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Abstract

While technological applications demand for the setup of reliable computational techniques and accurate
experiments for the characterization of diradicals, these species are still challenging systems for both theory
and experiments. The singlet-triplet energy gap, the J-term of the Heisenberg-Dirac-vanVleck spin
Hamiltonian, is the most significant quantity, whose measurement and computational evaluation may serve for
understanding and governing magnetism at the molecular scale. In this framework, we report here on a study
of three diradicals containing one or two nitronyl-nitroxide species. Using Difference Dedicated Configuration
Interaction (DDCI) calculations we investigate on the multiconfigurational character of the O-N-C-N-O
fragment of this unit. We find that only through a computational scheme that takes this nature into account, we
can be confident of obtaining reliable values of the spin-spin coupling J. In addition, we show that the reduced
DDCI2 scheme with a CAS(2,2) reference, apparently able in some cases to reproduce experimental data,
provides quite poor results in the present context.
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Introduction

There is a growing interest in the design and study of magnetic materials, driven by their wide applicability in
technological tools and in the improvement of electronic devices **%. At the molecular level, magnetic
properties occur in the presence of unpaired electrons, a condition that is well known to be rather common in
transition metal complexes (see e.g. ref. [1]) but less frequent in stable organic species. Driven from potential

technological applications, much attention has been devoted to poly-radicals, > ***

where unpaired electrons
might operate as spin filters and in devices where spin-dependent transport and/or stable data storage is
required. > It is recent the study of switchable magnetic species”, that of the reversible control of charging
an open-shell species to a doublet in a three-terminal device *® and the study of molecular rectification in a
diradical species *’.

A systematic experimental effort has brought in the last few years to the synthesis of stable organic poly-

28, 30, 31

radicals , while most of the experimental work has been focused with particular attention to diradicals,

the smallest member of the serigs 2122 24:35.:43.45

, interesting as building blocks for larger multi-spin systems or
plugged into Donor-Bridge-Acceptor species. This extensive experimental work (our citation list is far from
being complete and we apologize for the many we have not cited) has been accompanied by intense theoretical
and computational activity, reviewed in detail in ref. % in addition to the articles already cited, carried out with
the aim of unraveling the quantities and mechanism controlling the spin-spin interaction, a key point in the
mastery of molecular magnets, but also investigating the tailoring of molecular fragments in the search of
species with the desired properties .

Several models and computational methods have been developed to evaluate the spin-spin interaction %,
beginning with the simplest Heisemberg-Dirac-van Vleck (HDVV) model Hamiltonian, which is still very

#4899 or with the Hubbard Hamiltonian,

useful for an evaluation of the coupling terms in multi-spin systems
which can help the interpretation of the magnetic properties of polyradicals. °* °** The main objective of
guantum chemical computations is the energy gap between eigenstates of different spins, which drives the
magnetic properties of the corresponding material.

In the specific case of diradicals, the spin-spin coupling J (with the choice H=-JS;-S;) represents the singlet-
triplet energy gap (J=AErs=Es-Et), a quantity which can be measured with different techniques and compared
to theoretical values. Within Density Functional Theory (DFT), broken symmetry (BS) allows to deal with the
multi-configurational singlet with one electron on each magnetic moiety at a small computational cost *>*’. An

extension of DFT based on the Spin-Flip **®

, Where the singlet and triplet states with M;=0 are generated by
spin flipping operators acting on the Mg=1 triplet state, avoids the approximations underlying BS.
Wavefunction based methods are theoretically more solid although computationally more expensive and
include multi-reference perturbation approaches such as CASPT2, NEVPT2 % and MRPT ®, RAS-SF *
and Coupled-Cluster methods such as the spin-flip EOM *",

Among the various possibility, back in 2008 " we have chosen the Difference Dedicated Configuration

| 71,72

Interaction (DDCI) approach by Miralles et a , since in our opinion it guarantees a good accuracy at an

acceptable computational cost, which is an advantage when dealing with medium-large species as those



available to date. The method has been incorporated in a general theoretical approach we have developed and
assembled in a computer code named BALOO ™, which exploits orbital localization, virtual orbital
rearrangement and ClI calculations, possibly complemented with Multi Reference perturbation theory. DDCI

