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Abstract: Purely organic radical-ions dimerize in solution at low temperature forming long, multicenter bonds,
despite the metastability of the isolated dimers. Here, we present the first computational study of these n-dimers in
solution, with explicit consideration of solvent molecules and finite temperature effects. By means of force-field and
ab initio molecular dynamics and free energy simulations, the structure and stability of T-[TCNE],> dimers in
dichloromethane have been evaluated. While dimers dissociate at room temperature, they are stable at 175 K and
their structure is similar to the one in the solid-state, with a cofacial arrangement of the radicals at an interplanar
separation of ca. 3.0 A. The n-[TCNE]zz' dimers form dissociated ion pairs with the NBu, " counterions, and their first
solvation shell comprises ca. 20 CH,Cl, molecules. Among them, the 8 molecules distributed along the equatorial
plane of the dimer play a key role in stabilizing the dimer via bridging C-H---N contacts. The calculated free energy
of dimerization of TCNE-" in solution at 175 K is —5.5 kcal mol ™. These results provide the first quantitative model
describing the pairing of radical-ions in solution, and demonstrate the key role of solvation forces on the dimerization

process.

Introduction

Organic acceptor (or donor) compounds such as
tetracyanoethylene, TCNE, once reduced (or
oxidized) may form diamagnetic dimers that exhibit
long, multicenter bonding ! This bond arises from
the overlap of the SOMO orbitals of [TCNE]." to
form a doubly-occupied bonding and an empty
antibonding combinations, leading to the diamagnetic
n-[TCNE]zz' species.[” The long, multicenter bonded
n-[TCNE]zz' dimer, which exhibits an intermonomer
bonding distance of ~2.9 A (see Figure 1), was early
experimentally observed®*  and theoretically
characterized a few decades later.”” Further studies
in dichloromethane solution at low temperature
determined its equilibrium constant Kp and enthalpy
and entropy of dimerization (AHp and ASp) by UV-
vis and EPR measurements.” Other organic radicals
have been shown to exhibit long, multicenter
bonding; e.g. other radical anions such as reduced
tetracyanobenzene (TCNB-‘)[Q] or 7,7,8,8-tetracyano-
p-quinodimethane (TCNQ-‘),“O’IZ] radical cations
such as oxidized tetrathiafulvalene (TTF."),!*') or
neutral radicals such as phenalenyl derivatives.!'>'®)
Long, multicenter bonding has also been observed in
the zwitterionic m-[TTF®"---TCNE®] charge-transfer
dyad.l'?
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Figure 1. (top) TCNE scheme with the labeling used along
this work. (bottom) n-[TCNE],” dimer structure extracted
from the [NBu,]J[TCNE] crystal. The », and r, distances are
also used to define the reaction coordinate r ;..

Salts of the aforementioned organic radical ions are
well known to exhibit technologically significant
properties like magnetic ordering,"® metal-like
electrical conductivity,"” and superconductivity.?"!
For instance, TCNE,! TCNQ,DZ] and TCNP,*! are
employed as building blocks in molecule-based bulk
ferromagnets with magnetic ordering temperatures
above room temperature. In the context of molecule-
based materials, the formation of long, multicenter
dimers is usually considered undesirable because the
resulting electron pairing is detrimental to these
physical properties. However, the m-dimerization is
not always disadvantageous because a weak



dimerization in the solid state can give rise to
materials that can switch between two phases, one
containing dimers and the other the monomeric
radicals.”?*! Given the different magnetic, conducting
and optical properties of the dimeric and monomeric
phases, these materials are promising candidates for
possible magneto-optical and magneto-electronic
devices. On the other hand, long, multicenter
dimerization was also recently detected in
supramolecular aggregates at room temperature.[zs’m]
These aggregates constitute an emerging class of
potential ~ systems for molecular  switching
applications.” In view of the increasingly
acknowledged potential applications of long,
multicenter dimers of ionic radicals, it is of high
importance to achieve a complete understanding of
the factors that control their formation and the nature
of their interactions.

Previous quantum mechanical (QM) studies
showed that in the gas phase long, multicenter bonds
between isolated radical ions are metastable, since the
dispersion and bonding stabilizing terms cannot
overcome the coulombic repulsive term. However,
they do form in the solid state and in solution. In the
solid state, the stability of long, multicenter
dimerization can be rationalized by means of
(cation),(anion), aggregates, where the sum of
cation---anion attractions is larger in magnitude than
the sum of cation---cation and anion--anion
repulsions.?”! The structure of these aggregates is
such that they allow the formation of long,
multicenter bonds between their radical-ions.”™! In
some of these aggregates, e.g. K,TCNE,, the
presence of the preferred angular orientations
between the radical ions and their dependence on the
cations was evaluated.**>

