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Mixed-valency is an important requirement in the development (a) I !
of novel electronic materialsConsequently these materials have o= Pt 'V{'_>__)“‘\JPt(II i
attracted much attention in the fields of chemistry and physics A — A —_— -
because of their wide range of interesting physical properties and -
characteristic electronic systéfd.For a thorough understanding hi
of the complex physics, for example, superconductivity in copper- P .-_-;_-Fiﬂ)f"\ PRIV
oxides? one needs to develop materials from simple one- : /
dimensional (1D) chains to more complex layered and three- H,
dimensional systems. A typical example of a mixed-valence 1D ‘
chain system is the halogen-bridged mixed-valence transition metal TN
complex (the so-called MX chairt)that has drawn much attention cl v l Nt \N_7/
because of its unique physical properties such as largest third-order
nonlinear optical susceptibility, luminescence with a large Stokes '
shift,® long-range migration of spin-solitons and polarons along 1D y PN~y L
chain? and so on. Since most of the interesting properties are . N/ \N_/ 2==0
derived from the mixed-valence strongly covalent 1D chain structure (b) S
and very weak interchain interaction, crossover from one to two- _’,7‘?"'(")
dimensionality is expected to give a significant effect on the @)

) : . : PV, W \
electronic state and physical properties. In fact, the copper-oxide @ L {5\ % oS
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[ ity il' _ _I Nl
O & TPy AL
(1 _"C_\ _ K )
L‘/ =

ladder system exhibits interesting properties depending on the
number of leg$.In this work, we focused on dimensional crossover
and designed a novel two-legged ladder comp{xlien)PtVBr,-
bpy-Pt (dien)]Brs:2H,0} ., (dien: diethylenetriamine, bpy: 4:4
bipyridine) consisting of two parallel MX chains. We propose that
it is possible to use a wide range of peripheral tridentate to control
the distance between the ladders as well as the bismonodentate
ligands forming the rungs to modulate the length of the rungs. These figyre 1. (a) Ladder structures of [(dien)Pt'Bra-bpy-Pt (dien)]Br-
should provide continuous tuning of the important parameters 2H,0)... The valence states of Pt ions are displayed. Panel b shows a
involved in the electronic processes responsible for the intervalencePerspective view of unit cell along tieeaxis. The valence states of Ptions
charge transfer. on the samab plane are displayed.

The ladder structure df(dien)PtVBr,-bpy-Pt (dien)]Bry-2H,0} «
is shown in Figure 2.The building units consisting of two Pt-dien
linked by a bpy is clearly identified and the ladder structure is
constructed by stacks of these binuclear units with bridging bromine
atoms on one of the Pt. Since the bridging bromide ions deviate
from the midpoint between adjacent platinum ions within each leg
(Pt'+Br (Iy): 2.9652(13) A, PY—Br (I,): 2.5041(13) A), the
electronic structure in eachPBr leg is attributable to the charge-

ments of the bridging Brdeviations, a pair of out-of-phase CDWs

is formed in the ladder as displayed in Figure la. As is clearly
seen in Figure 1b, the arrangement of a pair of CDWs is also
ordered between neighboring ladders. This is the first example of
a three-dimensionally ordered CDW in the crystal among more than
200 salts displaying CDW-type MX chains. In general, the MX
chains have no interchain ordering in CDWs because of a weak
' interaction between the chains, and a few display two-dimensionally
density-wave (CDW) state-(Pt'--Br—PtV—Br---Pt'---Br— PtV — ordered CDW40 except for a few complexes with bent chain
Br-++). Along overtone progression ofPt-Br) mode was observed  sirycturet! In case of the first reported two-legged ladder complex
(see Figure S1), which is another evidence for the CDW state on pased on the MX chaif{ [(enPtBr,)-bpym-(Pten)](CIOs)4} »

the ladder, and it is forbidden in the single-valence stateff! — (en: ethylenediamine, bpym: 2;Bipyrimidine) which has shorter
Br—Pt"—Br—, while allowed in the CDW stat&:*" The energy distance between the two MX legs on the ladder (ca. 5.5 A), that
of the »(Pt-Br) mode at 172 cm* is higher by about 16 cm is the rung length, than our complex, it remains unclear whether
than that of [Pt(chxnBr]Br, where the PY-Br distance 2.498(7)  this complex has an intraladder ordering of CDWs or not, owing
A is almost the same as that of the ladder comptergicating to an incomplete crystal structut®As a result of a relatively long

