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Abstract: The enantiopure dimethyl-ethylenedithio-tetrathiafulvalene (DM-EDT-TTF) donor exists as biaxial (ax,
ax) and biequatorial (eq, eq) conformers in equilibrium. DFT calculations combined with free energy surface (FES)
analysis establish that the (ax, ax) form is more stable by ~0.7 kcal·mol–1 than the (eq, eq) one and that the inter-
conversion process involves a sequential conformational change through a boat type (ax, eq) conformer with an
activation energy of ~3 kcal.mol–1. TD-DFT calculations show similar, but opposite in sign, CD bands for the two
conformers. A Boltzmann type average of the two CD curves, corresponding to a ratio of three (ax, ax) for one (eq,
eq) conformers in equilibrium in solution, provides an excellent agreement with the experimental curve.
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estimation of the activation energy of
the dimethyl-dihydrodithiin ring allowed
only to conclude that this energy barrier
was lower than 7.7 kcal·mol–1.[11] In the
present study we have been investigating
the conformational equilibrium between
the (ax, ax) and (eq, eq) conformers of the
DM-EDT-TTF donor 1 through a free en-
ergy surface (FES) analysis, determined
the lowest energy path for the interconver-
sion of the two energyminima conformers
and computed the CD spectra of the latter.

2. Results and Discussion

2.1 Geometry Optimization and FES
Analysis

Both (R,R)-1 and (S,S)-1 enantiomers
have been optimized at DFT/PBE1PBE/6-
311++G(3df,2pd) level as (ax, ax) and (eq,
eq) conformers (Fig. 2 for (R,R)-1, see the
SI for (S,S)-1). In each case the two con-
formers were energy minima.

The calculations clearly indicate a
higher stability for the (ax, ax) conformer
than the (eq, eq) one for both enantiomers,
with an energy difference between them of
∆E = 0.675 kcal·mol–1, suggesting a ratio
(ax, ax):(eq, eq) of 3.12:1 in the gas phase,
which would probably exist in solution as
well (vide infra).

To explore the free energy surface
(FES) of the (R,R)-1 enantiomer, energies
and gradients were calculated using the
self-consistent-charge density-functional
based tight-binding (SCC-DFTB) ap-
proach (see computational details). It is
an approximate quantum chemical method
derived from DFT and based on a second-
order Taylor expansion of the energy with
respect to a reference electronic density. Its
parametrization procedure is solely based
on DFT calculations. Therefore, it is an ex-
cellent choice to compute the whole FES
with results that are related to the TD-DFT
calculations. Two collective variables were
used to explore the FES of the (R,R)-1 en-
antiomer. They correspond to two dihedral
angles and are represented in Fig. 3.

Fig. 2. Optimized geometries for the (ax, ax)
(top) and (eq, eq) (bottom) conformers of (R,R)-1.

the size of the anion and the nature of the
precursor, i.e. racemic versus enantiopure,
has been observed.[4] Differences in con-
ductivity between the racemic and enan-
tiopure forms have been noticed as well
in radical cation salts derived from TTF-
oxazoline donors,[5] due to the structural
disorder present in the racemic salts,[6]
but also in the triiodide salts of the tetra-
methylated-bis(ethylenedithio)-TTF (TM-
BEDT-TTF) donor, i.e. the series formu-
lated as (rac)-, (R,R,R,R)- and (S,S,S,S)-
(TM-BEDT-TTF)I

3
.[7] The latter, which

is the first reported enantiopure TTF,[8]
provided several conducting salts[9] along
with its dimethylated counterpart DM-
BEDT-TTF containing only two stereo-
genic centers,[10] as in DM-EDT-TTF
(1). In these three methylated BEDT and
EDT-TTF derivatives an important feature
is the conformation of the methyl groups
of the dithiin rings[11] as they can adopt
either diaxial (ax, ax)[4a,9c,12,13] or diequa-
torial (eq, eq)[7] trans arrangements in the
chiral precursors (Fig. 1), while in the
meso compounds they are necessarily cis
(ax, eq).[13] In the corresponding radical
cation salts the most often encountered
conformation is, by far, the all-equatori-
al one[2,4,7,9a–c,10] but in a very few cases
mixed (ax, ax, eq, eq)[9c–d,14] or all-axial[15]
conformations have been observed as well
for TM-BEDT-TTF derivatives. Clearly,
the most important consequence of this
conformational issue in the case of the
crystalline radical cation salts is for the
donor packing, which strongly influences
the electron transport properties, while in
the case of the neutral precursors different
chiroptical properties could possibly arise.
Indeed we have previously shown for TM-
BEDT-TTF that the all-axial conformer is
more stable by 1.25 kcal·mol–1 than the
all-equatorial one and the experimen-
tal circular dicroism (CD) spectra result
from the co-existence of both conform-
ers in fast equilibrium in solution, with
a predominance of the all-axial one.[7]
However the energy surface profile of the
equilibrium aimed at identifying transi-
tion states and the activation energy of the
process was not determined in the previ-
ous study. Experimental attempts through
solution 13C NMR measurements for the
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1. Introduction

