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Multicenter Bond in Solution and the Solid State

Iiigo Garcia-Yoldi," Joel S. Miller,** and Juan J. Novoa*'

Departament de Quimica Fisica and IQTCUB, Facultat de Quimica, Universitat de Barcelona,
Av. Diagonal 647, 08028 Barcelona, Spain, and Department of Chemistry, University of Utah,
Salt Lake City, Utah 84112-0850

Received: March 2, 2009; Revised Manuscript Received: May 4, 2009

The long, multicenter bonding in 7,7,8,8-tetracyano-p-quinodimethane anion radical dimers, [TCNQJ,>",
observed in both the solid state and in solution, was computationally investigated via B3LYP, CASSCF(2,2),
and MCQDPT/CASSCEF(2,2) methods. Isolated [TCNQ]"™ ++«[TCNQ]'™ interactions are repulsive by all three
methods, although a metastable minimum is found at the MCQDPT/CASSCF(2,2) level. In the solid state,
the stability of [TCNQ],?~ dimers primarily originates from [TCNQ]'~++-cation™ electrostatic interactions,
whose sum exceeds the sum of the [TCNQ] ™ +++[TCNQ]'~ and cation™ *++anion™ repulsive interactions. In
the solid state, as observed for K,[TCNQ], aggregates, [TCNQ],?>~ has a long, two-electron bond with
contributions from 20 centers (4 N<+*N and 6 C-++-C). In solution, their stability originates from the
[TCNQ] solvent attractive interactions, as calculated for {[TCNQ]»(S)s}>~ (S = CH,Cl,, H,0), and these
have contributions from 16 C centers as the N atoms do not contribute because the nitriles bend away from
the nominal plane of the fragment. MCQDPT/CASSCF(2,2) calculations indicate that the electronic ground
state of these [TCNQJ,?>~ dimers is a closed-shell singlet with a non-negligible contribution from the open-
shell singlet, as is experimentally observed. This ground-state electronic structure is well described from

B3LYP calculations.

Introduction

Tetracyanoethylene (TCNE) and 7,7,8,8-tetracyano-p-quin-
odimethane (TCNQ) are two of the most widely used electron
acceptors in molecule-based electron transfer salts that frequently
exhibit properties of technological interest, among them bulk
magnetic ordering.! In some of these crystals, diamagnetic
dianionic dimers, [A],>~ (A = TCNE, TCNQ), have been
reported. Whereas many examples of electron transfer salts
possessing [TCNE]"~ exhibit bulk magnetic ordering,” and many
examples of electron transfer salts possessing [TCNQ]"™ exhibit
high metal-like dc electrical conductivity,® these properties are
not manifested when [A],?~ is present. Therefore, to obtain new
[TCNE]™ and [TCNQ]"™ electron transfer salts with technologi-
cally interesting properties, it is necessary to understand the
factors that control the existence of [TCNE],2~ and [TCNQ],2~
dimers.
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Interest in the [A],2~ anion radical dimers also arises from
their long, multicenter intradimer bonding, as first reported for
[TCNE],>~ dimers.*™® [TCNE],>~ dimers exhibit all of the
electronic properties of a conventional covalent bond, except
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for its intrinsic energetic stability. They are energetically stable
because the sum of the attractive cation™+++anion~ interactions
exceeds the sum of the repulsive anion™ e:-anion” and
cation™++-cationt interactions. A smaller extra stabilization
arises from the dispersion component present between the two
ion radicals, as was first shown for [TCNE],?>~ dimers.>!'” Long,
multicenter bonds were later studied in other anion radical
dimers (e.g., cyanil'!), cation radical dimers (e.g., [TTF],*>*, TTF:
tetrathiafulvalene'?), and neutral radical dimers (e.g., phenale-
nyl'3). The covalent-like properties of these long bonds originate
from the overlap of the SOMO orbital of the radicals. The short
intradimer separation allows the SOMOs on each fragment to
overlap. For example, in [TCNE],>", the shortest interfragment
C-++C distance is 2.9 A (~3.4 A in [TTF],>",'> which is similar
to the shortest interfragment S+++S distance). This overlap results
in the formation of bonding and antibonding orbitals of these
SOMOs that are, respectively, doubly occupied and empty in
the singlet ground state. Therefore, these dimers have the same
orbital diagram as that for conventional covalent bonds.*

