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ABSTRACT: Electron-transfer-facilitated dissolution, ion in-
sertion, and desorption associated with an MMX-type quasi-
one-dimensional iodide-bridged dinuclear Pt complex (MMX
chain) have been investigated for the first time. K2(NC3N)-
[Pt2(pop)4I]·4H2O (1) (NC3N

2+ = (H3NC3H6NH3)
2+; pop =

P2H2O5
2−) is a semiconductor with a three-dimensional

coordination-bond and hydrogen-bond network included in
the chain. The cyclic voltammetry of 1 was studied by using 1-
modified electrodes in contact with acetonitrile solutions
containing electrolyte. The chemical reversibility for oxidation
of 1 depended on the electrolyte cation size, with large cations
such as tetrabutylammonium (Bu4N

+) being too large to
penetrate the pores formed by the loss of K+ and NC3N

2+ upon
oxidation. The potential for reduction of 1 decreased as the
cation size increased. The presence of the acid induced additional well-defined processes but with gradual solid dissolution,
attributed to the breaking of the coordination-bond networks.

■ INTRODUCTION

Metal−organic frameworks (MOFs) have been the subject of
intense study over the past two decades because of their
applications in gas storage1 and separation,2 catalysis,3 and
magnetism,4 as a precursor for gels,5 and for their ability to act
as a host for organic molecules.6 The electrochemical behavior
of MOFs also has been of interest recently7 from the standpoint
of developing rechargeable batteries,8 supercapacitors,9 fuel
cells,10 photovoltaics,11 electrochromic thin films,12 etc.
However, the low conductivity of MOFs limits their perform-
ance even if the building blocks used to generate the MOFs
have intrinsically good electrochemical properties. Although a
few proton-conductive10 and metal-ion-conductive13 MOFs
have been reported, electron-conductive MOFs are still rare.
[{Rh2(acam)4}2I]n·6nH2O

14 and Cu[M(pdt)2] (Hacam =
acetamide; pdt = 2,3-pyrazinedithiolate) (M = Cu,15a Ni15b)
are representative examples of electron-conductive three-
dimensional (3D) MOFs through which the electronic charge
carriers can move. Their conductivity can be controlled by the
removal or insertion of the guest molecule. Other electron-
conductive MOFs described in the literature have conducting
π−π stacked arrays.16 Since valence fluctuation is a key to
achieving high electron conductivity, quasi one-dimensional
(1D) halogen-bridged dinuclear metal complexes (MMX

chains) are promising alternatives that can display both
electron conductivity and porosity.
MMX chains are paddle-wheel-type dinuclear complexes

infinitely bridged by halide ions to give an ···M−M−X−M−
M−X··· type material. The 1D electron system associated with
these complexes consists of the dz2 orbitals of the metal ions
(M) and the pz orbitals of the bridging halide ions (X). Since
the oxidation state is M2+ or M3+ in the mixed-valence state
(Robin−Day class II system)17 or M2.5+ in an averaged-valence
state (Robin−Day class III system), charge ordering18 and high
conductivity are induced. MMX chains synthesized to date have
been categorized by two ligand systems: dithioacetate (dta),
[M2(RCS2)4I] (M = Ni, Pt; R = alkyl chain group)19 and
diphosphite (pop), A4[Pt2(pop)4X]·nH2O (A = alkali metal,
alkyl ammonium, etc.; X = Cl, Br, I; pop = P2H2O5

2−).20

Although the dta system shows higher conductivity, its chains
are densely packed together by van der Waals interactions and
no pore exists. In contrast, some pop complexes have a pore
(usually filled with the lattice water) present in the framework,
which consists of a 3D coordination-bond and hydrogen-bond
network between the chains and countercations. Recently, we
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rationally designed this kind of MMX chain structure by
introducing binary countercations, A2D[Pt2(pop)4I]·nH2O (A+