The chiral tetrathiafulvalene (TTF) de-
rivative dimethyl-ethylenedithio-tetrathia-
fulvalene (DM-EDT-TTF, 1 in Fig. 1) has
providedsomeof themost important results
in the field of the chiral conductors,[1] es-
pecially through the first experimental ob-
servation of the electrical magneto-chiral
anisotropy effect (eMChA),[2] a synergetic
phenomenon arising in chiral conductors,
measured in a magnetic field parallel to the
direction of the current, as a consequence
of the simultaneous breaking of parity by
chirality and of time-reversal symmetry by
the magnetic field.[3] The DM-EDT-TTF
enantiopure mixed valence radical cation
salts showing this effect are formulated as
(R,R)- or (S,S)-(1)

2
ClO

4
.

Furthermore, by using the series of an-
ions XF

6
– (X = P, As, Sb) within the three

complete series of salts (1)
2
XF

6
, including

the racemic and both enantiopure forms,
modulation of the packing and, conse-
quently, of the conducting properties with

(S)-1 (S)-1

(S,S)-DM-EDT-TTF

S

SS

S S

S

(S)-1

ax eq

S
S

S
SS

SS
S

S
SS

S

Fig. 1. (S,S) enantio-
mer of DM-EDT-TTF
(1) with its axial and
equatorial conform-
ers.
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bonding and sulfur nonbonding, while the
blue surfaces representing the excited elec-
tron is on the σ bond plane. The second
process corresponds to a transition from
the core C=C bonding to both outer C=C
π* bonds. Finally, the S

6
excitation is much

more complex. It involves all the π bonds
with quite a strong σ participation.

2.3 Chiroptical Properties
Considering the chiroptical properties,

the relative stability of the (ax, ax) or (eq,
eq) conformers is a crucial issue since the
two conformations present two radically
distinct CD signals (Fig. 6). Clearly, the
conformational change does not induce a
shift in a band but a change of sign.

If we assume that the experimental
conditions (diluted solutions and ambient
temperature at atmospheric pressure) can
be approximated to the standard conditions
and consider ∆G = ∆

r
G° = –RT lnK, the

equilibrium population should be around
3 axial molecules for one equatorial mol-
ecule. Indeed a Boltzmann average of the
CD curves provides a good agreement with
the experimental curve (Fig. 7).

To simplify the rationale we will focus
on the (ax, ax) conformer. In the CD ex-
periment, the first transition is silent (Table
2). The first positive band is due to the S

2
state. The negative band between 30000
cm–1 and 35000 cm–1 is mainly due to the
S
4
and S

6
states and the intense positive

change around 35000 cm–1 is due to the S
9

state. The EDD plots are also indicative of
the CD activity, as an important contribu-
tion of the asymmetric carbon atoms corre-

2.2 TD-DFT Calculations
The theoretical absorption spectra of

both conformations are similar and both
reproduce the experimental curve (Fig. 4).

Three main transitions are responsible
for the UV-vis absorption curve, as high-
lighted in the following Table for the (ax,
ax) conformer (Table 1). All other excita-
tions are detailed in the supplementary in-
formation for both conformers.

