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The long, multicenter bonding in tetrathiafulvalenium cation radical dimers, [TTF],?t, observed in both the
solid state and in solution, were computationally investigated via B3LYP, CASSCF(2,2), and MCQDPT/
CASSCF(2,2) calculations. The stability of [TTF],>" dimers originates from [TTF]"*::-anion~ or
[TTF]*+++solvent electrostatic interactions, whose sum exceeds the [TTF]"*+++[TTF]"* repulsion, in solution,
or the sum of the [TTF]"*+++[TTF]"" and anion™ ++-anion~ repulsions in solid state. MCQDPT/CASSCF(2,2)
calculations indicate that the electronic ground state of the [TTF],>" dimers is a closed-shell single state with
non-negligible contribution of the open-shell singlet, as is experimentally observed. This ground state is not
well reproduced in B3LYP or CASSCF(2,2) calculations.

Introduction

The presence of long C—C bonds between anion radicals that
exhibit all of the electronic properties of a conventional covalent
bond, except for its intrinsic energetic stability, was first reported
in salts of reduced tetracyanoethylene (TCNE), where 7—[TC-
NE],?~ dimers are found.'~'° The dimer stability originates from
the cation™ +++[TCNE]" ~ attractive interactions, which overcome
the anion**+anion plus cation++cation repulsive interactions
(there is also a smaller extra stabilization coming from the
dispersion energetic component!!), and the intradimer C—C
distance is ~2.9 A. At this distance the [TCNE] ™ by, singly
occupied molecular orbitals (SOMOs) overlap to form b,
[TCNE],>~ bonding and b . antibonding orbitals that are,
respectively, doubly occupied and empty in the singlet ground
state. Hence, [TCNE],?™ has the same orbital diagram as that
for conventional covalent bonds.

[TCNE],>" is prototypical of an increasing number of organic
compounds that are best described by long, multicenter bonding.
In addition to other anions (e.g., cyanil'? and 7,7,8,8-tetracyano-
p-quinodimethane (TCNQ)*!3~18) examples include cations, e.g.,
[TTF],>" (tetrathiafulvalene),>*, as well as neutral radicals. Several
examples of salts possessing nominally cofacial 7—[TTF],** dimers
have been reported.'® > These dimers have the shortest interfrag-
ment C—C distance, ~3.5 A, which is less than the sum of the
van der Waals radii of sulfur.®

[~

The formation of [TTF],?* dimers was also reported in water**
and ethanol® solutions at very low temperature. Spectroscopic
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(UV—vis and electron paramagnetic resonance (EPR)) studies
in various solvents have established the thermodynamic param-
eters for the cation radical dimerization in ethanol, acetone,
dimethylformamide (DMF), acetonitrile (MeCN), tetrahydro-
furan (THF), and dichloromethane.’® The weakest association
was found in dichloromethane, where AHy;,, = —3.8 kcal/mol
and ASgm = —18 eu. The 2[TTF]"" == [TTF],** dimerization
process was found to be reversible, but solvent- and temperature-
dependent, and less than —70 °C is required to observe the dimer
in dichloromethane. At —90 °C the absorption spectrum is
similar to the reported spectrum of solid [TTF],?*,""2! being
essentially invariant when the solvent or counterions were
changed. This suggests that the structure of the [TTF],>" dimers
is similar in solution and the crystal, and also largely unaffected
by the environment, as occurs for [TCNE],>".

To gain insight into the nature of the intradimer [TTF],>*
bonding with emphasis on the long C—C separations, the
electronic structure of [TTF],?*, as reported for the representa-
tive [TTF],[C104],>*?" salt has been studied by combining
B3LYP density functional, CASSCF(2,2), and MCQDPT/
CASSCF(2,2) calculations.

Methodological Details

The characterization of the electronic structure and properties
of [TTF],*>* dimers was executed in three consecutive steps.
First, the interaction energy curve of an isolated [TTF],*" dimer
as a function of the shortest interfragment C—C distance was
evaluated at the B3LYP density functional,’” CASSCF(2,2), and
MCQDPT/CASSCF(2,2) computational levels. Second, the
energetic interactions in a representative crystal possessing
[TTF],>* dimers were evaluated in order to identify the reasons
behind the existence of the dimers in solids. The energetic
evaluation was done on the [TTF],[anion], aggregate, the
smallest aggregate where all the interactions found in the
[TTF],[CIOy4], crystal are present. Finally, the presence of
[TTF],** dimers in solution was investigated by evaluating the
intermolecular interactions in [TTF],[CH,Cl,], aggregates.?%>!
The electronic structure of the [TTF],>" dimers in these
calculations will be rationalized in terms of the qualitative orbital
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Figure 1. (a) Shape of the SOMO of [TTF]'* (S is yellow, C is green,
and H is white) computed at the UB3LYP/6-314G(d) level; (b): shape
of the spin density (the isosurface of £0.05 au is plotted; notice the
absence of regions of negative electron density).

diagrams that result from the overlap of the SOMO of two
[TTF]"t monomers (whose shape was obtained from UB3LYP/
6-314+G(d) computations).

