors, forming a chain running
along the b-axis with composition {Na2(H2O)8}n

2+ (Figure S2).

Chart 1. Structures of Tetrathiafulvalene−Tetracarboxylate
L4− (Left) and Methyl Viologen Dication MV2+ (Right)
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The Na−O distances range from 2.346(6) to 2.444(5) Å. Every
two carboxylate groups on two sides of the TTF moieties
bridge neighboring Na−O chains through strong hydrogen
bonds (SI-Table 2) to form a 2-D coordination network
(Figure 1b). There is also strong hydrogen bonding among the
cocrystallized water molecules and the oxygen atoms of
carbonyl groups as well as the Na−O chains. The important
bond lengths of the central double bonds of TTF moieties of 1
and 2 are 1.355(10) and 1.338(12) Å, respectively, and the

central double bonds of MV moieties of 1 and 2 are 1.471(10)
and 1.477(12) Å, respectively, (discussed below). Details of the
distances (Å) and angles (deg) of important bonds and C···C,
C···S, and O···C contacts of 1 and 2 are given in the Supporting
Information (SI-Table 3, SI-Table 4).
X-ray structural analysis shows that compounds 3 and 4 are

composed of an anionic TTF−tetracarboxylate Mn(II)
coordination polymer and MV2+ cations. The structure of 3
is crystallized in the monoclinic C2/c space group and consists
of 1-D coordination chains (Figure 2a) and MV2+ cations. The
Mn(II) ions are octahedrally coordinated by four carboxylate
oxygen atoms from two different L4− ligands and two
coordinated water molecules at trans axial position (Figure
S3) to form an infinite polymeric structure. Each carboxyl
group of L4− exhibits a monodentate binding manner, which is
a new type of coordination mode found for the TTF−
tetracarboxylate ligand.9c,d The structure of compound 4 is
crystallized in the monoclinic P2/n space group and is
composed of a 2-D anionic [Mn(L)(H2O)2] network (Figure
2b) and MV2+ cations. There is only one crystallographically
independent manganese atom, which is symmetrically coordi-
nated by four carboxylate oxygen atoms from four different L4−

ligands and two coordinated water molecules at trans axial
positions. The 2-D coordination network is achieved in the ab-
plane by the Mn(II) coordination with the carboxylate groups
on two sides of the TTF moieties with μ4-η

1:η1:η1:η1 bridges
(Figure S4). The important bond lengths of the central double
bonds of TTF molecules of 3 and 4 are 1.310(10) and
1.342(11) Å, respectively, and the central double bonds of MV
moieties of 3 and 4 are 1.488(11) and 1.461(13) Å, respectively
(discussed below). The strong hydrogen bonding between the
coordinated water molecules and the noncoordinated oxygen
atoms of carbonyl groups appears to play a significant role in

Figure 1. (a) Tetranuclear unit of compound 1; (b) two-dimensional
supramolecular structure of compound 2. Hydrogen atoms were
omitted for clarity.

Figure 2. (a) Coordination 1-D chain bridged by L4− ligands in 3 (i: 1−x, y, 0.5−z); (b) coordination 2-D regular network bridged by L4− ligands of
4 (the sky blue dashed lines represent the hydrogen bonds). Hydrogen atoms were omitted for clarity.
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the formation of the regular 2-D coordination networks (Figure
2b). Details of the distances (Å) and angles (deg) of important
bonds, C···S and O···C contacts, and hydrogen bonds of 3 and
4 are given in the Supporting Information (SI-Table 2, SI-Table
3, SI-Table 4).
All the packing diagrams of the four compounds show that

the electron donor TTF moiety and the electron acceptor
MV2+ form a mixed-stack arrangement in alternating DADA
fashion, as seen from Figure 3. In compounds 1−4, the TTF
moieties and the MV2+ cations are essentially parallel stacked,
forming the columns with π···π stacking. The dihedral angles

between the TTF mean plane (including two five-membered
dithiolene rings) and the MV2+ mean plane (except two methyl
groups) are 3.28(8)°, 2.21(10)°, 1.43(8)°, and 2.61(9)°,
respectively. The distances between cation and anion planes
are 3.30 Å for 1, 3.45 Å for 2, 3.40 Å for 3, and 3.51 Å for 4.
The strong electrostatic interaction between the cation MV2+

