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ABSTRACT: Spiro-biphenalenyl (SBP) boron radicals con-
stitute an important family of molecules for the preparation of
functional organic materials. The building blocks of several
SBP-based crystals are π-dimers of these radicals, in which two
phenalenyl (PLY) rings face each other and the other two
PLYs point away from the superimposed PLYs. The dimers of
ethyl-SBP and butyl-SBP undergo a spin transition between a
diamagnetic and a paramagnetic state upon heating, while
other dimers exhibit paramagnetism at all temperatures. Here,
we present a computational study aimed at establishing the
driving forces of the spin-transition undergone by ethyl-SBP at
∼140 K. The ground state of the π-dimers below 140 K is a
singlet state in which the SBP unpaired electrons are partially localized in the superimposed PLYs. Above 140 K, the unpaired
electrons are localized in the nonsuperimposed PLYs. These high-temperature structures are exclusively governed by the ground
triplet state because the open-shell singlet with the unpaired electrons localized in the nonsuperimposed PLYs does not feature
any minimum in the potential energy surface of the system. Furthermore, we show that the electrostatic component of the
interaction energy between SBP radicals in the π-dimers is more attractive in the triplet than in the singlet, thereby partially
counteracting the bonding and dispersion components, which favor the singlet. This electrostatic stabilization of the triplet state
is a key driving force of the spin transition of ethyl-SBP and a key factor explaining the paramagnetic response of the π-dimers of
other SBP-based crystals.

■ INTRODUCTION

Organic radicals have been and still are the subject of extensive
investigations in view of their huge potential in the fabrication
of future nanoscale electronic devices and the design of new
functional materials.1−4 Phenalenyl (PLY), which is an odd-
alternant hydrocarbon arising from a triangular fusion of three
benzene rings, is one of the most prominent neutral radicals.
The potential of this neutral radical to serve as a building block
for organic metals and superconductors was originally
recognized by Haddon in 1975.5 Since then, phenalenyl
derivatives have furnished enthralling examples of spin-
mediated molecular functionalities6 (such as molecular
switches,7 molecular-scale memories8 or spin quantum bits9),
single-component molecular conductors,10 thermochromic
compounds,11 and materials that change their magneto-
optical-electronic properties upon phase transition.12

Within the family of phenalenyl radicals, the numerous spiro-
biphenalenyl (SBP) boron radicals reported by Haddon and co-
workers10,12−27 constitute one of the most prominent sets of
open shell molecules. SBPs present two nearly perpendicular
phenalenyl units connected through a boron spiro-linkage. Such
phenalenyl units are linked to the boron atom through oxygen
or nitrogen atoms. Electrochemistry and ESR studies showed
that these molecules feature a considerable charge separation

that leads to a −1 tetracoordinated-boron atom and a
symmetrically delocalized +1 positive charge accompanied by
an unpaired electron.13,28

The N- and O-functionalized SBPs (i.e., SBPs in which each
phenalenyl unit is bonded to the central boron atom via an
oxygen and a nitrogen atom, see Figure 1a) exhibit diverse
packing motifs in the solid state and, hence, different physical
properties, depending on the substituents attached to the
nitrogen atom (see Figure 1a). Ethyl and butyl-substituted
SBPs present a crystal structure containing π-dimers as the
basic building block (see Figure 1b) and show promise for
memory or sensor applications because they undergo a phase
transition upon heating/cooling that brings about remarkable
changes in several physical channels, such as conductivity,
magnetism, color and IR transmittance.12,14,29 The phase
transition of ethyl-SBP is reversible and is detected at about
140 K, while that of butyl-SBP occurs above room temperature
and is accompanied by an hysteresis loop of about 25 K.
In both ethyl- and butyl-SBPs, the phase detected at low

temperatures is diamagnetic, while the high-temperature phase
is paramagnetic. The different magnetic response of the two
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phases was ascribed to an intramolecular electron transfer upon
phase transition.12 A bond-length analysis conducted on the X-
ray crystal structures of ethyl- and butyl-SBP at different
temperatures30,31 showed that in the low-spin (LS) state of the
π-dimers of SBP, the unpaired electrons of each phenalenyl are
partially localized on the phenalenyl units directly involved in
the π-dimer (i.e., the superimposed phenalenyl moiety, see
Figure 1b) and couple to form a magnetically silent state.
Conversely, the same bond-length analysis revealed that in the
high-spin (HS) state of the π-dimers, the SBP unpaired
electrons are localized mainly on the phenalenyl unit not
directly involved in the π-dimer (i.e., the nonsuperimposed
phenalenyl moiety, see Figure 1b).30,31

The LS states of the π-dimers of ethyl and butyl-SBP present
structural and magnetic properties in close analogy to those
observed for the π-dimer of the neutral radical 2,5,8-trit-butyl-
phenalenyl (TBPLY).32 These dimers present seven eclipsed
interfragment C···C contacts, with distances significantly
shorter than twice the van der Waals radius of carbon atom.
The energy gap between the ground singlet state and the first
triplet state in these dimers is ca. 4 kcal/mol,33,34 which
indicates a very strong antiferromagnetic coupling between the
two unpaired electrons within each π-dimers. The strong
bonding between phenalenyl units in the TBPLY π-dimers is
also reflected in the experimental enthalpy change upon
dimerization in dichloromethane, which is ca. −10 kcal/
mol.35 Theoretical analysis35,36 and spectroscopic studies37

indicated that the intriguing structural and physical properties
of the TBPLY dimers originate in a long, multicenter bond
(alternatively called pancake bond38) between the two
phenalenyl units of the dimer. Although the dominant attractive
component of the interaction energy in TBPLY dimers is the
dispersion component,36 the covalent-like properties of these
dimers arise from a strong overlap between the SOMO orbital
of each phenalenyl unit. The SOMO−SOMO bonding
component of such interaction energy has been estimated to
be ca. −13 kcal/mol.36

Analogously to the packing motif found in TBPLY dimers,
the π-dimers between the superimposed phenalenyl units of the
LS states of ethyl and butyl-SBP also feature seven quasi-

eclipsed interfragment C···C contacts with intermolecular
distances shorter than the sum of the van der Waals radii.
Concerning the magnetic properties, the coupling between
unpaired electrons of the superimposed phenalenyl units in the
LS states of ethyl and butyl-SBP is strongly antiferromagnetic,39

as in TBPLY dimers. Given the close similarities between the
TBPLY and SBP dimers, it can be inferred that the bond
between the superimposed phenalenyl units of ethyl and butyl-
SBP in their LS states should be described as a long,
multicenter bond. Hence, the origin of the stability of these
dimers in their LS states is expected to arise mainly from
dispersion and also from a SOMO−SOMO overlap energetic
component.
The thermal spin transitions undergone by ethyl and butyl-