The CASSCF(2,2) and MCQDPT/CASSCF(2,2) methods
were used because previous B3LYP computations on [TCNE],>~
dimers failed to reproduce their diamagnetic ground state, a
property that is well reproduced by MCQDPT/CASSCF(2,2)
calculations. The MCQDPT/CASSCF(2,2) method performs
multiconfigurational perturbation calculation on a multiconfigu-
rational CASSCF(2,2) wave function using the MCQDPT
method.® The MCQDPT/CASSCF(2,2) method provides an
accurate evaluation of the dispersion component of the interac-
tion energy and gives results similar to those obtained using
the more popular CASPT2 method.** In these CASSCF(2,2),
and MCQDPT/CASSCEF(2,2) calculations the (2,2) active space
included the two SOMO orbitals of the fragments at dissociation.
In this form, the closed-shell singlet, CSS, and open-shell singlet,
OSS, states that can originate from the interaction of the two
doublet radical cations can be properly described.

All B3LYP calculations were done using the 6-31+G(d) basis
set and the Gaussian-03 suite of programs,* while the
CASSCF(2,2) and MCQDPT/CASSCF(2,2) calculations were
done using the GAMESS-07 suite of programs.** In all cases
the interaction energies were corrected by the basis set

superposition error (BSSE) using the counterpoise method.*~4°

Results and Discussion

In order to study the electron structure of [TTF],>" dimers,
the electronic structure of the [TTF]"" monomer was computed
at the UB3LYP/6-31+G(d) level and is illustrated in Figure 1.
[TTF]"t has a doublet ground state with its SOMO mostly
located at the central CC bond, but also with some delocalized
on the S and terminal C(sp?) atoms, Figure 1. Using this SOMO
one can rationalize the properties of the [TTF]*«++[TTF]'*
interaction in isolated dimers, in crystals of the perchlorate salt,
and in dichloromethane solutions.

1. Nature of the [TTF] "+ [TTF]'" Interactions in Iso-
lated [TTF],>" Dimers. The potential energy curves for an
isolated [TTF],>* computed at the RB3LYP/6-31+G(d) and
UB3LYP/6-31+G(d) levels are shown in Figure 2. The curves
were obtained by optimizing the geometry of the dimer at each
distance d (the shortest central C—C distance). Both curves are
energetically unstable with respect to the dissociation of the
dimer into its fragments; i.e., [TTF],>* == 2 [TTF]"". A very
small metastable minimum is found in the RB3LYP curve,
although it disappears when going into the UB3LYP curve. The
shape of curve for [TTF],>" is similar to that reported for
[TCNE],*>~ but is ~5 kcal/mol more repulsive, probably due to
steric effects induced in the five-membered ring by the fragment
approach. The comparison of the RB3LYP and UB3LYP curves
with those obtained at the CASSCF(2,2) and MCQDPT/
CASSCEF(2,2) levels is presented in Figure 3. The curve obtained
with the better, latter method is more stable than the others and
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Figure 2. Variation of the interaction energy, E, of two [TTF]*
fragments placed in a D, geometrical arrangement as a function of
interfragment C—C distance (d). The CSS and OSS curves are those
for the closed-shell and open-shell singlet states, computed at the
RB3LYP and UB3LYP levels, respectively. The equivalent curves
computed for the interactions of two [TCNE]" ™ fragments are also given
(refs 1 and 11) for comparison.
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Figure 3. Variation of the interaction energy, E, of two [TTF]*
fragments placed in a D,, geometrical arrangement with the interfrag-
ment C—C distance (d) as a function of the computational method.
The curves plotted are those obtained using the RB3LYP, UB3LYP,
CASSCF(2,2), and MCQDPT/CASSCF(2,2) computational levels.

also has a metastable minimum at ~3.2 A that is not found in
CASSCF(2,2) calculations. This indicates that the dispersion
component of the interaction energy is qualitatively relevant.
Thus, independent of method, the formation of isolated [TTF],>*
dimers requires energy, and it is not a spontaneous process (note,
however, that the UB3LYP calculations do not predict a
minimum, whereas the RB3LYP and MCQDPT calculations
both predict a metastable minimum). Hence, it is only stable
when the [TTF],>" dimers are in an environment where they
can get enough energy to compensate for the intrinsic energetic
repulsive nature of their interaction. Thus, the bonding com-
ponent of the interaction, which originates form the overlap of
the two SOMO orbitals of the fragments, is less energetic than
the Coulombic cation*+++cation™ component originating from
their net positive charges.