70, 74-81

has been applied to some nitroxide and nitronyl nitroxide diradicals , as well as to triradicals > and to a

stable tetraradical ® synthesized in the Rajca group ?* . Beside the singlet-triplet energy gap, DDCI can also
successfully be applied to the calculation of the parameters of the spin Hamiltonian %%,

Once a minimal CAS space has been defined as a reference, DDCI represents a rational reduction of the ClI
space generated by all single and double excitations of the Slater determinants (SD) included in the CAS. A
natural choice for the CAS space for diradicals is the 4-dimensional CAS(2,2), which is obtained by
distributing one electron in each magnetic orbital. This has shown to be a good choice for nitroxides and many
other diradicals, either organic or transition metal based (see ref. ® and references therein). On the other hand,
in the case of the nitronyl-nitroxide diradical, known as Ullmann’s diradical ®, only DDCI2, a simplified

variant of DDCI, is found to fit experimental data ®%"*®’

, Whereas the result of the complete DDCI model is
only about 1/3 of the experimental value ® of triplet-singlet energy gap. This apparent failure of DDCI has
been interpreted in ref.%? as due to the defective choice of the reference CAS(2,2), which should take into
account that for each nitronyl-nitroxide unit only a 3-site-3-electron (CAS(3,3)) is able to account for the
multiconfigurational nature of the wavefunction and, consequently, leads to the correct spin density on the
Carbon atom of the O-N-C-N-O fragment bearing the magnetic character.®® #8 This implies that a CAS(6,6)
should be taken as a reference space for the DDCI calculation of AErs in the Ullmann’s diradicals, as

confirmed by the results of ref. ®.

Figure 1 - Structures of the three diradicals (see also text): (a) nitroxide-substituted nitronyl-nitroxide; (b) bis-
nitronyl-nitroxide (Ullmann); (c) phenyl-bridged bis-nitronyl-nitroxide, 0 is the dihedral angle whose variation
modulates the spin-spin coupling.

Here we want to investigate a series of diradicals containing one or two nitronyl-nitroxide magnetic units, with
the aim to verify the generality of the above observations, through a systematic comparison of DDCI
calculations arising by different levels of the reference CAS. Namely, in the case of one or two nitronyl-

nitroxide units the highest level DDCI calculation involves a CAS(4,4) or CAS(6,6) reference, respectively, to
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be compared with the DDCI results based on the usual CAS(2,2). We have firstly investigated a nitroxide-
substituted nitronyl-nitroxide, which is a simplified version of the system studied by Suzuky et al., * including
a systematic study of AEts as a function of the torsional angle 6, that modulates the magnetic coupling (Figure
1a). Then the Ullmann’s diradical (Figure 1b) and its phenyl-bridged version (Figure 1c) investigated
exsperimentally by Caneschi et al. ** and by us in 2009 using DDCI2, ' have been considered.

We find that only DDCI based to a reference space accounting for the intrinsic multiconfigurational nature of
the nitronyl-nitroxide radical can be considered a reliable computational approach to the calculation of the
singlet-triplet energy gap in diradicals. This means that accurate values of J, the parameter of the HDVV
Hamiltonian representing the spin-spin coupling, can be obtained by a CAS(4,4)+DDCI for species with one
single nitronyl-nitroxide, as those of Figure 1a, or by CAS(6,6)+DDCI, when two of those radicals are present,

as for the species of Figure 1b and 1c.

Computational Details

The computation of the singlet-triplet gap AE+s by DDCI is based on the idea of including in the variational
space those configurations with the largest contribution to the energy gap between states with different spin.
Dividing the whole set of MOs into double occupied (core), singly occupied (magnetic) and empty (virtual)
MOs, DDCI adds to the minimal CAS(n,n) (n electrons in n “magnetic” MQOs) all SDs generated by single and
double excitations from the SDs of the CAS, excluding the double excitations which do not involve active

orbitals. The DDCI protocol is schematized in Table 1.