In solution, the long, multicenter dimerization of
radical ions was experimentally detected at low
temperatures, as in the case of n-[TCNE],” dimers in
dichloromethane (hereafter referred as DCM) below -
83° C.B At room temperature, the n-dimers dissociate
into their constituting radical ions.™! It was also
shown that the thermodynamic magnitudes
characterizing the dimerization remain unaffected by
the size or nature of the counterion.®*” Based on QM
calculations, the presence of long, multicenter bonds
in solution was first qualitatively explained for m-
[TCNE],> dimers in DCM in terms of stable -
[TCNE],* (CH,CL,), aggregates.*® Using analogous
[radical ion],(solvent), microsolvated cluster models,
the presence of long-bonded 7-[TCNQJ,> and =-
[TTF],>" dimers in DCM solutions was also
rationalized.?**! According to these calculations, the
aggregates are  energetically stable  against
dissociation into the isolated radicals and solvent
molecules,?>*** in agreement with experimental
evidence in solution. Their stability arises from the
energetically  favorable [radical ion]---solvent
interactions present in the aggregate, which overcome
the repulsive [radical ion]---[radical  ion]
interaction.®® Furthermore, it was observed that in
their stable local minima, the radical ions preserve the
same cofacial arrangement as in crystals. Similar
conclusions (in terms of stability and geometry) were
reached using continuum models of solvation.'#?]

Notwithstanding the valuable insight provided by
the microsolvated cluster models, their use in

[32-34]

modeling the solution can be questioned. Indeed, the
number of solvent molecules included in these
models is just the minimum number of molecules that
render the aggregate stable. Besides, the geometry
optimizations of the aggregates were carried out
using one single initial configuration, in which the
radicals of the m-dimer were placed in a cofacial
arrangement (as inferred from the fact that UV-vis
spectra of radical-ion solutions are similar to the
spectra of their corresponding n-dimerized crystals),
and the solvent molecules were placed at the
energetically most stable positions, without
systematic exploration of the potential energy surface
of these aggregates. Furthermore, entropy effects,
which are known to be crucial for ion pairing in
solution (e.g., for the dimerization of TCNE- in
dichloromethane at 175 K, the favorable enthalpy
term, AH = -8.8 kcal mol™, is counterbalanced by a
high antagonistic entropy term 7AS = -7.2 kcal mol
Y were not considered in the QM calculations of
microsolvated cluster models.

Given the shortcomings of these microsolvated
model systems, there are several key issues regarding
ionic radicals in solution that remain unsettled: i)
does their cofacial arrangement correspond to the
lowest-lying configuration of the dimer? ii) are the m-
dimers stable against their dissociation into two
solvated monomers? iii) what is the solvent structure
around the m-dimer? iv) do the counterions form
contact ion pairs with the radicals and/or with the n-
dimer? v) do the counterions contribute to the
stability of the n-dimer? and vi) which is the role of
solvation forces in facilitating the approach of the
like-charged ionic radicals before the stabilizing
orbital interactions start acting? It is clear that a full
understanding of the intriguing phenomenon of
organic radical ions pairing in solution cannot be
achieved until these questions are addressed.
Achieving this understanding is not only important
from a fundamental point of view (in connection with
the pairing of like-charged closed-shell organic
ions),"** but it is also very important in the context
of molecule-based materials, where n-dimers in
solution may act as building blocks precursors of the
grown crystals.

In this work, we will provide an answer to the
aforementioned questions by means of the first
computational investigation in which the solvation of
ionic radicals is studied in solution with an explicit
consideration of the solvent molecules and finite
temperature (dynamics) effects. For such a task, two
complementary molecular dynamic approaches were
used: force-field molecular dynamics (FFMD) and ab
initio molecular dynamics (AIMD), which are based
on and a force field and a QM ab initio representation
of the potential energy, respectively. The former does
not account for the bonding component between
radical ions that originates from the SOMO/SOMO
overlap, while the latter takes this into account. The
particular system studied here is the n-dimerization of
TCNE- in DCM solution. FFMD simulations are
used here to assess whether the NBu,™ counterions
(used in the exhaustive experimental study of Ref.
[8]) form contact ion pairs with the TCNE-" radical or
with the [TCNE],> dimer, and whether they
contribute to the stability of the dimer. FFMD
simulations will also allow us to determine the



effective “non-covalent” interaction between two
TCNE. anions in solution, in the absence of
intermolecular orbital overlap. AIMD simulations, in
turn, are used here to depict the structure and
solvation of the dimer, and the free energy profile for
its  dissociation in solution. The simulated
temperatures are 175 K, where the dimer is
experimentally observed, and 300 K, where the dimer
is fully dissociated.™

Methodological Details

In the classical force field MD (FFMD) simulations
carried out in this work, intermolecular interactions
are assumed to be of electrostatic (coulombic) and
van der Waals type, (i.e., without accounting for
changes in polarization, charge transfer, and orbital
interactions along the dynamics). These simulations
were performed using the AMBER 10 software,™”
where the potential energy U is described by a sum of
bond, angle, and dihedral deformation energies and
pairwise additive 1-6-12 interactions between non-

bonded atoms (electrostatic and van der Waals terms).
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Cross terms in van der Waals interactions were
constructed using the Lorentz-Berthelot rules. TCNE"
and NBu," charges were fitted from the electrostatic
potential (ESP) based on MO06-L/6-31+G(d)
calculations. The OPLS model®! was used for
CH,Cl, molecules. The 1-4 van der Waals and the 1-
4 coulombic interactions were scaled down by a
factor of 2.0. An atom based cutoff of 12 A for non-
bonded interactions was used and the long-range
electrostatics were calculated using the PME
(particle-particle mesh Ewald) summation method.”

