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a b s t r a c t
In this paper we present a theoretical study of the nature of the ground state of the (EDO-TTF)2PF6 charge
transfer salt by using ab initio quantum chemical theory for clusters in vacuum, for embedded clusters
and for the periodic system. Exemplary for other organic charge transfer systems, we show that by using
a relatively low level of theory it is possible to obtain a good understanding of the electronic structure of
the ground state. An assessment is made of the proximity of the triplet, the open shell singlet and the
closed shell singlet states of (EDO-TTF)2PF6. Our calculations reveal also that several charge ordered
states are very close in energy.
Ó 2015 Elsevier B.V. All rights reserved.

1. Introduction
The good conduction in many organic charge transfer (CT) salts is
commonly considered to be due to the delocalisation of radical electrons. For example this is the case in the highly conducting
TTF-TNCQ compound in which both constituent molecules, tetrathiafulvalene TTF+ and tetracyanoquinodi-methane TNCQ, can be
considered as radical ions [1]. In the (EDO-TTF)2PF6 CT salt, neutral
ethylenedioxytetrathiafulvalene EDO-TTF2 dimers become cations
after transferring an electron to the acceptor molecule hexaﬂuorophosphate (PF6). The acceptor molecule is a radical in its neutral
conﬁguration and becomes closed shell after accepting an electron.
Interacting cation dimers also occur in the well known and
iso-structural Fabre and Bechgaard salts. These materials are sometimes classed radical cation salts. In this paper we address the question whether in (EDO-TTF)2PF6 the ground state of two neighbouring
(EDO-TTF)+2 cations can be characterised best as an open shell singlet, as an open shell triplet or as a closed shell singlet ground state.
(EDO-TTF)2PF6 exhibits a metal-insulator transition [2] at
Tc = 278 K. This is classed a ﬁrst order transition, because the magnetic susceptibility v displays hysteresis over the transition. The
high temperature (HT) susceptibility is vHT = 2.5  104 emu/mol,
and it vanishes at low temperature [2] (LT). Compared to the
metallic phase at HT, the unit cell in the insulating phase at LT is
doubled. The number of EDO-TTF molecules in the unit cell is
two at HT, and it is four at LT. This transition is thought to be
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due to the interplay of multiple instabilities such as a connected
[3] charge ordering and ordering of molecular deformations,
dimerisation of EDO-TTF molecules, ordering and disorder of PF6
molecules [2]. The EDO-TTF donor molecules arrange in columns
that are separated by the PF6 acceptor molecules. Due to the CT
to PF6 molecules, electron holes are created in the EDO-TTF
molecular stacks. In the HT crystal the positive charge is evenly
distributed over the equidistant EDO-TTF molecules [4]. In the LT
crystal, EDO-TTF molecules adopt one of two molecular geometries. Neutral molecules are bent molecules while the full charge
is borne by planar EDO-TTF molecules [4,21]. The dimerisation
leads to a larger distance between adjacent bent molecules.
Despite this difference, both the LT and HT crystal can be thought
of as containing (EDO-TTF)+2 radicals. Experimentally no magnetic
state has been found, which seems to make the occurrence for radical electrons unlikely. We explore the diradical character of the
ground state from a ﬁrst principles quantum chemical view point.
Diradical character is important for electronic, optical and magnetic properties [5]. The small Pauli paramagnetic susceptibility
observed at high temperatures originates from the metallic nature
of the high temperature state. A magnetic ground state [6] is found
at low temperature in the related Fabre salt that contains the tetra
methyl derivative of TTF: TMTTF2PF6. The temperature dependence
of the magnetic susceptibility in this material [7] shows no feature
due to the transition to a charge ordered state with alternating
neutral and positively charged TMTTF molecules in which the
inversion symmetry is broken. Interestingly, as is recently revealed
by ESR measurements [7], in this state in-equivalent antiferromagnetic TMTTF chains coexist.
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Embedded spin-unrestricted density functional theory (DFT)
calculations on the HT crystal by Iwano and Shimoi [8,9] indicate
that an antiferromagnetic spin-polarised state is slightly lower in
energy than the closed shell solution. Their recent DFT study [10]
on the relaxation mechanism of the photo induced phase is also
noteworthy. Filatov [11] obtained spin-polarised solutions both
in the HT and in the LT system from embedded ensemble DFT calculations. Analysing the interactions between unpaired electron
spins, he assigned the LT system to be diamagnetic and the HT system to be anti-ferromagnetic. Spin-unrestricted calculations often
yield broken spin-symmetry solutions [12] that are slightly lower
in energy than the solution in which all electron spins pair. In
Hartree–Fock (HF) theory this situation is known as triplet instability [13].
Our study is mainly a ground state investigation, but we also
pay attention to the lowest excited states of (EDO-TTF)2PF6. The
optical conductivity spectrum [14,15] at HT shows one peak at
1200 cm1 (0.15 eV; 3 kcal/mol) with a dip at slightly higher
energy that is attributed to vibronic coupling. Instead, the spectrum at LT shows two charge transfer peaks, one (CT1) around
4500 cm1 (0.56 eV; 13 kcal/mol) and one (CT2) around
11150 cm1 (1.4 eV; 32 kcal/mol). CT1 was assigned to a
D+D0 ? D0D+ transition and CT2 to a D+D+ ? D2+D0 transition
where D denotes an EDO-TTF molecule. The (EDO-TTF)2PF6 material is also known for its very highly photon sensitive
photo-induced (PI) phase transition in which it is sufﬁcient to
excite only one in 500 EDO-TTF molecules [20,21]. The spectrum
for the PI state is different from both the HT and LT spectra. It is
considered that the conducting PI state has a 0101 charge ordering
of the four EDO-TTF molecules of each unit cell [22].
This paper is organised as follows. After some theoretical considerations and computational details, the results of complete
active space SCF (CASSCF) and complete active space CI (CASCI) calculations on a tetramer cluster in vacuum are presented. The electrostatic effect of the crystal environment is taken into account in
embedded cluster calculations while the crystal is treated in its
entirety in periodic calculations.
Next, for the analysis of the CASSCF calculations, the low-lying
electronic conﬁgurations are studied with spin-restricted (open
shell) Hartree–Fock (RHF/ROHF). Finally, spin-unrestricted
Hartree Fock (UHF) cluster calculations are presented that serve
as a reference for periodic UHF calculations.