Table 1 - The DDCI space in terms of the several classes of configurations expressed with a sequence of three numbers,
Nc.Nu.Ne, respectively for core, magnetic and empty MOs. The standard notation (see refs. ® %) is reported
in the third column.

N.n.0 The primary space (includes kinetic exchange)
1p N.n-1.1 Single excitations from magnetic orbitals
1h N-1.n+1.0 | Single excitations from core to magnetic orbitals
DDCI2 (related to the superexchange)
1h1p N-1.n.1 Single excitations from core to unoccupied orbitals
DDCI (include spin polarization)

2p N.n-2.2 Double excitations from magnetic orbitals

2h N-2.n+2.0 | Double excitations from core to magnetic orbitals

1h2p N-1.n-1.2 | Simultaneous excitation from core and magnetic
orbitals (not included in DDCI2 scheme)

2hlp N-2.n+1.1 | Double excitations from core to magnetic and
unoccupied orbitals (not included in DDCI2 scheme)

Restricted Open Hartree-Fock (ROHF) MOs were obtained by a HF-SCF calculation for the high spin

eigenstate carried out with GAMESS # %

, using always the 6-311G* basis set. Magnetic, singly occupied, MOs
were localized onto the magnetic sites and an ad hoc fragmentation was applied to decrease the dimension of
the active MO space. In particular, for the three species of Figure 1, the active space for DDCI only includes

the MOs with main component on the molecular pieces of Figure 2. This is justified by the MOs active for the



spin-spin coupling which, as shown in the next section, do not show any significant contribution in the parts
that are neglected. We have also frozen the 1s orbitals of the heavy atoms.
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Figure 2 - Fragments of the three diradicals of Figure 1, whose MOs are considered in the construction of the DDCI
space.

The corresponding one- and two-electron integrals pertaining to the MOs active for DDCI were then
transformed from atomic to molecular basis set for the 3 species of Figurel and we have then the resulting
dimension of the MO space is reported in Table 2.

Table 2 - The dimension of the DDCI (Nppc,) space for the diradicals of Figure 1, fragmented according to Figure 2 (see
text). Np is the number of doubly occupied, Nsthat of singly occupied and N, that of the virtual (empty) MOs.

Fragment | Np | Ns | Ny | Nppe

a 191 2 | 99 120
b 27 | 2 | 147 | 176
c 41 | 2 | 241 | 284

When the dimension of the DDCI space is very large, the calculation of AEts can take advantage from
perturbation theory, performing the variational calculation on a reduced space of active MOs and correcting
the resulting Cl energies by the Complementary Space Perturbative Approach (CSPA), including the
perturbative contribution on the remaining MO space ". In the present case, this approach was necessary to
deal with the species with two nitronyl-nitroxide units, where a CAS(6,6) reference was considered in the
DDCI.

Results and Discussion

a) Nitroxide-substituted nitronyl-nitroxide diradical (Figure 1a)

The first species we want to study is a simple system with one single nitronyl-nitroxide unit, such as a
nitroxide-substituted nitronyl-nitroxide, which is a simplified version of the species studied by Suzuki et al. %.
In this diradical, with a triplet ground state, the spin-spin interaction can be modulated by changing the
dihedral angle (6 in Figure 1) between the two moieties, allowing a comparison between the DDCI results
obtained with a CAS(2,2) and a CAS(4,4) reference at different strengths of the coupling.



In Figure 3 the relevant canonical MOs are reported for 6=70°. In the Figure we can see how the chosen
fragmentation of the diradical of Figure 2 is a good approximation, since no significant electron density is
present in the neglected parts of the molecule. As the angle 6 is changed, the only difference observed in the
four MOs of Figure 5 is in a different density distribution without altering their energy order.

