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A new ion-pair complex, [TTF][Pd(mnt)2] (1), where TTF+ = tetrathiafulvalene and mnt2� =maleo-
nitriledithiolate, was synthesized and characterized structurally. Compound 1 crystallizes in triclinic
space group P-1, with a= 8.008(5) Å, b= 11.333(8) Å, c= 11.373(6)Å, α = 108.112(7)°, β= 91.550
(5)°, γ = 95.232(5)°, and V= 975.2(11)Å3. The [TTF]+ cations (C) and [Pd(mnt)2]

� anions (A) form
mixed stacks in …AACCAACC… fashion, and the neighboring mixed stacks are held together via
van der Waals forces in the crystal. Compound 1 shows weak Curie/Weiss-type magnetic behavior
from 2 to 370K; theoretical investigation disclosed the existence of strongly antiferromagnetic cou-
pling in both [Pd(mnt)2]2

2� and [TTF]2
2+ dimer pairs via frontier orbitals overlap mechanism and

weakly ferromagnetic coupling between the face-to-face overlapped [TTF]+ and [Pd(mnt)2]
� via

spin polarization mechanism within a mixed stack. The powdered pellet electrical conductivity
measurement indicated that 1 shows semiconductor character with activation energy of 1.1(3) eV.

Keywords: Palladium-bis-maleonitriledithiolene; Tetrathiafulvalene; Crystal structure; Magnetic
property; Electrical conductivity

1. Introduction

The planar metal-bis-maleonitriledithiolate (abbr. as [M(mnt)2]
�, where M=Ni, Pd, and

Pt) complexes have been widely studied with the conjugated system in [M(mnt)2]
�

extending across the entire molecule, and corresponding ion-pair compounds display
versatile structural and physical properties [1–9].

The ion-pair arrangement in the [M(mnt)2]
� crystal, directly related to physical

properties, is strongly affected by the nature of the countercation. Salts of [M(mnt)2]
�

(where M is Ni, Pd, or Pt) with small cations exhibit unusual cooperative phenomena in the
solid state. For instance, [NH4][Ni(mnt)2]·H2O exhibits properties of a Heisenberg
antiferromagnetic chain at room temperature but the ground state is a singlet with the
monoanions associated as dimers at low temperatures [10, 11]. This insulator salt, [NH4]
[Ni(mnt)2]·H2O, with localized spins shows long-range ferromagnetic order below 4.5K
and the Curie temperature demarcating the transition to ferromagnetic order abruptly
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disappears at 6.8 kbar [1]. The non-stoichiometric compound, [H3O]0.33Li0.8[Pt
(mnt)2]·1.67H2O, exhibits metallic properties at room temperature but undergoes the Peierls
instability at �220K to become a semiconductor [12, 13]. The non-stoichiometric com-
pound, Cs0.82[Pd(mnt)2]·0.5H2O, is the first palladium dithiolene complex to exhibit metal-
lic behavior under pressure [2].

In our previous studies, the Λ-shaped benzylpyridinium derivatives, with flexible molecule
conformation, have been combined with [Ni(mnt)2]

� to give a series of 1-D spin-Peierls-type
compounds [14–19], and the isostructural spin-Peierls-type [Pt(mnt)2]

� ion-pair compounds
were also obtained in some cases if [Ni(mnt)2]

� was replaced by [Pt(mnt)2]
� in the corre-

sponding [Ni(mnt)2]
� ion-pair compound [20]; however, ion-pair compounds of [Pd(mnt)2]

�

with benzylpyridinium derivatives always display different packing structure from the
[Ni(mnt)2]

� analogs [21, 22]. The similar structure feature was also observed in the charge-
transfer salts of TTF derivatives with [M(mnt)2]

� (M=Ni, Pd, and Pt) [9]. These observa-
tions demonstrated that the electronic feature of [M(mnt)2]

� (M=Ni, Pd, and Pt) has an
effect on the ion-pair alignment in the crystal besides the structural nature of countercation.

