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Abstract: An isostructural series of anion radical saltgEtMe; xZ2)[Pd(dmity], (x = 0-2,

Z = P, As, Sb), with a quasi-triangular lattice coisipg the dimer unit [Pd(dmi,
belong to a strongly correlated electron systenhwgéometrical frustration. Intra and
interdimer transfer integrals between the fromnelecular orbitals, which characterize the
strength of electron correlation and degree oftfati®n, can be tuned by selection of the
counter cation. We have systematically analyzectitirgtal structure with X-ray diffraction
method and intermolecular transfer integrals ustx¢ended Hiickel molecular orbital
calculations based on structural data. The vanatiothe cation affects the unit cell in a
manner equivalent to an anisotropic pressure. &song the covalent radius of the central
atom Z and the number of ethyl groups) (n the cation leads to slight arching of the
Pd(dmity molecule. This arch-shaped distortion of the Pdidnmolecule modifies the
interdimer transfer integrals in formation of thegular triangular dimer lattice. On the
other hand, the intradimer transfer integral, whigltorrelated with the effective on-site
Coulomb interaction of the dimer, is weakly deperid® the type of cation.

Keywords: molecular conductors; strongly correlated electrsystem; geometrical
frustration; X-ray crystal structure analysis; star integrals
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1. Introduction

Molecular conductors are notable for their simphel @lear electronic structures. This means that
simple tight-binding band calculations based on eélkéended Hickel method are quite useful for
describing the energy bands in the vicinity of Beemi level [1]. The conduction process in molecula
conductors is governed by electron transfer betweerirontier molecular orbitals; that is, the hegh
occupied molecular orbital (HOMO) or the lowest acupied molecular orbital (LUMO), and thus the
transfer integrals between HOMOs or LUMOs deternthree electronic structure. In the crystal state,
the transfer integrals are generally sensitivenéorholecular arrangement and orientation, becdiese t
component molecules belong to conjugatedystems with highly anisotropic molecular shapes.
Another notable attribute of molecular conductaghe variety of chemical modifications that are
possible, leading to a diversity of electronic mujes and enabling their fine tuning. Most molecul
conductors are classified as ion (cation or anrad)cal salts composed of conducting and insulating
parts. Notably, chemical modifications of the iradirlg part, as well as the conducting part, allow
control of the electronic properties, because tisellating part can affect the molecular arrangement
and orientation of the conducting part.

The metal dithiolene complex Pd(dmitjdmit = 1,3-dithiole-2-thione-4,5-dithiolate; Figu 1)
provides an isostructural series of anion radicaltss '-(EtMe; xZ2)[Pd(dmity], (x = 0-2,

Z =P, As, Sb) [2-5]. Here, the monovalent counétioas, EfMe, ,Z', form the insulating part while
electrical conduction is attributed to the aniodical of Pd(dmit). In crystals of the -type Pd(dmit)
salts, Pd(dmit) molecules form a dimer unit with one negative geafPd(dmit)], . The dimer units
are networked to form a quasi-triangular latticeafbient pressure, they are Mott insulators, irctvh
the electrons cannot move due to strong on-sitdd@durepulsion. Application of (hydrostatic or uni-
axial) pressure enlarges the band width and leadsetallic and (frequently) superconducting states.
In the Mott insulating state, the localized spimbibit various ground states (antiferromagnetiagton
range order [6], quantum spin liquid state [7-1djd non-magnetic charge-ordered state [12-14]),
depending on the counter cation. In the backgrooindll these transport and magnetic properties,
electron correlation and geometrical frustratioerape [3,6]. The strength of the electron correfati
and degree of frustration are characterized byirttta- and interdimer transfer integrals between th
frontier molecular orbitals [2,15]. These transfetegrals can be systematically tuned by selecting
counter cations, R¥le; xZ*, with differentx (number of ethyl groups) ardi(central pnictogen atom).
However, the observed effects of the counter catiorthe structural properties of the Pd(dpsite
remain unclear. Herein, we report on the cationeddpnce of the crystal and molecular structures of
-type Pd(dmit) salts and discuss their relation in terms of mt@ecular transfer integrals.