2. Nature of the [TTF]"--+[TTF]"" Interactions in Crys-
tals. The existence of pairs of charged radicals in the solid is
attributed to the existence of energetically stable aggregates that
contain these dimers and whose stability originates in the
cation™ +++anion™ attractive interactions, which exceeds the sum
of the cation™+++cationt and anion™++-anion™ repulsive interac-
tions. This energetic balance was demonstrated for small
(cation),[TCNE], aggregates"!! (Figure 4). These ideas were
extended to [TTF],2" dimers.

Suitable [TTF],(anion), aggregates possessing [TTF],>" dimers
were identified via searching the Cambridge Structural Database
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Figure 4. Schematic representation of the most important, first-

neighbor pair interactions in [TTF],(anion), aggregates. Cations are
indicated as C* and anion as A™.

(CSD).*” There are many cases of short distance TTF++*TTF
pairs, but only a few based on two [TTF]"" monomers, Table
1. Their shortest interfragment C+++C distance (d), [IC+++C=C
angle (a), and JC—C-++C—C dihedral angle () are also listed
in Table 1. The shortest interfragment C+++C distance varies
between 3.345 and 3.589 A, whereas the JC+++C=C angle
varies between 74.4° and 89.5°, and the JC—C+++C—C dihedral
angles ranges between 0.0° and 8.0°. Thus, the geometry of
these [TTF],?* dimers does not significantly deviate from D,.
Note also that there is a lack of coplanarity between the two
five-membered rings of [TTF]'* for some salts.
[TTF],[ClO4], was selected for computational study due to
the nearly D, symmetry of its [TTF],?" dimers and the small
size of its anion.?! Its crystal packing has stacks of [TTF],>*
dimers where each pair is surrounded by six perchlorate anions,
Figure 5. Within each stack the [TTF],?* tilts relative to the ¢
axis. The six ClO4~ anions are in the equatorial plane of these
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[TTF],*>* dimers. The two rings of the [TTF]" are nearly, but
not rigorously, coplanar (OS—C=C—S is 1.06°). The most
energetically stable [TTF],[ClO,], aggregate (Figure 6a) was
identified by looking at what pair of ClO,” anions gave the
most stable total energy for the aggregate. The interaction energy
of this aggregate, computed at the B3ALYP/6-31+G(d) level, is
—147.3 kcal/mol for the CSS state, —147.2 kcal/mol for the
0SS, and —134.4 kcal/mol for the triplet state. Therefore, at
the B3LYP/6-31+G(d) level the ground state of the
[TTF],(ClOy), aggregate is the closed-shell singlet, although the
open-shell singlet state is only 0.1 kcal/mol higher in energy.
Note that for the [TCNE]"~ ! or [cyanil] ~ '? (cation),(anion),
aggregates the B3LYP functional predicted the open-shell singlet
as the ground state.

The origin of the stability of the [TTF],(ClO,), aggregate in
B3LYP calculations can be traced to the cation™++-anion™
interactions, after comparing the sum of the cation*--cation (63.5
kcal/mol) and anion«++anion (29.6 kcal/mol) repulsions, with
the sum of the cation*+-anion attractions (—255.8 kcal/mol,
which results from adding the following four components:
—64.3, —63.3, —60.0, and —68.2). The CSS state of the
[TTF],(CIOy), aggregate was also found to be —19.7 kcal/mol
more stable than its fragmentation into two [TTF]"" and two
(ClO,4) ions at the crystal geometry (the OSS and triplet states
are also more stable than the fragments by —19.6 and —6.8
kcal/mol, respectively).

As a further test of the stability of the [TTF],(ClOy),
aggregate, its optimum geometry was computed at the RB3LYP/
6-31+G(d) level. The RB3LYP optimum geometry has a nearly
C>, symmetry, Figure 6b. It is very close to the crystal geometry,

TABLE 1: Shortest Interfragment C---C Distance (d), /C=C---C Angle, (a), and [JC=C---C=C Dihedral Angle (0) of
Structurally Characterized Compounds Possessing [TTF],>" Dimers®