= K+ and Rb+; D2+ = aliphatic diammonium ion; n = 2 and 4).21

Some of these materials exhibited nonlinear conductance22 and
reversible dehydration/rehydration with change in their
electrical conductivity and electronic state. However, the
electrochemical behavior of these solids has not been studied
even in the hydrated state, although the solution-phase
electrochemistry of some discrete diplatinum units in the
aqueous electrolyte solution has been reported.23 Analysis of
solid-state electrochemical behavior in MMX chains can
provide a platform for developing electrochemical devices
based on porous semiconducting coordination compounds.
Herein, we describe the electrochemistry of surface-attached
K 2 (NC3N) [P t 2 ( pop ) 4 I ] · 4H 2O (1 ) (NC3N

2 + =
(H3NC3H6NH3)

2+) (Figure 1), whose electrical conductivity
is 1.5 × 10−4 S cm−1 at room temperature,21b to reveal the
electrochemical behavior of MMX chains for the first time.

■ EXPERIMENTAL SECTION
Materials and Chemicals. K2(NC3N)[Pt2(pop)4I]·4H2O (1) was

synthesized as reported previously.21b Since 1 is soluble in water but
insoluble in acetonitrile (MeCN), the electrochemistry of the solid
adhered to an electrode was studied in this organic solvent containing
LiClO4, NaPF6, NaClO4, KPF6, Bu4NPF6, or Bu4NClO4 as the
supporting electrolyte. The presence of MeCN does not alter the
structure of 1, as shown from powder X-ray diffraction (PXRD) data
provided in Figure S1c of the Supporting Information. HClO4 (60% in
water) and TFA (trifluoroacetic acid) were used to provide a proton
source. Bu4NPF6 and Bu4NClO4 were purified by recrystallization
from ethanol. Other electrolytes and MeCN were used as received
from the manufacturer.
Instrumentation. Cyclic voltammetry and bulk electrolysis

experiments were carried out at room temperature 20 ± 2 °C using
standard three-electrode cell methodologies with BAS 100B or CV-
50W workstations. The working electrode was either a 3 mm diameter
glassy carbon (GC) electrode (BAS) or an indium tin oxide (ITO)
electrode. The working electrode was polished with an alumina slurry
and rinsed thoroughly before each experiment. The reference
electrode was Ag/Ag+ (0.01 M AgNO3 with 0.1 M (Bu4N)ClO4 or
0.1 M (Bu4N)PF6 in MeCN). The potential of the reference electrode
was calibrated by using ferrocene (Fc) as an external standard, and all
potentials are reported versus the ferrocene/ferrocenium reference
couple (Fc/Fc+). The counter electrode was a platinum wire. MeCN
solutions were purged with nitrogen gas for at least 15 min before each
experiment. Field emission scanning electron microscopy (FE-SEM;
Hitachi, S-4300) was used to image the microcrystals adhered to the
ITO electrode before and after electrochemical experiments. Energy
dispersive X-ray (EDX) spectra were measured by using a Genesis
4000 EDAX instrument.
Electrode-Modification Method. Solid 1 was transferred to the

surface of the GC electrode by the mechanical attachment method as
follows. Several crystals (1 mg) of 1 were placed on a filter paper or a
glass plate. After grinding to microcrystalline size, the GC electrode
was pressed onto 1 and rubbed so that a small quantity of solid
adhered to the electrode surface to form an array of microcrystalline
particles.

■ RESULTS AND DISCUSSION

Voltammetry of 1 over a Wide Potential Range. The
electrochemical behavior of 1 was investigated by cyclic
voltammetry. Initially, a 1-modified GC electrode was
immersed in MeCN solution containing LiClO4 as the
supporting electrolyte, and the potential cycled over the
range of +950 to −850 mV (Figure 2a).

Figure 2a reveals that microcrystals of 1 can be both oxidized
and reduced. However, the oxidation and reduction current
decreased on cycling the potential, suggesting dissolution of
products accompanies electron transfer. The initial oxidation
process occurs at about 300 mV, with a companion reduction
component at around 0 mV. This process can be assigned to
the oxidation of the Pt2+/Pt3+ mixed-valent state to the Pt3+

state; in the electrochemically induced chemically reversible
process, the electron transfer step is not reversible in the sense
that the magnitude of the peak separation between the
oxidation and reduction components is large and companion
reduction potential shifts to more negative values with an
increase in scan rate (see Figure S6 and Table S1 in the
Supporting Information). The reduction of solid 1 occurs at
around −700 mV, which can be assigned as an irreversible
reduction from Pt2+/Pt3+ mixed-valent state to a Pt2+ material.

