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ABSTRACT: On the basis of the concept that the design
of a mixed valence system is a key route to create
electronic conducting frameworks, we propose a unique
idea to rationally produce mixed valency in an ionic
donor/acceptor chain (i.e., D*A™ chain). The doping of a
redox-inert (insulator) dopant (P) into a D*A™ chain in
place of neutral D enables the creation of mixed valency
A°/A~ domains between P units: P—(D*A™),A’—P, where
n is directly dependent on the dopant ratio, and charge
transfer through the P units leads to electron transport
along the framework. This hypothesis was experimentally
demonstrated in an ionic DA chain synthesized from a
redox-active paddlewheel [Ru,"™"] complex and TCNQ
derivative by doping with a redox-inert [Rh,™"] complex.

he design of electronically conducting materials is a

longstanding theme in the field of molecular functional
materials. In particular, attaining it using low-dimensional
covalently bonded or coordinating frameworks (i.e., charge
transfer metal—organic frameworks, CTMOFs) remains a big
challenge. To date, only a few families of highly conducting
one-dimensional chain compounds have been identified,"” e.g.,
Krogmann salts (or KCP derivatives) such as K,[Pt(CN),]-
Bry;-3H,0, partially oxidized oxalate Pt complexes such as
K, 6 [Pt(C,0,),]-2H,0,* halogenocarbonyl Ir complexes such
as [Ir(CO);Cl],°> metal wire complexes,é_8 and halogen-
bridged metal complexes.” " All these compounds are mixed
valence metal systems, synthesized mainly by one of the
following techniques: partial chemical oxidation in assembly
reaction media with an adequate oxidant such as halogen
(chemical oxidation method), crystallization from a non-
stoichiometric mixture of different valence precursors (substitu-
tional doping method), or electrochemical syntheses (electro-
chemical oxidation method). Thus, a key way to design
conducting CTMOF:s is the construction of continuous mixed
valency in a framework; however, the development of novel
methodology to rationally obtain mixed valence frameworks is
an important issue in this research area.

Here we propose a new idea to create mixed valency in a
chain to systematically enable the tuning of charge carrier
density, focusing on a family of one-dimensional chains
composed of electron donors (D) and electron acceptors
(A), i.e,, DA chains (Figure 1a), followed by electron transfer to
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form an ionic DA chain (i.e, D*A™ chain; Figure 1b). Now we
consider a redox-inert dummy unit (P as a means of “pinning”),
which can partially replace D units in a DA chain. If the redox-
inert P units are doped into a neutral DA chain to form a
D(;_P,A chain (Figure 1c), followed by electron transfer D—
A, the doped ionic chain should have A’/A~ domains between
P units independent of the size of domains (Figure 1d). Note
that we call finite chains isolated by two P units “domains,” and
the mixed valency in domains is given by the A’/A” sets.
Therefore, the A°/A~ pair can move within a domain, creating a
charge dynamical domain. Thus, the number of A°/A” sets is
equal to the number of domains, which is dependent on the
doping level. There are four possible charge arrangements for
adjacent A units around P, as depicted in Figure le—Ih.
Importantly, if the dopant P completely cuts off the
communication (i.e., exchange of charge) between domains,
the motion of an A°/A” set within a domain is merely an
exchange of dipoles (A’A"«>A~A’), which may be detectable as
a permittivity response (electron-pinned defect dipoles),"
whereas if any electronic interaction is possible through the
dopant P, charge transport beyond a domain would be
permitted. Hence, the doping of redox-inert P units into
ionic DA chains rationally produces mixed valency in the
system, and if the energy barrier at P is not high, i.e., with a
tunneling electron transfer between APA” and APA’ states
(Figure 1f and 1g), the electronic conductance in the chain
could be mainly dependent on the charge carrier concentration
(i.e., the number of the A°/A~ set) proportional to the amount
of dopant P.

To experimentally prove this hypothesis, we synthesized a
DA chain: [Ruy(2-MeO-4-CIPhCO,),(BTDA-TCNQ)]-2.5-
(benzene) (1), in which the donor is the paddlewheel-type
diruthenium(TI, II) complex [Ru,™"(2-MeO-4-CIPhCO,),] (2-
MeO-4-CIPhCO,” = 2-methoxy-4-chlorobenzoate) and the
acceptor is BTDA-TCNQ (= bis(1,2,5-thiadiazolo)tetracyano-
quinodimethane) (Supporting Information). Note that this D/
A combination was chosen for its potential to exist in ionic
form according to an ionicity diagram from related materi-
als.">'* In fact, the energy gap estimated by DFT calculations
between the HOMO level of [Ru,"'(2-MeO-4-
CIPhCO,),(THF),] (—4.1323 V) and the LUMO level of
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Figure 1. Schematic representations of charge arrangements possibly
found in DA chains and P-doped DA chains derived by electron
transfer from D to A, where P (as “pinning”) is a redox-inert dopant.
(a) Regular neutral DA chain. (b) Regular ionic DA chain (i.e., regular
D'A™ chain). (c) P-doped neutral DA chain. (d) P-doped ionic DA
chain, which forms degenerate mixed-valence states [(D*A~),A"]
between P units independent of the size of domains. (e—h) Four
possible states around the P unit, (f) and (g) being interchangeable if
an electron/hole transfer through the P unit is possible.

