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Abstract

We report the synthesis, characterization, and electronic state of a novel mixed-valent metal—
organic ladder (MOL) linked by pyrazine (pz). Single-crystal X-ray studies revealed that the
MOL has a two-legged ladder-shaped framework, which is composed of a pz-connected Pt
dimer with bridging Br ions. The electronic state of the MOL was investigated using X-ray
and spectroscopic techniques; the MOL was found to have an electronic state that
corresponds to the mixed-valence state of Pt'! and Pt!Y. Furthermore, the intervalence charge
transfer energy of the MOL has lower than that expected from the tendency of a similar
halogen-bridged mixed-valence MOL owing to its unique “zig-zag”-shaped legs. These
results provide a new insight into the physical and electronic properties of MOL systems.

Keywords: coordination polymer, mixed valency, ladder, platinum complex

1. Introduction

Metal—organic frameworks (MOFs) emerged as a new class
of crystalline hybrid inorganic/organic solids, that are
composed of metal ions or clusters connected by organic
linkers [1-3]. Because of their structural designability and
tunable functionalities, MOFs are attracting considerable
attention in various applications such as gas storage/separation
[4, 5], sensors [6, 7], proton conductors [8, 9], and catalysts
[10—12]. More recently, MOFs assembled from electroactive
building blocks are being considered appealing for
optoelectronic or electrochemical applications [7, 13—15].
However, most MOFs are typically electrical insulators
because of the insulating nature of the organic linkers and/or
the poor orbital overlap between metal ions through the linkers
[15]. To explore the electrical properties of the coordination
networks, electron transport pathways must be established
through the entire framework. Thus, a judicious choice of

XXXX-XXXX/ XX/ XXXXXX

organic and inorganic building blocks is requisite. Mixed
valency is one of the important factors to be considered for
such building blocks because it can endow the framework with
interesting electronic and optical properties [16—18].
However, the reports of MOF compounds incorporating
mixed-valent moieties are still not common [15].

Among the mixed-valent building bocks, we focus on the
one-dimensional (1-D) halogen-bridged mixed-valence
transition metal complexes, the so-called MX chains, which
has been intensively investigated since the 1970s as a typical
example of 1D electron systems [19-22]. The MX-chain
compound shows unique chemicophysical properties
including luminescence with a large Stokes shift, large third-
order nonlinear optical susceptibility, long-range migration of
solitons and polarons, and a tunable semiconducting band gap
[23-30]. The structure of the MX chain is characterized by an
infinite chain, represented as -M—X-M—X-M—-X-, composed
of metal ions (M = Ni, Pd, Pt) and halide ions (X = Cl, Br, I)
(figure la). The electronic states of the MX chains can be
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categorized into two classifications, depending on the choice
of the metal species: Mott—Hubbard (M = Ni'l'; single valent
and paramagnetic) and charge-density-wave (M = Pd"™1V, Pt
V. mixed-valent and diamagnetic) states (supplementary
figure 1) [19-22]. Recently, to utilize the physicochemical
properties derived from the MX chain as the building block,
several extended systems of MX chains are reported [31-39].
In these systems, MX chains are linked by organic ligands as
rungs and form framework structures with various
dimensionalities, namely, metal-organic ladders (MOLs or
MX-ladders) [31-35], nanotubes (MONTSs or MX-tubes) [36—
38], and nanosheets [39] (figure 1b). Interestingly, owing to
the interactions among the constituent MX-chains, they show
a distinct tendency for its optical band gaps, which differs
from that of a single MX chain [32]. This means that the
electronic states of the extended MX systems differ from those
of the MX chains. Furthermore, with accompanying the
increased number of constituent-chains, the ordered valence
arrangements were induced among the constituent-chains of
the extended MX system [34, 35, 37]. These findings intrigue
a wide range of interests in both physicists and chemists in the
aspect of the development of the ladder materials, which is
typically investigated using oxide-ladder compounds [40—43].
Compared with the conventional oxide-ladder compounds,
MOL and MONT compounds based on MX-chains have an
advantage in structural designability through the use of
coordination chemistry.
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Figure 1. (a) Typical 1-D chain structure of MX-chain
compounds. M = Ni, Pd, Pt; X = CI, Br, I; Y = counter ions; L
= capping ligands. (b) Schematic image of the formation of
extended MX-systems by connecting chains with rungs