The planar tetrathiafulvalene (TTF+) and its derivative cations have been used to consti-
tute a wide class of organic materials famous for their transport properties, ranging from
insulating through semiconducting to metallic and superconducting feature [5–9, 23]. In
addition, 1-D spin-Peierls transition molecule-based magnets comprised of TTF+ were also
reported [24, 25]. However, only 20 crystal structures of compounds that contain TTF
parts and [M(mnt)2]

� have been found in the Cambridge Structural Database. Among
these, only two involved TTF+ [26].

In this paper, the planar tetrathiafulvalene cation ([TTF]+) was selected to combine with
[Pd(mnt)2]

� to produce a new ion-pair compound [TTF][Pd(mnt)2], with crystal structure,
magnetic, and conductive properties investigated.

2. Experimental

2.1. Chemicals and reagents

All chemicals and reagents were purchased from commercial sources and used without
purification. The starting materials, tetrathiafulvalenium tetrafluoroborate ([TTF]3[BF4]2)
[27] and the tetrabutylammonium bis(maleonitrile-dithiolato)palladate ([Bu4N][Pd(mnt)2])
[28], were synthesized following published procedures.

2.2. Physical measurements

C, H, and N analyses were performed with an Elementar Vario EL III analytic instrument.
Powder X-ray diffractions (PXRD) were collected on a Bruker D8 diffractometer with Cu
Kα radiation (λ= 1.54018Å). The acceleration voltage was 40 kV with a 40mA current
flux. Scatter and diffraction slits of 0.5mm and collection slits of 0.3mm were used and
data were collected from 2h 5° to 50°, with a scanning rate of 4°/min and a sample inter-
val of 0.02°. Magnetic susceptibility data for polycrystalline sample were measured from 2
to 370K using a Quantum Design MPMS-5S superconducting quantum interference device
magnetometer and the diamagnetic susceptibility was not removed. Electrical conductivity
measurements for the compressed powder pellet were made using a Keithley 2440 5A
source meter.

2530 C. Wang et al.
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2.3. Preparation of [TTF][Pd(mnt)2] (1)

The crystals of [TTF][Pd(mnt)2] were obtained using diffusion within a bilayer environ-
ment; the more dense CH3CN solution of [Bu4N][Pd(mnt)2] with a little I2 was deposited
at the bottom of a test tube and the less dense CH3CN solution with [TTF]3[BF4]2 was
slowly put on top of the CH3CN solution of [Bu4N][Pd(mnt)2] and then the tube was
sealed. Black single crystals were grown on the tube wall after 30 days and the yield was
ca. 70%. No pure [TTF][Pd(mnt)2] was obtained, if there is not a little I2. Elemental analy-
ses for C, H, and N: Calcd for C14H4N4S8Pd (%): C, 28.4; N, 9.5; H, 0.68. Found: C,
27.7; N, 9.1; H, 0.66. IR spectrum (KBr disk, cm�1): 3062(s) and 3039(s) arose from νC-H
of [TTF]+; 2206(s) assigned to mC�N of mnt2� ligands.

2.4. Density functional theory calculation details

All density functional theory (DFT) calculations were carried out utilizing the Gaussan98
program [29] on an SGI 3800 workstation. Single-point energy calculations of the triplet
and broken-symmetric states for [Pd(mnt)2]2

2�, [TTF2]
2+

, and [TTF]+[Pd(mnt)2]
� spin

dimers in 1 were performed on the nonmodelized molecular geometry from single-crystal
X-ray analysis, and the SCF convergence criterion is 10�8. In this study, the generalized
gradient approximations (bpw91 [30–35]) with the lanl2dz basis sets were employed.

2.5. X-ray crystallography

The single-crystal X-ray diffraction data for [TTF][Pd(mnt)2] were collected using a
Bruker SMART APEX CCD diffractometer with graphite-monochromated Mo Kα
radiation (λ= 0.71073Å) at T= 296(2) K. Data reductions and absorption corrections were
performed with SAINT and SADABS software packages [36]. The structure was solved
by direct methods and refined on F2 by full-matrix least-squares with SHELXTL-97 [37].
All non-hydrogen atoms were refined anisotropically. Crystallographic data and structure
refinement parameters are summarized in table 1.