Herein we extend our previous studies on [A],>~ anion radical
dimers to the [TCNQ],>~ dimers and establish the origin of their
stability in solids and in solution. The formation of cofacial
[TCNQ]J,>~ dimers has been experimentally reported'*~!7 in
solids and in solution.'*!¢ In the solid state, these dimers have
been reported to exhibit several structures,'*!” with their shortest
interfragment distance being ~3.3 A, which is slightly less than
the sum of the van der Waals radii for aromatic carbon.'®

The geometry of all of these dimers was also statistically
analyzed'” by a search of the Cambridge Structure Database
(CSD)" for all [TCNQ]," dimers, irrespective of their net charge
(n), and also when one or more H atoms of the TCNQ fragments
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are substituted by atoms of another element. It was concluded
that two types of 7 dimers existed, namely, sr;, (1) and 77 (2),
depending on the lateral or transverse displacement of one
fragment with respect to the other. Furthermore, o dimers with
the shortest interfragment C—C distance of ~1.6 A were also
reported,?’ as also occurs for reduced TCNE.?' Therefore,
reduced TCNQ can form both o- and 7-[TCNQ],2~ dimers.
Herein the latter 7-[TCNQJ,>~ dimer is focused on; hence,
[TCNQ],*™ refers to 7-[TCNQ],>". DFT calculations using a
local density functional to study the energetic stability of the
different [TCNE]" -+ [TCNE]"™ relative orientations that they
found in the crystal as well as the stability of these dimers
against their dissociation were performed.'” (The [TCNQ],>~
dimers were found to be metastable in their calculations.)

Although this CSD search identified structures that possessed
the geometry of [TCNQ],?", they are mixed with more complex
[TCNQIJs>™ structures®? and with structures where the [TCNQ]'~
forms nondimeric regular stacks.?> Therefore, a statistical
analysis of only [TCNQJ,?~ dimers was made. It is also worth
mentioning the review by Herbstein and Kapon where they
analyzed the different crystal structures with TCNQ in their
different oxidation states.?®

The formation of [TCNQ],?>~ dimers was also reported to
occur in water'* and in dichloromethane'® at room temperature.
Spectroscopic (UV/vis and EPR) studies in these solvents have
established the thermodynamic parameters for the 2[TCNQ]"™
= [TCNQ],*>" dimerization (AHi, = —10.4 kcal/mol and ASgim
= —19.5 eu in water'* and AHy,, = —9.8 kcal/mol and ASg,
= —42 eu in dichloromethane'®). The dimerization was revers-
ible but was solvent- and temperature-dependent. The absorption
spectrum is similar to the reported spectrum of solid,'>*!¢ being
essentially invariant when the solvent or counterions were
changed. This suggests that the structure of the [TCNQ],>~
dimers is similar in solution and the crystal and also largely
unaffected by the environment, as occurs for [TCNE],?~.24726
The [TCNQJ,*>~ dimers were also found to be diamagnetic.'>!16%7

To improve our knowledge of the origin of the stability of
[TCNQJ,*>" in the solid state and in solution as well as of the
nature of the long, intradimer bonding, we have studied the
electronic structure of [TCNQ],>~ for an isolated dimer and for
dimers present in K,[TCNQ],*® and in water and dichlo-
romethane solutions by combining B3LYP density functional,
CASSCF(2,2), and MCQDPT/CASSCF(2,2) calculations. There-
fore, we extend a previous study on the interaction energy of
isolated [TCNQ]J,>~ dimers that was done using a local density
functional.!”

Methodological Details. The characterization of the elec-
tronic structure and properties of [TCNQ],?>~ dimers was done
in three consecutive steps. First, the interaction energy, E(d),
curve of an isolated [TCNQJ,>~ dimer as a function of the
shortest interfragment C—C distance, d, was evaluated at the
B3LYP density functional,”® CASSCF(2,2),*® and MCQDPT/
CASSCF(2,2)*!*? computational levels. The MCQDPT/CASS-
CF(2,2) method provides an accurate evaluation of the dispersion
component of the interaction energy and gives results similar
to those obtained using the more popular CASPT2 method.*
Second, the energetic interactions in a representative crystal
possessing [TCNQJ,>~ dimers were evaluated to identify the
reasons behind the existence of the dimers in the solid state.
The energetic evaluation was done on the [cation],[TCNQ],
aggregate, the smallest aggregate where all of the interactions
are found in the [K],[TCNQ], crystal.?® Finally, we investigated
the presence of [TCNQ],?~ dimers in water and dichloromethane
solutions by evaluating the intermolecular interactions in
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Figure 1. (a) Shape of the [TCNQ]"~ SOMO (blue and white regions

represent areas where the orbital is positive and negative, respectively)

obtained from a UB3LYP/6-31+G(d) calculation. (b) Shape of the spin

density (the isosurface of £0.05 atomic units; note the absence of

regions of negative spin density). C, green; N, blue; H, white.