Table 1 collects the characteristics of the
simulations performed herein. The MD simulations
were carried out at 175 and 300 K starting with
random velocities. Since the force field does not
include explicit electronic effects (e.g. stabilizing
orbital interactions), we used harmonic restraints to
keep the dimer bound. The r.. distance between the

midpoints of the central C=C bonds was fixed at
2.732 A with a harmonic potential of 50.0 kcal mol’
'A, Furthermore, the near-Ds, symmetry was
preserved through a restraint in the C=C---C=C
dihedral angles, with a harmonic potential of 50.0
kcal mol'rad?. The temperature was tracked by
coupling the system to a thermal bath using the
Berendsen algorithm™! with a relaxation time of 1.0
ps. In the (NPT) simulations, the pressure was
similarly coupled to a barostat®® with a relaxation
time of 1.0 ps. A time step of 2 fs was used to
integrate the equations of motion via the Verlet
leapfrog algorithm.

The solutes were initially immersed in solution,
taking as initial configuration their crystal geometry
from the [NBu4][TCNE] crystal (CCDC refcode
IMEYEE), where n-[TCNE],> dimers are present.
After 20,000 steps of energy minimization, 250 ps of
dynamics were performed with fixed solutes (BELLY
option of AMBER) in order to allow solvent
relaxation around the solute. This was followed by
250 ps of dynamics at constant volume and 500 ps of
dynamics at constant temperature and at a constant
pressure of 1 atm. Finally, the production run at
constant volume and temperature (NVT) was
performed. The coordinates were saved every 1 ps.

The change in the (Helmholtz) free energy profile
for the dimerization process as a function of the
TCNE™---TCNE" distance r,. was decreased from
150 A (. =1)to 3.0 A (A = 0) in regular intervals.
The inverse association process was also performed
to get information on the reliability of the obtained
values. The computed free energies are Helmholtz
free energies as simulations were performed in the
NVT ensemble.

1
Ad= <a—H> dA
0\ dA/,

The change in AA at each step 4 was calculated by
the thermodynamic integration method based on the
equation above.’* The potential of mean force is
obtained through the blue moon ensemble
method.’>*® The transformation from the initial to
the final state was achieved in 120 steps, i.e., with
increments AL corresponding to Ar,. = 0.1 A. For
each value of A, 1260 ps equilibration + 2560 ps data
times were employed at 175 K, while 160 + 320 ps
collection times were employed at 300 K. The higher
equilibration and data collection times at 175 K
results from the slower diffusion at this temperature,
compared to 300 K.

Ab initio MD (AIMD) simulations were performed
using the Car—Parrinello scheme for propagating the

Table 1. Characteristics of the simulations carried out in the present work.

Solute Solvent Box Size (Ax Ax A)  Time (ns) T (K)
FFMD
TCNE, NBuy' 464 CH,CI, 35.0x35.1x35.1 9 175
TCNE’, NBu," 464 CH,Cl, 36.9x36.9x369 9 300
2 TCNE’, 2 NBuy" 459 CH,Cl, 352x352x352 100 175
2 TCNE’, 2 NBu," 459 CH,Cl, 36.9x36.9 x36.9 50 300
AIMD (ps)
2 TCNE-~ 64 CH,Cl, 18.3x18.3x18.3 46.3 175
2 TCNE. 64 CH,Cl, 19.2x19.2x19.2 52.3 300°

* The temperature was increased to 350 K during 18 ps in order to accelerate the dissociation process.
® In its initial configuration, both NBu," cations start ca. 16 A away from the [TCNE],> dimer.



wavefunctions and the ionic configurations as
implemented in the CPMD package.””’ The PBE
density functional®™ was used for the electronic
structure calculations, together with Vanderbilt
pseudopotentials,®” and a wavefunction cutoff of 25
Ry. Empirical corrections introduced by Grimme to
account for the van der Waals intermolecular
interactions were used.*” The PBE-D2 density
functional has been proven to accurately reproduce
the long, multicenter bonding properties of -
[TCNE],” and n-[TTF],*" dimers compared to high-
level RASPT? calculations.”®! The time step was set
to 4 a.u. and the fictitious mass for the orbitals was
chosen to be 400 a.m.u. A cubic simulation box (of
18.331 A side at 175 K and 19.165 A side at 300 K)
containing 64 CH,Cl, molecules and one -
[TCNE],> dimer was used. Periodic boundary
conditions were applied. The initial configurations
were taken from equilibrated FFMD simulations.
This was followed by a further equilibration of 2 ps
in the canonical ensemble, in order to let the systems
relax in the ab initio interaction potential. The Nosé—
Hoover thermostat!®*Y was used to get an average
temperature of 175 or 300 K.