BTDA-TCNQ (—4.7353 eV) is significantly large, at —0.603 eV
(Supporting Information).

Compound 1 crystallized in the triclinic PT space group with
Z =2 (Figure 2; Table S1). Although BTDA-TCNQ could act
as a tetradentate ligand with four cyano groups,'**¢ the
moiety in 1 acted as a linear-type bidentate ligand using only
two cyano groups in a trans position, forming a DA alternating
chain similar to chain compounds based on N,N’-dicyanoqui-
nodiimine (DCNQI)."*" The repeating unit can be described as
a half of [—{Ru(1),}—(BTDA-TCNQ)—{Ru(2),}—(BTDA-
TCNQ)—] (Figure 2a). Compound 1 is an ionic chain, and the
charge distribution in D*A™ is constant over the temperature
range below 300 K as proved by structural comparison (see
Supporting Information; Tables S2 and S3) and magnetic
properties that reveal a ferrimagnetic spin arrangement with S =
3/2 for [Ru,”™* and § = 1/2 for BTDA-TCNQ*~
(Supporting Information; Figure S1). The chains run along
the (21—1) direction to form a chain-aggregated layer on the
(011) plane (hereafter called a “chain layer”; see Figure 2b and
2c). In this chain layer, chains are closely packed in an
antiphase manner with interchain 7—7 stacking between the 2-
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Figure 2. Crystal structure of 1. (a) Ortep drawing of the asymmetric
unit (50% probability ellipsoids; symmetry: *, —x — 1, =y + 1, —z + 1;
#, —x + 1, =y + 2, —z). (b) A packing diagram projected along the
(011) direction, representing a “chain layer” (the (011) plane). (c) A
packing diagram projected along the a axis, i.e., along the layer, where
the benzene molecules as interstitial solvents are shown in pale blue
color. The red circles indicate areas of 7— stacking. Hydrogen atoms
were omitted for clarity.

MeO-4-Cl-Ph group of [Ru,] and BTDA-TCNQ, resulting in
relatively short [Ru,]---BTDA-TCNQ_distances of ca. 7.2 A
(Figure S2). On the other hand, the crystallization solvents (2.5
molecules of benzene) are present between the chain layers
(Figure 2b); thus, chains, aligning in an in-phase manner along
the (011) direction, are significantly separated by ca. 12 A
(Figure S2), although 7—7 stacking between benzoate groups
occurs (Figure 2b).

The Rh-derivative of 1, [Rh,(2-MeO-4-CIPhCO,),(BTDA-
TCNQ)]-2.5(benzene) (1-Rh), with its P-only chain, was also
synthesized as a reference (Supporting Information), isostruc-
tural to 1 as confirmed by single-crystal X-ray crystallography
(Figure S3; Tables S1—S3). The [Rh,"™"(2-MeO-4-
CIPhCO,),] unit ([Rh,"™]) is redox-inert; thus, the BTDA-
TCNQ moiety is neutral (Table S3). Thereafter, the [Rh,™"]
unit was doped into 1 at 3.3, 5.0, and 20 mol %, where the
actual dopant composition analyzed by ICP-MS is close to the
added amount in the syntheses: [{(Ru,),_.(Rh,).(2-MeO-4-
CIPhCO,),}(BTDA-TCNQ)]-2.5(benzene) (x = 0.03, Rh-3%;
0.05, Rh-5%; 0.16, Rh-16%). The doped compounds were
structurally characterized and confirmed to be isostructural to 1
(Tables S1—S3). The comparison of bond lengths in this series
proved that the [Rh,™] unit was present at the estimated
dopant rate x (Figure S4). Furthermore, to establish whether
[Rh,™] units truly replaced [Ru,] units in 1 rather than
existing in a mixture of separate 1 and 1-Rh crystals, X-ray
fluorescence analysis was performed for each single crystal and
characteristic Rh peaks were quantitatively detected dependent
on x (Figure SS). Thus, the target [Rh,]-doped compounds
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were successfully synthesized, as illustrated in Figure 1d,
although their absorption spectra are almost identical to those
of 1 (Figure S6).