{[TCNQL[H,01,)2" and {[TCNQLICH,CL],}>" aggregates.
The electronic structure of [TCNQ],>~ in these calculations is
rationalized in terms of the qualitative orbital diagrams that result
from the overlap of the SOMO of two [TCNQ]™ monomers
(whose shape was obtained from UB3LYP/6-31+G(d) compu-
tations).

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 was well reproduced by MCQDPT/CASSCF(2,2)
calculations. In these CASSCF(2,2) and MCQDPT/CASS-
CF(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 can properly described.

All B3LYP calculations were done using the 6-31+G(d) basis
set’ and the Gaussian 03 suite of programs,*® whereas 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.*’

Results and Discussion

To understand the electron structure of [TCNQ],?~ dimers,
we computed the electronic structure of the [TCNQ]"™ monomer
at the UB3LYP/6-31+G(d) level, which is illustrated in Figure
la. [TCNQ]J™ has a doublet ground state with its SOMO mostly
located on the C atoms participating in C=C bonds and on the
N atoms of the CN groups (Figure 1). The SOMO is in accord
with that previously reported.'3* The atomic spin population
(Table S1 in the Supporting Information) indicates that most
of the spin density is located on the C(sp?) atoms (0.31 e~/
C(sp?) atom), followed by 0.11 ¢ /N atom, —0.07 e /C(sp) atom
of the cyano groups, and 0.06 e~ per each substituted C(sp?)
atoms of the six-membered ring. All other atoms have atomic
spin populations smaller than 10.04 e 1.

Nature of the [TCNQ]  ---[TCNQ]~ Interactions in
Isolated [TCNQ],?>~ Dimers. The potential energy curves for
an isolated [TCNQJ,?>~ computed at the RB3LYP/6-31+G(d)
and UB3LYP/6—3+G(d) levels are shown in Figure 2. We
obtained the curves 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. A very small metastable minimum
is found in the RB3LYP curve at ~3.75 A, although it
disappears for the UB3LYP-computed curve. This suggests that
it is due to the double occupancy restriction implicit in the
RB3LYP calculations. The same trend was reported for the
RB3LYP and UB3LYP curves computed for the [TCNE],*~ and
the [TTF],?" dimers.*>1%12 The MCQDPT/CASSCF(2,2) curve
is expected to give the highest quality results because this
method is capable of describing the closed-shell/open-shell
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Figure 2. Computed variation of the interaction energy, E(d), of two
[TCNQ]J™ fragments placed in a D,, geometrical arrangement as a
function of interfragment C—C distance (d). (a) The curves are those
for the lowest-energy singlet state computed at the RB3LYP, UB3LYP,
and MCQDPT/CASSCF(2,2) computational levels. (b) Comparison with
the curves computed at the RB3LYP, UB3LYP levels for the interaction
energy of two [TCNQ]'™ fragments.

nature of the singlet ground state and makes a proper account
of the dispersion component of the interaction energy.*~** This
curve is also energetically unstable with respect to the dissocia-
tion of the dimer into its fragments and also has a metastable
minimum at ~3.2 A, which is not found from the CASSCF(2,2)
calculations (curve not shown in Figure 2). This indicates that
the dispersion component of the interaction energy is qualita-
tively relevant. Therefore, the formation of isolated [TCNQ],>~
dimers is not a spontaneous process. Hence, the presence of
[TCNQ],*>" dimers in the solid state and in solution is due to
an environment where they can get enough energy to compen-
sate for the intrinsic repulsive nature. In another words, the
bonding component (Epyg) of the [TCNQ]™«+<[TCNQJ™
interaction energy, which originates from the overlap of the two
SOMO orbitals of the fragments, is less than the Coulombic
anion” **+anion” component (E.) originating from their net
negative charges. (Both are well described at the RB3LYP and
UB3LYP levels.) The inclusion of the dispersion component
for the optimum UB3LYP points, as done in the MCQDPT/
CASSCF(2,2) curve, leads to a physically meaningful metastable
minimum, although its formation still requires energy. Note that
the metastable minimum was also reproduced by the local
density studies of ref 17 with a similar geometry and stability
as that of the MCQDPT/CASSCF(2,2)-computed curve.