DDCI calculations with the CAS(2,2) and CAS(4,4) reference were performed changing the torsional angle 6
from 55 to 85°. The results obtained are summarized in Figure 4, along with the values of AEts obtained by
CAS without DDCI, the results of CAS(2,2)+DDCI2 and CAS(4,4)+DDCI2 calculations, the simplified
method that it was shown to have an acceptable agreement with the experiment for the Ullmann’s diradical %.

HOMO'2 nocc:2 HOMO']. nocc=1

Figure 3 — Active orbitals of the nitroxide-substituted nitronyl-nitroxide for the CAS(4,4), ny. is the SCF electronic
occupation. CAS(2,2) space is made by the singly occupied HOMO-1 and HOMO only.
At small value of 0, the & orbitals bearing the unpaired electron on each of the two moieties of the diradical,
the nitroxide and the nitronyl-nitroxide, are close to each other and one expects a strong spin-spin interaction
and, consequently, a significant energy gap. As 6 increases, the distance between such orbitals increases as
well and the spin-spin interaction and AE+s are expected to decrease. This is exactly what we observe in all
cases reported in Figure 4. The decrease is always roughly linear with 0, but the steep is different as all energy

gaps converge towards a singlet-triplet degeneracy for 6 approaching 90°.
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Figure 4 — Singlet-triplet energy gap for the nitroxide-substituted nitronyl-nitroxide as a function of the dihedral
angle 6. Empty and filled symbols distinguish calculations with reference CAS(2,2) and CAS (4,4), respectively. The
color distinguish the type of calculation and is red for simple CAS, black for CAS+DDCI2 and blue for CAS+DDCI.
Lines are only a guide for eyes.

It is clear from the figure that only at small values of the coupling the DDCI based on CAS(2,2) is a good
approximation of that based on CAS(4,4). This allow us to conclude that in case of radical species involving
nitronyl-nitroxides, the intrinsic multiconfigurational nature of its wavefunction requires a CAS(3,3) level of
accuracy. It is evident in Figure 3 that the HOMO-1 and HOMO of the CAS(2,2) do not show any contribution
on the Carbon atom in between the two NO, which is instead present in the HOMO-2 and LUMO that
complete the CAS(4,4) space. This is in line with the considerations of refs ® . The simplest 2-orbital-2-
electron picture, a good reference space for DDCI in case of nitroxides and other diradicals, seems to be
inappropriate for nitronyl-nitroxide moieties, unless the coupling is small enough that CAS(2,2)/DDCI can be
seen as a good approximation to the theoretically more sound and accurate CAS(4,4)/DDCI.

Apparently, this property is also observed in different species which keep a multireference character in one of
the two magnetic moieties of the diradical. Indeed, replacing the sequence O-N-C-N-O of the nitronyl
nitroxide with a H-C-C-N-O, one again can observe that CAS(4,4)/DDCI gives a larger gap than
CAS(2,2)/DDCI (see Supporting Information).

A final remark can be made regarding the DDCI2 calculations. With a CAS(2,2) reference, differently from
the Ullmann’s diradical ® (see next section), where this approach is found to give a value of AE+s in much
better agreement with the experiment with respect to the corresponding full DDCI, here we observe that the
CAS(2,2)/DDCI2 values are always much smaller than the reference CAS(4,4)/DDCI values. This suggests
that CAS(2,2)/DDCI2 can be in general unreliable and the agreement found in the Ullmann’s diradical can be
considered fortuitous. We also notice that the CAS(22)/DDCI2 gap is always larger than the CAS(2,2) one and
there is an increase of about 20% with respect to the CAS(2,2)/1h1p values (not shown). This indicates that
the 1h1p excitations stabilize the triplet more than the singlet (i.e. ferromagnetic polarization effects overcome
their antiferromagnetic counterpart) at variance with the situation found for singlet ground states, like, e.g. the
Ullmann’s diradical described in the next section. If we consider a CAS(4,4) as a reference for DDCI2, we can
notice that the results are at all angles in very good agreement (less than 10% of difference) with those,
computationally much more expensive, yielded by DDCI. In particular, we can notice that the 1h2p and 2h1p

excitations, which differentiate the two approaches, decrease the gap acting as antiferromagnetic corrections.