Figure 1. (a) Perspective view along the c-axis and (b) chain structure
of 1 (black, C; blue, N; red, O(ligand); light blue, O(H2O); orange, P;
brown, K; purple, I; yellow, Pt). K+···O(ligand) coordination bonds
are represented as dotted lines. K+···O(H2O) coordination bonds and
hydrogen atoms are omitted for clarity. NC3N

2+ ions are disordered.
Bridging iodide and one of the four crystallographycally independent
O(H2O) are disordered by mirror symmetric operation.
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Cyclic voltammograms initially scanned to negative potential
direction (Figure S3) are similar to those initially scanned in
the positive direction (Figure 2), indicating that the redox
behavior is essentially independent of the scanning direction
when the potential is scanned over the range +950 to −850
mV.
In the case of solutions containing a small amount of HClO4

(with H2O), all processes become more prominent, as shown in
Figure 2b, but additional complexity is found, as the reduction
component seen after oxidation splits into two components.
The effect of acid will be discussed later. The potential could
not be scanned to values more negative than −1000 mV in the
presence of acid due to H2 evolution. The initially colorless
solution containing HClO4 gradually changed to yellow
(indication of a discrete diplatinum complex) on repetitive
cycling of the potential, implying that oxidized and/or reduced
products dissolved from solid 1 are soluble in acidified MeCN.
However, no color change was detected in neutral conditions.

Discussion on the effect of acid and origin of the decrease in the
current on cycling the potential will be provided later.
In order to probe the origin of the redox-based chemistry of

the mixed-valence diplatinum unit, cyclic voltammograms
relevant to the initial oxidation and reduction of surface-
confined microcrystals of 1 were studied individually in the
presence of different electrolytes.

Effect of Electrolyte Cation on the Oxidation of Solid
1. Cyclic voltammograms in Figure 3 show the electrochemical
oxidation of microcrystals of 1 in contact with MeCN solution
containing electrolytes with Li+, Na+, K+, or Bu4N

+ as the cation
and either ClO4

− or PF6
− as the anion. According to the

literature,24 the combination of electron transfer and insertion
of ions from the electrolyte solution into the solid needed to
maintain charge neutrality can be achieved by the following
mechanisms:

(1) Ions cross the phase boundary and intercalate from the
electrolyte into the solid or are lost from the solid
without major structural change.25

(2) The surface of the solid is fractured and increases in
volume, which enables both ions and solvent to penetrate
the solid.

(3) Dissolution occurs upon oxidation or reduction.

Since the oxidation process did not depend on the anion, K+

and/or NC3N
2+ ions are probably lost and transferred into the

electrolyte upon oxidation. A companion reduction component
is evident in Li+, Na+, and K+ solution electrolytes with a peak
potential between +50 and −100 mV (Figure 3a−d). However,
it is absent (Figure 3e,f) in the Bu4N

+ electrolyte case,
indicating that this cation may be too large to be rapidly
inserted into the crystal. Li+, Na+, and K+ ions may be inserted
into the pore made by the dissolution of K+ and/or NC3N

2+

accompanying the first oxidation. The size of the pores can be
estimated from the cation sizes, which give a radius of 1.65 Å26

for K+ and 2.8 Å × 7.0 Å for NC3N
2+, both being smaller than

the radius of Bu4N
+ (4.1 Å27). The oxidative cyclic voltammo-

grams for 1 in Li+, Na+, and K+ electrolyte solution remained
almost unchanged after a few cycles of potential. In contrast,
the oxidation current with Bu4N

+-containing electrolyte
gradually decreased with each cycle, indicating loss of material.

Figure 2. Cyclic voltammograms obtained at a scan rate of 100 mV s−1

for oxidation and reduction of a 1-modified GC electrode in contact
with (a) 0.1 M LiClO4 and (b) 0.1 M LiClO4, 10 mM HClO4, 37 mM
H2O in MeCN. First (black) and further (gray) cycles of potential.