and the anion is a main force that shortens the distances of the
cation−anion pair. The TTF moiety in 1 is not a plane but with
a dihedral angle between two five-membered dithiolene rings of
5.62(20)° and the bipyridinium moiety is also distorted with a
dihedral angle between two pyridiniums of 4.99(24)°. The TTF
moiety and MV2+ cation in 2, 3, and 4 are essentially planar
with dihedral angles between two five-membered dithiolene
rings of 0.00(21)°, 1.49(23)°, and 1.27(8)°, respectively, and
the dihedral angle between two bipyridinium moieties of
0.00(34)°, 0.00(26)°, and 0.00(27)°, respectively. These stable
and regular DADA-arranged structures may be of great concern
regarding their physical properties.

Charge-Transfer Property. Although structural analysis
for all four compounds gives details of the cation−anion
arrangement and interactions, evidence of charge transfer
should be verified by spectral measurement. In comparison with
the red color of the neutral coordination polymer (denoted as
[MTTFs]) of the same ligand,9c the dark green color of the
four salt crystals 1−4 (denoted as [MV]2+·[MTTFs]2−) (Figure
4) clearly suggests the possible occurrence of strong charge

transfer or electron transfer (the extreme case of charge
transfer) between the cation and anion in the solid state.
Optical diffuse-reflection spectra of 1−4 together with the
starting materials MVI2, Li4L, and Na4L were measured at room
temperature using BaSO4 as a standard reference. As shown in
Figure 5, the spectra of 1−4 show a broad range of absorption

Figure 3. D−A packing diagrams of 1 (a), 2 (b), 3 (c), and 4 (d).
Hydrogen atoms were omitted for clarity.

Figure 4. Color change from red [MTTFs] (left) to dark blue [MV]2+·
[MTTFs]2− (right).

Figure 5. Electronic spectra of MVI2, Li4L, Na4L, and 1−4 in the solid
state.
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in the visible and near-infrared range from about 600 to 950
nm. The new low-energy band is assigned to the absorption of
charge transfer (CT) or partial electron transfer between the
TTF anion and MV2+ cation. For comparison, no such band is
observed for MVI2, Li4L, and Na4L salts, and it is also different
from the bands of TTF•+3d and MV•+.12h Clearly, the intense
CT bands of 1−4 result from the cation and anion interaction,
π···π interaction, and short contacts mentioned above.
Solution spectra of crystal 1 in different concentrations were

measured (Figure S5). The peak at 720 nm (1.0 × 10−4 mol·
L−1) completely disappeared when the solution was 20 times
diluted to 5.0 × 10−6 mol·L−1. On the other hand, the frozen
solution ESR spectrum (110 K) of 1 (1.0 × 10−2 mol·L−1) is
also silent for radical signal. All those results suggest that the
low-energy band is a charge-transfer band (partial electron
transfer in the ground state).
To investigate whether an efficient interion electron transfer

has happened, ESR studies were carried out at 110 K (Figure
6). The ESR spectrum of compound 2 displays a sharp signal at

g = 2.005, which is in line with the characteristic ESR signal of
the cation radical TTF•+17 and MV•+12h units. The ESR spectra
of compounds 3 and 4 show broadened signals with g = 2.018
and 2.011, respectively. In comparison with that of 2, the
paramagnetic Mn(II) in 3 and 4 should be considered, and the
broad signal includes the coupling of two resonance signals, the
radicals of the TTF•+ and MV•+ units, and the unpaired
electrons of the paramagnetic center of Mn(II) atom.
Combined the aforementioned structural results of the face-

to-face DA packing modes with the existence of many
interactions such as electrostatic interactions, C···C and C···S
short contacts between TTF and MV moieties, the near-
infrared CT bands, and the radical signals in the ESR spectra,
we can conclude that there exist a strong charge transfer and
even partial electron transfer from the TTF moiety to the MV2+

in all these ion pair compounds. However, although the charge
transfer is very strong in these compounds, it should be noted
that only some of the molecules are radicalized, because the
bond lengths of the central double bonds of TTF molecules,
being sensitive to oxidation, are 1.357(10), 1.338(12),
1.310(10), and 1.342(11) Å for 1−4, respectively, in the
range of those reported for the TTF neutral state of the
coordination compounds with the same ligand L8e,9c,d and
shorter than those reported for the TTF radical cation (about
1.38−1.40 Å).18 The bond lengths of the C−S around the
central double bonds (SI-Table 4) are also consistent with
those reported for the TTF neutral state. Furthermore,
according to the theoretical calculation, the largest changes in
π charge density for the lowest-energy unoccupied orbital