In this work, we describe the synthesis, crystal structure,
and electronic state of a novel MOL,
[{(dien)PtBr}2(pz)](SO4)2 (1) (dien = diethylenetriamine; pz =
pyrazine). Two MX chains are connected by pz, forming a
two-legged ladder lattice, where the MX chains are the leg.

We investigated the electronic state of 1 using X-ray and
spectroscopic techniques, which revealed that 1 has an
electronic state corresponding to the charge density wave
(CDW) state (--Pt"---Br—Pt"V—Br---Pt"---Br—Pt"V—Br--) with
the intervalence charge transfer (IVCT) energy of 2.4 eV. The
IVCT energy of 1 was lower than that expected from the
tendency of IVCT energies of the other MOL systems.

2. Experiment

2.1 Methods

Reagents and solvents were purchased from Wako Pure
Chemical Industries, Ltd., TCI Co., Ltd., and Sigma-Aldrich
Chemical Co. and were used without further purification.
Elemental Analysis. Elemental analysis was done at the
Center for Elementary Analysis (Kyoto University) using a
Yanaco MT-5 and MT-6 CHN recorders.

Single Crystal X-ray diffraction analysis (SCXRD).
SCXRD data were collected using a Bruker AXS SMART
APEX II CCD X-ray diffractometer equipped with the
graphite-monochromated Mo-Ka radiation (A = 0.71073 A) at
100 K. The structure was solved by a direct method (SIR2004)
[44], and refined using full-matrix least squares methods
based on F? (SHELXL, version 2018/3) [45]. For this analysis,
the Yadokari software package [46] was used. The electron
densities due to the disordered solvent molecules were
squeezed using the PLATON software. Crystallographic data
of 1 in the crystallographic information file format have been
deposited at the Cambridge Crystallographic Data Centre
(CCDC) under deposition number of 2004123. (The data can
be downloaded free of charge via
www.ccdc.cam.ac.uk/data_request/cif or from Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, U.K.).

Diffuse-reflectance spectroscopy. The diffuse-reflectance
spectrum diluted in optical grade calcium fluoride powder was
collected using a JASCO V-570 spectrometer equipped with
the 60 mm integrating-sphere accessory (ISN-470). Using the
Kubelka—Munk function F(R.), the obtained spectrum was
transformed into absorption spectra.

Raman spectroscopy. Raman spectra were measured by
using a confocal micro-Raman spectrometer (JASCO, NRS-
1000). The excitation energy of 532 nm was used (a Showa
Optronics model JUNO 532-100S Nd:YAG laser).

X-ray photoelectron spectroscopy (XPS). XPS data were
obtained on a SHIMADZU ESCA3400 spectrometer with a
monochromatized Mg Ko radiation source (1253.6 eV)
operated at 6 kV and 10 mA. Samples were ground and spread
on a conductive carbon adhesive tape attached to the sample
holders. The C 1s binding energy of graphite in the carbon tape
(284.6 eV) was used to calibrate the binding energy. Curve-
fitting analyses were performed using XPS PEAK4.1 software
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by using a combination of Gaussian and Lorentzian line
shapes.

2.2 Synthesis

[(dien)Pt(NO3)](NO3) was synthesized as previously
reported [32]. [(dien)Pt(NO3)](NO3) (0.10 mmol) and pz (0.05
mmol) were dissolved in water (10 mL), and heated at 80 °C
for 1 week. After adding tetramethylammonium hydrogen
sulfate (TMA-HSO4; 0.60 mmol) and then filtering using a
membrane filter, the solution was slowly exposed to Br
vapour at 5 °C. The film-shapedf shiny-brown crystals of 1
were formed after half a day. The crystals were separated by
filtration, washed by a small amount of water, and then dried
in air (yield: 30-40%). Elemental analysis: Calculated for