2. Theoretical considerations
Considering a single tetramer unit cell containing two
(EDO-TTF)+2 cations and two closed shell PF
6 anions, the question
can be posed which ansatz is better, one in which the two electrons
of the dimers are described by a common tetramer orbital, or one
in which they each occupy a different orbital. The simplest possible
representation of the system is by using a single conﬁguration
state function (CSF). Fig. 1 shows in cartoons, three tetramer cluster ground states that are likely in such a one-conﬁgurational

approach in a two orbital model in which each dimer electron is
schematically described by a local orbital. The tetramer cluster
wave functions for the CS, OS singlet and T states can be formulated. An orthonormal local basis {a, b} is used where
pﬃﬃﬃ
pﬃﬃﬃ
a ¼ ðg þ uÞ= 2 and b ¼ ðg  uÞ= 2 with a and b predominantly
localised on each of the dimers, and in which {g, u} is a set of
orthonormal inversion symmetry adapted (SA) orbitals. In any
case, any wave function in the SA basis {g, u} can be written in
the local basis {a, b} and vice versa. In the case of strong interaction,
a description in the SA basis is appealing and in the extreme of
weak interaction, the description by the local basis is most attractive. In intermediate cases it is a priori not clear which set of orbitals offers the best single CSF description. In fact, as we will show
in this paper, the (EDO-TTF)2PF6 material represents such a case.
It is useful for the analysis of the results of our calculations to
deﬁne the relevant states as an orthonormal set of CSFs in terms
of in both basis sets, see Tables 1a and 1b. In the case of strong
interaction of a and b, the 1CS wðg; gÞ CS wave function is expected
to be lowest in energy. In the weak interaction limit, the open shell
wave functions, in which each electron is assigned to a different
local orbital, are expected to describe the ground state best.
The open shell Ms = 1 triplet determinant jguj ð¼ jabjÞ is a
S 2 but we chose to use the two determiproper eigenfunction of b
nantal description of the Ms = 0 triplet component

3
OS wðg; uÞ


In the local basis, the same two determinants jabj
ð¼
j used in 3OS wða; bÞ can be used to construct the OS singlet
and jba
1
 are not eigen j and jabj
wða; bÞ (Table 1b). Single determinants jg u
3OS wða; bÞÞ.