Nature of the [TCNQ] -:-[TCNQ]~ Interactions in
Crystals. The presence of [TCNE],>~ and [TTF],>" dimers*'?
is attributed to the existence of energetically stable aggregates
that contain these dimers and whose stability originates in the
cation™+++anion™ attractive interactions that exceed the sum of
the cation®+++cation™ and anion™++-anion™ repulsive interac-
tions (Figure 3).

Garcia-Yoldi et al.

Figure 3. Schematic representation of the most important, first-
neighbor pair interactions in (cation),[ TCNQ], aggregates. Cations are
indicated as C* and anions are indicated as A™.

NCT i CN
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Figure 4. Definition of the intradimer separation, ¢, and dihedral angle,
v, employed to define the geometry of the [TCNQ]"™ +++[TCNQ]"™ pairs.
A 7t dimer occurs when y = 0°, and a o dimer occurs when y = 180°
andd < 1.9 A,

We identified suitable (cation),[TCNQ], aggregates possess-
ing short-distance [TCNQJ,>~ dimers by searching the CSD."
This search focused on identifying [TCNQ]"™ +++[TCNQ]"™ pairs
by looking for 2.0 to 4.0 A C-+-C distances indicated in broken
lines in Figure 4. By manual inspection, all pairs presenting
neutral TCNQ molecules were discarded, as were all structures
where [TCNQ]"™ radicals formed regular stacks. Sixty-eight
crystal structures were identified as having dimers with the
desired geometrical features. (Table S2 in the Supporting
Information collects their CSD REFCODE, chemical formula,
and values of the parameters d and y and also gives their
references.)

These structures can be grouped into three classes according
to the values of the shortest interfragment C+++C distance (d,
Figure 4) involving the six-membered ring C atoms connected
to the C(CN), moiety and the dihedral angle (y) (Figure 4),
which correspond to o dimers (d &~ 1.6 10\, y ~ 180°), 7y (d ~
33 A,y ~0°, and . (d ~ 3.3 A, y ~ 180°). These groups
are similar to that reported for the TCNE analogs*® and were
also located in an analysis by Kertesz and coworkers.!” The
largest group is srr. Figure S1 in the Supporting Information
shows the variation in d for all crystals of the 7zt crystals subset
as well as the correlation of d with the C—N distance in the
CN group and with the out-of-plane CN dihedral angle.
(Measured as C(13)—C11—C(1)—C(4) in Table SI in the
Supporting Information.) The maximum probability of d is ~3.2
A, whereas the C—N distances have in all but one case values
close to 1.15 A. Finally, it is worth pointing out the tendency
toward the coplanarity of the CN groups with very small out-
of-plane deviations (smaller than 7° usually). Note that besides
the o, srr, and 7. groups, there is one dimer that has structure
located between the szt and 771, groups (d = 3.46 A; y = 32.41°),
found in [C13H24CI‘I]2[TCNQ]2.39

Among the short-distance [TCNQJ,>~ dimers, K,[TCNQ],**
was selected for an in-depth study of its electronic structure
properties (Figure 5). This dimer belongs to the 71 group (d =
3.342 A, y = 0°), and the shortest distance between pairs is
3.750 A. The interaction energy of the aggregate against its
dissociation into its four constituent fragments was computed
at the RB3LYP level (thus, forcing the singlet to be a closed-
shell singlet, CSS). A UB3LYP natural population analysis
indicated an occupation of 1.7 and 0.3 electrons for the HOMO
and LUMO orbitals. Therefore, the singlet ground state is mostly
a CSS state with non-negligible contribution of the open-shell
singlet (OSS). In other words, the B3LYP predicts a small OSS
character in good agreement with the experimental data. Note
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Figure 5. Structure of the Ko[TCNQ], crystal (C, green; N, blue; H, whlte; K, cyan) (a) along the a axis and (b) along the b axis. (c) Two views
of the geometry of the Ko[TCNQ], aggregate used in the computations. (The dotted lines indicate the shortest interfragment C—C distance (3.342
A).)

Figure 6. MO diagram of the K,[TCNQ], aggregate (C, green; N,
blue; H, white; K, cyan) computed at the crystal geometry by
performing the B3LYP/6-31+G(d) calculations and showing how the
interaction of the two SOMO orbitals of the [TCNQ]"~ anion radicals
generate the HOMO and LUMO of the aggregate. (b) Isosurface of
0.05 atomic units of electron density for the aggregate computed at
the B3LYP/631+G(d) level, showing the presence of funnels between
the two [TCNQ]"™ anions for the central atoms, where the bond critical
points are located. (There is no cutoff that allows a clear pictorial
representation of all funnels.) (c) Position of the 12 (4 N++*N, 6 C++-C,
and 4 N---K) intermolecular bond critical points in the aggregate
(white) and the atoms that they link (broken lines).

that the orbital diagram of the CSS is that found in other long-
distance bonds and similar to that found in covalent bonds
(Figure 6a).