Figure 3a shows the dc resistivity (pg.) of all compounds
(except insulating 1-Rh) as a function of temperature measured
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Figure 3. (a) Temperature dependence of p,. measured on single
crystals of 1, Rh-3%, Rh-5%, and Rh-16% by two-probe dc-current
technique. (b) Variation of py. at 300 K with the doping rate 100x,
where the red line represents a fitting line by an exponential function
noted in the figure. (c) Arrhenius plots of o4. The activation energy
(E,(dc)) is listed in Table 1.

by a two-probe dc-current technique on single crystals (parallel
to the chain). All compounds exhibit typical semiconductor
behavior, but py. tends to decrease exponentially with
increasing amount of [Rh,™] dopant (Figure 3b): 1.2 X 105,
5.5 % 10° 1.3 X 10°, and 8.8 X 10> Q cm at 300 K for 1, Rh-
3%, Rh-5%, and Rh-16%, respectively (o4 = 8.4 X 1077, 1.8 X
1075 7.8 X 1075 and 1.1 X 107* S em™}, respectively). The
activation energy (E,(dc)) estimated from Arrhenius plots
(Figure 3c) is listed in Table 1. The p value of Rh-16% is

Table 1. Activation Energy Evaluated by dc (E,(dc)) and ac
(E,(ac)) Electronic Techniques (Two Probe Method)

compd E,(dc)/meV E,(ac)/meV
1 403

Rh-3% 310 201
Rh-5% 262 225
Rh-16% 158 197
1-Rh - -

smaller than that of 1 by more than 2 orders of magnitude.
Considering the fact that the [Rh,™"] unit is relatively redox-
inert and 1-Rh is an insulator (py. > 10'° Q cm), the [Rh,™]
unit itself cannot contribute as a carrier. Therefore, the charge
carriers must be provided from the mixed valence A’/A~ sets in
domains with transfer through the [Rh,™] (P) units. To
confirm the carrier type (electrons/holes or ions), time-
dependent dc resistivity was measured at 250—300 K (0.2 s
per a point) (Figure S7). Given the consistency of the p,. value
at each temperature and lack of time-dependency, electron/
hole carriers are indicated. The activation energy E,(dc) also
decreased with increasing doping amount of the [Rh,™"'] unit,
suggesting the electronic band structure changed with doping.
However, the structure of the conducting pathway is essentially
invariant, and the dopant P does not provide any energetically
relevant electron/hole band. Thus, this electron transport

should be dominated by the charge carrier density, ie., the
number of A°/A” sets. Consequently, E,(dc) should be the
activation energy for bulk conductivity. This mechanism is
obvious according to the following ac impedance data.

Ac impedance spectra of single crystals examined the
conducting behavior of these doped compounds. Figure 4
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Figure 4. Nyquist plots for 1 ( = 0.95), Rh-3% (8 = 0.72), Rh-5% (f
= 0.71), Rh-16% ( = 0.86), and 1-Rh at 300 K and their simulation
curves based on a generalized Debye equation with § values. Inset:
Arrhenius plots of o, of Rh-3%, Rh-5%, and Rh-16% estimated from
Nyquist plots measured at several temperatures. The activation energy
(E,(ac)) is listed in Table 1.

shows the Nyquist plots for 1, Rh-3%, Rh-5%, Rh-16%, and 1-
Rh at 300 K and their simulation curves based on a generalized
Debye equation Z(w) = R,/{1 + (iw7)’} with # = 0.71-0.95
(Z = impedance; R, = sample resistance; Debye relaxation as
= 1)." These semicircular plots prove that the electron
conducting behavior is attributed to a single electron/hole
hopping process, and the degree of conductance shows the
order 1 < Rh-3% < Rh-5% < Rh-16%, consistent with the dc
measurement results. The estimated p,. value from the
resistance R at 300 K (p,.@300x) is as follows: 7.6 X 10°, 6.8
X 10°% 5.5 X 10°, and 2.8 X 10° Q cm, for 1, Rh-3%, Rh-5%,
and Rh-16%, respectively. Although p, .30 of Rh-16% is
slightly larger than py.gseo, the trend with x mirrors the dc
measurement results. The inset of Figure 4 shows Arrhenius
plots for o,. of Rh-3%, Rh-5%, and Rh-16%, and the estimated
activation energies (E,(ac)) are summarized together with
E,(dc) in Table 1. The important aspect is that the E,(ac)
values are almost invariant independent of x, and this trend
conflicts with that in E,(dc). Namely, dc conductivity is
basically benefitted by increased numbers of carriers, and thus,
the activation energy E,(dc) reflects bulk conductance, whereas
the ac conductance mainly describes the local conduction in the
chain (i.e, the interdomain electron transfer), which is
associated with the energy barrier to pass the P dopant.
Hence, E,(ac) reflects the intrinsic nature of the system
involving the nature of P, and E,(ac) &~ 150—200 meV
represents the essential activation energy for electron/hole
hopping beyond the P units.

In conclusion, a novel ionic DA chain (i.e, D'A™) was
synthesized using the highly redox-active [Ru,(2-MeO-4-
CIPhCO,),] unit and BTDA-TCNQ, in which the doping of
a “redox-inert” dopant [Rh,] in place of [Ru,] could enhance
the electronic conductivity through the chain. This is probably
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because of the formation of mixed valence of A’/A™ in domains
isolated by the dopant [Rh,] units followed by charge transfer
through the dopant [Rh,] units. This mechanism provides a
unique way to design CTMOFs.
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