Figure 1. Molecular structure of Pd(dmit)
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2. Results and Discussion
2.1. Lattice Constants

Crystals of the '-type Pd(dmit) salts belong to a monoclinic system with spaceigi@2/c. The
unit cell contains two crystallographically equisal Pd(dmit) anion layers (1 and 2), which are
separated by a cation layer (Figure 2). The Pdjdiayers are related by glide plane symmetry. The
cations are located on a two-fold axis, and thu®wes without two-fold symmetry (EtM&") may
adopt two possible orientations with an occuparfcy086 for each orientation. In the Pd(dmi@yer,
Pd(dmity molecules are strongly dimerized with an eclipge@rlapping mode. The number of
crystallographically independent dimer units is.oflee two Pd(dmit) molecules in the dimer unit are
equivalent and related by inversion symmetry. Tinged units stack along thee+ b direction in layer 1
and along the@ b direction in layer 2 (Figure 2; solid-crossingwoin structure). Table 1 shows the
lattice constants of '-(EtiMe, xZ)[Pd(dmit)],, plotted as a function of the covalent radius lué t
central aton¥Z (Rz) in Figure 3. Understandably, the effect of thenber of ethyl groupsxj is larger
than that oR; in general. With decreasii®y andx, the unit cell volumé&/ decreases. In this sense, the
cation effect appears equivalent to an applicaibpressure. However, each lattice constant shows
complicated behavior. In particular, in the plane, the lattice constardgsandc exhibit oppositeR-
dependences, and tkalependence of theangle gets weaker & increases. Overall, however, the
area of theac plane &c sin ) shows rather normal dependenceRarandx. All these results indicate
that the cation effect on the unit cell is simitarthe pressure effect but is not isotropic, whiakuld
be a feature of chemical pressure.

Figure 2. Crystal structure of the-type Pd(dmit) salt.
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Figure 3. Lattice constants of '-(EtiMe4 x Z)[Pd(dmit)], plotted as a function of the
covalent radius of the central ata{R,).

Table 1. Lattice constants of-(Cation)[Pd(dmit)]».

Cation a(A) b (A) c(A) ) V (A%
Me,P 14.379(3) 6.3539(12) 36.496(7) 98.070(2) 33015(1
MesAs 14.383(4) 6.3691(15) 36.672(9) 97.793(3) 33281(
EtMe;P 14.437(4) 6.3614(15) 37.243(9) 96.938(3) 3393)83(1
EtMesAs 14.448(4) 6.3715(18) 37.282(11) 96.973(3) 34QBY
Et,Me,P 14.473(3) 6.3918(13) 37.859(8) 96.009(3) 3483)1(1
Et;MesAs 14.495(4) 6.4000(15) 37.816(10) 96.388(3) 34@68
Me,Sb 14.325(7) 6.403(3) 36.893(19) 97.543(5) 3355(3)
EtMe;Sb 14.503(3) 6.3989(12) 37.244(7) 97.352(2) 3422)0(
Et,Me,Sb 14.628(4) 6.4235(15) 37.577(9) 97.577(2) 35a6.0(

2.2. Interdimer Transfer Integrals

In molecular conductors, including the presentesystthe electronic structure in the vicinity of the
Fermi level is well described by the tight-bindingethod based on the extended Huickel molecular
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orbital calculation. Intermolecular transfer intaigrbetween frontier orbitals (in general, HOMOsin
donor system and LUMOs in an acceptor system) lzku from crystal data determine the energy
bands around the Fermi level. Figure 4a shows afsatermolecular transfer integrals for thetype
Pd(dmit) salts. (Note here that ti@&centered unit cell is reduced to a primitive ¢k#t contains only
one dimer in the anion layer. Interlayer interacticare weak, and thus neglected in this work).
Although the Pd(dmit) molecule is an acceptor, the conduction band ef thype Pd(dmit) salts
originates from the HOMO. This is a quite uniquatéee of this system, and is due to the small
HOMO-LUMO energy gap, , and the strong dimerization [16]. In the dimertuaach HOMO and
LUMO in the monomer forms bonding and antibondingirp with a dimerization gap. The
dimerization gap is expressed a$»P|and both pairs have nearly the same gap vatuthel -type
Pd(dmity salts, because T2 is larger than , the antibonding HOMO pair is located above the
bonding LUMO pair and forms a half-filled conductitband. The LUMO-based energy bands are
located near the HOMO-based conduction band andgsamportant role, which is another unique
feature of the present system. Hereinafter, howewverfocus on the intermolecular HOMO-HOMO
interactions that govern the electronic structuearrthe Fermi level. In Table 2, the intermolecular
HOMO-HOMO transfer integrals are listed for all thegts.