OS

functions of b
S 2 , so open shell singlet systems cannot be properly
described by one determinant. When using spin-unrestricted HF
(UHF) theory a one-determinantal model is used nonetheless and
that has implications. Within the two orbital model, a single determinant spin-unrestricted Ms = 0 wave function can be written as a
mixture of singlet and triplet wave functions, e.g. in the SA basis
pﬃﬃﬃ
 ¼ ½1 wða; bÞ þ 3 wða; bÞ= 2. It is intermediate between 1 w
jabj
OS

OS

OS

and 3OS w and the expectation value of b
S 2 becomes hb
S 2 i ¼ 1. The
orbitals can be seen as average orbitals optimised for an average
of singlet and triplet. Orbital overlap can lead to wave functions
S 2 i–1. In these cases, the UHF wave function contains open
with hb
shell singlet and triplet components that are mixed to an a priori
unknown amount. When hb
S 2 i–1, the energy for a particular electronic conﬁguration can best be obtained with ROHF.
Considering the crystal, singlet unit cells can combine in various
ways. CS unit cells combine to a CS crystal ground state. When considering a multitude of OS singlet unit cells, the open shell electrons can remain open shell in the crystal or, (partially) couple
closed shell. When a crystal is described using a
Table 1a
CSFs in the SA basis and their local basis equivalents.
CSF
1
CS wðg; gÞ
1
CS wðu; uÞ
1
OS wðg; uÞ
3
OS wðg; uÞ

SA and local basis
=
=
=
=

 þ ðjabj
 þ jba
j þ jbbj
jÞÞ=2
jg gjeðjaa
  ðjabj
 þ jba
j þ jbbj
jÞÞ=2
 jeðjaa
juu
pﬃﬃﬃ
pﬃﬃﬃ

j  jbbjÞ=
 j þ jugjÞ= 2eðjaa
ðjg u
2
pﬃﬃﬃ
pﬃﬃﬃ

j  jabjÞ= 2
 j  jugjÞ= 2eðjba
ðjg u

Table 1b
CSFs in the local basis and their SA basis equivalents.
CSF
wða; bÞ

=

1
OS wða; bÞ
3
OS wða; bÞ

=

1

Fig. 1. Depictions of possible electronic conﬁgurations of two EDO-TTF+2 dimers:
sharing an orbital in a closed shell (CS) conﬁguration or in an open shell with a
singlet (OS) or triplet (T) coupling.

=

Local and SA basis
pﬃﬃﬃ
pﬃﬃﬃ

j þ jbbjÞ=
 jÞ= 2
ðjaa
2eðjg gj þ juu
pﬃﬃﬃ
pﬃﬃﬃ
 þ jba
jÞ= 2eðjg gj  juu
 jÞ= 2
ðjabj
pﬃﬃﬃ
pﬃﬃﬃ




ðjabj  jbajÞ= 2eðjug j  jg ujÞ= 2
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Table 2
Lowest singlet and triplet CASSCF energies in kcal/mol relative to the RHF CS energy
of the LT and HT cluster.
CAS

LT

HT

Fig. 2. Tetramer ‘‘unit cell’’ of the low temperature (LT) crystal and the high
temperature (HT) crystal.

multi-conﬁgurational approach, the character of the resulting
wave function is unlikely to be purely CS or OS singlet.
3. Computational details
The geometries used for all calculations are derived from the
crystal structures obtained by X-ray diffraction by Ota et al. [2],
at low (260 K) and high temperature (300 K). For our cluster calculations we follow common practise and use these geometries. We
use a stoichiometric, centro-symmetric ‘‘unit cell’’ cluster containing a single stack of four EDO-TTF molecules and two PF6 molecules (see Fig. 2). Our choice for planar (bent) inner (outer)
EDO-TTF molecules leads to a pattern of molecular charges that
corresponds reasonably well to what is experimentally observed
for the LT structure. This is also partly due to the positioning of
the centro-symmetrical anions.
All (embedded) cluster calculations were performed using the
6-31G⁄⁄ basis set [23]. The Gamess-UK package [24] was used for
RHF and ROHF calculations. CASSCF, UHF and RHF calculations
were done by applying Cholesky integral decomposition, using
the Molcas package [25]. In relevant cases, state average CASSCF
calculations were performed. Periodic restricted and unrestricted
HF calculations were performed with the CRYSTAL09 package
[26]. The 6-21G basis set [27] was used for these calculations.
We performed calculations of the internal energy of the system
and we chose to not include entropic effects. These effects may
play a role in this system considering the unit cell doubling
involved in the phase transition. Charge analysis was performed
using Mulliken population analysis [28]. Henceforth we use the
molecular HOMO and LUMO, designations also for tetramer cluster
orbitals.
4. CASSCF cluster calculations
Table 2 summarises the lowest singlet and triplet CASSCF states
obtained for the LT and HT tetramer clusters in vacuum. The
CASSCF wave function of lowest energy that we calculated consists
of g2 and u2 determinants, and we interpret it as a more or less
pﬃﬃﬃ
 jÞ= 2, i.e. a situaequal mixture of 1CS w ¼ jg gj and 1OS w ¼ ðjg gj  juu
tion between closed shell singlet and open shell singlet. A CAS(6,4)
calculation with six electrons in four orbitals (HOMO-2 to LUMO) is
of particular interest. The CAS(6,4) treats the four frontier tetramer
cluster orbitals, that are built from all four molecular EDO-TTF
HOMOs, on equal footing (for the RHF orbitals see Table 6). The stability of the CAS(6,4) solution with respect to the size of the CAS
space is checked by adding a substantial number of virtual orbitals
to the active space in a CAS(6,14) calculation and in a CAS(6,29)
calculation. Also a minimal CAS(2,2) calculation was performed.
The singlet state is in all calculations lower in energy than the
triplet state (see Table 2). The CASSCF singlet-triplet splitting is
of the order of 10 (4) kcal/mol in the LT (HT) crystal. Due to the
stronger interaction between the electron spins at LT, where the