b) Bis-nitronyl-nitroxide (Ullmann) diradical (Figure 1b)
In this section we report the results of the calculations for the Ullmann’s diradical, one of the most studied

diradical species with a multireference singlet ground state. According to refs. ®% %

, the most appropriate
approach for DDCI should consider a CAS(6,6) reference, consistent with the presence of two nitronyl-
nitroxide units. At the experimental geometry taken from ref. %, the six ROHF MOs, relevant for the
CAS(6,6)/DDCI are shown in Figure 5, where the singly occupied HOMO-1 and HOMO are the two MOs

also involved in the CAS(2,2)/DDCI.



As for the species of the above section, in order to include in the reference the contribution of the 1 MOs
pertaining to the central Carbon atom of the O-N-C-N-O system, we must consider the CAS(6,6), since the
HOMO-1 and HOMO do not show any electronic density on it. DDCI calculations, indeed demonstrate the
importance of this contribution and confirm what observed in ref. 2. In Table 3, the results of our series of
calculations are summarized.

HOMO-3 Ngee=2 HOMO-2 Nyge=2

Figure 5 — Active orbitals of the bis- nitronyl-nitroxide (Ullmann) diradical for the CAS(6,6), Ny is the SCF
electronic occupation. CAS(2,2) space is made by the singly occupied HOMO-1 and HOMO only.

Already at the CAS level, it is quite apparent that inclusion of two doubly occupied (HOMO-3 and HOMO-2)
and two empty (LUMO and LUMO+1) orbitals in the reference strongly affects the value of AE+s, which goes

from -21 cm™ for the CAS(2,2) to -336 cm™ for the CAS(6,6) computation, the latter result being very close to
the experimental value of -311 cm™.

Table 3- AEqs for the bis-nitronyl-nitroxide diradical computed at different levels of DDCI and with different
variational MO spaces (N,) resulting in a Ny, dimension of the variational SD space. AEg(var) is the value
obtained by the diagonalization of the variational space without the CSPA correction. AEts(MP) and
AE1s(EN) are the values corrected by Magller-Plesset (MP) and Epstein-Nesbet (EN) CSPA. The Ny, set
includes the 2 singly occupied MOs and Ng4 doubly occupied. N;,. is the number of empty MOs included and
Ney the number of those excluded in the CI but considered in the CSPA.

Nvar | Ny | Nie | No | N Afg;ﬁ;l” Afg;fE)N) AE(ngﬁ.l'V;P)
CAS(2,2) 213
CAS(2,2)/1hlp | 176 | 27 | 147 39,694 276.9
CAS(2,2)/DDCI2 | 176 | 27 | 147 62,728 -278.5
CAS(2,2)/DDCI 176 | 27 | 147 4,190,488 -129.9
CAS(6.6) 335.9
CAS(6,6)/DDCI2 | 176 | 27 | 147 12,082,500 -304.6

CAS(6,6)/DDCI 78 27 | 49 98 85,318,940 -308.3 -308.5 -331.1




103 ‘27‘ 74 ‘ 73 ‘175,751,065‘ -309.0 ‘ -315.7 ‘ -330.6

Experimental ® -311

The CAS(2,2) energy gap is substantially improved by the 1hlp excitations (to -277 cm™). At variance with
the species of the previous section with a triplet ground state, now the 1hlp excitations stabilize the singlet
state much more than the triplet state indicating a marked antiferromagnetic spin polarization effect. The same
value of AE+s is obtained by CAS(2,2)/DDCI2 (-278 cm™). This means that additional excitations beyond the
1hlp level do not contribute significantly to the gap as a whole, as frequently observed in other diradicals.
However, we want to stress again how, in the light of the results obtained for the species of the previous
section, the agreement between the observed value of the gap (-311 cm™) and that computed by
CAS(2,2)/DDCI2 (the two differs by roughly 10 %) should not be considered as a demonstration that this
computational approach is accurate and reliable. The further addition of 2hlp and 1h2p excitations leading to
the CAS(2,2)/DDCI value, results as expected in a substantial decrease of the gap in comparison to the
experimental value.