Figure 4. End-on projections of the dimer lattice ittype Pd(dmit) salts showing
labelling of @) intermolecular transfer integrals ar (nterdimer transfer integrals.

Table 2. Intermolecular highest occupied molecular orbiilOMO)-HOMO transfer
integrals in '-(Cation)[Pd(dmit)], (See Figure 4a).

Cation Ta (MeV) Tg (MeV) T, (meV) Tq (MeV) T, (meV)
MesP 437 68.2 29.5 18.2 41.6
MesAs 440 65.2 27.2 18.0 44.7
EtMesP 443 64.7 25.3 18.6 45.1
EtMesAs 441 64.6 24.1 18.3 46.3
Et:Me,P 440 56.0 22.0 17.3 47.2
Et;Me,As 436 53.7 21.1 17.1 47.5
MesSb 449 57.7 22.7 16.3 48.5
EtMe;Sb 449 56.4 20.4 16.8 50.1
Et:Me,Sb 445 52.5 18.3 15.9 51.6

The strong dimerization allows us to take each diasean effective unit [2] and we can then redraw
the unit cell with interdimer transfer integrals ssown in Figure 4b. In the dimer model, the
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conduction band is described by three interdimemsfer integralstg, ts, andt,, as listed in Table 3.
The interdimer transfer integrals relate to thernmiolecular transfer integrals in Table 2@s Tg/2, ts
= (Tp + 2Ty)/2, andt, = T,/2. The largest transfer integréd,or ts, is correlated with the band widi.
For each salt, the triangular lattice formed byititerdimer interactions is approximately isoscedtes

ts), and thus the anisotropy of the triangular lattcan be estimated by the ratift, where
t = (ts +ts)/2. The anisotropy of the triangular lattice iraties the degree of geometrical frustration. As
shown in Table 3 and Figure &/t increases with increasirigy andx, and the BEMMe,Sb salt has an
almost regular triangular lattice. TH andx dependences dfandt, are plotted in Figure 6. The
increasing tendency a@ft is a consequence of decreasirand increasing.. The decrease inmay be
reasonable given that any increas&iror x would expand the lattice and lengthen the inteeudbr
distances. On the other hand, the increaske imdicates some non-trivial structural change.Hhis t
system, the intermolecular transfer integrals aneegned mainly by the overlap between the p orbital
of the sulfur atoms in the dmit ligand. Figure whk the relation betweeh and the intermolecular
S-S distances responsible for Notably, an increase iii; results in shortening ofil andd2,
associated with the outer heteroring, whdl® andd4, associated with the inner heteroring, remain
almost constant or slightly lengthen. These treodsnot be explained by changes in the lattice
constants. When the dimer is viewed along the vexionecting the two Pd atoms, we notice that the
Pd(dmity molecules in the dimer are not completely eclipgEdyure 8). In particular, there is
significant displacement of the outer parts, whictlicates that the Pd(dmitmolecule is slightly
arched, with both ends of the molecule slightlyideng from the expected linear axis. Indeed, the
arch-shaped distortion of the molecule can be tkdeéa the bond lengths and angles, for example, in
the EtMe,Sb salt (Figure 9). In addition, Figure 8 suggéiséd the curvature depends on the counter
cation. We tentatively describe the degree of atdped distortion by defining the torsion angle of
S—Pd-Pd-S () within the dimer (Figure 10). Figure 10 indicatdst changes systematically
depending on the counter catid®. (andx), which is consistent with the above-mentioneddeefor
the intermolecular S---S distances.