The interaction energy relative to the dissociation into its four
fragments is —164.4 and —164.6 kcal/mol for the UB3LYP and
RB3LYP calculations, respectively, for the singlet states. The
value for the triplet is —157.7 kcal/mol. The K,[TCNQ],

aggregate is also found to be stable against its dissociation into
two K*++«[TCNQ]"~ aggregates in their optimum geometry by
—31.4 kcal/mol at the RB3LYP level, —31.6 kcal/mol at the
UB3LYP level for the singlet state, and —24.7 kcal/mol for the
triplet state. The K,[TCNQ], aggregate was fully optimized at
the RB3LYP level and found to be a minimum energy point
with a d value of 3.748 A, with the two anions placed in an
on-top disposition. The RB3LYP interaction energy for the
dissociation into four fragments at the geometry they have in
the crystal is —178.4 kcal/mol, that is, 14.0 kcal/mol more stable
than the crystal geometry for the aggregate. When the geometry
optimization was done at the UB3LYP level, a minimum was
also found but had the two anion radicals separated at 5.575 A,
which is too far for their SOMOs to overlap. (The singlet is a
OSS state.) The interaction energy of the optimum UB3LYP
geometry for the dissociation into four fragments is —188.9 kcal/
mol.

For comparison with studies on other long-bonded dimers,
an atoms-in-molecules (AIM) analysis***! located the bond
critical points that connect the two [TCNQ]*™ +++[TCNQ]"™ anion
radicals in the aggregate (Figure 6b,c). There are 10 intermo-
lecular bond critical points in the aggregate connecting the two
anion radicals: 4 N++*N, 6 C+++C. The intradimer sp C atoms
do not contribute because of their very small electron density.
The N+++N contribution to the intradimer bonding is not reported
for [TCNE],>~ because the nitriles bend away from the nominal
planes of the two fragments.*” This is not structurally observed
for [TCNQJ,>".1"23 Additionally, four N+++K bond critical points
identify the ionic bonds formed between the anion radicals and
the cations in this aggregate. Therefore, the long bond present
in between these two anion radicals involved 2 electrons and
20 centers (because each bond critical point in this case involves
two centers), that is, is of the 2e/20c type.*” The N++-N and
C-++C bond critical points have densities of ~4 x 1073 atomic
units, being the Laplacian positive. The N+++K points also
present a positive Laplacian, but the density at the point is 1.2
x 1072 atomic units.

MCQDPT/CASSCF(2,2) calculations were also done to
evaluate the dispersion component in the interaction energy
curve for the dissociation of the aggregate into its four

49-12
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Figure 7. Interaction energy curve, E(d), for the dissociation of one
K,[TCNQ], aggregate (in its singlet ground state) into four fragments
computed at the UB3LYP and MCQDPT/CASSCF(2,2) levels as a
function of intradimer separation (d).

fragments. The 6-31+G(d) basis set was employed in these
computations, and the geometry of the aggregate on each point
is the optimum computed of the curve at the UB3LYP/6-
31+G(d) level because a geometry optimization of an aggregate
of this size is currently impossible at the MCQDPT/CASS-
CF(2,2) level with the available resources. The MCQDPT/
CASSCF(2,2)-computed curve as a function of the shortest
interfragment C*+++C distance (Figure 7) for the singlet ground
state shows only one minimum at ~3.2 A that is consistent with
the experimental results. At this point, the MCQDPT/CASS-
CF(2,2) interaction energy for the dissociation of the K;[TCNQ],
aggregate into four fragments is —222.3 kcal/mol, whereas the
interaction energy for the dissociation into two K™ «++[TCNQ]"~
aggregates is —78.1 kcal/mol; that is, it is a stable aggregate.
The two active orbitals in these calculations were chosen to be
the HOMO and LUMO that originate from the SOMO of the
anion radicals. Their occupations at the minimum of the curve
are 1.9 and 0.1, respectively; that is, the singlet is essentially
of the CSS type, which is in good agreement with the
experimental data and B3LYP results. Along the curve, these
occupations continuously vary and become 1.0 and 1.0 above
425 A.