(LUMO) in MV2+ in the transformation from MV2+ to MV•+

occur at the central C atoms, linking two pyridine rings, and N
atoms.19 The Guo group reported that the bond distances of
central C−C and N−C (represent as a and f or f′ in SI-Table 4)
are elongated by 0.04 and 0.018 Å.12a The distances of these
bonds for 1−4 are in the range of those reported in MV(I3)2.

20

Magnetic susceptibility measurement for complex 4 was
performed on a SQUID magnetometer based on polycrystalline
samples in the temperature range 2−300 K. The variation of
the molar magnetic susceptibilities is shown as χm and χmT
versus T plots in Figure S6. The χmT (5.70 cm3·K·mol−1 at 300
K) gradually decreased when the temperature dropped,
revealing the existence of antiferromagnetic interactions. The
expected χmT value for an isolated S = 5/2 Mn(II) ion is 4.37
cm3·K·mol−1, which is below the experimental 5.70 cm3·K·
mol−1. The result indicates that there is a magnetic contribution
of the radical electrons, which is consistent with the result of
the ESR measurement. The expected χmT value for the two
isolated S = 1/2 radical electrons (TTF•+ and MV•+) and a S =
5/2 Mn(II) ion system is 5.125 (= 4.375 + 0.375 × 2) cm3·K·
mol−1, smaller than the experimental value of 5.70 cm3·K·
mol−1, and is unreasonable for the system. Considering the
conjugated structure of TTF with the metal center, the radical
electron should not be an isolated one; therefore, it is difficult
to estimate the extent of the electron transfer.

Photocurrent Response Property. The [MV]2+ com-
pounds are usually photo- or electroactive.12 To investigate the
photoelectric conversion properties of the {[MV]2+·
[MTTFs]2−} IPCT-type complexes, the photocurrent response
experiments of 2, 3, and 4 were carried out with a three-
electrode photoelectrochemical cell consisting of the sample
modified ITO/CT-compound electrode (a more detailed
description is given in the Experimental Section). Compound
1 has a large solubility in water. The data of compound 1 were
not obtained. Usually, sacrificial reagents such as the electron
acceptor viologen or electron donors triethanolamine and
ascorbate are needed to be added into solution to generate a
photocurrent.21 Complexes 1−4 are a coassembly of photo-
active electron acceptor viologen and electron donor TTF and
hence could be inherent photoelectron active materials.
Therefore, the solution contains only 0.1 mol·L−1 sodium
sulfate as supporting electrolyte (in this system, water splitting
may be involved in the electrode reaction).22 The results are
shown in Figure 7 and Figure S7. Taking 4 as a representative
(Figure 7a, red line), upon repetitive irradiation with xenon
light on and off (interval 20 s), a clear photocurrent response
was observed. The anodic photocurrent was reached quickly
without delay and was stable without a decrease in the intensity,
providing an effective and repeatable photocurrent response.
The result demonstrates the reproducibility of the photo-
electrode response and, hence, the mechanical and photo-
physical stability of the electrode. The photocurrent response of
complex 2 under the same experimental conditions is also
displayed in Figure 7a (blue line). Comparing with those of 3
and 4, the current intensity of 2 is low, which seems to suggest
that the Mn(II) ion or more exactly the coordination of the
Mn(II) ion has an effect on the photocurrent response. PXRD
patterns of compound 4 before and after the photocurrent
experiment are shown in Figure S8, and they are essentially the
same. Figure 7b shows the photocurrent response of compound
3 without light filter (red line), with a 380 nm light filter (blue
line), and with a 420 nm light filter (green line). The current
intensity decreases quickly when the cut wavelength increases.