The free energy profile of the dissociation process
at 175 K has been obtained from the AIMD, also by
means of the thermodynamic integration method
described above using the “dynamic distance”
reaction coordinate.® This coordinate 7’ 1S a mass-
weighted root mean square of selected distances, here
r; and r; (see Figure 1): 1’ = (r12 +r,2)"2, where the
mass term is neglected as all atoms involved are of
the same type. This approach has been proven to be a
versatile reaction coordinate for the study of
processes involving the rupture and formation of a
series of chemical bonds or contacts.’®™ The r’,.
distance was stepwise increased from 2.25 A to 10.0
A using three different increment values (Ar’..): Ar’.
=025A fromr’,.=225t0r".=5.0A,Ar’.=050
A from 5.0 to 8.0 A, and Ar’. = 1.0 A from 8.0 to
10.0 A. The equilibration + data collection times,
which vary for each r’,. distance, were always long
enough to ensure convergence of the mean force.

Static QM DFT calculations were also carried out
to support some of the AIMD results. They were
performed with Gaussian 09,1 using the PBE-D2
density functional®” with the 6-31+G(d) basis set.l*”)
The PCM approach, where the environment is
modeled by a polarizable continuum medium, was
used to model the dichloromethane solution (€ = 8.93
for CH,Cl,).1**) The free energy of dimerization and
the activation free energy for the dissociation of the
dimer were computed using vibrational frequencies
obtained within the harmonic approximation.

Results and Discussion

The presentation of the results is organized as
follows. We will first investigate by FFMD the
distribution of NBu, " counterions around the TCNE+"
monomer and its (TCNE"), dimer in DCM solution,
in order to decipher whether the counterions play a
crucial role in the stabilization of the dimer (section
1). Then, we shall examine by FFMD to which extent
the solvation forces promote the “non-covalent”
interaction of two TCNE-." anions, in the absence of

stabilizing electronic effects (section 2). After that,
we will describe the structure and the stability of the
n-dimers in DCM solution, taking into account
electronic effects (AIMD results in section 3). Finally,
we will reveal the structure of the solvation shell
around the m-[TCNE],> dimer (section 4).

1. Ion pairing in dichloromethane solution: FFMD
simulations on the (NBu,)(TCNE) single ion pair
and the (NBu,"),(TCNE), aggregate.

In order to understand the behavior of NBu, ™ and
TCNE in solution, we first simulated by FFMD the
single (NBuy")(TCNE") ion pair, starting with the
ions in contact (run details are collected in Table 1
and the initial configuration is shown in Figure S1).
During the dynamics, at both 175 K and 300 K, the
ion pair dissociates (Figure 2), showing a high
diffusion of both ions along the simulation box, with
transient close contacts. Therefore, NBu,™ and TCNE
ions are well solvated enough by DCM to overcome
the coulombic attraction that would keep them paired
together.
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Figure 2. Time-resolved evolution of the interionic distance
r+. (A) between a TCNE- ion and a NBu," as obtained from
FFMD simulations of an (TCNE)(NBu,") ion pair in
CH,CL, at 175 K (red curve) and 300 K (blue curve). The
r.. distance was defined as the distance between the
midpoint of the central C=C atoms of the TCNE and the N
atom of the cation. The dashed lines delineate the region for
a contact ion pair.

FFMD simulations were then carried out on the
(NBuy"),(TCNE"), aggregate at 175 and 300 K
(details shown in Table 1). When the [TCNE],*
dimer was free of constraints it was observed that it
spontaneously dissociates at both 175 and 300 K (see
Figure S3). In order to investigate the status of
counterions around the m-dimer in the conditions
where it forms, i.e. at 175 K, we thus constrained the
latter to its D, structure (see the Methodological
details section) and performed a long FFMD run (100
ns) in order to sample enough different states. The
position of the cations was monitored via their
distances with respect to the center of mass of the
dimer, along the whole trajectory (see Figure 3).
Starting from a configuration in which the two NBu,"
ions are in contact with the n-dimer (Figure S2), one
of the counterions dissociates and diffuses into the
bulk solution very early. Subsequently, the
simulations reveal several exchange processes,
whereby a given cation gets closer to the n-dimer,
form a short contact with it and then moves away. lon
pairing in DCM solution is thus a dynamic process.
Overall, during only ca. 25% of the time, is one of the



counterions in contact with the dimer. Besides, the
two NBu," ions were never observed to be
simultaneously in contact with the [TCNE],> dimer
along the simulations. Therefore, cations should have
no significant contribution to the stability of the
dimer in DCM solution, in good agreement with the
experimental results.”™ Finally, it is worth mentioning
that ion-pairing is expected to play a more important
role in less polar solvents, like chloroform (see
Figure S4).
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Figure 3. FFMD simulation of the constrained m-dimer in
dichloromethane at 175 K, starting with paired NBu,
counterions. Distances (A) as a function of time (ns):
TCNE™---TCNE' in red (r..), NBu, -*NBu," in blue (Fsrs),
and (TCNE),”---NBuy" distances in orange and brown (7).
The dashed lines delineate the region for a contact
(TCNE),”---NBu, " ion pair.