3. Results and discussion

3.1. Crystal structure description

Ion-pair compound 1 crystallizes in the triclinic space group P-1, as shown in figure 1. An
asymmetric unit consists of one [Pd(mnt)2]

� with one [TTF]+ and the typical bond lengths
and angles are listed in table 2. Generally, the Pd–S bond lengths are somewhat shorter in
[Pd(mnt)2]

� than those in [Pd(mnt)2]
2�

, since the HOMO of [Pd(mnt)2]
�/[Pd(mnt)2]

2�

exhibits anti-bonding character between Pd and S atoms; the averaged Pd–S distance is
about 2.277Å in [Pd(mnt)2]

� [38–40], while ca. 2.295Å in [Pd(mnt)2]
2� [41, 42]. The

Pd–S bond lengths are 2.273(3)–2.289(3) Å and S–Pd–S bite angles, 90.23(9)° and
90.19(9)°, are close to 90° in [Pd(mnt)2]

�. These bond parameters are comparable to val-
ues in reported [Pd(mnt)2]

� compounds [21, 22]. The bond lengths and angles fall within
the expected range in the planar [TTF]+ (table 2).

As displayed in figure 2, [Pd(mnt)2]
� (A) and [TTF]+ (C) form the mixed stack in

…AACCAACC… fashion along the crystallographic a–b direction. The neighboring

[TTF][Pd(mnt)2] 2531
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Table 1. Crystal data and structure refinement for 1.

Chemical formula C14H4N4S8Pd
CCDC 884,505
Formula weight 591.09
Temperature (K) 296(2)
Wavelength (Å) 0.71073
Crystal system Triclinic
Space group P-1
a (Å) 8.008(5)
b (Å) 11.333(8)
c (Å) 11.373(6)
α (°) 108.112(7)
β (°) 91.550(5)
γ (°) 95.232(5)
V (Å3)/Z 975.2(11)/2
Density (g cm�3) 2.013
Absorption coefficient (mm�1) 1.817
F(000) 580
Data collection h range 1.89–25.00
Index range �96 h6 9

�136 k6 12
�136 l6 13

Reflections collected 6993
Independent reflections 3396
Rint 0.040
Absorption correction Semi-empirical from equivalents
Refinement method on F2 Full-matrix least-squares
Data/restraints/parameters 3396/0/244
Goodness-of-fit on F2 1.014
Final R indices [I > 2σ(I)] R1 = 0.0709, wR2 = 0.1905
R indices (all data) R1 = 0.0996, wR2 = 0. 0.2074
Residual/(e Å�3) 3.156/�0.895

R1 =Σ(||F0|� |Fc||)/Σ|F0|; wR2 =Σw(|F0|
2� |Fc|

2)2/Σw (|F0|
2)2]1/2.

Figure 1. Molecular structure of 1 with non-hydrogen atom labeling and displacement ellipsoids at the 30%
probability level.

2532 C. Wang et al.
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anion and cation are almost parallel to each other within a mixed stack, where the
mean molecular planes, defined by S1, S2, S3, and S4 for [Pd(mnt)2]

� versus S5, S6,
S7, and S8 for [TTF]+, make 1.38° dihedral angle, and the long molecular axes of [Pd
(mnt)2]

� anion and [TTF]+ cation make 3.87° angle. Adjacent mixed stacks are spread
in the directions of both the long and the short molecular axes of anion and cation to
give 3-D supramolecular network via shorter S…S and N…S contacts (figure 3).

As illustrated in figure 4(a), shorter interatomic contacts are observed within an eclipsed
anion dimer and an eclipsed cation dimer as well with dPd1…Pd1#1 = 3.458, dS1…S4#1 = 3.439,
dS2…S3#1 = 3.447, dS5…S8#2 = 3.439, dS6…S7#2 = 3.423, and dC12…C11#2 = 3.400Å, where the
hash-marked atoms are symmetrically generated and the corresponding symmetric codes:
#1 = 1� x, �y, 1�z; #2 =�x, 1�y, 1�z. These distances are less than the van der Waals radii
summations for two adjacent atoms. In reported [Pd(mnt)2]

� compounds, formation of
eclipsed [Pd(mnt)2]2

2� dimer pair is favored and the intermolecular Pd…Pd distances range
from 3.329 to 3.456Å with nearest neighboring intermolecular S…S distances of
3.336–3.42Å in the intra-dimer [21, 22, 42]. Thus, the intermolecular Pd…Pd and S…S dis-
tances within [Pd(mnt)2]2

2� in 1 are comparable to the corresponding values reported.