Table 3. Interdimer HOMO-HOMO transfer integrals and bandttv, W, calculated in the
dimer model (See Figure 4b).

Cation tz (MeV) ts (meV) t (meV) tr (meV) t/t W (meV)
MesP 34.1 32.9 33.5 20.8 0.620 271
MesAs 32.6 31.6 32.1 22.3 0.696 264
EtMesP 32.3 31.3 31.8 22.5 0.709 262
EtMesAs 30.5 30.3 30.4 23.2 0.761 254
Et:Me,P 28.0 28.3 28.1 23.6 0.839 240
Et;Me,As 26.9 27.6 27.2 23.8 0.873 235
MesSb 28.8 27.7 28.3 24.2 0.858 243
EtMe;Sb 28.2 27.0 27.6 25.0 0.907 241

Et:Me,Sb 26.3 25.1 25.7 25.8 1.005 231
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Figure 5. Relation between anisotropy of the dimer lattige (See Table 3), and the
covalent radius of the central ata{R,).

Figure 6. Intermolecular highest occupied molecular orbitdlOMO)-HOMO transfer
integralst andt; (See Table 3) plotted as a function of the covatadius of the central
atomZ (Ry).

Figure 7. Relations betwee, and intermolecular S---S distances (A) respon$e,.
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Figure 8. [Pd(dmity], dimers viewed along the vector connecting the Rdoatoms in
MesP, MeAs, EbtMe,As, and EiMe,Sb salts.

Figure 9.Bond lengths and angles of the Pd(dpnit)it in the EfMe,Sb salt.

Figure 10. Relation between torsion angle of S—Pd-Pd-¥ within the dimer and the
covalent radius of the central ata{R,).
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The arch-shaped distortion affects not oljybut also the other intermolecular transfer intkegra
With increasing cation sizdRf andx), the Pd(dmit) molecule becomes distorted, as indicated by the
green arrows in Figure 11. The distortion redubesface-to-face overlap along the stacking directio
that correlates withTg (Figure 11). The distortion lengthens the intemcalar S---S contacts
responsible fofT,, which is consistent with the observed relatiobmeenT, and the intermolecular
S---S distances responsible Tgr(Figure 12). In contrast to the results 1er(Figure 7), a reduction in
T, correlates with elongation of all the S---S disen(Figure 12). As a result, the three interdimer
transfer integraldg, ts, andt;, are reasonably correlated with(Figure 13).

Figure 11. End-on projection of the dimer lattice, in whicketbreen arrows indicate the
molecular distortions occurring with increasingi@atsize R; andx). Overlapping modes
associated witf'g for MeyP and EftMe,Sb salts are also presented on the right side.

Figure 12.Relations betweef, and intermolecular S---S distances (A) respon$il&,.
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Figure 13.Interdimer transfer integrals as a function oftibrsion angle of S—-Pd—Pd-S)

2.3. Intradimer Transfer Integrals

In the Mott system based on dimer units, the imtned transfer integralT) is approximately
correlated with the effective on-site Coulomb egesfithe dimer [15]. Figure 14 shows tlig values
of '-type Pd(dmit) salts as a function d®;. Although theT, values are larger than the interdimer
transfer integrals, their variation is within 5%hieh is smaller than the observed variations amdt,.
As a result, we can say that the effect of the tmupation onT, is relatively weak. The cation
dependence offp appears complicated and does not show a systemmatid. In Figure 15, the
intermolecular S---S distances responsible Tgrare plotted againsia. (Note here that th@a
contribution of the Pd---Pd contact is small beeatie contribution of the d orbital of Pd to the
HOMO is small). The inner S---S distancd4 @ndd2) are shorter than the outer S---S distand8s (
and d4), which implies that the molecular plane is walpas if the two Pd(dmi)molecules in the
dimer act to repel each other. For these two disgnoupings, the S---S distances are almost aunsta
within each group over all the salts. The termiSalS distancesd$) are largest and are slightly
scattered without any clear tendency. The relatietweenT, and is shown in Figure 16, which
suggests there are two distinct groups among tle Jde salts witlZ = Sb show largela values,
while the other saltsZ(= P, As) exhibit a chevron-shapeddependence. Since it is expected that the
dimer with = 0 would have well-eclipsed overlapping modes, thisvron-shaped dependence on
seems reasonable. On the other hand, the origiheofargerT, values for the Sb series remains an
open question.