2. Interactions between two TCNE." anions in
dichloromethane solution, investigated by PMF
FFMD simulations.

In this section, we shall determine the interaction
between two TCNE-" anions in DCM solution in the
absence of the SOMO-SOMO overlap component,
that is to say, we shall evaluate the effective “non-
covalent” interaction between these ions. It is indeed
crucial to assess to which extent the two anions
repulse each other before the stabilizing
intermolecular orbital overlap (and thus the electron
pairing) becomes important. The large coulombic
repulsion between two TCNE- ions separated 3 A in
DCM solution (whose dielectric constant is 8.9)
should in principle prevent the formation of stable
stacked “non-covalent” dimers. There are however
cases where, due to solvation forces, two like-charged
planar ions can “attract each other” and form -
stacked dimers, without requiring specific orbital
interactions (see e.g. the case of the (picrate),” or
(guanidinium),”" dimers in water).**! In order to
investigate whether, in the absence of orbital
interactions, the two TCNE- ions repulse or even
“attract” each other in DCM solution, we decided to
calculate by FFMD PMF simulations the change in
free energy AA(r..) as a function of the distance r.
between the two TCNE-" anions, in the presence of
NBuy" counterions (in Figure S5 we provide evidence
that the sampling used to obtain the AA(r..) curves is
sufficient).

As shown in Figure 4, a metastable minimum is
found in the free energy profile obtained at 175 K,
with a barrier toward dissociation of ~ 0.8 kcal mol
at 7, =~ 4.5 A. On the contrary, no minimum is found

for the bound dimer at the higher temperature. Owing
to the neglect of stabilizing orbital interactions in
these FFMD simulations, the stability of the dimer is
certainly underestimated. The results are however
very important because they bring to light that, in
solution, two TCNE-." anions can approach each other
up to distances as short as 4 A at a modest energy
cost (only ca. 1 kcal mol ™ at 175 K and 3.5 keal mol™
at 300 K), in spite of their strong mutual repulsion
(which amounts to 53 kcal mol”, according to the
energy decomposition analysis along the FFMD
trajectories).
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Figure 4. FFMD free energy profiles of the (TCNE),”
dissociation process at 175 K and 300 K in DCM solution,
in the presence of NBu;~ counterions. 7. is the distance
between the midpoints of the C=C bonds of each TCNE".

Visualization of the trajectories along the PMF
confirms that the NBu, ™ counterions do not pair with
the anions, and that all ions are mainly surrounded by
CH,Cl, solvent molecules (Figure S6). The lessened
repulsion between TCNE-.™ anions at short distances
are thus mainly caused by solvation effects: the
(TCNE),” dianion is much better solvated than are
the two separated anions. This feature is evidenced by
an energy component analysis along the PMF (see
Figure S7): when the r,. separation is diminished
from 15.0 to 3.6 A, the increase in TCNE."---TCNE+
repulsion (28 + 1 kcal mol™) is found to be more
than compensated by the gain in (TCNE),”--solvent
attraction energy (-88 + 7 kcal mol™), while the
change in intra-solvent energy is small (-10 % 14 kcal
mol™) at either 175 K or 300 K. The peculiar
solvation structure of the dimer will be analyzed in
section 4.

3. Structure and stability of the n—[TCNE]zz'
dimer in solution, investigated by AIMD
simulations.

We now turn to the AIMD results, based on a QM-
DFT representation of the potential energy of the
whole system, explicitly including its electronic
structure. First, the n-[TCNE],” dimer has been
simulated unconstrained in order to explore its
structure and stability at 175 and 300 K in DCM
solution (see Table 1 for further details). No explicit
cations have been introduced in the simulations
because we demonstrated in the previous section that
they are not crucial in the stabilization of the n-dimer.
When simulated for 46.3 ps at 175 K in solution, the
dimer remains associated and fluctuates around its
Dyp-like geometry, featuring a cofacial arrangement
of the radicals at an interplanar separation of 2.9 A



(see Figure S8). Furthermore, the TCNEs in the
dimer are not planar, as their C(CN), moieties are
tilted away from the plane of the adjacent C=C bond
(see the inset in Figure 6).

The TCNE-.---TCNE." distance r.. has been also
tracked at higher temperature, for a total duration of
52.3 ps (Figure 5). During a first sequence of 12 ps at
300 K, the dimer remains bound (r.. = 3.0 A). The
temperature was then increased to 350 K during 18 ps
(shown between dashed lines in Figure 5) to promote
the dissociation process. Indeed, after 6 ps at 350 K,
the dimer starts dissociating, and is fully dissociated
after 18 ps (.. = 9-10 A). The temperature was then
reset to 300 K and the dimer remained dissociated.
Although the simulated AIMD timescales are limited
by computational costs, we note that the AIMD
results are consistent with the experimental
observation that the dimers do not form at room
temperature[g’m