Table 2. Bond lengths and angles in 1.

[Pd(mnt)2]
� anion [TTF]+ cation

Bond length/Å
Pd1–S1 2.277(3) S5–C9 1.696(12)
Pd1–S2 2.284(3) S5–C11 1.717(11)
Pd1–S3 2.289(3) S6–C10 1.719(11)
Pd1–S4 2.273(3) S6–C11 1.735(10)
S1–C2 1.711(9) S7–C13 1.703(10)
S2–C3 1.709(9) S7–C12 1.729(9)
S3–C6 1.707(10) S8–C12 1.707(9)
S4–C7 1.729(9) S8–C14 1.714(11)
N1–C1 1.149(13) C9–C10 1.349(16)
N2–C4 1.125(12) C11–C12 1.386(14)
N3–C5 1.132(13) C13–C14 1.348(15)
N4–C8 1.116(13)
C1–C2 1.410(14)
C2–C3 1.401(13)
C3–C4 1.447(12)
C5–C6 1.455(13)
C6–C7 1.374(13)
C7–C8 1.456(14)

Bond angle/°
\S4–Pd1–S2 89.86(9) \C9–S5–C11 96.2(5)
\S1–Pd1–S2 90.23(9) \C10–S6–C11 95.5(5)
\S4–Pd1–S3 90.19(9) \C13–S7–C12 95.3(5)
\S1–Pd1–S3 89.72(9) \C12–S8–C14 95.5(5)
\S4–Pd1–S1 179.48(9) \C10–C9–S5 117.4(9)
\S2–Pd1–S3 179.70(9) \C9–C10–S6 116.6(9)
\N1–C1–C2 178.7(12) \C12–C11–S5 124.5(8)
\N2–C4–C3 176.3(11) \C12–C11–S6 121.2(8)
\N3–C5–C6 177.6(11) \S5–C11–S6 114.3(5)
\N4–C8–C7 176.6(11) \C11–C12–S8 123.2(7)

\C11–C12–S7 121.6(8)
\S8–C12–S7 115.1(6)
\C14–C13–S7 117.2(8)
\C13–C14-S8 116.8(8)

[TTF][Pd(mnt)2] 2533
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Typical interatomic distances between the neighboring anion and cation, with
dS1…S5 = 3.768, dS2…S6 = 3.887, dS3…S7 = 3.779, and dS4…S8 = 3.904Å within a mixed stack,
are longer than those within a dimer of anion/cation. Figure 4(b) shows the shorter inter-
atomic contacts between the neighboring anions and cations in both directions of the long
and short molecular axes of anion and cation, and these distances are slightly longer than the
van der Waals radii summations for two adjacent atoms besides d2, d5, d8, and d11.

Figure 2. Mixed stack in a fashion of …AACCAACC… along the crystallographic a–b direction in the
crystal of 1.

Figure 3. Packing diagrams viewed along the different directions for 1.

Figure 4. Illustration for typical interatomic distances in 1 (a) within a mixed stack and referred to the main text
(b) between the neighboring anions and cations in both directions of the long and short molecular axes of anion
and cation with d1 = 2.486, d2 = 3.389, d3 = 3.800, d4 = 3.706, d5 = 3.178, d6 = 2.363, d7 = 2.325, d8 = 3.178,
d9 = 3.689, d10 = 3.782, d11 = 3.297 and d12= 2.493Å, respectively.