[{(dien)PtBr}2(pz)1(SO4)2- 10H,0: C, 11.93; H, 4.17; N, 9.27.
Found: C, 11.84; H, 3.73; N, 9.18. Crystal Data:
Ci2H23BrSoNsOsPt,, M, = 1026.5, crystal dimensions:
0.30%0.30%0.01 mm?®, monoclinic C2/m, a = 34.20(4) A, b =
5.639(7) A, c = 8.826(11) A B =101.33(1)°, ¥=1669(3) A,
Z =2, deated = 2.043 g cm3, p = 10.933 mm!, F(000) = 956,
1533 unique reflections (out of 6946 with > 2c(/)), Final R;
(I > 20(1)) = 0.0965, wR; (all data)= 0.2480, goodness-of-fit
(all data) =1.172.

3 Results and Discussion

We synthesized the novel ladder compound 1 by a rational
bottom-up method using the dinuclear Pt(II) complex
[{Pt(dien)}2(pz)](NO3)4 (dien = 2,2’-diaminodiethylamine; pz

il

(a) + 4+
NH; | | Ny HzN’f| Br,
N N
HN—Pt—NO;  + [ J _— > HN—"Pt=N mN " _ >
Ny Now ¥oH0,800C (o wd ex. TBA-HSO,
° 1 week 4ANO;- 5°C

(d) (e)

M 8@-8 (@)

¥ 5.639(7) A 8.82(1) A Pt(IV)
: (f)
- 10.39(1) A _
b | b
L a Pt(IV)

Figure 2. (a) A synthetic scheme of the reporting work and a typical photograph image of single crystals (b-f) Crystal
structure (100 K) of 1. (b) and (c) Two-legged ladder structure. (d) The perspective view of 3D packing in the ab
plane. (e) Inter-ladder hydrogen bonds between sulfate ion and the ladder lattice of 1 are represented as light-green
dotted lines,. The observed distances are between 2.5 and 3.1 A. (f) Perspective view of 3D packing in ac planes.
(g) MX leg structure from a side view of the ladder. The spheres represent C (gray), N (blue), O (red), S (yellow),
Br (brown) and Pt(orange) atoms, respectively. dien and pz ligands, and bridging Br sites are disordered into two
orientations. In panels (b), (c), (e), and (g), one orientation is extracted from the disordered structure for clarity.
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= pyrazine) as its building block (figure 2(a)). A partial
oxidation reaction [29, 30] using the elemental Br of the
divalent Pt precursor afforded the shiny-brown crystals of 1,
[[{PtBr(dien)}2(pz)](SOs4)2], as the product of the oxidative
polymerization reaction.

The crystal structure of 1 was determined using SCXRD at
100 K (figures 2(b)-(g))). Compound 1 crystallizes in the
monoclinic C2/m space group with the unit cell parameters of
a=34204)A,b=5.639(7) A, c=8.826(11) A, f=101.33(1).
As shown in figures 2(b) and 2(c), compound 1 has a clear
two-legged ladder structure, where two Br-bridged platinum
MX chains constitute its legs. From another viewpoint, pz-
connecting dinuclear Pt units were bridged by the Br ion to
form an infinite two-legged ladder structure, that propagates
along the b-axis. In the framework, two chains are separated
at 6.905 A by pz (figure 2(b)), which is the second shortest
rung distance among similar halogen-bridged MOLs [31]. In
the crystal structure, there are one crystallographically
independent Pt site, and two Br sites (BrlA and BrlB in
Supplementary figure 2(a)) with quarter occupancies. The
bridging Br~ positions deviate from the midpoint between
adjacent Pt ions, indicating that the valence state within a
constituent chain of 1 corresponds to the mixed-valence state
(charge-density-wave state: - Pt!"Br—Pt"V—Br**). The Pt-
Br distances were determined to be 2.489(3) / 2.506(3) A and
3.167(4) / 3.184(4) A, that should correspond to Pt"V—Br and
Pt"-Br distances, respectively (Supplementary figure 2(b)).
Overall, the framework has a net charge of 4+ per
[[{PtBr(dien)}2(pz)] unit, which is charge-balanced by two
sulfate anions that reside between the ladders as shown in
figure 2(d). The ladders are spaced 8.82(1) A apart in Pt-Pt
distances in the c-directions, where sulfate anions weakly
connect the ladders with hydrogen bonds at the amine group
of dien (figure 2(e)). By contrast, the ladders are separated