&)
anion, [TTF],(anion), d, angstroms a, deg 0, deg ref
4-(sulfonatomethylaminocarbonyl)-2,2,6,6-tetramethylpiperidin-1-oxyl CEBWUC 3421 86.1 0.0 22
dihydrate
4-(2-sulfonatoethylaminocarbonyl)-2,2,6,6-tetramethylpiperidin-1-oxyl CEBXAJ 3.431 85.6 0.0 22
monohydrate
4-(N-methyl-2-sulfonatoethylaminocarbonyl)-2,2,6,6- CEBXEN 3.510 84.7 0.0 22
tetramethylpiperidin-1-oxyl hemihydrate
dimethyltrichlorostannate(IV) DAHYIU 3.388 78.9 0.0 23
ferrocene- 1-carbamoyl-N-methylsulfonate hydrate DEBRUV 3.350 83.2 0.0 24
ferrocene-1,1'-dicarbamoyl-N,N'-bis(methylsulfonate) DEBSAF 3.471 80.7 4.6 24
tris(bis(pyrazine-2,3-diselenolato))aurate(III) ECOQIW 3.545 84.4 6.4 25
tris(5,6-dihydro-1,4-dithiine-2,3-dithiolato)vanadate” HAYZUC 3.589 81.5 0.0 26
tris(5,6-dihydro-1,4-dithiine-2,3-dithiolato)vanadate® HAYZUCO1 3.521 80.6 0.0 26
2-dicyanomethylene-1,1,3,4,5,5-hexacyanopentenediide IDAXOA 3.480 74.3 0.0 27
trans-2,2,6,6-tetramethyl-4-((2-sulfonatobenzoyl)oxy)-piperidine-1-oxide =~ LAYTOV 3.437 87.3 0.0 28
CF;SO;3~ QIKWEM 3.441 81.8 2.2 29
[TagClg)*~ SATDEW 3.521 84.3 0.0 30
I~ TTFIOD 3.431 89.5 0.0 31
bis(u-oxalato)tetrakis(oxalato)diaquadichromium(III)manganese(1I) TUHDOP 3.345 79.8 8.0 32
ClO,~ 777ZBWA10 3.439 87.0 3.5 20, 21
maximum 3.589 89.5 8.0
minimum 3.345 74.4 0.0
mean 3.458 83.1 1.6
standard deviation 0.068 3.8 2.7

“ The refcode of each crystal*’ is also given. ¥ a polymorph. ¢ 8 polymorph.
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Figure 5. Views of the [TTF],(ClO,), (refs 11 and 12; S is yellow, C is green, Cl is magenta, H is white, and O is red) structure along the ¢ and
b axes (a and b), respectively. Also depicted is the view along the ¢ axis of the six first-nearest neighbors of ClO4~ anions that surround each

[TTF],>" dimer, placed in the equatorial plane of each dimer (c).
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Figure 6. Geometry of the [TTF],(ClOy), (S is yellow, C is green, Cl
is magenta, H is white, and O is red) and aggregate used to study the
properties of [TTF],>* dimers: (a) crystal geometry, (b) optimum
RB3LYP/6-31+G(d) geometry, and (c) optimum UB3LYP/6-314+G(d)
geometry.

an indication of the validity of the use of [TTF],(ClOy),
aggregates to study crystal properties. A RB3LYP vibrational
analysis confirmed the minimum energy nature of the RB3LYP-
level optimized geometry (all frequencies are positive, the
smallest one being 23.3 cm™!). When the [TTF],(ClO4),
geometry optimization is done at the UB3LYP/6-314+G(d) level,
Figure 6c, the shortest C+++C distance is ~4.5 A, too far away
to allow the overlap of the SOMO orbitals of the two radical
cations. Note that the optimum UB3LYP geometry is more
stable than the optimum RB3LYP geometry, and the RB3LYP

optimum geometry converts spontaneously into the UB3LYP
minimum when the double occupancy restriction imposed in
RB3LYP-level calculations is relaxed. Therefore, the B3LYP
functional fails to reproduce the observed diamagnetic ground
state for [TTF]»(Cl0,),.202148

The electronic properties of the [TTF],(ClO,), aggregates
were also analyzed at its crystal (Figure 7) and optimum
RB3LYP geometries (Supporting Information Figure S1). The
analysis at the optimum UB3LYP geometry was not performed
because at such separation the [TTF]" radicals do not overlap
their SOMO and behave as isolated fragments. Despite the long
interfragment C+++C distance (~3.5 A) found in the crystal and
RB3LYP geometries, and despite the repulsive character of the
[TTF]"*+++[TTF]"* interaction, the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) orbitals of the aggregate originate from the bonding
and antibonding combinations of the two [TTF]"* SOMO
orbitals. The HOMO — LUMO transition is the lowest energy
absorption in the UV—vis spectra and it occurs at 11 050 cm™!
(905 nm) in B3LYP calculations.** The dimer Sy — S;
absorption is reported to be at 13950 cm™! (717 nm)'® and
should be associated to the 12 000 and/or 15 000 cm™! bands
reported by polarized absorption in [TTF]y(ClOy), 2! crystals.
This assignment is consistent with that reported for other 1:1
and more complex mixed-valence salts,'® where absorptions at
12 100 (826 nm) to 13 950 (717 nm) cm™!, depending on the
direction of the polarized radiation, are observed. This is the
behavior expected if an interfragment C—C bond would exist
between the two fragments. Thus, due to the cation™+++anion™
interactions, the two [TTF]™" cation radicals are at a distance
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ITTFI* [TTFI*