Figure 3. Cyclic voltammograms obtained at a scan rate of 100 mV s−1 for oxidation of a 1-modified GC electrode in contact with (a) 0.1 M LiClO4,
(b) 0.1 M NaClO4, (c) 0.1 M NaPF6, (d) 0.1 M KPF6, (e) 0.1 M Bu4NPF6, and (f) 0.1 M Bu4NClO4 in MeCN. First (black) and further (gray)
cycles of potential.
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In order to establish the surface change that takes place
during the course of the electrochemical experiments, scanning
electron microscopic (SEM) images of 1 attached to an ITO
electrode were obtained before and after oxidative cyclic
voltammetry (100 cycles) and oxidative bulk electrolysis for 10
min. The results are shown in Figures 4 and S5. The

characteristics of the cyclic voltammogram of 1 on the ITO
electrode were almost identical to those found with the GC
electrode (Figure S4). SEM images over wide regions of the
surface (Figure S5a, d, g, j, and m) show that adhesion of 1 to
the ITO electrode is far from homogeneous. Material is
adhered to the electrode as a film with cracks (Figure 4a) or as
isolated or aggregates of microcrystals (Figure 4b). After
oxidative cyclic voltammetry and oxidative bulk electrolysis, an
additional level of microcrystallinity was evident (Figure 4c−e),
implying that oxidation and reduction components may occur
via mechanisms (1) and (2).
Insertion of electrolyte cation in the companion reduction

process is supported by EDX spectra obtained during collection
of SEM images (Figure 5). In particular, Na is detected after
oxidation of 1 in 0.1 M NaClO4/MeCN but not after soaking
surface-confined 1 in 0.1 M NaClO4/MeCN for 30 min. This
result leads to the conclusion that ingress of Na+ into the crystal

is induced by oxidation. Cyclic voltammograms at a range of
scan rates are given in Figure S6. The slope of 0.6 of a plot of
log(ipc) versus log(v) (Figure S7) implies that the process is
diffusion limited, and hence diffusion of Na+ and electrons takes
place through surface-confined 1. Further details on the analysis
of the scan rate dependency and the barrier to diffusion of
electrons and/or Na+ through the microcrystals are provided in
the Supporting Information.
The crystal structure and lattice water molecules are believed

to be maintained during the course of oxidative cycling of 1 in
contact with MeCN (0.1 M LiClO4 or 0.1 M NaClO4) because
the PXRD pattern of 1 remains almost unchanged after the 100
cycles of potentials (Figure S1d,e).

Effect of the Acid on the Oxidation of Solid 1. In order
to further study the effect of H+ in the electrolyte, HClO4 (60%
in water) or TFA was added to 0.1 M LiClO4/MeCN or pure
MeCN solutions. Figure 6a shows cyclic voltammograms in 0.1

Figure 4. SEM micrograph images of 1 attached to an ITO electrode
taken (a, b) prior to soaking in MeCN, (c, d) after 100 cycles of
oxidative potential scan between −500 and +700 mV (vs Fc/Fc+) at a
scan rate of 100 mV s−1 in contact with 0.1 M LiClO4 and 0.1 M
NaClO4 in MeCN, respectively, and (e, f) after oxidative bulk
electrolysis for 10 min at +690 mV (vs Fc/Fc+) in 0.1 M LiClO4/
MeCN.

Figure 5. Energy dispersive X-ray (EDX) spectra of 1 attached to an
ITO electrode measured (a) prior to soaking in MeCN (black,
obtained from Figure 4a), (b, c) after 100 cycles of oxidative potential
scan between −500 and +700 mV (vs Fc/Fc+) at a scan rate of 100
mV s−1 in contact with 0.1 M LiClO4 (red, obtained from Figure 4c)
and 0.1 M NaClO4 (blue, obtained from Figure 4d) in MeCN,
respectively, and (d) after soaking in 0.1 M NaClO4/MeCN for 30
min (green, obtained from Figure S5k).