A quantitative agreement with the experiment is instead obtained with the CAS(6,6)/DDCI model (Table 3),
which once again confirms that in presence of nitronyl-nitroxide units, the role of the Carbon atom of the O-N-
C-N-O system is not negligible and one should include the MOs responsible for its spin density in the
reference space, as originally observed in the monoradical. ® This indeed seems to be confirmed by the
CAS(6,6)/DDCI2 results, which, in agreement with what has been observed for the nitroxide-substituted

nitronyl-nitroxide, are as good as the CAS(6,6)/DDCI values at a much less computational cost.

c¢) Phenyl-bridged bis-nitronyl-nitroxide diradical (Figure 1c)

The phenyl-bridged nitronyl-nitroxide diradical was prepared by Caneschi et al. in 1993 *. In analogy with the
Ullmann’s diradical, the unbridged analogue of the previous section, it was found to have a singlet ground
state with AE1s=-72.3 cm™, much smaller than the value of the system without the bridge (-311 cm™). This
indicates that, despite its = delocalization, the phenyl bridge acts as a spacer decreasing the through-bond spin-
spin interaction.

In the crystal structure, the angle between each of the two nitronyl-nitroxide units and the aromatic ring is
~25°, while the optimized gas phase structure studied by us in 2009 was nearly planar ”’. In order to make
significant the comparison with experiment, here we have used the original X-ray structure of Caneschi et al.”*
The active canonical orbitals relevant for the CAS(2,2) and CAS(6,6) models are shown in Figure 4, along
with the HF-SCF electronic occupation. The MOs of Figure 4 do not show any significant density in the
fragments neglected in the subsequent DDCI calculations and this justifies the fragmentation choice performed
as shown in Figure 2. However, as already pointed out in ref. ”, the contribution of the MOs of the phenyl

bridge plays a central role and cannot be neglected.



HOMO-3 nyee=2 HOMO-2 Noee=2

Figure 4 — Active orbitals of the phenyl-bridged-bis- nitronyl-nitroxide * for the CAS(6,6), N is the SCF electronic

occupation. CAS(2,2) space is made by the singly occupied HOMO-1 and HOMO only.
With the CAS(2,2) as a reference, it is nowadays possible to go beyond the small DDCI2 model space we
employed in 2009 " and to perform accurate DDCI calculations approaching to the full diagonalization in the
DDCI space, e.g. with a very small set of MOs considered by CSPA. Using instead the CAS(6,6) model as a
reference, the DDCI space grows dramatically and only calculations exploiting quite extensive CSPAs for a
large part of the MO space can be carried out. For instance, the heaviest DDCI calculation considered a space
of 142 MOs active for Cl out of 284 (i. e. the contribution of the excitations involving the highest 142 virtual
MOs was added by CSPA) has dimension 5-10° (Table 4) and required more than 6 weeks on a 240-CPU-6-
TB machine at the Scuola Normale Superiore (SNS), which has also required a setup of the code and a
revision of the scripts. The results obtained are summarized in Table 4, where also the convergence with the
different spaces of active MOs for DDCI and the dimension of the variational space, are shown.
The first relevant observation concerns with the results of CAS(2,2) and CAS(6,6), that are very different:
CAS(2,2) gives, contrary to experiment, a triplet ground state, whereas CAS(6,6) delivers the correct ground
state and a AEts of -61 cm™, not far from the experimental value. CAS(2,2)/DDCI2 performs much better than
the CAS(2,2) alone, but the value of AE+s is roughly one half of experimental value, confirming that the
agreement found for the Ullmann’s diradical at the same level of theory is fortuitous. The difference with the
value obtained in ref.”” (>100 cm™) is due to the smaller dihedral angle between the two nitronyl-nitroxide
units. The convergence with the dimension of the space of MOs is very good, since with 74 empty MOs over a

total of 241, we obtain a very good approximation of AErs with respect to the full variational value of -35 cm’
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! 1t has also to be noticed that the values of AErs corrected with CSPA according to EN and MP perturbation

theory, deliver to the same value.