SBP indicate that the HS states of the π-dimers of these systems
must be fairly close in energy to the LS states (especially in the
case of ethyl-SBP, for which the spin transition occurs at about
140 K). Otherwise, the higher entropy of the HS states would
not suffice to clear the adiabatic energy gap (ΔEadiab) between
the HS and LS states. Nevertheless, the reasons for which these
HS states should lie so close in energy to the LS states are not
yet well understood for the following three considerations. First
and foremost, the charge distribution present in the HS states,
where two delocalized positive charges face each other (see
Figure 1b), should in principle lead to a considerable
electrostatic destabilization of the HS states and thus to an
increase of ΔEadiab. Second, the attractive SOMO−SOMO
bonding component present in the LS states is zero in the HS
states because the two unpaired electrons of the π-dimers are in
their higher spin multiplicity state (in this case, a triplet state).
In view of the large bonding component estimated for the
TBPLY dimer (see above), one would expect a large
stabilization of the LS states (relative to the HS states) and
thus a large value of ΔEadiab. Last, the interplanar distance
between superimposed phenalenyl units increases by about 0.1
Å in going from LT to HT, and this might easily entail a
weakening of the dispersion component of the interaction
energy of SBPs in the π-dimers, thereby increasing the value of
ΔEadiab. These three considerations (especially the first one)
thus prove that it is not yet fully understood why the π-dimers

Figure 1. (a) Scheme of a N- and O-functionalized spiro-bis(1,9-disubstitutedphenalenyl) boron radical. (b) Scheme of the high-temperature
(above) and low-temperature (bottom) electronic states of a π-dimer of spiro-bisphenalenyl neutral radicals.
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of ethyl- and butyl-SBP can undergo a thermally driven spin
transition that drives these dimers to a HS state that one would
intuitively expect to be thermally inaccessible. In fact, these
considerations also lead to two other key questions: (i) what
prevents the π-dimers from dissociating in the HS state?, and
(ii) why do the SBP unpaired electrons prefer to localize in the
nonsuperimposed PLY rings in the HS state? Let us stress that
addressing these issues is not only highly relevant in the case of
ethyl- and butyl-SBP but also for other members of the family
of SBP-based compounds. Indeed, there are four other SBP-
based crystals containing π-dimers in which the SBP unpaired
electrons are localized in the nonsuperimposed PLY rings in the
whole range of temperatures.15,16,18,27 In these cases, it is
observed that the HS state is thermally populated at all
temperatures.
The unresolved issues concerning the HS states reflect that

the spin transitions undergone by ethyl- and butyl-SBP and, in
broader terms, the electronic structure of the π-dimers of other
SBP-based radicals, are not completely understood yet. Given
that the physical properties (conductivity, magnetic and optical
properties) of SBP-based materials comprising π-dimers
depend on the electronic structure of these building blocks, it
is clear that achieving a detailed understanding of the factors
controlling this electronic structure is of paramount impor-
tance. Despite the computational works carried out to
rationalize the change in magnetism and conductivity of the
different phases of the switchable SBP-based materials39−42 and
the theoretical studies on other phenalenyl-based sys-
tems,34−37,43−48 the electronic structure of the LS and HS
states at the molecular level has never been investigated in
detail using wave function methods. The potential energy
surfaces of the LS and HS electronic states have never been
explored either. In this computational work, we address all
these issues by studying the π-dimers of ethyl-SBP and we
reveal the key driving forces underlying the spin-transition
undergone by this material. Anticipating our results, we uncover
that the intermolecular electrostatic interactions between SBP
radicals within the π-dimers plays a prime role in defining the
electronic structure of the HS states and in driving the spin-
transition. The results obtained for ethyl-SBP offer also valuable
insight into the spin-transition of butyl-SBP and allow for a
rationalization of the electronic structure of the π-dimers of
other SBP-based materials, specifically, those dimers in which
the SBP unpaired electrons are localized in the non-
superimposed PLY rings over the whole range of temperatures.

■ RESULTS AND DISCUSSION
The presentation of the results is organized as follows. We will
first inspect the electronic structure of an isolated spirobiphe-
nalenyl neutral radical (Subsection 1). Then, we will examine
the electronic structure of the π-dimers extracted from the X-
ray crystal structures of ethyl-SBP at different temperatures
(Subsection 2). After that, we will explore the topology of the
potential energy surface of the SBP π-dimers (Subsection 3).
Finally, we will demonstrate that the intermolecular electro-
static interactions between SBP radicals within the π-dimers
play a central role in shaping the electronic structure of these
dimers and driving their spin-transition (Subsection 4).
(1). Electronic Structure of a Spirobiphenalenyl

Neutral Radical. In order to properly understand the
electronic structure of the π-dimers of ethyl-SBP, the nature
of the electronic ground state of its constituent monomers must
be examined first. SBP radicals are purely organic mixed-valence

compounds49,50 because they comprise two redox centers (the
two PLY units) that can be found, formally, in two different
oxidation states (either as a cationic unit or as a neutral unit
with one unpaired electron, see Figure 1a). As with other
mixed-valence compounds, the key question regarding the
electronic structure of these radicals is whether in their
electronic ground state the unpaired electron (or, alternatively,
the positive charge) is localized in a single phenalenyl unit or
whether it is delocalized over the two phenalenlyl units.
Organic redox centers usually have different geometries

depending on their oxidation state. In the particular case of a
phenalenyl unit, the bond lengths of its cation are significantly
different from those of its neutral radical.17 This can be
understood on the basis of the spatial topology of the singly
occupied molecular orbital (SOMO) of a single phenalenyl
unit28 (Figure 2a). The bond lenghts in the neutral radical are

shorter or longer (as compared with the cation) depending on
the bonding or antibonding character of the SOMO. For
instance, the antibonding character of this SOMO along the
C−N and C−O bonds explains why these bonds are shorter in
the cation than in the neutral radical.17 These observations, in
turn, strongly suggest that the bond lengths in a SBP radical are
determined by the degree of (de)localization of its SOMO. If
this were the case, an electronic ground state with a completely
delocalized unpaired electron would result in the two
phenalenyl units having the same bond lengths. On the
contrary, an electronic ground state with the unpaired electron
completely localized on one of the phenalenyls would result in
one phenalenyl having the bond distances of the neutral radical
and the other phenalenyl having the bond distances of the
cationic species.