Nature of the [TCNQ] -:-[TCNQ]~ Interactions in
Solution. The existence of [TCNQ],>" in solution (water) was
reported in 1965' and more recently also studied in detail
in dichloromethane solution.® However, an explanation of
the stability of these dimers in solution has been elusive.
The small enthalpy of formation of these dimers in solution
(—10.4 kcal/mol in water'*) and its solvent dependence
indicates that these dimers cannot be associated with
(cation™),[TCNQ],?~ aggregates, whose stability would be
much larger and also be solvent-independent. In addition,
the presence of dimers in solution at millimolar concentra-
tions, where the anions are solvent-separated and are too
distant to form (cation™),[TCNQ],>~ aggregates, suggests that
cation™+++anion” interactions cannot be the stabilizing
interaction that compensates the [TCNQ] ™ +++[TCNQ]"™ re-
pulsion in solution. Therefore, on the basis of recent findings
on similar dimers,**12 the most likely option is the formation
of {[TCNQ],(solvent),}?” solvates. The stability of these
dimers comes from the [TCNQ]™ ---solvent interactions,
which should exceed the [TCNQ]* ++<[TCNQ]™ repulsion
and thus stabilize the formation of [TCNQ],>~ dimers in
solution. The validity of this approach will be computationally
evaluated for {[TCNQJ],(H,0),}>~ and {[TCNQ],-
(CH,Cl,),}>" aggregates, the two cases in which [TCNQ],?~
dimers in solution have been reported experimentally. The
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Figure 8. Relative orientations of (a,b) the [TCNQ]~ and CH,Cl, or
(c,d) the H,O molecules. Parts a and c¢ correspond to in-plane
orientations (characterized by the value of the ®; angle), whereas parts
b and d are for out-of-plane orientations (characterized by the value of
the O, angle). The parameter d is defined as the H"+++[TCNQ]"~ center-
of-mass (d) distance. In these orientations, the C—H and O—H groups
are always collinear with the center-of-mass of the [TCNQ]"™ radical.

working principle is similar to that shown in Figure 3, but
the two cations are changed by several solvent molecules.'>*?

To make sensible proposals of energetically stable
{[TCNQ]»(H,0),}> and {[TCNQ],(CH,Cl,),}>" aggregates, the
most stable orientations for the [TCNQ]™+-+H,O and
[TCNQ]"™ ++CH,Cl, interaction needs to be identified. We can
evaluate the strength and directionality of these two interactions
by looking at the interaction energy of a [TCNQ]" ™ +++H,O and
[TCNQJ' ™ +++*CH,Cl, complex computed at the UB3LYP/6-
31+G(d) and UMP2/6-314-G(d) levels for various representative
orientations. Given the net negative charge in the [TCNQ]™
fragment, it seems reasonable to expect that the most stable
orientations of the solvent molecule should be those where the
C—H group of dichloromethane or the O—H group of water
points toward the anion radical. This was confirmed by
computations. Therefore, only these orientations are focused on.

Two such orientations were evaluated to explore the range
of interaction energies for the [TCNQ] ™ +-*H,O and
[TCNQ]J™ +++CH,Cl, interactions: an in-plane orientation
where the C—H and O—H groups were placed on the plane
of [TCNQ]~ (Figure 8a,c), optimizing the value of the
HT++*TCNQ center-of-mass (d) distance for each ©; angle,
and an out-of-plane orientation where, for the most
stable in-plane orientation, the value of d was optimized for
each ©, angle (Figure 8b,d).

The UB3LYP- and UMP2-computed potential energy curves,
E(d), for the in-plane and out-of-plane orientations are shown
in Figure 9a,b for the [TCNQ]"™ +++CH,Cl, interaction and Figure
9c,d for the [TCNQ]' ™ +++H,0 interaction. The two interactions
are energetically stable for all orientations explored in these
Figures. The minimum of each in-plane orientation is found at
®; = 60° in both interactions. Two minima are found in each
out-of-plane orientation at 0 and 90°, with the former being
more stable. Therefore, both interactions have a similar angular
dependence. It is also worth noting the similar strength of the
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Figure 9. Computed potential energy curves, E(d), for the (a,c) in-plane and (b,d) out-of-plane orientations for the (a,b) [TCNQ] ™ +--CH,Cl,
interaction and for the (c,d) [TCNQ]™-++H,O interaction. See Figure 8 for a view of the geometries for each orientation.

two interactions (~7 kcal/mol), although that for water it is
slightly larger (7.2 vs 7.0 kcal/mol). Finally, note the similarity
between the UB3LYP and UMP?2 evaluations of these strength
and angularity, which provides confidence in the results of the
UB3LYP geometry optimizations of the {[TCNQ],(H,0),}*>~
and {[TCNQ](CH,Cl,),}>" aggregates.