10.39(1) A from each other in the a-direction (figure 2(f)),
where disordered crystallization waters would exist.
Interestingly, a unique “zig-zag”-type MX leg is formed in 1
(figure 2(g)) [47, 48]. Such a “zig-zag”-type MX leg has been
observed only in once before in {[PtBr(dien)](4,4’-
bpy)} (NOs)s-2H>0 (4,4°-bpy = 4,4’-bipyridine) [34].

To characterize the electronic states of 1, optical spectra
were collected. Raman spectra at room temperature (figure
3(a)) clearly show clear peaks of the symmetrical stretching
vibration modes v(Pt—Br) accompanying the intense overtone
at 181 (v), 362 (2v), 539 (3v) cm™, respectively. In addition,
as shown in figure 3(b), an intense and broad peak was
observed in the diffuse reflectance spectra at about 2.39 eV,
which was assignable to the IVCT from Pt" to the adjacent
PtV sites. Figure 3¢ shows the XPS spectra for the Pt 4f core-
level, which are deconvoluted into two components: one
(green color) at the peaks at 72.9 eV (Pt 4f7») and 76.2 eV
(4f512), and the other (orange color) at 74.8 eV (Pt4f7,2)and 78.0
eV (4f51). These pairs of peaks can be attributable to the Pt>*
and Pt*" components in the compound, respectively. These
spectroscopic results clearly demonstrate that the electronic
state of 1 is the CDW state (---Pt*--Br—Pt*-Br--) and
correspond to the class II compounds of the Robin-Day
classification [49], consistent with the SCXRD result.

In the MX-chain compounds, the distortion parameter (d)
is a good parameter that well-represents its electronic state
[34, 35, 50, 51]. The d parameter is expressed as d = ([} —
»)/Ly, that is calculated from Pt—Pt distance (Lo) and the Pt—X
distances (/, for Pt*"---X; I, for Pt*'—X). Figure 4a shows the
plots of Ly against /; or [, for several MX-chain (shown as
black marker) and MOL compounds (shown as blue markers).
As clearly seen, there is a linear relationship among Lo, /; and
I, distances, which is highly dependent on the bridging halide
(circles for chloride-, triangles for bromide-, and square for

O obsd. data
Pt 4tz background
3 — sum of peaks

(c)

Pt 4f;,

Br 3d;z 5

— PH(Il)
— PH{(IV)

Intensity_ /a.u.

1 1 1 1
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v (Pt-Br)

=

3 o
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Figure 3. (a) Raman spectrum at room temperature (the excitation energy of 532 nm). The intense peaks of the
symmetrical stretching modes v(Pt-Br) with overtones were clearly observed at 181 cm . (b) Diffuse reflectance spectrum
at room temperature, (¢) XPS spectra and fitting results. Pt 4f7» and 4fs/, core-level spectra are shown. Br 3d core-level
spectra were also observed at the similar binding energy at 68.2 eV.
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Figure 4. (a) Plots of the Pt—Pt (Lo) against Pt—X (/; and
) distances of MX compounds. The dotted lines are
least-square fits of /; and /, depending on the briding-
halogen species. (b) Plots of Ect against the d parameter.
The dotted lines are least-square fits of Ecr of MX-chain
(black line) and two-legged MOL (excepting 1 and F;
blue line) systems. Circle, triangle, and square symbols
denote the chloride-, bromide-, and iodide-bridged MX
compounds, respectively. Black and blue symbols
represent the data for the MX-chain and two-legged
MOL systems, respectively. The zig-zag-typed two-
legged MOL is represented as red triangle marker. The
data of the compound 1 is shown as red diamond marker.
In these plots, data are shown for MX chain (al~c4): (al)
[PtI(en):](L-Asp-Ci0)2-H20, (a2) [Ptl(chxn):]l>, (a3)
[Ptl(en)2](Cl04)2, (a4) [PtI(NH3)4](HSO3)3(OH), (bl)
[PtBr(chxn);]Br», (b2) [PtBr(etn);]Br>, (b3)
[PtBr(en)2](Cl04)2, (b4) [PtBr(chxn),](ClO4),, (cl)
[PtCl(chxn);]Cla, (c2) [PtCI(tn):](BFa4)2, (c3)
[PtCI(NH3)4](HSO3)s, (c4) [PtCl(chxn),](ClO4)2; MOL
(A~H): (A) [{Ptl(en)}2(2,2’-bpym)]ls- 4H,O, (B)