Let us now examine the AIMD free energy profiles
at 175 K for the dissociation process in DCM
solution (Figure 6), and in the gas phase for
comparison (Figure S9). In solution, the AA(r’,.)
curve exhibits a stable minimum at around 3.0 A,
with a barrier toward dissociation of 9.6 kcal mol™. It
should be mentioned that the large barrier toward
dissociation found in our AIMD simulations is in line
with the results reported in Ref. [41], where the
stability of the (TCNE),” dimer in solution was
assessed for the first time by means of PCM-based
static  calculations (using PCM-tetrahydrofuran
environment). Our simulations also show that the
dimer’s formation is favorable at 175 K, by AA =-5.5
kcal mol”, in qualitative agreement with the
experiments.®™] On the contrary, static calculations
(performed with G09 at PBE-D2/6-31+G(d) level
using PCM-dichloromethane environment) predict a
metastable minimum at 2.90 A, with a AA (175 K) =
3.6 kcal mol ™! and a barrier toward dissociation of 7.1
keal mol”'. Hence, the stable nature of the dimer is
properly reproduced by the AIMD results with
explicit solvent, but not with the static calculations
with implicit solvent, hinting for specific solvation
patterns. In stark contrast with the scenario found in
solution, the AIMD free energy profile computed in
the gas phase (Figure S9) demonstrates that the z-
dimer cannot form in the gas phase due to its large
instability with respect to dissociation and its
vanishingly small barrier toward dissociation (0.8
kcal mol™).

Finally, the AIMD free energy profile at 175 K
offers valuable insight into the mechanism of
dissociation/formation of the m-dimer in solution. As
shown in the snapshots of Figure 8 and by the time
evolution of the r; and r;, distances (Figure S10), the
dissociation of the dimer at its early stages (up to a r
distance of ca. 4.0 A) follows a concerted mechanism,
which preserves the D,, symmetry on the average.
This feature is in keeping with the m-orbital overlap
between the anions. On the other hand, for r’_. values
higher than 4.2 A the dissociation process switches to
a “stepwise mechanism”, whereby one of the r; and
r, distances is always larger than the other distance. It
is worth mentioning that a very similar dissociation
mechanism is observed in the unconstrained AIMD
simulation at 300-350 K.
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Figure 5. Time evolution of the TCNE-"---TCNE- distance,
at 300 K. The temperature was raised to 350 K during the 18
ps comprised between the two dashed lines in order to
accelerate the dissociation process.
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Figure 6. AIMD free energy profiles of the m-[TCNE],”
dissociation process at 175 K in DCM solution. r’. is the
intermonomer dynamic-distance reaction coordinate (see
text). Representative snapshots along the reaction coordinate
are shown as insets, where the solvent molecules are not
shown for a better view.

4. Structure of the first solvation shell of the -
[TCNE]ZZ' dimer in dichloromethane solution.

In the previous section we concluded that the =-
[TCNE]ZZ' dimer preserves the Dyp-like structure
during the whole simulation at 175 K and that it is
thermodynamically stable. The analysis of its first
solvation shell obtained from the AIMD trajectories
will demonstrate that this stability is a direct
consequence of specific m-[TCNE],>"--solvent
interactions.

We first focus on the radial distribution function
(RDF) between the carbon atoms of the
dichloromethane molecules (Cpcy) and the center of
mass of the dimer (bottom graphic of Figure 7). This
RDF displays a broad peak ranging from 4.0 A up to
7.3 A, with two components. The integration up to
7.3 A provides a coordination number of 20 CH,Cl,
molecules. As shown in Figure 8, where a
representative configuration of the first solvation
shell is displayed, these twenty CH,Cl, molecules
split into two sub-groups, of eight + twelve molecules,
respectively: eight are located in the “equatorial”
plane (bisecting the two TCNE planes) and the
twelve others (depicted in light green color in Figure
8) are located below and above the n-dimer, leaving a
depleted region with conical shape that forms an
angle of ~20° with the “vertical” axis.

Among the eight equatorial solvent molecules, two
sit in positions of type 1, four in positions of type 2,
and two in positions of type 3 (see Figure 9 for



labeling). These positions are in fact close to
minimum energy configurations in the potential
energy surface of a single CH,Cl, molecule
interacting with a n-dimer (Figure 9). According to
QM static calculations in the gas phase, the most
favorable position is of type 1 (where the interaction
energy between CH,Cl, and the n-dimer is -15.2 kcal
mol™), closely followed by positions 2 and 3 (by AE =
0.1 and 1.5 kcal mol™, respectively). In these three
optimized positions, CH,Cl, connects the two TCNE
moieties  via  different bridging  H-bonding
interactions with the N-atoms. In positions 1 and 3,
each Hpcy atom interacts with two N-atoms
belonging to different TCNEs, while in position 2,
each Hpcy interacts with a single N-atom. As a result,
the Hpcwm "N intermolecular bonds are somewhat
shorter in 2 than in 1 or 3 positions (see Figure 9). At
this point, it should be noticed that optimal
interaction energies between the dimer and an
equatorial CH,Cl, molecule are substantially larger
than the interaction energy between CH,Cl, and a
TCNE." monomer, which is -10.1 kcal mol". This
explains why in DCM solution the n-dimer is much
better solvated than are the constituent monomers (cf.
analysis of PMF results in section 2).
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Figure 7. (top) RDF of Hpcu atoms around each TCNE
atom type at 175 K. (bottom) RDF of Cpcm atoms around
the center of mass of the [TCNE],” dimer at 175 K (black
curve) and the associated coordination number (red curve).
Both RDFs were obtained from the AIMD simulations.