The values of the [TCNQ]"™ +++CH,Cl, and [TCNQ]* " ++*H,O
interactions obtained before suggest that four dichloromethane
or four water molecules placed equatorially in between the two
fragments of a ;r dimer in such a way that each solvent molecule
makes two H+++[TCNQ]J"™ interactions are enough to stabilize
the aggregate. (These four molecules would make a total of
eight interactions of about 7 kcal/mol, totaling about 56 kcal/
mol, which is close to the UB3LYP calculated energy for an
isolated [TCNQJ,% dimer at 3 A.) Note that the stability of the
[TCNQJ,*~ will increase when the dispersion interaction is
properly accounted for, as by MCQDPT/CASSCF(2,2) com-
putations, and also if more solvent molecules are added. Given
the size of the dimer fragments, the first solvation shell of this
dimer will include more than four molecules, but four solvent
molecules we will be sufficient for validating the basic
considerations.

Consequently, two {[TCNQJ,(H,0)4}>~ and {[TCNQ]-
(CH,Cly)4}*~ aggregates with their solvent molecules placed as
described above (Figure 10) were constructed, and their
geometry was fully optimized at the RB3LYP/6-31+G(d) level.
The optimum geometry is shown in Figure 10a,b; that is, the
aggregate presents a clear 7-[TCNQJ,>~ disposition, with the
shortest distance between the anion radicals of 3.740 A for
{[TCNQJ»(CH,Cl,)4}>~ and 3.660 A for {[TCNQI,(H,0),}>".
However, these minima are metastable by 7.9 kcal/mol at the
RB3LYP/6-31+G(d) level (the value of their interaction energy
for the dissociation of {[TCNQJ,(CH,Cl,)4}> into its six
fragments), whereas that for {{TCNQ],(H,0)4}>" is 3.0 kcal/

mol. The aggregate could be made stable by the addition of
more solvent molecules, as was previously done in similar
studies on {[TTF](CH,Cl,),}?>” and{[TCNE],(CH,Cl,),}>~
aggregates.”!?

The MO diagram of these two solvated aggregates was
generated (Figure 10c and Figures S2 and S3 in the Supporting
Information) at their optimum geometry. They show the
formation of well-separated bonding and antibonding orbitals
by combination of the two SOMO orbitals of the anion radicals.
Therefore, the {[TCNQ],(H,0),}> and {[TCNQ],(CH,Cl,)4}>~
aggregates have a similar geometry and electronic structure as
those of the (cation),[TCNQ],?~ aggregates found in the solid
state, in accord with their similar properties. Note that when
the optimization is done at the UB3LYP/6-31+G(d) level, the
7-[TCNQ]J,>~ disposition is also preserved, but the shortest
distance between the anion radicals in these dimers becomes
5.099 and 4.638 A, respectively, which is too far to allow any
sizable overlap between the anion radical SOMOs.

An AIM analysis was done on the RB3LYP/6-314+G(d) wave
function of the {[TCNQJ,(H,0)4}>~ and {[TCNQ]>(CH,Cl,)4}*>~
aggregates to locate the position of the bond critical points that
connect the two anion radicals in these aggregates (Figure 10d)
at their optimum RB3LYP geometry. There are 8 C:+<C
intermolecular bond critical points between the two [TCNQ]"™,
which describe the long bond properties, and 8 H+**N con-
necting them with the solvent molecules, each associated with
an anion—solvent interaction. Therefore, the long bond present
between these two anion radicals involves two electrons and
16 centers; that is, it is a 2e/16¢ bond.** The bond critical points
for 8 C+++C bond components all have densities of ~4 x 1073
atomic units and are Laplacian positive. In contrast with the
bonding in the solid state, N+« N interactions do not contribute,
as the nitriles bend away from the nominal planes of the two
fragments, as occurs for [TCNE],?~.47
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Figure 10. (a) Optimum RB3LYP/6-31+G(d) geometry of the {[TCNQ]»(CH,Cl,),}>™ aggregate. (b) Optimum RB3LYP/6-314+G(d) geometry of
the {[TCNQ],(H,0),}?>" aggregate. (c) MO diagram for the {[TCNQ],(CH,Cl,),}> aggregate computed at the RB3LYP/6-31G(d) level, indicating
the orbital occupation for the closed-shell singlet state. (d) Isosurface density plot of 0.05 atomic units, showing funnels between the two [TCNQ]"™
anions. (e) Position of the 16 (8 C+++C and 8 H++*N) intermolecular bond critical points in the aggregate (white) and the atoms that they link
(broken lines). The shortest distance between the anion radicals is indicated in parts a and b.