Figure 7. (a) MO diagram of the [TTF],(ClO,), aggregate (S is yellow,
C is green, Cl is magenta, H is white, and O is red) at the crystal
geometry, showing how the interaction of the two SOMO orbitals of
the [TTF]"" cation radicals generate the HOMO and LUMO of the
aggregate; (b) isosurface of 0.05 au of electron density for the aggregate,
showing the presence of funnels between the two cations, where the
bond critical points are located; (c) position of the eight (four S++-S
and four C+++C) intermolecular bond critical points in the aggregate
(white).

where their SOMO orbitals overlap, and a long, multicenter bond
between these two cation radicals forms.

An atoms-in-molecules (AIM) analysis®® of the RB3LYP
wave function was done as a tool to provide additional
information with respect to the nature of the long intradimer
[TTF],>" that arises from the overlap of the two [TTF]"" SOMOs
(stabilized by the electrostatic cation**+anion interactions and
helped by the dispersion component). From the location of the
(3,—1) bond critical points that connects atoms within the
[TTF],?t dimer, the [TTF]"t+++[TTF]"" long bond involves two
electrons and eight overlaps, or eight bonding components
(Figure 7c and Supporting Information Figure S1). Four of these
eight bonding components are C—C and four are S—S. These
C—C components connect the central carbons and one of the
five-membered rings carbon in each ring. The four S—S
components involve the two sulfur atoms in each ring. At the
optimum B3LYP/6-31+G(d) geometry, the electron density at
the four C—C bond critical points and at the two critical points
that connect the central C atoms is 4.5 x 1073 atomic units
(au) and 3.5 x 1073 au in the five-membered ring carbons. Two
of the S—S bond critical points (those involving the S atoms
closest to the ClO4~ anions) have an electron density of 11.2 x
1073 au, while the other two have a density of 6.2 x 1072 au.
These values are close to those obtained in other long
bonds."!*!" The Laplacian for these eight bond critical points
is negative. In addition to these intermolecular bond critical
points, each perchlorate has one (3,—1) bond critical point with
the S atom of each [TTF]"" moiety, which is a manifestation of
the ionic bond associated to the [TTF]"*+++ClO,~ interaction
(this can be shown by looking at the density and positive
Laplacian at the critical point in these ionic bonds).

Note that this AIM analysis is only indicative of the complex
structure of the long bond between the [TTF]'t species that
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Figure 8. (a) Interaction energy curve, E, as a function of intradimer
separation (d) for the dissociation computed at the UB3LYP, CASS-
CF(2,2), and MCQDPT/CASSCEF(2,2) levels for the dissociation of a
[TTF],(ClO,), aggregate in its singlet ground state into four fragments;
(b) interaction energy curves, computed for the same aggregate and
using the same methods, for the dissociation of the singlet state of the
aggregate into two [TTF]'* and two ClO,~ ions in their optimum
geometries.

compose the [TTF],*" dimers. This AIM analysis was done on
the [TTF],(ClO,), aggregate to understand the nature of these
bonds. In the [TTF]»(ClO,), crystal each [TTF],>" is surrounded
by six first-nearest neighbor perchlorate anions, not the two
present in the [TTF],(ClO,), aggregate used as the charge-neutral
model for the computational study. The four additional per-
chlorate anions in the unit cell lead to the further disappearance
of the two C—C bond critical points associated to the external
five-membered rings (due to the distortion induced in the wave
function by the new cation™+++ClO,4~ ionic bonds similar to what
is computed for the two perchlorates used in the computational
model).

In order to check the quality of the previous B3LYP results
for the [TTF],(ClO,), aggregate, computations were also done
at the MCQDPT/CASSCF(2,2) level, which also uses the
6-31+G(d) basis set. Here the interaction energy curve for the
dissociation of the aggregate into its four fragments was
computed for the singlet ground state as a function of the shortest
interfragment C+++C distance (Figure 8a). At each point the
geometry was first optimized at the UB3LYP/6-314+G(d) level,
and the interaction energy was computed as the difference
between the aggregate energy at the point and the energy of
the fragments at a distance of 200 A from the center of mass
(each fragment at its optimum isolated geometry). The CASS-
CF(2,2) curve is nearly parallel to the UB3LYP curve and is
~25 kcal/mol less stable, Figure 8a. The minimum of the curve
occurs at a C+++C distance of ~4.5 A; however, the MCQDPT/
CASSCF(2,2) curve has a more stable minimum at 3.24 A. An