Table 4 - AErs for the phenyl-bridged nitronyl-nitroxide diradical computed at different levels of DDCI and with
different variational MO spaces (Ny,) resulting in a Ngi dimension of the variational SD space. AEtg(var) is
the value obtained by the diagonalization of the variational space without the CSPA correction. AE+g(MP) and
AE1s(EN) are the values corrected by Moeller-Plesset (MP) and Epstein-Nesbet (EN) CSPA. The N, set
includes the 2 singly occupied MOs and Ny doubly occupied. N;,. is the number of empty MOs included and
Ney the number of those excluded in the CI but considered in the CSPA.

AErs(var) | AE1s(EN) | AErs(MP
Nva\r Nd Ninc Nex Ndim (g;,f\{) ) (g;sl) ) (gﬁé—l) )
CAS(2,2) 0.2

117 | 41| 74 | 167 37,961 -38.4 -34.7 -35.2

192 | 41 | 149 | 92 85,736 -38.0 -35.1 -35.1
CAS(2,2)/DDCI2

242 | 41 | 199 | 42 123,836 -354 -35.2 -35.2

284 | 41 | 241 159,704 -35.3

65 | 24 | 39 | 202 361,777 -11.6 -5.2 -5.9

117 | 41| 74 | 167 | 2,119,285 -14.7 -5.4 -6.1
CAS(2,2)/DDCI

192 | 41| 149 | 92 7,025,560 -11.6 -7.2 -7.1

242 | 41 | 199 | 42 | 11,840,160 -8.9 -7.9 -8.0

CAS(6,6) -61.1

192 | 41 | 149 | 92 | 15,235,780 -76.3 S17.7 -717.9
CAS(6,6)/DDCI2

284 | 41 | 241 27,273,865 -77.6

65 |24 | 39 | 202 | 48,596,325 -49.7 -74.1 -95.3
CAS(6,6)/DDCI 117 | 41| 74 | 167 | 312,257,785 -87.7 -76.2 -53.2

142 | 41 | 99 | 142 | 514,957,660 -89.8 -719.4 -49.7
Experimental ** -72.3

As expected from the results of ref.?, CAS(2,2)/DDCI does not perform better than the cheaper
CAS(2,2)/DDCI2 as AE+s drops to -8 cm™. The full variational calculation was not performed for dimensional
reasons, but both EN and MP values with only 42 MOs inactive for the variational space can be considered as
accurate as the result of a complete diagonalization.

CAS(6,6)/DDCI calculations are a very hard task, since the dimension of the DDCI space suddenly grows to
impracticable values. The two largest calculations, with a Cl of ~3-10° and half billion of SDs respectively,
complemented with CSPA correction, were performed with a 240-CPU-6-TB SGI Ultraviolet 2000 at the
SNS. Owing to the small fraction of virtual MOs included in the ClI, the three CAS(6,6)/DDCI results reported
in Table 4 do not allow performing accurate extrapolation to the full variational energy gap (at Ne=0).
However, the three AEs coming from Epstein-Nesbet perturbation, seem to show a noticeable stability around
a value quantitatively close to that obtained experimental. Thus we can speculate that the EN results give a
reasonable estimate of the correct energy gap, which could be expected in the -70 + -90 cm™ range. The
convergence of the Mgller-Plesset series are more scattered and seems to converge with a smaller rate.