2534 C. Wang et al.
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3.2. Magnetism

Variations of magnetic susceptibility (χm) with temperature are displayed in figure 5 for 1,
where χm is the magnetic susceptibility per [TTF][Pd(mnt)2] unit. This ion-pair compound
shows Curie/Weiss-type magnetic behavior, thus, equation (1) was used for fits of
magnetic susceptibility,

vm ¼ C

T � h
þ v0 ð1Þ

The χ0 term includes the core diamagnetism and the possible van Vleck paramagnetism;
the symbols C and h represent Curie and Weiss constants, respectively. The best fit for the
magnetic susceptibility data in the range 2–370K gave the corresponding parameters,
C = 1.66(6)� 10�2 emuKM�1, h =�1.4(2) K, and χ0 = 6.7(2)� 10�4 emuM�1, respec-
tively. Small Curie constant, being approximately equal to the 4.4% S =½ spin-only value,
and Weiss constant indicated (1) the weak Curie/Weiss-type paramagnetism originates from
magnetic impurity, which is related to defects of unpaired [TTF]2

2+ and [Pd(mnt)2]2
2�

units and (2) there exists a S= 0 ground state with a large energy gap between the
nonmagnetic ground state and the magnetic excited state in 1. A diamagnetic dimer
showing weak Curie/Weiss-type paramagnetism was also reported by Almeida and
coworkers [9]. The positive temperature-independent paramagnetic susceptibilities arise
from van Vleck mechanism, which is related to the coupling of the ground and excited
states through a magnetic field [43].

In [M(mnt)2]
� (M=Ni, Pd, and Pt), magnetic property investigations for [Pd(mnt)2]

�

compounds are sparse compared to [Ni(mnt)2]
� and [Pt(mnt)2]

�. Compounds with eclipsed
[Pd(mnt)2]2

2� dimer pair show diamagnetism or strongly antiferromagnetic coupling
behavior [21, 22, 44, 45], probably related to efficient overlap of frontier orbitals of two
monomers within a [Pd(mnt)2]2

2� dimer.
To better understand the magnetic behavior of 1, the broken-symmetry (BS) DFT

approach was employed to evaluate magnetic exchange constants. The BS formalism,
originally developed by Noodleman for SCF methods [46], involves a variational treatment

Figure 5. Plots of χm vs. T and χmT vs. T for 1 (squares and circles: experimental data; line: theoretical
reproduced curve using Curie–Weiss equation).

[TTF][Pd(mnt)2] 2535
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within the restrictions of a single-spin-unrestricted Slater determinant built upon using
different orbitals for different spin. This approach has been applied within the framework
of DFT as a practical tool to investigate magnetic interactions on rather large systems
(e.g. polynuclear, 1-, 2- and 3-D spin systems) [47–50] with reasonable accuracy and par-
tial consideration of electron correlation effects [51, 52]. For the possible pathways in a
studied spin system, calculated energies for the high-spin triplet and BS states of the spin
dimers associated with the spin exchange paths (i.e. the structural units consisting of two
adjacent magnetic sites) were combined to estimate the exchange constant J involved in
the Heisenberg-Dirac-van Vleck Hamiltonian [53–55]:

Ĥ ¼ �2J~S1~S2 ð2Þ

where ~S1 and ~S2 are the respective spin angular momentum operators and J is the magnetic
exchange constant between two coupled magnetic centers. A positive sign of J indicates a
ferromagnetic (FM) interaction, whereas negative an AFM interaction. Assuming the
so-called “weak bonding” regime, Noodleman et al. [56–58] evaluated J values within BS
framework by

J ð1Þ ¼ EBS � ET

S2
max

ð3Þ

where EBS and ET denote the total energies in the BS singlet state and triplet state,
respectively, and Smax corresponds to the total spin of the high-spin state. The following
expression might give more reasonable solutions in the strong overlap region [59, 60]:

J ð2Þ ¼ EBS � ET

SmaxðSmax þ 1Þ ð4Þ

However, Yamaguchi et al. claimed that J obtained by the approximate spin projection
procedure reproduces the characteristic feature of J in the whole region [51, 61, 62]:

J ð3Þ ¼ EBS � ET

hS2iT � hS2iBS
ð5Þ

The h S2iT and hS2iBS in equation (5) denote the total spin angular momentum of triplet
state and BS singlet state, respectively.