S0g

CAS(2,2)
CAS(6,4)
CAS(6,14)
CAS(6,29)

T1u

ELT

EHT

ELT

EHT

14.5
15.7
51.4
54.5

18.2
18.4
55.5
57.1

4.7
4.9
35.8
43.6

14.5
14.6
51.2
53.0

distance between the (EDO-TTF)2 dimers is smaller, the splitting
is largest. For the triplet, the single g1u1 conﬁguration of the small
CAS(2,2) is also dominant in the CAS(6,4). In this CAS space the singlet wave function has (predominantly) contributions from one g2
and one u2 conﬁguration. When extending the CAS space to
CAS(6,14) and CAS(6,29), about 7–8% other conﬁgurations mix into
the wave functions.
Analysis of the singlet CASSCF wave function can be found in
Table 3. For all active spaces the same qualitative picture emerges
and we restrict our discussion to the analysis of the CASSCF(6,4)
results. In the LT (HT) clusters, the 1g21u22g22u0 conﬁguration is
the dominant contribution with a CI coefﬁcient of 0.92 (0.86). A
1g01u22g22u2 conﬁguration mixes in. For the details of these orbitals we refer to the RHF section of this paper. The natural orbital
population shows the conﬁguration mixing as ðng ; nu Þ ¼ ð1:7; 0:3Þ
in the LT cluster and ðng ; nu Þ ¼ ð1:5; 0:5Þ in the HT cluster. It shows
that the wave function for the LT (HT) cluster has 70% (50%) closed
shell character: a pure open shell singlet (1OS wða; bÞ in Table 1b)
would have yielded a ðng ; nu Þ ¼ ð1; 1Þ occupation. From a spatial
analysis of the natural orbitals it becomes clear that there is localisation of the hole orbitals in the interior of the cluster. Mulliken
charge analyses also show the 0110 charge ordering pattern, in
which each number represents the charge of a EDO-TTF molecule
in the tetramer unit cell. The inner molecules adopt 97% (90%) of
the charge hole in the LT (HT) cluster. In both clusters, the CT of
each (EDO-TTF)2 dimer to PF6 is 0.94 electrons.
An interpretation of the multi-conﬁgurational wave functions in
terms of the closed shell RHF wave function and its excited conﬁgurations is possible by performing a CASCI calculation in which the
CI coefﬁcients are obtained without optimising the RHF orbitals.
Compared to the CASSCF solution, the only difference for the
CASCI solution in each cluster is a modest (3 kcal/mol) higher total
energy. With regards to the contribution of RHF conﬁguration to
the correlated wave function the same picture emerges.
It is noted that the charge ordering pattern is dictated by the
choice of the cluster and its geometry. Our results might be sensitive to small variations in the geometry that fall within the accuracy of the X-ray diffraction experiments from which our
geometries were obtained. In particular, we recognise that in these
experimentally observed geometries there is some thermal disorder and the hydrogen positions are not observed directly. With

Table 3
CASSCF wave function analysis for the singlet state of the LT and cluster for various
CAS spaces. The CI coefﬁcients of the g2 and u2 conﬁgurations are given. The natural
orbital populations (NO occ.) give an indication of the electron transfer from the g2
conﬁguration.
CAS

LT

HT

CI coeff.

CAS(2,2)
CAS(6,4)
CAS(6,14)
CAS(6,29)

NO occ.

CI coeff.