Figure 6. Cyclic voltammograms obtained at a scan rate of 100 mV s−1

(except for (g), at 20 mV s−1) for oxidation of a 1-modified GC
electrode in contact with (a) 0.1 M LiClO4, 37 mM H2O, (b) 0.1 M
LiClO4, 2 mM HClO4, 7.5 mM H2O, (c) 0.1 M LiClO4, 10 mM
HClO4, 37 mM H2O, (d) 10 mM HClO4, 37 mM H2O, (e) 0.1 M
LiClO4, 10 mM TFA, (f) 0.1 M LiClO4, 140 mM TFA, (g) 0.1 M
TFA, and (h) 0.5 M TFA in MeCN. First (black) and further (gray)
cycles of potential.
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M LiClO4/MeCN solution also containing 37 mM H2O, which
equates to the concentration of water included by addition of
10 mM aqueous HClO4. Since Figures 6a and 3a are almost
identical, it is concluded that the additional 37 mM H2O does
not significantly affect the voltammetry. Figure 6b and c
provide examples of cyclic voltammograms in 0.1 M LiClO4, 2
mM HClO4, 7.5 mM H2O/MeCN and 0.1 M LiClO4, 10 mM
HClO4, 37 mM H2O/MeCN, respectively. The oxidation
component is now more distinct and appears at around +500
mV. This change may indicate that removal of cation (K+ and/
or NC3N

2+) is facilitated by acid-enhanced dissolution of the
oxidized sample. Moreover, reduction now consists of two
processes, with the first (+100 to +200 mV) and the second
(−100 to 0 mV) both decreasing on cycling the potential. This
behavior also was found in electrolyte solution without LiClO4
(Figure 6d), although in this case the voltammetry is more
similar to that in Figure 6b than Figure 6c. High concentrations
of Li+ (0.1 M) and H+ (10 mM) are necessary to obtain
voltammograms like those in Figure 6c. The origin of the
splitting into two reduction components might be a result of
two kinds of pore provided by loss of K+ and NC3N

2+

accompanying the first oxidation or more likely because
reduction of bulk soluble and insoluble material occurs in the
presence of acid.
In the case of addition of TFA to 0.1 M LiClO4/MeCN, a

decrease of current on cycling the potential is again observed,
indicating dissolution of oxidized 1 (Figure 6e,f). Split
reduction components were observed only on addition of a
high concentration of TFA (0.14 M). TFA is a weak acid and
does not completely dissociate into H+ and CF3COO

− in
MeCN (pKa(MeCN) = 12.728). For a 0.1 M TFA solution
without LiClO4, oxidation of 1 (Figure 6g) was suppressed by
the low concentration of dissociated electrolyte (H+ and
CF3COO

−). In this case a higher concentration (0.5 M; Figure
6h) of TFA was necessary to observe a decrease of the
oxidation current and splitting into two reduction components
on cycling the potential.
As hypothesized above, oxidation of 1 induces loss of K+

and/or NC3N
2+ from the solid 1 to create a pore, and

electrolyte cations are then inserted in the reduction
component. Although an alkali metal ion can connect the
diplatinum units and hold the one-dimensional structure
together via multiple coordination bonds to pop ligands, H+

cannot fulfill this role. Therefore, under acidic conditions, it is
assumed that insertion of H+ in the reduction component
reduces the extent of the coordination-bond network and
enhances dissolution.
Reduction of Solid 1 in MeCN Solution Containing

Different Electrolytes. In order to study the reduction of 1,
cyclic voltammograms were recorded up to approximately
−860 mV (when acid is present) or −1570 mV (in the absence
of acid). The results obtained in the presence of different
electrolytes are shown in Figure 7. The peak potential for
reduction of the microcrystal is strongly dependent on the
electrolyte. In the case of solutions containing HClO4,
reduction occurs between −415 and −480 mV (Figure 7b,c).
As the cation size increases from H+ to Li+ and Bu4N

+, the
reduction peak potential becomes more negative. Reduction is
assumed to occur via mechanism (1) or (2). Even though
reduction is irreversible, inserted cations would be required to
achieve charge neutrality.
Bulk Oxidative Electrolysis of Solid 1 in 0.1 M LiClO4/