Figure 2. (a) Topology of the SOMO of one of the phenalenyl units
in a SBP radical. (b) Scheme of the two asymmetric spin localized
structures of a SBP neutral radical. In the scheme on the left (right),
the unpaired electron is localized in the upper (lower) phenalenyl,
while the positive charge is localized in the lower (upper) phenalenyl.
ξ denotes the reaction coordinate of the electron transfer from the
upper phenalenyl to the lower one. The distances of the bonds
highlighted in orange on the structure on the left and highlighted with
blue lines on the structure on the right decrease upon electron transfer.
Conversely, the distances of the bonds highlighted with blue lines on
the structure on the left and highlighted in orange on the structure on
the right increase upon electron transfer. The distances of those bonds
marked with a black line do not change significantly upon electron
transfer.
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The presumed interplay between the (de)localization of the
unpaired electron within a SBP radical and the geometry of its
redox centers can be used to compute the potential energy
profile along the reaction coordinate associated with an
electron transfer from one phenalenyl unit to the other. The
evaluation of such an energy profile will allow us to ascertain
the degree of (de)localization of the unpaired electron in the
electronic ground state of an SBP molecule. In order to
compute such profile, we first obtained the optimized structures
associated with the electronic configurations having the
unpaired electron localized in either one or the other
phenalenyl unit. Then, we obtained an approximation of the
exact reaction path of the electron transfer process by
generating a set of molecular geometries through a linear
interpolation between the two previously optimized asymmetric
spin localized structures (Figure 2b). This set of molecular
geometries along the reaction coordinate of the electron
transfer (ξ) includes a symmetric structure in which the
geometries of both phenalenyl units are the same.
Single point CASSCF(1,2) calculations performed on every

geometry along ξ show that the spin density distribution over
the two phenalenyls changes along this reaction coordinate. As
displayed in Figures 3 and 4 (see also Table S1), the symmetric
geometry featuring two structurally identical phenalenyl units
leads to an unpaired electron delocalized over the two redox
centers. Conversely, those asymmetric geometries in which the
bond distances of one of the PLY units correspond to a PLY

radical and the bond distances of the other PLY unit
correspond to a PLY cation lead to a localization of the spin
density on the PLY unit having the bond distances of the PLY
radical. Our analysis thus proves that the degree of spin
(de)localization in a SBP radical and the bond distances of its
two phenalenyl units are intertwined, thereby providing a
theoretical support to the previously reported use of the bond
lengths of the PLY units to describe the electronic structure of
the π-dimers of ethyl- and butyl-SBP based on crystallographic
data.17,30,31

The energy profile obtained upon performing single-point
CASPT2 and NEVPT2 calculations on the different geometries
along ξ is a single well profile with the energy minimum found
at the geometry that features two structurally identical PLY
units (see Figure 3 and also Figure S1). It thus follows that in
the electronic ground state of an SBP radical the unpaired
electron is completely delocalized over its two PLY moieties. In
other words, our ab initio study demonstrates that an isolated
N- and O-functionalized SBP boron radical belongs to the
Robin-Day51 Class III of mixed-valence compounds. The
delocalized electronic ground state found in our gas-phase
calculations is consistent with the results obtained in cyclic
voltammetry experiments, and solution phase ESR measure-
ments.13

Concerning the performance of density functional theory
when it comes to describing the electronic structure of an
isolated SBP radical, Figure 3 shows that both the PBE52 and
B3LYP53 exchange-correlation functionals provide a single well
potential for the energy profile of the electron transfer process
between PLY units of a SBP radical (see also Table S1). On the
other hand, full geometry optimizations of the SBP radical with
these two functionals furnished a structure with the unpaired
electron symmetrically delocalized over the two PLY units. The
good agreement of the results obtained at the B3LYP and PBE
levels with those obtained with correlated wave function
methods proves that these functionals can provide a proper
description of the electronic structure and the topology of the
potential energy surface of the π-dimers of SBPs (see next
subsections).
To conclude this subsection, let us stress that the analysis

herein presented not only paves the way for the study of the
electronic structure of the π-dimers of ethyl-SBP but also brings
to light a feature that is crucial to understand the large variety of
electronic structures (in terms of the degree of (de)localization
of the unpaired electron) observed in the SBP radicals of SBP-
based organic conductors. Indeed, our calculations reveal that

Figure 3. (Top) Evolution of the spin density distribution over the
two PLY units of an isolated SBP radical along the reaction coordinate
associated with the electron transfer between the two PLYs (ξ), as
computed by means of CASSCF(1,2) calculations. PLY_1 (PLY_2)
denotes the upper (lower) phenalenyl unit depicted in Figure 2b.
(Bottom) Adiabatic energy profiles along ξ, as computed with different
electronic structure methods. The leftmost (rightmost) points of both
graphics correspond to the leftmost (rightmost) SBP structure
depicted in Figure 2b (i.e., to the asymmetric structures). The
midpoints of the profiles correspond to the symmetric structures with
two structurally identical PLY units. Note that the curve displaying the
CASPT2(13,14) results in the bottom graphic is meant to prove that
larger active spaces confirm the delocalized ground state obtained in
the CASPT2 calculations with the minimal active space (i.e., the
CASPT2(1,2) calculations). The data in both graphics are connected
with lines to guide the eye.

Figure 4. Natural orbitals and the corresponding occupation numbers
(indicated on the left) obtained from CASSCF(1,2) calculations on a
SBP radical for (a) a symmetric structure and (b) an asymmetric spin
localized structure.
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despite the symmetric delocalization of the unpaired electron in
the ground state of SBP, a complete localization of the spin
density on one of the redox centers entails a very small energy
cost of about 1−2 kcal/mol. Such a small energy penalty
explains why the degree of (de)localization of the unpaired
electron in a SBP radical can be so easily altered in the solid
state by virtue of intermolecular interactions, thereby providing
an appealing rationale for the large diversity of electronic
structures observed within the family of SBPs, including three
SBP derivatives that feature an asymmetric electron density
distribution in spite of being monomeric in the solid
state.13,20,30

(2). Electronic Structure of the X-ray Crystal
Structures of π-Dimers of SBP. After the analysis of the
electronic structure of an isolated SBP radical, we will focus on
the electronic structure that arises from the dimerization of
these radicals. In this subsection, we shall analyze the degree of
(de)localization of the unpaired electrons over the PLY units of
the radicals of the π-dimers extracted from the X-ray crystal
structures of ethyl-SBP at different temperatures (including
temperatures below and above the phase transition temper-
ature).30 Note that all results presented in this subsection were
obtained using the dimer structures directly excised from the X-
ray crystal structures without any geometry optimization. The
Ci symmetry of the X-ray crystal structures of the π-dimers was
preserved and exploited in all the calculations.
The computed energy spectrum of the π-dimers of ethyl-SBP

(Figure 5) reveals that the electronic ground state at all

temperatures is a singlet state of Ag symmetry (1Ag). The
electronic state that lies closer to the ground state (specially at
higher temperatures, see Figure 5) is a triplet state of Au
symmetry (3Au). The rest of excited states lie quite high in
energy with respect to the 1Ag ground state and are thus not
expected to play any role in driving the spin transition of ethyl-
SBP. Hence, only the lowest lying 1Ag and

3Au states will be
considered hereafter.