Electronic Structure of [TTF],>" Dimers

-3t

E, kecal/mol

e UMP2 |4
60

0 30

(c)

8., deg

90

J. Phys. Chem. A, Vol. 113, No. 2, 2009 489

£

£

=
0 o g 60 90

(b)

E

Q ]

N ;
ok 4
21 ) e-e UMP2
0 30 0, deg 60 90

@

Figure 9. (a) Relative orientations of the [TTF]'" and CH,Cl, molecules, (b) interaction energy computed for the scan along the x—y plane in the
C—Cl+++[TTF]" orientation, (c) interaction energy computed in the C—Cl+++[TTF]'" orientation for the scan along the y—z plane when 6, = 40°,
and (d) interaction energy computed for the scan along the x—y plane in the C—H-++[TTF]" orientation.

analysis of the occupation of the CASSCF(2,2) wave function
indicates that the HOMO and LUMO orbitals (that build the
CAS space) have an occupation of 1.69 and 0.31 electrons,
respectively (the shape of the CASSCF(2,2) active orbitals is
plotted in Supporting Information Figure S2). Therefore, the
MCQDPT/CASSCF(2,2) calculated singlet ground state is
mostly closed-shell, with a non-negligible open-shell contribu-
tion. The MCQDPT/CASSCEF(2,2)-computed first excited state
(S)) is mostly dominated by the open-shell singlet, in accord
with the qualitative assignment of the observed electron
absorption spectrum!® based on the aforementioned qualitative
MO diagram (Figure 7a).

The interaction energy curve for the dissociation of the
[TTF]5(ClOy), aggregate into two [TTF]"t and two ClO,™ ions
was also recomputed at the MCQDPT/CASSCF(2,2) level for
the singlet state (Figure 8b). At each point the geometry was
first optimized at the UB3LYP/6-31+G(d) level, and the
interaction energy was computed as the difference between the
aggregate energy at the point and the energy of two [TTF]™"
and two ClO,™ ions at a distance of 200 A from the center of
mass (each moiety at its optimum isolated geometry). As in
Figure 8a, the MCQDPT/CASSCF(2,2) calculations predict a
singlet ground state for the [TTF],(ClO,4), aggregate, which is
more stable than that found by the B3LYP or CASSCF(2,2)
methods. This indicates that the correlation energy significantly
contributes to the stability of these aggregates. In other words,
the long bonds found between the [TTF],”" dimers in these
aggregates are mostly electrostatic but with a relevant correlation
contribution.

3. Nature of the [TTF]--+[TTF]" Interactions in Solution.
The existence of [TTF],>" dimers in solution (acetonitrile,
methanol, ethanol, acetone, DMF, THF, dichloromethane) is
well established.?**® However, the small enthalpy of formation
of these dimers in solution (—3.8 to —9.1 kcal/mol; —3.8 kcal/
mol in dichloromethane’®) indicates that it cannot be associated
to [TTF],>*(anion "), aggregates, whose stability would be much
larger and also solvent-independent. Besides, the presence of

dimers in solution has been detected at millimolar concentra-
tions, and in low concentration solutions, the anions and anions
are solvent-separated and are too distant to form
[TTF],>*(anion), aggregates. Therefore, a stabilizing interaction
that compensates the [TTF]"*+++[TTF]"* repulsion and allows
the formation of [TTF],%" dimers needs to be identified. The
most likely option is formation of [TTF],>"(solvent), solvates.
Therefore, solvates of [TTF],>"(solvent), composition, as already
reported for [TCNE],> (solvent),,’! among other aggregates,
should form in solution.’> The stability of these aggregates
comes from the [TTF]""++-solvent interactions, which should
exceed the [TTF]""+++[TTF]"* repulsion, thus stabilizing the
formation of [TTF],>~ dimers in solution. The validity of this
approach for [TTF],>*(CH,Cl,), aggregates, experimentally the
weakest of all reported [TTF],>~ dimers in solution, is described
below.*

The first step in this study was the evaluation of the strength
and directionality of the [TTF]'*+++CH,CI, interaction; hence,
the interaction energy of a [TTF]'"---CH,Cl, complex was
computed at the UB3LYP/6-314+G(d) and UMP2/6-31+G(d)
levels. Two orientations were employed to explore the whole
range of interaction energies (Figure 9a): the x—y in-plane and
y—z out-of-plane orientations. Along each of these directions,
two possible orientations of the CH,Cl, were explored: one
where one C—Cl bond of CH,Cl, was forced to point toward
the center of mass of [TTF]" (Figure 9, parts b and c), and one
where one C—H bond points toward the center of mass of
[TTF]"t (Figure 9d). As the x—y orientation indicates that the
interaction is either energetically weakly attractive or repulsive,
no attempt was made to compute the y—z scan for this
orientation. The C—Cl-++[TTF]" orientation was found to be
more stable in the y—z scan. Therefore, the y—z scan was not
computed for the C—H+++[TTF]"* orientation.