NO occ.

g2

u2

ng

nu

g2

u2

ng

nu

0.911
0.917
0.884
0.887

0.413
0.390
0.371
0.369

1.66
1.70
1.69
1.70

0.34
0.32
0.30
0.29

0.858
0.862
0.834
0.836

0.513
0.505
0.476
0.475

1.47
1.51
1.50
1.51

0.53
0.50
0.49
0.49
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our cluster choice (Fig. 2) the charge ordering pattern for the LT
crystal corresponds to the experimentally observed (from infrared
and Raman spectra [15] and also from charge densities obtained
from X-ray data [4]) charge ordering in the crystal, however at
HT a ½½½½ distribution is observed. The fact that positive charges
get stabilised in the interior of the cluster is a consequence of the
choice of using a cluster model. Firstly, the HOMO in a neutral tetramer stack is localised mostly on the two interior molecules.
Moreover, compared to charge on a cluster surface, charge in the
cluster interior is surrounded by more electron density that can
be polarised due to the charge. We think this leads to higher induction interactions that stabilise the system. In contrast to the cluster
model, calculations with a periodic model for the HT crystal shows
that the charge hole is delocalised (vide infra). In studies on the
Cope rearrangement [16,17] and on the benzyne biradical
[18,19], inclusion of dynamical correlation effects of the inactive
valence electrons was found to reduce the diradical character of
the wave function. Since in our calculations we did not include
these effects, it is not unlikely that our results overestimate the
open shell character of the EDO-TTF molecules.
5. Embedded cluster CASSCF calculations
The electrostatic effect of the direct cluster environment on the
CASSCF calculations is studied by embedding the cluster in point
charges. In this section, we denote the tetramer cluster as D4A2
where D and A denote donor and acceptor molecules respectively.
We increased the size of the clusters further by including up to ten
nearest neighbour PF6 molecules into the cluster (Fig. 3).
The atomic charges, used to represent molecules in the embedding, were obtained from molecular calculations in vacuum. They
preserve the molecular multipole ﬁeld [29], and their use is therefore expected to give proper electrostatic intermolecular interactions. The central tetramer, treated quantum mechanically, was
surrounded by several embedding unit cells. In the direction of
the long molecular axis and in the direction in which the
EDO-TTF molecules stack, a single unit cell was used as embedding.
In the direction of the short molecular axis we used two unit cells
as embedding so the overall system is approximately cubic. In
embedded DFT calculations, Iwano and Shimoi [9] found that three
layers are needed to reproduce the crystal ﬁeld, hence our scheme
should be seen as a ﬁrst order embedding. In the next section the
crystal is described in its entirety, and the present embedded calculations serve only as an assessment of the role of electrostatic
effects of the environment on the electronic structure.
The results of the embedded cluster CASSCF(6,14) calculations
(Table 4) are similar to our vacuum results. The inclusion of the
crystal ﬁeld as well as the inclusion of additional anions has a negligible effect on the relative CASSCF energies and on the CI coefﬁcients. It shows that our choice of tetramer cluster model, used
in the vacuum calculations, is legitimate (Fig. 2). Unlike all other
clusters at HT and LT in Table 4, it was not possible to obtain a

D4A4

D4A12

Fig. 3. The D4A4 and D4A12 clusters (see text) built by adding two and ten PF6
anions to the D4A2 cluster. These clusters were embedded in point charges (not
shown).

Table 4
CASSCF Singlet–Triplet (ET–ES) splittings in kcal/mol of several donor (D)–acceptor (A)
clusters in vacuum and in an embedding (see text).
Vacuum

Embedded

D4A2

D4A2

D4A4

D4A12

LT

ET–ES
g2 CI coeff.

10.8
0.917

10.0
0.911

9.8
0.910

9.8
0.910

HT

ET–ES
g2 CI coeff.