During the whole dynamics in solution, the eight
equatorial molecules stay within the first solvation
shell. The two ones sitting in positions 1 are the most
tightly bound to the m-dimer. This is evidenced in
Figures 10 and S11, where each of their Hpcy atoms
makes a Hpcy--N short contact (ca. 2.4 A) during
almost the whole simulation. The CH,Cl, molecules
in positions 2, in turn, are more loosely bound, as
they display only one short Hpcyw N contact,
sometimes switching the interacting hydrogen
(Figures 10 and S11). Concerning the two CH,Cl,

molecules in positions 3, one is tightly bound to the
n-dimer (as in position 1), while the other one is more
labile (as in position 2).

The twelve other CH,Cl, molecules of the first
solvation shell sit above and below the m-dimer, and
also make short C-H:-*N contacts during the whole
simulation. However, these are more labile than those
exhibited by the equatorial molecules (see Figure
S12). Indeed, a CH,Cl, molecule sitting on top of the
n-dimer interacts with the latter less than does an
equatorial CH,Cl, molecule (by ca. 5 kcal mol™,
according to the QM energy minimizations).

To complete our analysis in terms of H-bonding
interactions, we now turn to the RDFs between Hpcy
atoms and the three atoms types of TCNE (that is, N,
Cy, and Cg; see Figure 1). As displayed in the top
graphic of Figure 7, the RDF around the eight N
atoms exhibits a maximum at 2.4-2.6 A, while
around the eight C,, and the four C, the RDF peaks
are centered at 3.2-3.4 A and 425475 A,
respectively. Given the nature of the C-H---A
hydrogen bonds (where A is a Lewis donor), which
typically have a length of around 2.4 A, we can
conclude that the H-bonds between the n-dimer and
the solvent are mainly of C-H:-*N type. The
integration of the HpeyN RDF (up to 3.3 A)
provides a coordination number of 4 hydrogens
around each N-atom. Among these hydrogens, three
belong to equatorial CH,Cl, molecules, and only one
belongs to molecules in other positions. It thus
follows that the C-H---N interactions arising from the
eight equatorial CH,Cl, molecules afford the main
stabilizing interactions of the dimer in solution. A
detailed analysis of the different contributions is
given in Figure S13. The conical depleted regions at
the top and at the bottom of the dimer (see Figure 8)
correspond in fact to CH,Cl, molecules that are not
H-bonded to N-atoms of the dimer.

Interestingly, the FFMD trajectories exhibit similar
solvation patterns as the AIMD ones. The first shell
involves 18 CH,Cl, molecules (see Figure S14).
Among them, about eight also sit in equatorial
positions. We note that, in the force field model used
for the FFMD simulations, the Hpcy atoms are not
explicitly represented, but implicitly within the united
atom approximation (i.e. via a bigger C atom). This
feature indicates that the stabilization of the dimer by
CH,Cl, molecules mainly stems from charge-dipole
electrostatic interactions. These are indeed the main
energy contributions to H-bonds""! and should also
operate in polar solvents like acetone or alkyl-nitriles
where the n-[TCNE],> dimer has been detected.’!
They should likewise stabilize dicationic m-dimers
like [OMB],*" (OMB-" is the octamethylbiphenylene
radical cation) in DCM solution where the CH,Cl,
hydrogens cannot be H-bonded to the dimer.”™! On the
thermodynamic side, we note that “freezing” such
solvent molecules around the dimer likely contributes
to the unfavorable entropy of dimerization in
solution.™



Figure 8. Top and side views of the first solvation shell of
7-[TCNE],” (top). The eight “equatorial” CH,Cl, molecules
that contribute most to the dimer stabilization are shown
highlighted, and this region is marked in dark green in the
scheme (bottom). The three equatorial molecules that are
most tightly bound are connected to the dimer’s center of
mass with dashed blue lines, while the other five equatorial
molecules are depicted in flat green-grey.
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Figure 9. The three most stable positions of a CH,ClL
molecule around the dimer, obtained from static DFT
optimizations at the PBE-D2/6-31+G(d) level. The relative
energies, AE in kcal mol™, are given in italics.
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Figure 10. Time evolution of the shortest Hpcy N
distance for each H-atom of a CH,Cl, molecule sitting in
equatorial positions 1 (top) or 2 (bottom). The molecule in
the other position 1 behaves as the one depicted here (see
Figure S11). The three other molecules in positions 2
behave as the one depicted in the bottom panel (Figure S11).
Concerning the two CH,Cl, molecules in positions 3, one
follows the top behavior whereas the other features the
bottom behavior.

Conclusions

The solvation and stability of the n-[TCNE]>
dimer has been exhaustively studied by means of MD
and free energy PMF simulations in the explicitly
represented condensed phase for the first time,
thereby furnishing the most realistic description of
long, multicenter n-dimers in solution so far reported.
This study has been conducted using two
complementary representations of the potential
energy. On the one hand, features stemming from
“non-covalent” interactions have been investigated at
the multinanosecond timescale by means of FFMD
simulations. On the other hand, those aspects
involving explicitly represented electronic effects
have been examined at the multipicosecond timescale
by means of AIMD simulations.