For all the X-ray structures of the π-dimers, the natural
orbitals obtained from CASSCF(2,4) calculations were found
to be essentially localized either on the superimposed PLY units
or on the nonsuperimposed PLY units (Figure 6). The subset

of orbitals centered on the superimposed PLY units includes
one orbital of bonding character of au symmetry and another
orbital of antibonding character of ag symmetry. The subset of
orbitals localized on the nonsuperimposed PLY units, in turn,
includes two orbitals of nonbonding character, one of them of
ag symmetry and the other one of au symmetry (Figure 6).
The localized character of the natural orbitals renders the

characterization of the wave function straightforward once the
occupations of these natural orbitals are known. The
occupation numbers for the X-ray structures at different
temperatures (Table 1; see also Table S2 for the occupation
numbers of the excited states) prove that below 135 K (i.e.,
below the spin transition temperature), the unpaired electrons
of SBPs in the 1Ag ground state are mainly localized on the
superimposed PLY units of the π-dimers, but there is a partial
delocalization over the nonbonding orbitals of the non-
superimposed PLYs, which increases as the crystal temperature
does. These observations are in line with the electron
distributions obtained on the basis of an experimentally based
structural analysis.30 As for the 3Au state, our analysis shows
that in the 90−110 K temperature range, this triplet state has
one unpaired electron in the superimposed PLYs and the other
unpaired electron in the nonsuperimposed PLYs (Table 1).
Note, however, that in this temperature range the triplet lies ca.
5 kcal/mol higher than the ground singlet state (Figure 5), and,
consequently, it is not thermally populated.
Above 140 K (i.e., above the spin transition temperature),

the unpaired electrons in both the 1Ag and 3Au states are
completely localized on the nonbonding orbitals of the
nonsuperimposed PLY units (Table 1). The observed local-
ization of spin density on the nonsuperimposed PLY units is
mantained at all temperatures up to room temperature and is
also in good agreement with the experimental data,30 which
shows such localization for temperatures above about 200 K.
In summary, the electronic structure of SBPs changes

substantially upon dimerization. If this dimerization did not
give rise to any polarization of the charge density, the unpaired
electrons would be completely delocalized over the four PLY
units (see top scheme of Figure 7). In contrast, our calculations
show that the dimerization results in a partial localization of the

Figure 5. Energy spectra of the four lowest-lying singlet states and the
four lowest-lying triplet states of a π-dimer of ethyl-SBP as a function
of temperature, as obtained with single-point NEVPT2(2,4)/6-31G(d)
calculations using X-ray crystal structures recorded at different
temperatures. All the energies are given relative to the energy of the
lowest-lying 1Ag state at the crystal geometry refined at 90 K. The data
are connected with lines to guide the eye.

Figure 6. Natural orbitals obtained from CASSCF(2,4) calculations of
the π-dimer of ethyl-SBP. The displayed orbitals are those included in
the active space of these calculations.
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unpaired electrons on the superimposed PLY units below the
spin transition temperature, and in a localization of the
unpaired electrons on the nonsuperimposed PLY units above
the spin transition temperature (Figure 7). It should be
mentioned that the changes in the electronic structure of the π-
dimers of butyl-SBP upon spin transition are completely
analogous to those described for the π-dimers of ethyl-SBP (see
Table S3).
To conclude this subsection, it is interesting to compare the

electronic structure of the 1Ag ground state of the π-dimer of
SBP with that of the singlet ground state of the π-dimer of
TBPLY.36 In both cases, the ground singlet state has a marked
multiconfigurational character and the orbital with the largest

occupation is the orbital featuring the bonding combination of
the SOMOs (in the case of ethyl-SBP, the SOMOs of the
superimposed PLYs). However, there is a crucial difference
between the two cases. In the π-dimer of TBPLY (like in the π-
dimers of other radicals, such as TCNE36), the orbital
associated with the antibonding combination of the SOMOs
has a significant occupation. By contrast, the occupation of the
orbital of antibonding character centered on the superimposed
PLY rings (i.e., the 2-Ag orbital in Figure 6) in the 1Ag state is
zero over the whole range of temperatures. The partial
occupation of the nonbonding orbitals centered on the
nonsuperimposed PLYs reflects the tendency of the SBP
radicals to delocalize their unpaired electrons over their two
PLY units. The analysis herein presented thus demonstrates
that the electronic structure of the SBP π-dimer in their singlet
ground state is the result of the subtle competition between the
delocalized ground state of isolated SBP radicals and the
SOMO−SOMO overlap, which favors the localization of the
unpaired electrons in the superimposed PLYs. The key
question with which we are left now in order to achieve a
full understanding of the electronic structure of the π-dimer in
ethyl-SBP is: which is the driving force responsible for the
localization of the SBP unpaired electrons on the non-
superimposed PLYs above the spin-transition temperature?
We shall provide an answer to this question in the last
subsection of this discussion.

(3). Exploration of the Potential Energy Surface of the
π-Dimers of SBPs: Mechanism of the Spin-Transition.
After the analysis of the electronic structure of the 1Ag and

3Au
electronic states, we shall now explore the topology of the
corresponding potential energy surfaces (PES). We first carried
out geometry optimizations of an isolated π-dimer at the
B3LYP-D2 level. As shown in Table 2, the interplanar distance
between superimposed PLYs is smaller in the minimum of the
1Ag state (3.17 Å) than in the minimum of the 3Au state (3.21
Å). This significant increment of the interplanar separation in
going from 1Ag to 3Au is compatible with the abrupt change
observed for this structural variable in the X-ray crystal
structures of ethyl-SBP upon spin transition.30 The bond
distances in the PLY units of the optimized singlet state also
differ from the bond distances obtained for the optimized
triplet state. In fact, single point CASSCF(2,4) calculations on
the B3LYP-D2 structural minima reveal that the pattern of
bond distances in the optimum structure of 1Ag brings about a

Table 1. Evolution of the Electronic Structure of the X-ray
Crystal Structures of the π-Dimers of Ethyl-SBP as a
Function of Temperaturea

aThe electronic structure for the lowest 1Ag and
3Au states is described

in terms of the occupations of the natural orbitals displayed in Figure
6. The calculated electronic population on the superimposed (S) and
nonsuperimposed (NS) PLY units is compared with the results
obtained from the experimentally based structural analysis of Ref 30.
bNO stands for Natural Orbital. cThese electronic populations were
computed on the basis of the occupation of the natural orbitals
displayed in Figure 6. Since these natural orbitals are localized either
on the superimposed (S) or the nonsuperimposed (NS) PLY rings,
the partition of the electron population into a contribution on the S
PLY units and another contribution on the NS PLY units is
straightforward. Note that these populations are given for only one
SBP radical of the corresponding π-dimer (due to the Ci symmetry of
the π-dimer, the electron distribution of both SBP radicals in the π-
dimer is exactly the same). dData taken from ref 30.