MeCN. Although the oxidation of 1 in 0.1 M LiClO4/MeCN

(Figure 3a) is chemically reversible, it is unclear as to whether
all of the microcrystalline solid is oxidized. In order to reveal
the extent of oxidation, bulk electrolysis was performed, using 1
adhered to an ITO electrode by the mechanical attachment
method. The applied constant potential used for bulk
electrolysis was +690 mV (vs Fc/Fc+) and gave the charge
versus time data shown in Figure 8. The amount of solid

oxidized was calculated from Faraday’s law of electrolysis: Q =
Fzm/M, where Q is the charge, F is the Faraday constant
(96485 C mol−1), z is the number of electrons transferred per
electroactive species (one assumed in this case), m is the mass
of 1 attached to the GC electrode (0.386 mg), and M is the
molar mass of 1 (1319.3 g mol−1). After about 5 min of bulk
electrolysis, the charge reached a limiting value of about 0.01 C,
which represents about 30% of the sample being oxidized.

Figure 7. Cyclic voltammograms obtained at a scan rate of 100 mV s−1

for reduction of a 1-modified GC electrode in contact with (a) 0.1 M
LiClO4, (b) 0.1 M LiClO4, 10 mM HClO4, 37 mM H2O, (c) 10 mM
HClO4, 37 mM H2O, (d) 0.1 M Bu4NPF6, and (e) 0.1 M Bu4NClO4
in MeCN. First (black) and further (gray) cycles of potential.

Figure 8. Charge−time data derived from bulk electrolysis at +690 mV
(vs Fc/Fc+) of a 1-modified ITO electrode in contact with MeCN
containing 0.1 M LiClO4.
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Incomplete electrolysis can be explained by noting that solid
1 is a semiconductor in its initial state with platinum being in a
Pt2+/Pt3+ mixed-valence state. However, when the 1D chain is
oxidized to the Pt3+ state, the compound becomes an insulator,
which limits the extent of oxidation. In fact, some microcrystals
of the surface-confined 1 solid are not modified by bulk
electrolysis (Figure 4f) contrary to the film of 1 (Figure 4e).
This result is opposite that for electrochemical solid−solid-state
formation of conductive metal−TCNQ complexes from an
insulating TCNQ solid adhered to an electrode in contact with
an aqueous metal salt solution.29 The lowering of conductivity
may be minimized in a single crystal, because the doped hole
can move along the larger domain.

■ CONCLUSION

The voltammetry of surface-attached semiconducting solid 1
has been achieved with a chemically modified electrode in
contact with MeCN-containing electrolyte. The oxidation of 1
was almost chemically reversible when either Li+, Na+, or K+

was present in the electrolyte, whereas the coupled reduction
component was not observed with a Bu4N

+-containing
electrolyte solution presumably because this cation is too
large to be inserted into the crystal. The presence of H+

enhanced dissolution of the oxidized sample and led to splitting
in the coupled reduction process, plausibly originating from
two different pores made by the egress of K+ (1.65 Å26 in
radius) and NC3N

2+ (2.8 Å × 7.0 Å) upon oxidation. The
reduction of 1 was also affected by the electrolyte cation size.
As the size increased from H+ to Bu4N

+, the potential for
reduction becomes less negative. The oxidation of 1 did not
progress completely because the mixed-valence domains
disappear as 1 is oxidized. However, the ability to achieve
reversible chemical oxidation of 1 suggests that this material
could be used as the positive electrode material in a
rechargeable battery. By combining solid-state optical and
electrochemical data, the energies of the valence and
conduction bands of 1 are estimated to be approximately
−5.38 and −4.53 eV, respectively (see Supporting Informa-
tion). Thus, the energy difference between the valence band
and the reversible Li/Li+ potential is about 4 V, which is
comparable to the cell voltage of a conventional Li-ion
rechargeable battery. These results should open new avenues
of research related to the electrochemical dissolution/insertion
behavior in MMX chains and other conductive solid
coordination compounds. The electrochemical doping of
dehydrated 1, which has a larger pore than the presently
studied hydrated complex, provides the next challenge to
achieve an electrochemically active porous coordination
compound. The structure of dehydrated 1 is maintained even
after immersion in MeCN (Figure S2).
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