that the MX-ladder lattice is more rigid than the MX-chain one. bpy ligand connecting the two MX-legs, the rung length (11.17 A)
Because of the absence of Pt atoms on crystallographic specialis longer than the distances between nearest (8.77 A) and second

positions and the lack of any symmetry relating #t PtV, all the nearest ladder legs (9.25 A). These intra- and interladder MX-leg

bridging bromine atoms are well ordered. Judging from arrange- distances are longer than the interchain distance in [Pt(¢BKn)
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Figure 2. (a) Correlation between the PPt (L) and Pt+Br (I1 andly)
distances; (b) the CT excitation energiEs+) plotted against the distortion
parameted (= 2(I; — I2)/L). Inset shows the parameters contributing to
Ecr. {[(dien)PtVBry-bpy-Pt (dien)]Br,-2H,0} . is plotted as closed square.
PtBr chains are plotted as open circles. Data shown for (1) [Pt(gBxp)
Bry, (2) [Pt(en)Br](ClOs)2 (3) [Pt(NHs)aBr](HSOu)2, (4) [Pt(etn)Br]Bry,

(5) [Pt(chxn}Br](ClOy); (see ref 4e). The dotted lines are drawn for a guide.

Br;, (chxn: 1R 2R-diaminocyclohexane), where the CDWs are two-
dimensionally ordered in thab-plane with a distance of 7.028 A
(I b).4e:1%2Despite the long rung, the pair of CDWs on the ladder
is ordered in out-of-phase, implying that there exists a charge-
transfer interaction between'Pand PY sites through the rung.
As for the interladder CDWSs’ ordering, the Madelung potential may
also be playing an important role.

Figure 2a shows the Pt-Br (I;) and PV —Br (I,) distances as
a function of the PtPt distancel( = I; + |,) for several PtBr-
chain complexes and[(dien)PtVBr,-bpy-Pt! (dien)]Brs-2H,0} o..
Figure 2b displays the correlation between the distortion parameter
d defined by 2(; — I,)/L and the intervalence charge-transfer
excitation energy Kct) estimated from the diffuse reflectance
spectrum (see Figure S2, Supporting Information). It is well-known
that the shortet is the longel, and shortet; owing to the larger
overlap integral between Pt and Br, resulting in the logegf.*d
As is clearly seen in Figure 2a, tiheandl, distances of the MX-
ladder{[(dien)Pt¥Br,-bpy-Pt (dien)]|Br;2H,0} ., fall on the dotted
lines which shows good correlations between theMRtand P+
Br distances in MX chains. Nevertheless, thg of {[(dien)PtV-
Bro-bpy-Pt'(dien)]Br,-2H,0} ., shows significant deviation, indi-

cating a large difference in electronic state between the ladder and

chain. According to the extended Peierlsubbard modet;13 the
Ect in the ladder with a pair of out-of-phase CDWs can be given

by
Ecr=8S+ 2V,

rung

+ 3Vchain_ u

whereSis the electron-lattice interactionlJ is the on-site Coulomb
repulsion,Viung andVenainare the intersite Coulomb repulsion along

the rung and chain, respectively (see Figure 2b inset and Figures 12)

S3 and S4). For the MX-chain with CDW, on the other hdag;
= 8S + 3Vchain — U, becauseV/ung = 0, resulting that théecr is
higher in the MX-ladder than in the MX-chain.

In summary, we have synthesized a novel two-legged MX-ladder
{[(dien)PtVBr,-bpy-Pt'(dien)]Br-2H,0} », having a pair of out-

of-phase CDWs within each ladder. These pairs of CDWs are
ordered from ladder to ladder, which is the first example of a three-
dimensionally ordered CDW state observed for the MX-chain
complexes. The CT excitation energy in the MX ladder was found
to be significantly higher than that in the MX-chain, which is due
to the intersite Coulomb repulsiovk,ng along the rung. Further
work to look for any interference effect due to two concerted
electron transfer or spin exchange interaction along the two legs
of a ladder is in progress.
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