3. Experimental Section

Single crystals of '-(EtiMMe4 xZ)[Pd(dmitp], were obtained by air oxidation of (Fte, «2),
[Pd(dmity] in acetone containing acetic acid. A typical pragedwas as follows: (R¥e; x2)2
[Pd(dmity] (ca. 35 mol) was dissolved in acetone (35-70 mL). After indd of acetic acid
(4.0-5.5 mL), the resultant solution was allowedstand at 5-10C for 3—4 weeks. The'-type
crystals (black elongated or hexagonal plates) wbtained as a single phase, with the exception of
the EtMeP salt. The EtMgP salt contains a monoclinR2,/m phase [17-21] as the main phase, and
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triclinic- [22] and '-phases (monoclini€2/c) as minor phases . Théphase of the EtM® salt was a
very minor component.

Figure 14. Mapping of intradimer HOMO-HOMO transfer integralg to the covalent
radius of the central atoh(Ry).

Figure 15.Relations betweefiy and intermolecular S---S distances (A) respon$ivl@a.

Figure 16. Mapping of intradimer HOMO-HOMO transfer integrdls to torsion angle of
S—Pd-Pd-S ().
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X-ray diffraction data were collected using a RigakMercury CCD AFC10 system with
monochromated M& radiation at room temperature. All structures wsskved by a direct method
(SIR92) [23] and refined orF? by the full-matrix least-squares method (SHELXL-9[24].
Anisotropic atomic displacements were applied tmah-H atoms. The H atoms were placed at the
calculated positions and refined by applying tideng model.

Intermolecular overlap integralsS)( between HOMOs were obtained using extended Hiuckel
molecular orbital calculations based on structutala. Semi-empirical parameters for Slater-type
atomic orbitals are summarized in Table 4. Integoolar transfer integrals,(eV), were estimated
using the equation= 10S[1].

Table 4. Semi-empirical parameters for Slater-type atomixtals.

atom orbital I, (Ryd) 2 2

C 2s 1.573 1.625
2p 0.838 1.625

S 3s 1.620 2.122
3p 0.770 1.827

Pd 5s 0.676 2.19
5p 0.390 2.15
4d 0.949 5.98 2.613

(0.5264) * (0.6372) *
* Contraction coefficients used in the douldexpansion.

4. Conclusions

The crystal structures of-type Pd(dmit) salts corresponding to a two-dimensional Mott exyst
with a quasi triangular lattice were investigatgstematically, and the effects of the counter cata
intermolecular transfer integrals revealed. Theashimer transfer integral, which is correlated ville
effective on-site Coulomb interaction of the dinaerd the dimerization gap, weakly depends on the
type of cation. On the other hand, the anisotrdgh@ triangular lattice (the ratio of interdimearnsfer
integrals,t/t), which determines the degree of frustration, bartuned from 0.6 (M@ salt) to 1.0
(Et:Me,Sb salt) by changing the bulkiness of the cat®nandx). An essential feature of the effect of
the cation on the interdimer transfer integralghis arch-shaped distortion observed in the Pd(gmit)
molecule rather than molecular rearrangement. iEhdahe Pd(dmit) molecule is sufficiently flexible
within the crystal field, allowing distortions dfi¢ molecular skeleton to occur with different caunt
cations, in turn leading to systematic changesheintermolecular interactions. Understanding the
origin of the arch-shaped molecular distortion isconsiderable interest in materials design in such
systems. In the present system, the counter catimmsocated discretely and there is no observable
cation framework based on cation---cation inteoastiwhich can accommodate anions. Although some
kind of cation---anion interaction would be expédctee did not identify any significant short corttac
between cations and anions. Notably, structurahopation for atomic geometries calculated within
the generalized gradient approximation can repredhe arch-shaped molecular distortion and its
cation dependence [25], which should provide imgartlues to its origin. Further studies are needed
to clarify how the degree of molecular distortisrcontrolled by the counter cation in the crystal.
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