Figure 7. Scheme of the electronic structure of π-dimers of SBPs. If the formation of the dimer was not accompanied by any polarization of the
charge densities, the unpaired electrons would be equally distributed over all the PLY units (top). In the low-spin (LS) state, there is a partial
localization of the unpaired electrons on the superimposed PLY units. In contrast, in the high-spin (HS) state, the unpaired electrons of SBPs localize
on the nonsuperimposed PLY units.
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localization of the SBP unpaired electrons on the superimposed
PLYs, whereas the optimum structure of 3Au results in a
localization of the unpaired electrons on the nonsuperimposed
PLYs (see Table 3). It should also be mentioned that the
optimized structural variables are in good agreement with the
X-ray data (Table 2).
An attempt to obtain a minimum structure for the 3Au state

with the SBP unpaired electrons localized on the superimposed
PLYs led to the very same optimized structure for 3Au described
in Table 2. This means that the configuration with the unpaired

electrons localized on the superimposed PLYs does not exist as
a minimum in the PES of the triplet ground state of an isolated
π-dimer of SBP. Likewise, an attempt to obtain a minimum
structure for the 1Ag state with the SBP unpaired electrons
localized on the nonsuperimposed PLYs led to the very same
optimized structure for 1Ag described in Table 2. In other
words, upon optimization of the open shell singlet with the
unpaired electrons localized in the nonsuperimposed PLYs, it is
observed that the unpaired electrons flow from the non-
superimposed PLYs to the superimposed PLYs in a barrierless
process (NEVPT2 calculations validate this result; see Figure
S2). It thus follows that the configuration with the unpaired
electrons localized on the nonsuperimposed PLYs does not
exist as a minimum in the PES of singlet ground state of an
isolated π-dimer of SBP. Let us stress that structure
optimizations of ethyl-SBP in the solid-state perfomed at the
PBE-D2 level confirm this result (Table 2; see also Figure S3).
The computed adiabatic energy gap between the minima of

the 3Au and the 1Ag states of an isolated π-dimer of SBP at the
B3LYP-D2 level was found to be 1.6 kcal/mol (the singlet state
being the most stable one). It is worth mentioning that the
adiabatic gaps for an isolated π-dimer and for a π-dimer in the
solid state are very similar (2.7 and 2.6 kcal/mol, respectively,
according to PBE-D2 calculations). Taking also into account
that the bond lengths within the PLYs of an isolated π-dimer
are very similar to those of a π-dimer in the crystal lattice
(Table 2), it is clear that the intermolecular interactions in the
crystal lattice of ethyl-SBP do not significantly affect the
electronic structure of its π-dimers.
At the optimum geometry of the 3Au state (in which the

nonsuperimposed PLYs host the unpaired electrons), the
singlet state lies 1.3 kcal/mol lower in energy (according to
B3LYP-D2) than the triplet state, even if the singlet state does
not feature any stationary point in that region of the PES. At
the crystal structure of 150 K (i.e., above the spin transition
temperature), in turn, B3LYP-D2 predicts that the triplet lies
0.5 kcal/mol higher in energy than the singlet, which is in
agreement with the results by Kertesz and co-workers of ref 39.
The inspection of the PES herein presented provides

valuable insight into the mechanism of the spin-transition in
ethyl-SBP. On the basis of the experimental observations so-far
reported for this system, two different scenarios were
conceivable in terms of the topology of the PES of the
lowest-lying singlet state. The first possible scenario draws on
the hypothesis that the 1Ag state features two different minima
in the PES of the system (leftmost scheme in Figure 8). In this
particular case, one minimum would be characterized by a
localization of the unpaired electrons of the SBPs in the
superimposed PLYs, while the other minimum would be
characterized by a localization of the unpaired electrons in the
nonsuperimposed PLYs. In this scenario, the π-dimers would
hop from the former minimum to the latter one by virtue of an
intramolecular electron transfer upon phase transition. The
magnetic signal detected after the phase transition would
originate in the population of the 3Au state, which lies very close
in energy to the singlet ground state (leftmost scheme in Figure
8). The second possible scenario draws on the hypothesis that
the 1Ag state features only one minimum in the PES of the
system and that the unpaired electrons are hosted in the
superimposed PLYs in this minimum (rightmost scheme in
Figure 8). In this scenario, the π-dimers would hop from the
1Ag minimum to the 3Au minimum by virtue of an
intramolecular electron transfer upon phase transition. In this

Table 2. Selected Structural Parameters for the SBP π-
Dimers Present in Two Different X-ray Crystal Structures of
Ethyl-SBPa and the Corresponding Structural Parameters
Obtained upon Geometry Optimization of These SBP π-
Dimers in Their 1Ag and

3Au States Using Different
Electronic Structure Methodsb

X-ray B3LYP-D2e PBE-D2f PBE-D2g

90 K 1Ag
1Ag

1Ag

Dc 3.241 3.168 3.187 3.162
C−N (S)d 1.354 1.355 1.362 1.361
C−O (S) 1.341 1.335 1.344 1.345
C−N (NS) 1.347 1.348 1.352 1.357
C−O (NS) 1.326 1.330 1.336 1.332

140 K 3Au
3Au

3Au

D 3.341 3.214 3.273 3.232
C−N (S) 1.336 1.349 1.356 1.354
C−O (S) 1.329 1.329 1.338 1.340
C−N (NS) 1.362 1.354 1.358 1.363
C−O (NS) 1.339 1.336 1.341 1.338

aThe values in the upper (lower) part of the Table correspond to the
X-ray structure refined at 90 K (140 K). bAll distances are given in
angstroms. cD refers to the interplanar distance between the
superimposed PLYs. D has been measured as the distance between
the central carbon (i.e., the carbon atom shared by the three fused
benzene rings) of the two superimposed PLY units. dC−N (S) and
C−N (NS) denote the C−N bond distance of the superimposed and
nonsuperimposed PLYs, respectively. C−O (S) and C−O (NS)
denote the C−O bond distance of the superimposed and non-
superimposed PLYs, respectively. eCalculations performed for isolated
π-dimers using the 6-31G(d) basis set. fCalculations performed for
isolated π-dimers using the 6-31G(d) basis set. gThese PBE-D2
calculations were performed in the solid state (see Computational
Details for further information).

Table 3. Electronic Structure in Terms of the Occupations of
the Natural Orbitals Displayed in Figure 6 for the SBP π-
Dimers Present in Two Different X-ray Crystal Structures of
Ethyl-SBP and for the Geometries Obtained upon Geometry
Optimization of These SBP π-Dimers in their 1Ag and

3Au
States Using Different Electronic Structure Methods

X-ray B3LYP-D2 PBE-D2
1Ag State 90 K 1Ag Minimum 1Ag Minimum
NO 1-ag 0.16 0.14 0.12
NO 2-ag 0.00 0.00 0.00
NO 1-au 1.66 1.67 1.69
NO 2-au 0.19 0.20 0.19
3Au State 140 K 3Au Minimum 3Au Minimum
NO 1-ag 1.00 0.99 0.99
NO 2-ag 0.00 0.01 0.01
NO 1-au 0.00 0.01 0.01
NO 2-au 1.00 0.99 0.99
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case, the geometry of the π-dimers above the spin-transition
temperature would be determined by the PES of the 3Au state
because the PES of the 1Ag state does not present any
minimum associated with an electron distribution in which the
unpaired electrons are localized in the nonsuperimposed PLYs
(rightmost scheme in Figure 8).
Our work reveals that the correct scenario is the second one.