FFMD simulations have demonstrated that
(NBu4+)2[TCNE]22' aggregates, with two NBu," ions
in permanent contact with the n-[TCNE]zz' dimer, do
not form in dichloromethane solution. Although ion-
pairs comprising a n-dimer and one NBu,' ion do
form intermittently, the m-dimer is fully solvated by
DCM molecules most of the time (ca. 75% of the
simulation time). It thus follows that counterions do
not play any essential role in stabilizing n-[TCNE],*
dimers in DCM solution.

AIMD simulations on the m-[TCNE],> dimer in
dichloromethane at 175 K have provided the
definitive proof that m-dimers of long-bonded ionic
radicals are stable in solution at low temperatures.
The structure of the TCNE." dimers in solution is
almost identical to that found in crystals, i.e., they
feature a cofacial arrangement of the radicals with
Dy, symmetry and an interplanar separation of 3 A.
The free energy profile for the m-dimer dissociation
extracted from the AIMD simulations at 175 K
provides a stable dimer by -5.5 kcal mol” and a
barrier toward dissociation of 9.6 kcal mol”. In
contrast with the low-temperature scenario, AIMD
simulations conducted at 300—350 K have shown that
the m-dimers are not stable. The AIMD simulations
have also shed light on the mechanism of



dissociation/formation of the =n-dimers. Up to
interplanar distances of about 4 A, the dissociation
follows a concerted mechanism, whereby the
interfragment distances between central carbon atoms
increase in a synchronous fashion. For interplanar
distances larger than ~4 A, in turn, the dissociation
follows a stepwise mechanism, whereby one of the
interfragment distances between central carbon atoms
is always larger than the other one, thus breaking the
Dy, symmetry of the dimer.

The stability of the n-[TCNE],> dimer in DCM
solution originates in the fact that the dimer is much
better solvated than are the corresponding monomers.
The AIMD simulations conducted at 175 K have
revealed a unique solvation structure around the m-
dimer. Among the twenty CH,Cl, molecules in the
first solvation shell, eight sit in the equatorial plane of
the “barrel-shaped” dimer and afford the main
stabilizing interactions in solution. They sit near the
eight positions intrinsically preferred (in the gas
phase) where they “glue” the two TCNE moieties
together via strong bridging CH---N hydrogen bonds.
The better solvation of the m-[TCNE],> dimer
(compared to that of the monomers) also explains
why the two like-charged monomers can approach
each other in DCM solution without significant
energy penalty before the stabilizing intermolecular
orbital overlap sets in.

The strong attractive interactions between DCM
molecules and the n-[TCNE]zz‘ dimer, and thus the
stabilization of this n-dimer in DCM solution,
mainly arise from charge-dipole electrostatic
interactions. The herein unveiled key role of charge-
dipole electrostatic interactions in promoting the
formation of ©-[TCNE],> dimers in DCM solution is
not only a relevant finding for the system herein
studied, but also crucial to rationalize ion-pairing of
TCNE-" anions in other solvents and ion-pairing of
other charged radicals. Indeed, the same kind of
electrostatic interactions are expected to explain the
formation of m-[TCNE],> dimers in other polar
solvents, such as acetone and alkyl-nitriles.[®
Electrostatic interactions are also expected to be the
key factor behind the stability of n-dimers of charged
radicals that cannot form hydrogen bonds with
solvent molecules (for instance, the m-dimer of the
octamethylbiphenylene radical cation in DCM).

The in-depth knowledge on the structure and the
peculiar solvation shell of 7-[TCNE],> dimers in
dichloromethane provided by our study, together with
the demonstration of the prime role played by
solvation forces of a polar organic solvent in
stabilizing these dimers, constitute a milestone
toward achieving a full understanding of the
intriguing phenomenon of pairing of like-charged
organic radicals in solution. The results herein
presented are relevant in the context of crystal
engineering (the formation of crystals containing m-
dimers should in principle be favored if the solution
from which the crystals are grown contains dimers)
and molecular switching applications in view of the
increasing use of ionic radicals as building blocks for
functional molecular materials and supramolecular
aggregates.
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available on the WWW. This contains: Initial
configuration of the (NBu,")(TCNE") single ion pair
in FFMD simulations of Figure 1; Initial
configuration of the (NBuy"),(TCNE), aggregate in
FFMD simulations of Figure 2; Initial configuration
of the (NBuy)y(TCNE), aggregate in FFMD
simulations of Figure 3; Distances as a function of
time on the (TCNE),(NBus'), aggregate in
chloroform at 175 K, starting from remote initial
geometry; Snapshots of (TCNE),(NBuy'), aggregate
along the PMF of the dissociation process (Figure 4)
at 175 K in dichloromethane. Free energy profile at
175 K obtained in the gas phase; RDF of the solvent
molecules around the dimer obtained from the
FFMD; Distance plots for several values of dynamic
distance of the AIMD dissociation profile; PDFs of
the Hpcy "N distance of both hydrogens of each
CH,Cl, molecule within the closest solvation shell;
Time evolution of the distance between both
hydrogen atoms of each CH,Cl, molecule of
positions 1, 2, and 3 with their closest N; Time
evolution of the distance between both hydrogen
atoms of each CH,Cl, molecule within the first
solvation shell with their closest N.
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