The analysis of Figure 9, parts b and ¢, shows the presence
of three local minima with energies in the 3—4 kcal/mol range
at the UMP2 level, and in the 1—2 kcal/mol range at the B3LYP
level, reflecting the importance of correlation in the
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Figure 10. Different minimum energy conformations located in the potential energy surface of the [TTF]"*+++CH,Cl, complex (S is yellow, C is
green, Cl is magenta, and H is white). The numbers below each optimum structure are the B3LYP and UMP?2 interaction energies computed using

the 6-314+G(d) basis set.

[TTF]""«++CH,Cl, interaction. On the basis of these three local
minima, the geometry was optimized, Figure 10. The most stable
of these structures gives a best estimate of the [TTF]"*++-CH,Cl,
interaction energy of —4.5 kcal/mol per C—Cl-+[TTF]|'*
interaction (Figure 10, middle). As each CH,Cl, molecule can
make two C—Cl+++[TTF]'" interactions, four solvent molecules
(—36 kcal/mol) are needed to overcome the [TTF]"t+«+[TTF]"*
repulsion (~27.5 kcal/mol). Starting from various initial struc-
tures designed to maximize the simultaneous interactions per
solvent molecule per two [TTF]'" cations, the most stable
structure of the [TTF],>"(CH,Cl,), aggregate was located via a
RB3LYP/6-31+G(d) geometry optimization, Figure 11. This
has the shortest intradimer C+++C distance of 3.59 A, in accord
with that obtained using the same method for the
[TTF],2"(ClO, ™), aggregates. This minimum has ~D;, sym-
metry, which was not imposed in the optimization. The HOMO
and LUMO orbitals, which clearly resemble the electronic
structure of the [TTF],>" dimers in crystals, are shown in Figure
11. The B3LYP minimum is metastable by 28 kcal/mol against
the dissociation into its six constituents fragments. However,
the metastability is likely due to deficiencies of the B3LYP
functional that are corrected when using methods capable of
providing a more accurate description of the dispersion com-
ponent of the interaction energy. This possibility was explored
by computing the interaction energy curve (Figure 12a) for the
dissociation into its four fragments at the MCQDPT/CASS-
CF(2,2) at various C+++C separations between the central atoms
of [TTF]'". The (2,2) active space is constituted by the HOMO
and LUMO that results from combining the [TTF]"" SOMO
orbitals. The geometry of each point of the curve was taken as
the optimum UB3LYP/6-31+G(d) one, imposing that the D,
symmetry is preserved during these optimizations. The UB3LYP
and CASSCF(2,2) curves are also given for comparison. The
MCQDPT/CASSCEF(2,2) calculations predict a minimum at 3.25
A, with an interaction energy of —18.4 kcal/mol. At the
UB3LYP and CASSCF(2,2) levels no minima are observed,
once again reflecting the importance of correlation in the
description of these aggregates (at the RB3LYP level there is a
metastable minimum, but at this geometry the UB3LYP wave
function has lower energy, and thus the minimum disappears
at the UB3LYP level).

The electronic structures of the B3LYP and MCQDPT/
CASSCF(2,2) wave functions were also analyzed (Figure 11
and 13, respectively), and they are identical to that found before
for [TTF],(ClOy), aggregates. The bonding and antibonding
combinations of the SOMO of the [TTF]"" fragments are the
two CASSCF(2,2) active orbitals with occupations of 1.67 and
0.33 electrons, respectively. Thus, the MCQDPT/CASSCF(2,2)
ground state is a closed-shell singlet (Sp) with a non-negligible
contribution from the open-shell singlet, whereas the first excited
state (S;) is mostly dominated by the open-shell singlet. This is

3,082
3587 i3.590 3

(d)

Figure 11. (a) Optimized RB3LYP/6-31+G(d) geometry of the
[TTF],*"(CH,Cly), aggregate (S is yellow, C is green, Cl is magenta,
and H is white); (b) HOMO orbital of this aggregate at the RB3LYP/
6-31+G(d) level; (c) LUMO orbital of this aggregate at the same level;
(d) location of the six [TTF]""+++[TTF]"" and eight [TTF]"*+++CH,Cl,
bond critical points (white).