Figure 6. ESR spectra of 2−4 recorded at 110 K.
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Although compounds 3 and 4 are similar, the coordination
modes, the structural dimensions, and the interactions between
cations and anions are different. All the factors may affect the
shape and the intensity of the photocurrent response.
The proposed electron-transfer route for the observed large

anodic photocurrent for the {[MV]2+·[MTTFs]2−}/ITO
electrode is shown in Figure 8. First, upon irradiation, the

photosensitive MV2+ ion is excited to form the MV+• radical
with the cooperative electron transfer from the TTF donor to
the MV2+ ion. Then the MV+• radical transfers the electron to
the ITO electrode and returns to the MV2+ ion. The TTF
moiety loses one electron to form the TTF+• radical and
generates the electron conductive pair of TTF+•-MV+•. The
conductive solid-state intermediate ensures the effective
electron flow in the crystals.

Why can the [MV]2+·[MnTTFs]2−/ITO electrodes increase
the current intensity in comparison with that of the [MV]2+·
[NaTTFs]2−/ITO electrodes? Two aspects may be considered
for understanding the photocurrent behavior. The first one
involves the Mn(III)/Mn(II) redox couple. The TTF•+ obtains
an electron from the Mn(II) center and returns to a neutral
TTF state. The formed Mn(III) reacts with water23 to
complete the electrode reactions, which can explain the
effective photocurrent response of TTF−Mn compounds.
The water molecules act in the function of the sacrificial
reagent. The second one involves the effective electron transfer
between the electron donor TTF moiety and the electron
acceptor MV2+ moiety. The alternating DADA arrangement of
the TTF moiety and viologen molecule is found in the packing
of all four ion pair compounds. The distances between the
cation and anion planes are about 3.45, 3.40, and 3.51 Å for
compounds 2−4, respectively, which shows no obvious
relationship to the photocurrent intensity. Figure 9 shows the

dimer packing of the three compounds viewed on the top and
side. It is obvious that the donor and acceptor moieties in 3 and
4 are stacked effectively and regularly, while only some of the D
and A planes are stacked and there are two orientations in 2.
Therefore, the effective face-to-face D−A arrangement in
Mn(II) coordination polymers might be another possible
reason for the higher photocurrent response.13 The effective
arrangement is due to the metal−ligand coordination that fixes
the space between the TTF moiety and the MV2+ ion. Anyway,
the details of the mechanism should be verified by further
experiments and theoretical studies.

■ CONCLUSIONS
Compounds 1−4, (MV)2[Li4(L)2(H2O)6] (1), {(MV)-
[Na4(L)(OH)2(H2O)6]·2H2O}n (2), {(MV)[Mn(L)(H2O)2]·
2H2O}n (3), and {(MV)[Mn(L)(H2O)2]}n (4), are the first
examples of {[cation]n+·[TTFs]n−} IPCT-type salts. In these
salts, the functional organic cation, photoactive methyl
viologen, is introduced into the TTF−metal coordination
polymer. Single-crystal X-ray structural analysis of the four
compounds shows that the electron donor and the electron
acceptor form a regular mixed-stack arrangement in alternating

Figure 7. (a) Photocurrent responses of 2 (blue line) and 4 (red line)
in the presence of a 0.1 mol·L−1 Na2SO4 aqueous solution, irradiated
by a full-wavelength band high-pressure xenon lamp. (b) Photocurrent
responses of 3 without light filter (red line), with a 380 nm light filter
(blue line), and with a 420 nm light filter (green line).

Figure 8. Photocurrent generation diagram including the electron
flow.

Figure 9. Dimer packing of the three compounds viewed on the top
and side of 2 (a), 3 (b), and 4(c).
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DADA fashion. The strong electrostatic interaction plays an
important role in shortening the distance between the cation
and anion planes, which is in favor of the cation−anion charge
transfer in all these complexes. These MV−TTF compounds
possess an effective and repeatable photocurrent responsive
property. The coordination center of the Mn(II) ion has a great
effect on the increasing photocurrent response. Usually,
sacrificial reagents like the electron acceptor viologen are
needed to be added into solution to generate a photocurrent.
Complexes 1−4 are an inherent coassembly of the photoactive
electron acceptor viologen and the electron donor TTF and
hence could be viable materials for photoelectronics.
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