In the crystal of 1, there are three types of magnetic coupling pathways, which involve
two neighboring [TTF]+ cations, two neighboring [Pd(mnt)2]

� anions, or the neighboring
[TTF]+ cation and [Pd(mnt)2]

� anion. From the structural viewpoint, the magnetic
couplings between neighboring magnetic centers are much stronger within a mixed stack
than between the inter-stacks since the π-orbital overlap is much greater in the former case
than in the latter case; thus, calculations were only performed for the magnetic exchange
pathways within a mixed stack. Calculated hS2iT and hS2iBS values as well as J values
obtained from equation (3) to equation (5) are summarized in table 3, from which it can
be found that calculated J values for each spin dimer utilizing equation (3) and equaqtion
(5) are close to each other.

The calculations reveal the existence of strong antiferromagnetic coupling within the
[Pd(mnt)2]2

2� dimer and [TTF]2
2+ dimer, with weak ferromagnetic coupling between

2536 C. Wang et al.

D
ow

nl
oa

de
d 

by
 [

R
en

m
in

 U
ni

ve
rs

ity
 o

f 
C

hi
na

] 
at

 1
0:

49
 1

3 
O

ct
ob

er
 2

01
3 



neighboring anion and cation. Figure 6 shows the frontier molecule orbitals of the BS
states of [Pd(mnt)2]2

2� and [TTF]2
2+ spin dimers, and the triplet state of [TTF]+[Pd

(mnt)2]
�, which further identify the existence of strong overlap in [Pd(mnt)2]2

2� and
[TTF]2

2+, and weak overlap in [TTF]+[Pd(mnt)2]
�. The greater frontier orbital overlap in

[Pd(mnt)2]2
2� and [TTF]2

2+ spin dimers leads to stronger antiferromagnetic coupling
within the dimers, which gives a large value of energy gap between the nonmagnetic
ground state and the magnetic excited state. The spin polarization results in weak
ferromagnetic coupling between [TTF]+ and [Pd(mnt)2]

�.

Table 3. Calculated hS2iT and hS2iBS as well as J values for each spin dimer in the crystal of 1.

Spin dimer J(1)/kB (K) J(2)/kB (K) J(3)/kB (K) hS2iT hS2iBS
[Pd(mnt)2]2

2� �7835 �3918 3912 2.0029 0.0000
[TTF]2

2+ �8178 �4089 4087 2.0012 0.0000
[TTF]+[Pd(mnt)2]

� 194 97 97 2.0022 0.0000

Notes: J(1)/kB, J
(1)/kB and J(1)/kB are calculated using equations (3)–(5), respectively.

Figure 6. Calculated α (left) and β (right) SOMO for the BS singlet states of (a, b) the [Pd(mnt)2]2
2� dimer, (c,

d) the [TTF]2
2+ dimer and for the triplet state of (e, f) the [TTF]+[Pd(mnt)2]

�, respectively.
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3.3. Electrical conductivity

It is difficult to prepare sufficient-size crystal for the measurement of single-crystal
electronic transport owing to the insolubility of 1. Thus, the four-probe electrical
conductivity measurement was performed for the compressed powder pellet. The plot of
temperature-dependent electrical conductivity (σ) is displayed in figure 7 for 1, indicating
σ= 6.5� 10�7 S cm�1 at 310K (38 °C) and semiconductor character from 310 to 435K
(38–160 °C). The fit for the temperature-dependent electrical conductivity, using the
Arrhenius equation, gave activation energy of 1.1(3) eV.

4. Conclusion

We prepared a new ion-pair compound consisting of [TTF]+ and [Pd(mnt)2]
�. The [TTF]+

(C) and [Pd(mnt)2]
� (A) form mixed stacks in …AACCAACC… fashion in the crystal. This

ion-pair compound shows weak Curie/Weiss-type magnetic behavior, which results from
strong antiferromagnetic coupling in both [Pd(mnt)2]2

2� and [TTF]2
2+ dimers, via the fron-

tier orbitals overlap mechanism, within a mixed stack. The ion-pair compound shows
semiconductor character with activation energy of 1.1(3) eV.

Supplementary material

Crystallographic data in CIF format for 1 is available free of charge via the Internet.
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Figure 7. Plot of lnσ-1000/T for 1 from 310 to 435K (38–162 °C) (squares: experimental data and line:
theoretically reproduced plot using Arrhenius equation).
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