The first transition has a weak molar
absorption coefficient because it is mainly
a π-to-σ transition with a weak overlap as
shown by the electron density difference
(EDD, Fig. 5), where the white hollow sur-
face corresponding to the hole is clearly π

Both dimethyl groups in axial position
correspond to the FES minimum and the
conversion to the (eq, eq) conformer goes
through a mixed conformation with one ax-
ial and one equatorial substituent, in which
the dihydrodithiin ring adopts very likely a
boat conformation. The energy barrier of
the process is estimated to be ~3 kcal.mol–1,
and DFT geometry optimization of the
transition (ax, eq) state gives either the
fully axial or fully equatorial conformer.
It is worth pointing out that the high free-
energy region located at the center
(125°,125°) of the free-energy map pre-
vents a concerted and symmetrical confor-
mational change of both dimethyl groups.

Table 1. Most important excited singlet states calculated energies, oscillator strengths and their
corresponding monoelectronic configurations for the (ax, ax) conformer.

Excitation cm–1 Osc. strength Monoelectronic excitation description

S
0
→ S

1
21674 0.003 97% HOMO → LUMO

S
0
→ S

2
26482 0.016 93% HOMO → LUMO+1

S
0
→ S

6
32474 0.246 complex (involves 4 sets of MO)

Fig. 3. Free energy surface (FES) of (R,R)-1 obtained from a SCC-DFTB metadynamics simulation
performed at 300 K. The two collective variables used to explore the FES are the dihedral angles
defined by the stars (angle 1) and by crosses (angle 2). When both angle values are near 180° it
corresponds to the (eq, eq) conformation.

Fig. 4. Experimental
and theoretical UV-
visible absorption
spectra of (R,R)-1.
The experimental
curve is in blue,
whereas the purple
and grey curves cor-
respond respectively
to the calculated (ax,
ax) and (eq, eq) con-
formers.

Fig. 5. Electron density difference (EDD)
between the excited states (S1, S2 and S6 from
top to bottom) and the ground state. The blue
and white hollow surfaces represent respec-
tively a gain or a loss of electron density upon
excitation. Cut off values correspond to 2.5
10–3 electron/bohr3.
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as the activation energy of the interconver-
sion process is estimated to ~3 kcal.mol–1

according to a free energy surface (FES)
analysis, the minimum energy path going
through an (ax, eq) intermediary. TD-DFT
calculations show drastically different chi-
roptical properties of the two conformers,
with the experimental CD curve nicely fol-
lowing a Boltzmann type statistics corre-
sponding to a ratio of 3 (ax, ax) molecules
for 1 (eq, eq) one, in agreement with the
energy difference between the two con-
formers. These results bring new insights
into the understanding of the chiropti-
cal properties of the dialkyl-ethylene or
bis(ethylene)-TTF donors, a very impor-
tant family of electroactive precursors for
chiral conductors.

4. Experimental and Computational
Details

Circular dichroism spectra were re-
corded using spectrometric grade solvents
in a 0.2 cm cell at sample concentrations
of 10–3 M using a JascoJ-815 Circular
Dichroism Spectrometer (Biosit facility -
Université de Rennes 1).

All DFT and TD-DFT calculations
have been performed with the Gaussian09
program[16] using the DFT method with
the hybrid PBE0 functional (with 25%
of exact exchange)[17] and the augment-
ed and polarized Pople-type basis set
6-311++G(3df,2pd). An ultrafine integra-
tion grid was chosen. First, the gas-phase
ground-state geometries were optimized,
starting from the (ax, ax) conformations
obtained from theX-ray diffraction data.[4a]
The gas-phase excited-states energies were
then determined by a linear response TD-
DFT method with the same parameters.
The length gauge formulation was used
for the calculation of the rotatory strengths,

goes to the left outer C=Cbondwhereas the
other half goes to the right side, involving
the asymmetric carbon atom. Therefore,
the slight change of geometry between the
conformers has an impact on the overall
balance between the left-right repartition.
The total electric dipoles of the transition
are reported along the EDD in Fig. 8. The
change of sign in the CD spectrum can be
attributed to the change of orientation of
this dipole.

3. Conclusions

The relative stability of the two con-
formers of the chiral dimethyl-ethylene-
dithio-tetrathiafulvalene (DM-EDT-TTF)
donor has been established by gas-phase
DFT calculations which indicate that the
(ax, ax) conformer is slightly more stable
by ~0.7 kcal·mol–1 than the (eq, eq) one.
The two conformers are in fast equilibrium

sponds to a more intense CD band. For the
transitions where there is no involvement
of the electron density of the asymmetric
carbons there is no CD signal.