The H-++N points also present a positive Laplacian, but the
density at the point is 1.2 x 1072 atomic units. These results
are very similar to those found in K,[TCNQ], aggregates.
Therefore, the {[ TCNQ]>(H,0),4}>~ and {[TCNQ]2(CH,Cl,)4}*~
aggregates possess long, multicenter bonds that are similar to
those found in K,[TCNQ], aggregates.

Finally, the E(d) curve for the dissociation of {[TCNQ],-
(H,0)4}?7, in its singlet state into its six constituent fragments
was computed at the MCQDPT2/CASSCF(2,2) level to test
the influence of the dispersion term on the stability of this
aggregate. We computed the MCQDPT2/CASSCF(2,2) curve
by forcing the separation of the two anion radicals at a given
distance (preserving their on-top st disposition) and optimiz-
ing at the UB3LYP/6-31+G(d) level the geometry of the
aggregate. On the optimum geometry of each point, the
MCQDPT2/CASSCF(2,2) interaction energy was computed.**
To lower the computational cost in these MCQDPT2/
CASSCF(2,2) calculations, the 6-314+G(d) was used for the
anion radical and the 3-21G basis set was used for the solvent.

The MCQDPT2/CASSCF(2,2) potential energy curve ob-
tained for the {[TCNQ],(H,0)4}>" aggregate, Figure 11, is
stable at all distances and has a minimum at ~3 A, with an
interaction energy of —39.9 kcal/mol. At the minimum, the
{[TCNQJ»(H,0)4}>~ aggregate is also stable against its
dissociation into two {[TCNQ](H,0),}  aggregates by —15.9
kcal/mol. The interaction energy for the
{[TCNQ]»(CH,Cl,)4}?>™ aggregate for the dissociation into six
fragments was computed at 3.0 A, and a value of —22.1 kcal/
mol was found. Therefore, when dispersion is properly
accounted for, four solvent molecules are sufficient to find
stable aggregates. The electronic structure of the aggregate
is similar to that shown in Figure 10 from the RB3LYP
calculations, with an occupation of the HOMO orbital of 1.8
electrons for both the {[TCNQJ,(CH,Cl»)4}?>~ and the
{[TCNQJ,(H,0)4}>~ aggregates. An AIM analysis of the
MCQDPT/CASSCF(2,2) wave function indicated the pres-
ence of the same bond critical points discussed for the
RB3LYP wave function, with the same characteristics as their
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Figure 11. Computed E(d) at the UB3LYP and MCQDPT/
CASSCF(2,2) levels as a function of intradimer separation (d) for
the dissociation of a {[TCNQ],(CH,Cl,)4}>™ and {[TCNQ],(H,0)4}>~
aggregate, in its singlet ground state, into six fragments. To reduce
the computational cost, only one point is provided for the MCQDPT
interaction energy of the {[TCNQ],(CH,Cl,);}>~ curve (for d = 3
A) to provide a reference energy because it is expected to have a
shape similar to the MCQDPT curve for the {{[TCNQJ,(H,0)4}>~
aggregate.

corresponding ones in the RB3LYP wave function (Figure
S2 in the Supporting Information).

Conclusions

The existence of [TCNQJ,>~ dimers in crystals and in solution
is computed to originate from [TCNQ]~---cation™ or
[TCNQ]"™ ---solvent electrostatic interactions, whose sum ex-
ceeds the [TCNQ] ™ +++[TCNQ]"™ repulsions in solution or the
sum of the [TCNQ]"™+++[TCNQ]"~ and cation™ +**cation™ repul-
sions in crystals. The energetic balance responsible for their
stability has been demonstrated in K,[TCNQ], or
{ITCNQIx(S)4}> aggregates (S = H,0, CH,Cl,). The long,
multicenter two-electron bond present in between two [TCNQ]™
involves 20 centers (4 N+++N plus 6 C+++C) in the solid state
and 16 C centers in solution because N«++N interactions do not
contribute as the nitriles bend away from the nominal planes
of the two fragments, as occurs for [TCNE],>~.*7 As shown by
the results of the MCQDPT/CASSCF(2,2) calculations, the
electronic ground state of the [TCNQ],>~ dimers in these clusters
is a closed-shell single state with non-negligible contribution
of the open-shell singlet. This closed-shell singlet nature of the
ground state is similarly reproduced by B3LYP calculations,
differently from what was found in [TCNE],?>~ and [TTF],>*
dimers in the solid and solution.
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