At a much cheaper computational cost we may consider CAS(6,6,)/DDCI2, which is found to give results in

guantitative agreement with the experiments also for the present diradical. We can see in Table 4 that we can
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now perform a full variational calculation, which guarantees the maximum accuracy and reliability within the
DDCI scheme, although considering smaller variational spaces and exploiting CSPA, gives equivalent results.
The results obtained, confirm once more that in presence of nitronyl-nitroxide radical unit the reference
CAS(2,2), excellent for the study of nitroxide and other diradicals, fails in accounting for the essential physics
of this species, due to the intrinsic multiconfigurational nature of the wavefunction. The absence of m orbitals
having a contribution on the Carbon atom of the O-N-C-N-O unit in the MO active space of CAS(2,2) seems
to be at the origin of this problem, as suggested by Calzado et. al in ref. ®. In fact, even in absence of a
population analysis, it is rather evident that both the singly occupied MOs forming the CAS(2,2) active space
and displayed in Figure 4 do not involve = orbitals of the Carbon atoms bridging the two monoradicals, which
instead are shown to contribute at the remaining active MOs of the CAS(6,6).

Conclusions

We have studied three diradicals in which one or both fragments bearing the unpaired electron involve
nitronyl-nitroxide moieties, namely a nitroxide-substituted nitronyl-nitroxide biradical, the Ullmann’s
biradical and its phenyl-bridged version. The main aim of our study is an in depth investigation of the role of
the multiconfigurational nature of the nitronyl-nitroxide radical in the spin-spin interaction ruling the observed
singlet-triplet energy gap.

In general, the simplest Cl basic model for a diradical is a 2-orbital 2-electron system with one orbital per
magnetic moiety, the two singly occupied MOs of a ROHF calculation of the highest spin state. This model is
characterized by one triplet and three singlet states, with two of the singlets describing the two ionic (charge
transfer) configurations where both electrons are in the same moiety. This model, quantitatively poor, can be
substantially improved by the inclusion of all single and double excited SDs involving at least one of the two
magnetic MOs. This approach, proposed by Miralles et al. > "* and known as DDCI, has been found to give
values of the singlet-triplet gap in good agreement with the experimental data in nitroxides and many other
diradicals, organic and inorganic, but it was proven to fail for the Ullmann’s diradical, the nitronyl-nitroxide
dimer, where instead its reduced version, DDCI2, seemed to give a correct value.

Few years ago, Calzado et al ®® showed that the CAS(2,2) is insufficient as a reference space for DDCI and a
CAS(6,6) should instead be considered. Indeed, the unpaired electron on each moiety is delocalized in the
whole O-N-C-N-O fragment which is involved in the magnetic properties of the species ® and some spin
density is observed in the central Carbon atom. This can only be accounted for with CAS(6,6) so that an
increased MOs set should be considered in the reference space.

The unanswered question was if this conclusion is general for all radicals containing at least one nitronyl-
nitroxide unit or is limited to the Ullmann’s diradical, where the two moieties are very close to each other.
Furthermore, is the DDCI2 reduced model always able to give singlet-triplet energy gap in agreement with
experiments?

In this paper we have shown that DDCI2 is not a reliable approach if an inappropriate reference space is

considered. Using a CAS(2,2) reference its agreement with experimental and/or higher level calculations is

12



random: DDCI2 only delivers an accurate energy gap for the Ullmann’s diradical. However, it is apparent that
using the proper reference space, that is including all the significant MOs in case of fragments intrinsically of
mutireference nature, DDCI2 may also give accurate results saving computational resources.

A robust and reliable DDCI model requires, whenever nitronyl-nitroxide units are present, that at least 1
orbital for each N-O and 1 for the central Carbon of the O-N-C-N-O fragment be included in the reference
space, which should then be a CAS(4,4) or a CAS(6,6), when one or t wo units are present. This behaviour is
expected to be quite general for diradicals made by species with an intrinsic multiconfigurational character, as
demonstrated by the model system H-C-C-N-O analyzed in the Supporting Information.

The applicability of a CAS(2,2) or a CAS (n,n) reference space in DDCI could be judged already at the CAS
level, in the sense that only if the gap obtained with a CAS(2,2) and a CAS(n,n) model are sufficiently close to

each other, one can be confident that the smaller space is appropriate.
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