However, the rightmost scheme in Figure 8 does not provide a
complete picture of the spin-transition of ethyl-SBP. Indeed,
this scheme does not take into account the vibrational entropy.
As displayed in Figure 9, the 1Ag →

3Au spin transition entails a

vibrational entropy gain (i.e., the TΔS term) of ca. 0.7 kcal/
mol54 at 150 K, which means that the vibrational entropy plays
a crucial role in driving the spin-transition in ethyl-SBP.
Overall, the analysis herein presented reveals that the

geometries of the π-dimers of ethyl-SBP above the spin-
transition temperature are controlled by the PES of a triplet
state whose single minimum energy configuration has the SBP
unpaired electrons localized on the nonsuperimposed PLYs.
The switching from the 1Ag state to the 3Au state of the π-
dimers is responsible for the sudden change of the interplanar
distance between the superimposed PLYs and the sudden
change in the bond lengths within the PLY rings observed upon
phase transition. Remarkably, the open-shell singlet with the
same electron distribution of the triplet state does not feature
any minimum in the PES of the system. Yet this open-shell
singlet state lies slightly lower in energy than the triplet state,
thus explaining why the magnetic susceptibility measurements
of ethyl-SBP indicate the presence of antiferromagnetic
interactions above the spin transition.39 Finally, let us
emphasize that our calculations show that the π-dimers of
ethyl-SBP in the triplet state are stable (against dissociation)
not only in the condensed phase but also in the gas phase, even
if there is no bonding between their unpaired electrons.

(4). Key Role of Electrostatic Interactions in Driving
the Spin Transition. The small energy gap between the
minima of the 3Au and the 1Ag states reported in the previous
subsection explains why ethyl-SBP can undergo a spin
transition. Yet, the origin of such a small energy gap still
remains elusive. In this subsection, we shall rationalize this
central issue.
An interaction energy decomposition analysis performed on

the B3LYP-D2 optimized structures of the 1Ag and
3Au states of

a π-dimer shows that the bonding and dispersion components
of the interaction energy between SBPs result in a relative
stabilization of the singlet state by about 2 and 1.4 kcal/mol,
respectively (see Table S4). The bonding component favors the
singlet state because it is associated with the pairing of the
unpaired electrons of the SBP radicals. The smaller interplanar
distance between superimposed PLYs in the 1Ag minimum
(compared to the 3Au minimum), in turn, explains why the
dispersion component also favors the singlet state.
At first glance, it seems that the electrostatic component of

the interaction energy (Eel) should also favor the singlet state.
Indeed, the accumulation of positive charge in the super-
imposed PLYs of the triplet state (with respect to the charge
distribution of the singlet state; see Figure 7 and Figure S4)
should in principle lead to a strong electrostatic repulsion,
thereby leading to a destabilization of this state. However, a
Distributed Multipole Analysis55 (DMA) brings to light not
only that Eel is attractive in the 3Au minimum (Eel = −4.5 kcal/
mol) but also that Eel is 1.4 kcal/mol more attractive in the
triplet than in the singlet state (see Table S4).
An evaluation of the electrostatic interactions between the

Mulliken charges of the different fragments of the SBP radicals
in their π-dimers reveals that the surprising attractive
electrostatic interaction in the triplet state is due to the fact
that the sum of the two interactions between the superimposed
PLY of one SBP radical and the spiro-linkage of the other
radical that are present in a π-dimer is larger (in absolute terms)
than the electrostatic repulsion between the two superimposed
PLYs (see Table S5). On the other hand, the relative
electrostatic stabilization of the triplet state (with respect to
the singlet state) can be explained on the basis of the fact that

Figure 8. Scheme of two possible mechanistic scenarios for the spin
transition of π-dimers of SBP in terms of two different topologies of
the PES of the 1Ag state. Schemes of the adiabatic potential energy
curves for the 1Ag and

3Au states along the reaction coordinate that
drives the spin transition. In both schemes, the 3Au state features a
single minimum, in which the nonsuperimposed PLYs host the
unpaired electrons. In the scheme on the left, it is assumed that the 1Ag
state has two different minima (one with the unpaired electrons
localized in the superimposed PLYs and the other one with the
unpaired electrons localized in the nonsuperimposed PLYs). In the
scheme on the right, it is assumed that the 1Ag state has only one
minimum, in which the unpaired electrons are localized in the
superimposed PLYs. Our calculations have revealed that the correct
mechanistic scenario is that depicted on the right.

Figure 9. Temperature dependence of the difference in entropy
(expressed as TΔS) between the lowest lying triplet and the lowest
lying singlet states of π-dimers of SBP, as computed by means of
different electronic structure methods. The blue and green curves
correspond to calculations carried out for isolated SBP π-dimers. The
red curve corresponds to calculations in the solid state, in which
periodic boundary conditions (PBC) were imposed in all three
directions.
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the attractive electrostatic interaction between the spiro
linkages and the superimposed PLYs is larger when the fraction
of positive charge localized in these PLYs increases (see Table
S5). Let us stress that this also explains why the SBP unpaired
electrons prefer to localize on the nonsuperimposed PLY rings
in the triplet state. Indeed, this particular electron distribution
entails an accumulation of positive charge on the superimposed
PLY rings, which results in a larger electrostatic interaction
energy by virtue of the zwitterionic nature of the SBP moieties.
In fact, it is worth mentioning that the electrostatic component
of the interaction energy at the optimum geometry of the
triplet state is reduced down to −3.1 kcal/mol when it is
evaluated using the distributed multipoles55 of the singlet state.
The observed decrease of 1.4 kcal/mol in the electrostatic
interaction energy when switching from the electrostatic
multipoles of the triplet to those of the singlet further
corroborates that the localization of the unpaired electrons
on the nonsuperimposed PLYs in the triplet state is driven by
the electostatic interactions of the SBP radicals within the π-
dimers.
In summary, our calculations reveal that the electrostatic

component of the interaction energy between SBP radicals
brings about a relative stabilization of the triplet state by about
1.4 kcal/mol. Remarkably, this relative stabilization is almost as
large as the adiabatic gap between the triplet and singlet states
(1.6 kcal/mol at the B3LYP-D2 level). It is thus concluded that
the electrostatic interactions between SBP radicals play a prime
role in stabilizing the triplet state and, thus, in enabling the spin
transition observed in ethyl-SBP. These electrostatic inter-
actions are also responsible for the localization of the SBP
unpaired electrons on the nonsuperimposed PLYs of the π-
dimers of ethyl-SBP above the spin-transition temperature.
Therefore, the electrostatic interactions between SBP radicals
constitute a crucial aspect for the understanding of the
electronic structure and switching properties of ethyl-SBP.