3.8
0.862

3.1
0.834

3.5
0.862

3.5
0.863

triplet state at HT for the embedded D4A2 cluster with the 0110
charge ordering pattern using the (6,4) CAS space. Instead, it was
obtained using a CAS(6,6). In Table 4 we used the CAS(6,14) results
for easy comparison to the CI coefﬁcient in vacuum (Table 3). The
charge ordering obtained for all results in Table 4 is 0110.
For the small D4A2 cluster we checked whether a polarisable
embedding affects the distribution of the positive charge. For this
we obtained induced dipoles on all atomic positions from a fully
classical calculation using the DRF90 software [30] on the cluster
with embedding as described above. Subsequent CASSCF calculations for the singlet state on the cluster embedded with point
charges and with the induced dipoles, shows negligible effects on
the CI coefﬁcients and on the molecular charges. When repeating
the procedure for an embedded D2+
4 cluster, also a 0110 charge
ordering was obtained.
The richness of the electronic structure of this material is shown
by the several degenerate states that we could obtain for the
embedded D4A2 cluster with the HT geometry. At 1 kcal/mol a triplet state with a CO 0101 was obtained with a corresponding singlet at 0 kcal/mol (energies relative to the singlet CAS(6,4) state
with a CO of 0110). State average calculations over three states,
both for singlet and for triplet, showed a singlet state at +2 kcal/mol and a triplet at +3 kcal/mol with a CO of ½½½½. Notably, these
states are lower in energy than the ﬁrst excited singlet state with a
CO of 0110 which was found at +20 kcal/mol using a state average
over two states.
6. Periodic calculations on the crystal
In periodic calculations the whole crystal is treated explicitly.
However, calculations are currently only feasible at the HF and
DFT levels of theory. Similar to the embedded cluster calculations,
several states that are close in energy are found (Table 5) using
periodic Hartree–Fock calculations. The proximity of these UHF
and RHF states indicates that several states compete. The CT from
(EDO-TTF)2 to PF6 is lower than in the cluster calculations. A CT of
0.76 (0.81) per PF6 molecule in the LT (HT) crystal is calculated and
it does not depend on the Ms value used, nor on the CO pattern
obtained, nor on our choice of method.
As indicated in Table 5, given a CO pattern, the same molecular
charges and charge ordering were obtained in the different calculations. The charge localisation in the HT system that we observed
in the cluster calculations does not occur in the periodic system.
Meaningful comparison is possible between states that have the
same CO and CT because the electrostatics are the same. The
obtained results for the experimentally observed charge ordering
pattern at LT and HT (marked in grey), show triplet instability. In
both crystals there are Ms = 0 UHF states lower in energy than
the RHF state indicating that the true ground state has
multi-determinantal character. All calculated states correspond
to band insulators, except the RHF state at HT with the 1½½½½
charge distribution which is a band conductor. Because the
Ms = 0 and Ms = 1 states are close in energy, and also considering
the severe spin contamination in our UHF cluster calculations (vide
infra), it is very likely that the Ms = 0 UHF state is close to triplet.
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Table 5
Periodic RHF and UHF states. The results for the experimentally observed CO pattern
at LT and HT are marked grey. Energy E in kcal/mol and are relative to the RHF energy
for the experimentally observed CO pattern in both crystals.

Unfortunately it was not possible to obtain a value for the total
spin per unit cell in these calculations and we therefore do not
know the extent of spin contaminations. We found a RHF solution
in the HT crystal with a CO pattern 0110 that is nearly 5 kcal/mol
lower than the state with the experimentally observed charge distribution of ½½½½. It shows the instability of the system towards
other charge orderings. A similar instability is observed in UHF
results for both crystals, in which the 0101 CO was found. UHF
states could be found at lower energy than the RHF state. The
Ms = 0 and Ms = 1 0101 states are very close in energy, which hints
to a ferromagnetic state. Remarkable is that UHF solutions exist for
the LT crystal with a ½½½½ charge distribution. Both bent and planar molecules adopt the same amount of charge hole in these solutions. It is very likely that there is a manifold of states with the
0110, 0101 and ½½½½ charge distribution patterns that are close
in energy.
We will shortly publish a detailed study of the spin-restricted
periodic results, performed both with HF theory and DFT, and we
refer to this publication for further information and analysis of
the electronic band structure.

7. RHF and ROHF calculations on the tetramer cluster
To support the analysis of the (embedded) cluster calculations,
results from RHF and ROHF cluster calculations are presented. The
four frontier orbitals of the cluster, shown in Table 6, are linear
combinations of the highest occupied molecular orbitals
(HOMOs) of the four EDO-TTF monomers. The tetramer HOMO-2
is the fully bonding combination and the tetramer LUMO is fully
anti-bonding. These orbitals have very small amplitude on the
PF6 molecules. The CT to PF6 is the same as in the CASSCF calculations. The charge hole localisation on the inner molecules is 95%
(85%) in the LT (HT) geometry, which gives a charge ordering pattern of 0110 in both cases. This is 2% (5%) less compared to the
CASSCF results for the LT (HT) geometry.