[{PtBr(dien)}2(4,4’-bpy)]|Brs-2H>0, ©
[{PtBr(en)}2(2,2’-bpym)]Brs4-4H>0, D)
[{PtBr(en)}2(2,2’-bpym)]Br(Cl0O4);-H>0, (E)
[{PtBr(dien)}2(4,4’-chxn)](NO3)4, (F)

[{PtBr(dien)}(4,4’-bpy)|(NO3)s, (G) [{PtCl(en)}»(2,2’-
bpym)]Cl-  (ClO4);'H,0, (H) [{PtCl(chxn)},(4,4’-
azpy)](ClO4)4-C3H60.

iodide-bridged MX compounds in figure 4) [50, 51]. In
general, a shorter Lo induces the orbital overlap between
platinum 5d.? and halide p. orbitals, thus resulting in shorter />
and longer /; distances. These parameters of MOL compounds
also fell on the same lines as those of the MX chains (the blue
symbols in figure 4(a)); Compound 1, shown as a red
diamond, also falls on the same line. Figure 4(b) displays the
correlation between d and the IVCT energies (Ecr). Linear
relationships were observed for both the MX-chain and MOL
compounds. However, by contrast with the results seen in
figure 4a, their tendencies differ from each other; the slope of
the MOL is higher than that of the single MX-chain system.
According to the extended Peierls—Hubbard model, the Ect of
an MX chain can be expressed as Ecr= 85 — U + 3V, where
the physical parameters represent the electron—lattice
interaction (S) and the onsite (U) and intersite (¥) Coulomb
repulsions along the MX chain (supplementary figure 3). [52—
55] For the two-legged MOL, the Ecr can be described as Ecr
=8S — U + 3V + 217, where J” is either the through-rung
(Vrung) or diagonal (Vgag) Coulomb interaction within the
ladder (supplementary figure 3) [34, 35, 52-55]. By contrast,
the tendency of Ecr of 1 deviates from the other MOL systems.
This can be explained by the “zig-zag”-shaped MX legs of 1
as similar to another zig-zag-shaped MOL (entry F in figure
(b)) [34]; the interchain Coulomb repulsion along the chain
(V) would be reduced by the “zig-zag”-shaped MX-leg as
shown in figure 2(f).

4. Conclusions

In conclusion, we have successfully fabricated a novel
MOL compound with pz as the bridging ligand. Single-crystal
X-ray studies showed that the legs of the ladder is composed
of MX-chains. We investigated the electronic state of
[{(dien)PtBr}2(pz)](SO4),- 10H,O using  X-ray and
spectroscopic techniques, and found that the electronic state
corresponds to the CDW state. Furthermore, from the
tendency of IVCT energies of the other metal-organic ladder
systems, we found the IVCT energy of 1 to be lower than the
expected, probably because of the “zig-zag”-shaped MX-legs
that weaken the interchain Coulomb repulsion. We believe
that incorporating a mixed-valent moiety into the framework
of the coordination polymer would open up the elusive
electronic functionalities in the MOF chemistry. Our
exploration of the MX-chain-based multi-dimensional
frameworks having various functionalities and electronic
properties is in progress [34—39].
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