■ CONCLUSIONS
The computational study herein presented provides new
insights into the driving forces of the spin transition undergone
by ethyl-SBP and into the key factors shaping the complex
electronic structure of its building blocks, which are π-dimers of
ethyl-substituted spiro-biphenalenyl (SBP) boron radicals.
These SBP radicals are mixed-valence molecules whose
unpaired electron in the electronic ground state is symmetri-
cally delocalized over the two mutually perpendicular
phenalenyl (PLY) units. Notwithstanding this delocalized
ground state, our study reveals that the localization of the
unpaired electron on one of the PLY units entails a very small
energy penalty of ca. 1 kcal/mol, thereby providing a rationale
for the large diversity of electronic structures observed in the
SBP radicals of SBP-based organic conductors, including those
SBPs that feature an asymmetric electron density distribution in
spite of being monomeric in the solid state.30

Below the spin transition temperature, the structures of the
π-dimers of ethyl-SBP are governed by the potential energy
surface (PES) of the ground singlet state, whose minimum
structure is characterized by a partial localization of the
unpaired electrons of the SBPs in the superimposed PLY units.
Above the spin transition temperature, the π-dimers adopt a
configuration in which the unpaired electrons are localized on
the nonsuperimposed PLY rings. Our calculations reveal that
the topology of the PES in the region of this configuration is
quite unique because this configuration only exists as a

minimum in the PES of the ground triplet state. In the open
shell singlet associated with this triplet state (i.e., a singlet state
in which the nonsuperimposed PLYs host the unpaired
electrons), the unpaired electrons flow from the nonsuper-
imposed PLYs to the superimposed PLYs in a barrierless
process that results in a localization of the unpaired electrons in
the latter type of PLYs. It thus follows that the structures of the
π-dimers above the spin-transition temperature are exclusively
governed by the potential energy surface of the ground triplet
state, even if the corresponding open-shell singlet lies slightly
below in energy.
Ethyl-SBP can undergo a spin transition at ∼140 K because

of the very small adiabatic gap between the triplet state and the
singlet state of its constituent π-dimers. The key factor behind
this small gap, in turn, is the electrostatic interaction between
SBP radicals in their π-dimers. Our study has brought to light
that the electrostatic component of the interaction energy
between SBP radicals is more attractive (by about 1.5 kcal/
mol) in the triplet state than in the singlet state. This
electrostatic stabilization of the triplet state partially counteracts
the bonding and dispersion components of the interaction
energy, which favor the singlet state, and is thus crucial in
bringing the triplet state very close in energy to the singlet state,
thereby enabling the spin transition observed in ethyl-SBP.
The electrostatic stabilization of the triplet state is counter-

intuitive because the larger fraction of positive charge hosted by
the superimposed PLYs of the SBP π-dimer in this state
(compared to the singlet) should in principle lead to a strong
electrostatic repulsion. However, our analysis reveals that such
electrostatic repulsion is counterbalanced by the attractive
electrostatic interaction between these positively charged
superimposed PLYs and the negatively charged boron-centered
spiro linkages. Hence, the relative electrostatic stabilization of
the triplet stated originates in the zwitterionic charge
distribution of the SBP radicals. Such zwitterionic charge
distribution also explains the localization of the unpaired
electrons on the nonsuperimposed PLYs in the triplet state of
the π-dimers. Indeed, the localization of spin density in the
nonsuperimposed PLYs entails a localization of an excess of
positive charge in the superimposed PLYs, thus giving rise to a
larger attractive electrostatic interaction between SBP radicals
in the π-dimers. On the other hand, the partial localization of
the SBP unpaired electrons in the superimposed PLYs observed
in the singlet state of the π-dimers stems from a delicate
balance between the tendency of an isolated SBP radical to
delocalize its spin density and the SOMO−SOMO overlap
within the dimer, which favors the localization of the unpaired
electrons in the superimposed PLYs (as the unpaired SBP
electrons become more localized in the superimposed PLYs,
the SOMO−SOMO overlap becomes larger and, consequently,
the bonding component of the interaction energy between SBP
radicals becomes stronger).
The unveiled prime role of the electrostatic interactions

between SBP radicals in defining the electronic structure of the
π-dimers of ethyl-SBP and driving its spin transition transcends
the specific system herein studied. Indeed, the competition
between the SOMO−SOMO overlap, which stabilizes the
singlet states of the π-dimers, and the electrostatic interactions
between radicals, which stabilizes the triplet states, constitutes a
key concept to be reckoned with when it comes to rationalizing
the electronic structure of the π-dimers present in the crystals
of other members of the family of SBP-based conductors. Given
the well-known exponential dependence of the SOMO−
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SOMO overlap between radicals with their interplanar distance
and their relative degree of slippage,56−59 a small increase of
these structural parameters due to crystal packing effects is
expected to substantially reduce this overlap, thereby
destabilizing the singlet state of the π-dimers and, consequently,
leading to a smaller adiabatic gap between the triplet and singlet
states. In the limiting case of a very large destabilization of the
singlet, the electrostatic interactions can give rise to a
nonswitchable material featuring π-dimers in the triplet state
(with the unpaired electrons localized in the nonsuperimposed
PLY units) in the whole range of temperatures, as observed for
the following SBP-based materials: propyl-SBP,15 pentyl-SBP,16

octyl-SBP18 and tetrathiomethyl- and tetrathioethyl-substituted
SBPs.27 On the other hand, a decrease of the interplanar
distance should result in a larger SOMO−SOMO overlap,
thereby stabilizing the singlet state of the π-dimers, thus leading
to a larger adiabatic gap between the triplet and singlet states.
This increase in the gap should in turn result in a shift of the
transition temperature to higher values, as observed in the
crystals of butyl-SBP.12,51 Overall, the herein unveiled intricate
interplay between spin delocalization, electrostatic interactions
and SOMO−SOMO overlap allows for a better understanding
of the intriguing electronic structure and switching properties
of the π-dimers of spirobiphenalenyl-based radicals.

■ COMPUTATIONAL DETAILS
The calculations done using the CASSCF, RASSCF60 (i.e., multi-
configurational SCF calculations using the Restricted Active Space
construction of the wave function) and CASPT261 (i.e., second-order
perturbation theory calculations based on a complete active space self-
consistent field reference wave function) methods were carried out
using the MOLCAS package.62 Unless otherwise stated, atomic natural
orbitals (ANO-S) basis sets63 were employed in all these calculations,
by using the following contraction levels: a [3s2p1d] contraction for
the C, N, O, and B atoms, and a [2s] contraction for the H atoms. The
Cholesky decomposition64 (with a decomposition threshold of 1.0d-4)
was used to treat the two-electron integrals in all the MOLCAS
calculations. The CASPT2 calculations, in turn, were performed using
the standard ionization potential electron affinity (IPEA) Hamil-
tonian.65

The NEVPT266 calculations (i.e., calculations based on n-electron
valence state perturbation theory using a CASSCF reference wave
function) were carried out using a 6-31G(d) basis set,67 as
implemented in the ORCA code.68 The Resolution of the Identity
approximation69 was exploited to reduce the computational cost
associated with these calculations.
Unless otherwise stated, all DFT calculations were done using the 6-

31G(d) basis set,67 as implemented in Gaussian09.70 All DFT
calculations were done using the spin-unrestricted approach.
It should be mentioned that in all the calculations dealing with

isolated SBP radicals or isolated π-dimers, the ethyl groups of the SBP
radicals were replaced with methyl groups to lower the cost of the
calculations. In the following, we provide further details of the
methodology employed to obtain the results presented in each
subsection of the Results and Discussion.
(1). Electronic Structure of a Spirobiphenalenyl Neutral

Radical. The molecular geometries employed to compute the energy
profiles along the reaction coordinate (ξ) of the electron transfer
between the two PLY units of an isolated SBP radical (Figure 3) were
generated by means of a linear interpolation between the optimized
structures associated with the electronic configurations having the
unpaired electron of the SBP radical localized in either one or the
other phenalenyl unit. These optimized structures were obtained using
the M06-HF exchange-correlation functional.71 Given the well-known
tendency of Hartree−Fock calculations to localize charge and spin,72

the optimized geometries of the asymmetric spin localized structures
were computed using the M06-HF density functional,71 which

contains full Hartree−Fock exchange. This particular density func-
tional contains also local correlation energy and is thus expected to
furnish better optimized geometries than those that could be obtained
with Hartree−Fock calculations.