An interesting question is why axial
and equatorial signals are opposite in
sign, for example, for the first CD band at
around 26000 cm–1 although the electron
density difference in both cases seems
equivalent. The CD sign depends on the
rotation of the electron density upon exci-
tation. In both cases, i.e. (ax, ax) and (eq,
eq) conformers, the electron density for the
S
0
→S

2
transition comes mainly from the

central π-electrons and goes to the outer
C=C bonds. The circular dichroism signal
arises from the contribution of an asym-
metric carbon atom as a small acceptor
moiety. The most important difference
here, justifying the sign, is the sulfur con-
tribution. This contribution depends on the
geometry half chair for the axial molecule
or twist boat for the equatorial. As nicely
observed in Fig. 8 for the S

0
→S

2
transi-

tion, the origin of the hole is centered on
the TTF core. Half of the excited electron

Table 2. Most important excited singlet states
calculated energies, oscillator and rotatory
strengths

Excitation cm–1 Osc.
strength

Rot.
strength

(in 10–40

cgs)

S
0
→ S

1
21674 0.003 –0.922

S
0
→ S

2
26482 0.016 12.694

S
0
→ S

4
30827 0.012 –16.749

S
0
→ S

6
32474 0.246 –9.105

S
0
→ S

9
34628 0.025 28.087

Fig. 6. Experimental
and theoretical CD
spectra of (R,R)-1.
The experimental
curve is in blue,
whereas the purple,
grey and dotted light
blue curves corre-
spond respectively
to the calculated (ax,
ax), (eq, eq) conform-
ers and a Boltzmann
statistics of 3 (ax, ax)
for 1 (eq, eq) con-
formers.

Fig. 7. Experimental
and theoretical CD
spectra of (R,R)-1 and
(S,S)-1. Experimental
curves are in blue
for (R,R)-1 and red
for (S,S)-1, whereas
the dotted light blue
and dotted orange
curves correspond,
respectively, to the
calculated Boltzmann
statistics of axial and
equatorial conforma-
tions.
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but both formulas give practically the same
values. The calculated spectra have been
enlarged by a Gaussian shape [full width
at half-maximum (FWHM) = 3000 cm–1

for UV-visible and for CD plots] with
GaussSum to compare with the experimen-
tal data.[18] The computational results, mo-
lecular orbitals and density difference plots
were prepared withABSiCC, a homemade
program.[19] The cutoff values were set to
represent 50% of the function.

To explore the free energy surface
(FES) of the (R,R)-1 compound, energies
and gradients were calculated using the
self-consistent-charge density-functional
based tight-binding (SCC-DFTB) ap-
proach.[20] This is an approximate DFT
scheme similar to other semiempirical
methods whose computational efficiency
relies on the use of aminimal valence basis-
set and parametrized integrals taken from
the mio-set of Slater-Koster tables.[20,21] In
this formalism, the total energy of the sys-
tem is written as a sum of three terms: (i) a
tight-binding term defined from the afore-
mentioned parametrized integrals; (ii) a
repulsive interaction expressed as a sum
over all atomic pairs; (iii) the second-order
term of the Taylor expansion expressed
as a function of the atomic charge fluc-
tuations. The configurational change was
investigated using the metadynamics algo-
rithm.[22] Calculations were performed in
the canonical ensemble at 300 K. The tem-
perature of the simulation was controlled
by a Nosé−Hoover chain of five thermo-
stats with a frequency of 400 cm–1.[23]
The integration of the equation of motion
was achieved with a time step of 0.25 fs.
In metadynamics, the MD simulation is
biased to favor a specific reaction channel
adding Gaussian functions to the potential
energy surface. In the present study, these

Gaussian functions are defined by height
and width of 0.4 kcal.mol–1 and 0.1 radian,
respectively. They were added every 300
MD steps, and we used the well-tempered
formulation of metadynamics with a bias
factor of 10.[24] All metadynamics simula-
tions were performed with the PLUMED
1.2 package[25] in combination with the
deMonNano code.[26]
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Fig. 8. Electron density difference (EDD) between the excited states S2 and the ground state of the
(ax, ax) conformation (top left) and the (eq, eq) conformation (bottom left). The blue and white hol-
low surfaces represent respectively a gain or a loss of electron density upon excitation. The cutoff
value was set to 2.5 10–3 electron/bohr3. The right panels represent the electric dipole moment of
the S0→S2 transition for the two conformers.