in accord with the qualitative assignment of the UV—vis
spectrum based on the qualitative MO diagram (Figure 7a).
Therefore, the electronic structure of the [TTF],>" dimers in
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Figure 12. (a) Interaction energy curve, E, computed for the
dissociation of the [TTF],>"(CH,Cl,), aggregate into its fragments using
the UB3LYP, CASSCF(2,2), and MCQDPT2/CASSCF(2,2) method-
ologies, as a function of separation, d; (b) interaction energy curve
computed for the dissociation of the [TTF],**(CH,Cl,), aggregate into
two [TTF]"(CH,Cl,), aggregates at their optimum B3LYP geometry
using the UB3LYP, CASSCF(2,2), and MCQDPT/CASSCF(2,2)
methodologies.

Wl

[TTF],24(CH,Cl,),

Figure 13. Electronic structure of the [TTF],>"(CH,Cly), at the
MCQDPT/CASSCF(2,2) wave function computed at its optimum
geometry (see text) (S is yellow, C is green, Cl is magenta, and H is
white).

solution is similar to that found in crystals and explains why
the two UV—vis spectra are so similar.

An AIM analysis®® on the RB3LYP and CASSCF(2,2)
wave functions provides insight into the structure of the long
bond in [TTF],>*(CH,Cl,); aggregates. There are six
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Figure 14. Optimized RB3LYP/6-31+G(d) geometry of the
[TTF],*"(CH,Cly)s (a) and [TTF],>*(CH,Cly)s (b) aggregates (S is
yellow, C is green, Cl is magenta, O is red, and H is white).

[TTF]"t+++[TTF]"t bond critical points, two connecting C—C
components and four connecting S—S components, Figure 11d.

Although at the MCQDPT/CASSCF(2,2) level the
[TTF],>*(CH,Cl,)4 aggregate is stable against the dissociation
into its six constituent fragments, Figure 12b, it is not stable
against its dissociation into two [TTF]"*(CH,Cl,), aggregates
by 3.8 kcal/mol. Stability, however, is achieved by increasing
the number of solvent molecules in the [TTF],>"(CH,Cl,),
aggregate. Therefore, the stability of [TTF],>*(CH,Cl,) against
both types of dissociation was explored. This aggregate was
obtained by adding two CH,Cl, molecules in the center of the
cluster, Figure 14a. The geometry of this [TTF],>*(CH,Cl,)g
aggregate was optimized at the RB3LYP level by imposing a
D,;, symmetry for the aggregate. A minimum was found (Figure
14a) where the shortest C+++C distance is 3.60 A. The
MCQDPT/CASSCF(2,2) interaction  energy at the
[TTF],>*(CH,Cl,)s optimum geometry was now computed, and
again the active space is formed by the bonding and antibonding
combinations of the [TTF]"" SOMO orbitals. At the B3LYP
level the [TTF],>"(CH,Cl,)s aggregate is unstable against
dissociation into eight fragments by 21.4 kcal/mol (22.1 kcal/
mol was computed for an optimized [TTF],>"(CH,Cl,)s ag-
gregate, Figure 14b). However, the MCQDPT/CASSCF(2,2)
interaction energy for the dissociation of [TTF],>"(CH,Cl,)s into
two [TTF]"2(CH,Cly); aggregates is —28.9 kcal/mol (the
UB3LYP value is —8.5 kcal/mol). The last two values are
indicative of a trend for [TTF]"" monomers to form solvated
[TTF],*" dimers. Note that other forms of dissociation of the
solvated dimers are possible but are not expected to alter the
main qualitative trend. Consequently, six is the minimum
number of CH,Cl, molecules that makes [TTF],>" stable in
solution against fragmentation. In solution, the [TTF],>" dimers
will be solvated by all molecules that form its first solvation
shell (those solvent molecules directly attached to the solvate).
The number of such solvent molecules has not been evaluated
but is likely going to be eight or more that can be attached
directly to the [TTF],>" dimer.
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Conclusion

The existence of [TTF],>" dimers in crystals and in solution
originates from [TTF]"*+++anion™ or [TTF]"++-solvent elec-
trostatic interactions, whose sum the [TTF]"*+++[TTF]"* repul-
sions for [TTF],>"(CH,Cl,), aggregates exceeds in solution, or
the sum of the [TTF]""+++[TTF]"" and anion™ **+anion™ repul-
sions, in [TTF],(ClOy), crystals. As shown by the results of the
MCQDPT/CASSCF(2,2) calculations, the electronic ground
state of the [TTF],>" dimers in these clusters is a closed-shell
single state, with non-negligible contribution of the open-shell
singlet. This ground state is not well reproduced in B3LYP or
CASSCEF(2,2) calculations, which predict an open-shell singlet
ground state.
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