The active space employed in the single point CASSCF(1,2)
calculations along ξ includes one electron and the two phenalenyl
SOMO orbitals. The CASSCF(1,2) wave functions employed to
evaluate the spin density distribution along ξ (top graphic in Figure 3)
and used as reference in the CASPT2 and NEVPT2 single point
calculations along ξ (bottom graphic in Figure 3) were obtained by
averaging the two lowest electronic states with equal weight. It is noted
that the use of such state-average technique was previously reported to
be crucial for the proper ab initio description of another organic mixed
valence compound.73,74 Likewise, previous studies demonstrated that
both the nondynamical correlation (included in the CASSCF(1,2)
calculations) and the dynamical correlation (which is captured at the
CASPT2 or NEVPT2 levels) need to be taken into account for a
reliable modeling of purely organic mixed-valence compounds.72−74

Concerning the performance of DFT, the bottom graphic of Figure
3 shows that the PBE and B3LYP functionals are able to provide a
proper description of the electronic structure of an isolated SBP radical
and, therefore, of the π-dimers of SBPs. For this reason, in this
particular work, we have opted for not increasing the amount of
Hartree−Fock exchange75 or resorting to long-range corrected hybrid
functionals while tuning their range-separation parameter,76,77 as done
in other works dealing with purely organic mixed valence compounds.

(2). Electronic Structure of the X-ray Crystal Structures of π-
Dimers of SBP. The calculations aimed at elucidating the electronic
structure of the SBP π-dimers were carried out at the CASSCF(2,4)
level. The active space employed in these multireferent calculations
includes two electrons (one for each unpaired electron of the two SBP
radicals forming the dimer) distributed in four different orbitals (one
for each SOMO of the four PLY units in the dimer).

The CASSCF(2,4) calculations done to obtain the wave function of
the singlet ground state of Ag symmetry of the π-dimers of ethyl-SBP
and to analyze its electronic structure were performed by averaging the
three lowest singlet states of this particular symmetry with equal
weight. The CASSCF(2,4) calculations to obtain the wave function of
the lowest triplet state of Au symmetry, in turn, were performed by
averaging the three lowest triplet states of this particular symmetry
with equal weight.

(3). Exploration of the Potential Energy Surface of the π-
Dimers of SBPs: Mechanism of the Spin-Transition. The
geometry optimizations of isolated SBP π-dimers were done while
preserving the Ci symmetry of these dimers in the crystal. These
optimizations were done at the B3LYP-D2 level (i.e., B3LYP
calculations including Grimme’s semiempirical dispersion potential
in its D2 parametrization78 to properly account for the van der Waals
interactions between the two SBP radicals). The structures obtained
upon optimization were characterized as minima by means of
analytical vibrational frequency calculations. These vibrational
frequencies were in turn used to obtain the temperature-dependence
of the difference in entropy between the 1Ag and 3Au states of an
isolated SBP π-dimer within the harmonic approximation (Figure 9).

Plane wave pseudopotential calculations were employed for the
structure optimizations of ethyl-SBP in the solid state. These
calculations were carried out using the PBE exchange correlation
functional52 within the spin unrestricted formalism, together with
Vanderbilt ultrasoft pseudopotentials79 and Γ-point sampling of the
Brillouin zone. The cell used in these calculations comprised two
different π-dimers of ethyl-SBP. In these solid state calculations, the
semiempirical dispersion potential introduced by Grimme (in its D2
parametrization78) was added to the conventional Kohn−Sham DFT
energy in order to properly describe the van der Waals interactions
between ethyl-SBP radicals. For the variable-cell optimizations (in
which both the atomic positions and the lattice parameters were
optimized), the plane wave basis set was expanded at a kinetic energy
cutoff of 60 Ry. After the variable-cell relaxations, the corresponding
optimized atomic positions and optimized lattice parameters for the
LS and HT states of ethyl-SBP were used to define the initial
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geometries for a subsequent optimization at a cutoff of 45 Ry in which
the lattice parameters were kept fixed. These new optimizations with a
smaller cutoff were performed to be able to carry out a finite-difference
normal-mode analysis of the final optimized structures at a reasonable
computational cost. These normal-mode analyses confirmed that the
stationary points obtained were minima. In addition, the correspond-
ing vibrational frequencies were used to evaluate the temperature-
dependence of the difference in entropy between the HS and LS states
of the π-dimers of ethyl-SBP in the solid state within the harmonic
approximation (Figure 9). All the calculations in the condensed phase
were carried out with the QUANTUM ESPRESSO package.80 The
calculations of ethyl-SBP in the solid state were performed with PBE
because this functional is less demanding (in terms of computational
cost) than B3LYP. Prior to these calculations, we confirmed that PBE-
D2 calculations of the PESs for both the 1Ag and

3Au states furnish the
same topologies than those obtained at the B3LYP-D2 level (Figure
S3).
(4). Key Role of Electrostatic Interactions in Driving the Spin

Transition. The interaction energy decomposition analysis performed
for the 3Au and the 1Ag states of the π-dimers of ethyl-SBP was carried
out using the intermolecular perturbation theory (IMPT) method for
open shell molecules.81,36 Assuming, as is commonly found, that the
polarization (Epol) and charge-transfer (Ect) components of the IMPT
interaction energy are 1 order of magnitude smaller that the remaining
ones, the IMPT interaction energy between two open shell fragments,
A and B, takes the expression:36

≈ + + +E E E E Eint er el disp bond (1)

The terms of eq 1 have the following physical meaning: (1) Eer is the
exchange-repulsion component that is always energetically repulsive in
accord with the Pauli exclusion principle; (2) Eel is the electrostatic
component of the nonpolarized system, which can be accurately
approximated as a sum of classical multipoles (the charge−charge,
charge−dipole, dipole−dipole, etc. components); (3) Edisp is the
dispersion component, a nonclassical term that arises from the
instantaneous dipole−dipole interactions resulting from the correlated
motions of the electrons in A and B; and (4) Ebond is the bonding
component, associated with the pairing of the unpaired electrons of
fragments A and B. The form in which the different terms of eq 1 were
evaluated for the π-dimers of ethyl-SBP is explained in detail in the
footnotes of Table S4. Finally, it should be mentioned that the
Distributed Multipole Analysis55 aimed at evaluating the multipolar
electrostatic component of the interaction energy was carried out with
the GAMESS82 suite of programs at the B3LYP/6-31g(d) level. The
results obtained at the B3LYP level were confirmed by means of
CASSCF(2,4) calculations (Table S4).
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