Table 6
RHF charge ordering (CO) and CS frontier orbitals for the LT and HT unit cells. Orbital
energies e are in hartree.
Orbital

LT

HT

2u LUMO

e = 0.1279

e = 0.1422

2g HOMO

e = 0.2683

e = 0.2513

1u HOMO1

e = 0.2783

e = 0.2735

1g HOMO2

e = 0.3010

e = 0.2999

CO

0.04
0.88
0.88
0.04

0.14
0.79
0.79
0.14

Besides the CS conﬁguration, other low lying electronic conﬁgurations are also important for the analysis of the CASSCF calculations. We use ROHF to obtain their energies. Of special interest are
the triplet and the open shell singlet states which, in the local
basis, occupy the same local orbitals (3OS w and 1OS w in Table 1b).
In Table 7 the results of these ROHF calculations are summarised, in which we sequentially numbered the states in energy
above the S0g ground state. In both geometries, all calculated states
have a ½½½½ charge distribution, except the T1u and S1g states
that have a 0110 charge ordering. The CT to PF6 is the same as in
the CASSCF calculations. The diradical nature of the T1u and S1g
states is apparent from the open shell orbitals (see Table 8). The
open shell picture as sketched in Fig. 1 is obtained. The open shell
S1g ROHF state is mixed with the closed shell S0g RHF state in the
multi-conﬁgurational CASSCF singlet wave function (Section 4).
We note that a strictly inversion symmetric nuclear potential is
required to obtain this conﬁguration. The charge hole localisation
is similar to that in our RHF cluster calculations: 95% (86%) in
the LT (HT) crystal. With T1u and S1g being lower in energy than
S0g, these states show triplet instability. We attribute the larger
stabilisation of these states in the HT crystal to a larger separation
of the inner molecules at HT.
Interestingly, in the HT crystal an open shell singlet state could
be found in which one electron hole is localised on an inner
EDO-TTF molecule and another one on an outer molecule, creating
a 0101 charge ordering pattern. This open shell singlet state is
2 kcal/mol lower than the 0110 charge ordered S1g state.
Table 7
ROHF open shell states obtained for different electronic conﬁgurations for the LT and
HT cluster. Energies are relative to the S0g RHF closed shell states in kcal/mol.
State
S3g
T2g
S2g
T1g
S1u
S1g
T1u

Conﬁguration
1 1

g g
g1g1
u1u1
u1u1
g1u1
a1b1
g1u1/a1b1

ELT

EHT

46.6
46.4
19.3
19.2
18.5
4.5
4.7

24.8
24.6
7.4
7.2
6.1
14.3
14.5
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Table 8
Charge ordering and singly occupied open shell orbitals for the lowest open shell ROHF singlet S1g and triplet T1u state in the local basis {a, b} representation.
LT
a

HT

1

b

1

a1

b1

S1g

ð 0:04

0:89

0:89

0:04 Þ

ð 0:12

0:82

0:82

0:12 Þ

ð 0:04

0:89

0:89

0:04 Þ

ð 0:13

0:81

0:81

0:13 Þ

T1u

8. UHF cluster calculations
UHF cluster calculations show triplet instability, and spin contaminations are estimated from the total spin. These results provide
an estimate of the spin contaminations found in the periodic states
(Section 6) where we have been unable to calculate the total spin.
The broken spin-symmetry UMs ¼0 w UHF states we obtained for tetramer clusters are lower in energy (Table 9) than the corresponding
s ¼1
closed shell states. The M
w state is also below the closed shell
U
state, just like the T1u ROHF state (Table 7), which hints towards
the mixing in of signiﬁcant triplet character in the Ms = 0 UHF wave
function. The values for the total spin S(S + 1) indicate
spin-contamination. Assuming only contamination from the next
higher multiplet, the percentage of contamination can be estimated
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃ
in the following way. We use the normalised w ¼ 1  xa w  xb w
wave function, and with that the expectation value for the total spin
can be written as wjb
S 2 jw ¼ ð1  xÞa wjb
S 2 ja w þ xb wjb
S 2 jb w. For a Ms = 0
singlet (a = 1) mixed with a Ms = 0 triplet (b = 3) we ﬁnd x = 0.56
(0.64) for the LT (HT) clusters. For the Ms = 1 triplet (a = 3) contaminated with a Ms = 1 quintet (b = 5) we get x = 0.06 (0.08) for LT (HT).
Therefore the Ms = 1 state is mainly triplet and it contains a minor
contamination of quintet. The large mixing of the Ms = 0 state can
be understood from the triplet being lower in energy.
The CT to PF6 in these states (Table 9) is equal to that of the
CASSCF states. Also the charge hole localisation of 96% (92%) in
the LT (HT) cluster is comparable to that in the CASSCF calculations. The outcome of the charge analysis for the Ms = 0 and
Ms = 1 states are almost the same. The natural orbital population
for the Ms = 1 states is ðng ; nu Þ ¼ ð1; 1Þ, as expected. In the Ms = 0
states the natural orbital population is ðng ; nu Þ ¼ ð1:36; 0:64Þ for
the LT cluster and ðng ; nu Þ ¼ ð1:22; 0:78Þ for the HT cluster. This
indicates a 64% and 78% open shell singlet character respectively.
Because the 1OS wða; bÞ open shell singlet and the 3OS wða; bÞ triplet
wave functions can be seen as being built from the same local orbitals (Table 1b), the estimated 60% mixing in of the triplet causes
this strong open shell character of the UHF Ms = 0 states.
The triplet instability in these UHF calculations is evident from
the low lying Ms = 1 states. Iwano and Shimoi [9] too reported broken spin-symmetry states. They performed unrestricted DFT cluster calculations with designated embedding and obtained a state
that is lower than a closed shell DFT solution by 6.9 kcal/mol for
a system with 12 EDO-TTF molecules. Unfortunately no assessment was given for the spin contamination in their study.
9. Conclusion and discussion
The main issue addressed in this paper is whether the best
ansatz for the ground state of the (EDO-TTF)2PF6 system is a

Table 9
Ms = 0 and Ms = 1 UHF states for the LT and HT cluster in vacuum. Energy in kcal/mol
is relative to the corresponding RHF state.
Ms

E

S(S + 1)

CO

LT

0
1

15.2
18.9

1.11
2.24

ð 0:03
ð 0:04

0:89
0:89

0:89
0:89

0:03 Þ
0:04 Þ

HT

0
1

15.0
20.3

1.27
2.31

ð 0:08
ð 0:09

0:86
0:85

0:86
0:85

0:08 Þ
0:09 Þ

closed-shell or open shell representation. Our periodic calculations,
in which the whole crystal is explicitly described, show that the
closed shell states are in agreement with experiment [2]. The nature of the conductivity and the charge ordering is reproduced in
both the high temperature conducting state and the low temperature insulating state. This is underlined with the absence of experimentally observed magnetism, which makes it likely that the
ferromagnetic state is not at very low energy. Results of our
spin-unrestricted cluster and periodic calculations indicate however that there is triplet instability. Since there are no experimentally observed magnetic states, it is likely that these spin-polarised
solutions do not describe the ground state. However, they indicate
that the ground state has multi-determinantal character and that
there might be instability towards a magnetic state. This may be
different in other organic CT salts. Notably in the TMTTF2PF6
Fabre salt, a magnetic state exists under pressure and at low temperature [6]. We consider the term radical cation salts, which is
sometimes used to classify Bechgaard and Fabre salts, not appropriate for the (EDO-TTF)2PF6 system.
We also obtained states with charge ordering patterns that are
not observed experimentally or only as short lived intermediate
states in photo induced phase transitions [22]. It shows the instability of the ground state towards states with other charge ordering
patterns. Most notably we found a low lying 0110 charge ordered
state with spin-restricted periodic Hartree–Fock theory in the HT
crystal. The energy differences between these calculated states
are smaller than can be expected to be reliably distinguished from
these calculations. The relative order in energy of these solutions
might also be sensitive to small variations in the geometry that fall
within the accuracy of the X-ray diffraction experiments from
which our geometries were obtained.
From the analysis of systematic cluster calculations performed
with RHF, ROHF and CASSCF/CASCI theory, we have been able to
discuss the electronic conﬁgurations that are important in these
competing states. With R(O)HF we showed that the open shell singlet 1OS w, the open shell triplet 3OS w, and the closed shell singlet 1CS w
of the tetramer are close in energy. Allowing several conﬁgurations
to contribute to the wave function, our CASSCF results show clearly
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that the ground state is singlet. This is also the case in embedded
CASSCF calculations. Due to the proximity of the singlet and triplet
states we expect that the singlet state has a considerable open shell
character. The CASSCF singlet-triplet splitting is largest in the LT
phase, which indicates a large electron interaction in a two electron picture. The CASSCF wave function in the HT phase shows
the largest open shell character. It can be considered half way
between a closed shell g2 and open shell g2  u2 wave function,
which we attribute to the cluster effect of charge hole localisation.
In the cluster calculations, the positive charges localise in the
interior of the HT cluster whereas in the crystal they are delocalised. We showed in our embedded calculations that this cannot
be overcome by including the electrostatic effects of the environment. Essentially, these electrostatic effects on the quantum cluster showed to be negligible. Orbital and population analysis,
show the tendency towards charge hole localisation. In the LT cluster we see a larger charge hole localisation than in the HT cluster
where the dimers are at larger distance. Compared to RHF, the
effect is enhanced by using UHF and CASSCF. In CASSCF the localisation of holes is increased by correlation: because of mixing in
of an u2 conﬁguration in the wave function. Driving the electrons
away from the centre, by occupying an ungerade orbital that is
anti-bonding between the dimers, is expected to be effective in this
process.
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