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ABSTRACT:

Quantum-chemical analysis of fluorinated benzo- and
naphthoquinones bearing nitronyl nitroxide function
revealed that they upon one-electron reduction give
triplet diradicals with the large gap of the triplet-
singlet splitting (2J > 430 cm™) that comes from the
non-disjoint nature of these diradicals. It was shown
that the triplet-singlet splitting is highly sensitive to
the number and arrangement of fluorine atoms in the
quinone core. Therefore, it is aimed reasonable to syn-
thesize the proposed triplet diradicals and to study the
inherent magneto-structural correlations. It is a new
synthetic challenge in the field of molecular mag-
netism.

Keywords: Molecular Magnetism, Nitronyl Nitrox-
ides, Quantum Chemistry Calculations, Quinones,
Triplet Diradicals.

INTRODUCTION:

The design of ferromagnets based on purely organic
compounds is one of major challenges in the field of
molecular-based magnets [1]. An important step to-
ward realizing ferromagnetism in organic systems is
the development of novel high-spin organic molecules
[2] with their subsequent thorough characterization
[3]. In our research [4], we have noticed that in the
whole family of organic diradicals, there is only one
example of a triplet diradical, DR, which is obtained
by reduction of a quinone-nitroxide, namely 2,5-

WWW.SIFTDESK.ORG

172

Vol-2 Issue-2



SIFT DESK

dioxocyclohexa-1,4-dienyl-substituted nitronyl nitrox-
ide 1 (Scheme 1) [3].

Scheme 1. Preparation of triplet diradical DR from
quinone-nitroxide 1.

Considering quinone-nitroxide 1 as a prototype,
it was reasonable to determine what compounds of
this class would be useful to synthesize. To ensure
higher stability of the reduced diradical form DR, two
factors could be taken into account: introduction of
electron-withdrawing substituents into the quinone
core, for example fluorine atoms, or annulation of this
core to carbo- or heterocycles.

In this study, we took advantage of quantum-
chemical tools to predict the oxidizing ability of vari-
ous fluorinated quinone-nitroxides, its dependence on
the degree of fluorination and the positions of fluorine
substituents as well as the sign and energy of the mag-
netic interaction in the resulting diradicals. Using this
strategy, we suggested promising compounds for syn-
thesis.

MATERIALS & METHODS
Computational details

Calculations reported in this paper were performed
using
(DFT). Full geometry optimizations of the radical

spin-unrestricted density functional theory

(neutral, N) and diradical (anionic, A4) species were
carried out within the framework of various computa-
tional procedures by means of the ORCA software
package (version 3) [6]. In particular, the B3LYP and
MO06 exchange-correlation functionals were employed
in conjunction with the 6-31+G(d,p) basis set. The D3
approach together with Becke—Johnson damping was
used to examine the influence of London dispersion
interactions (B3LYP-D3/6-31+G(d,p)). A larger basis
set was also employed to examine the effect of an in-

crease in basis set size (B3LYP/6-311+G(3df)). In all
cases, solvation effects were taken into account via the
COSMO solvation model [7] with & = 36.6
(acetonitrile).

Electron affinities (vertical and adiabatic: EA,
and EA,, repsectively) were computed according to
the expressions

EA, = Etot(A) —Eio (Neq)

EAuq = Eror (Aeg) + ZPE (Aeg) — Eror (Neg) = ZPE (Ney)
where E,,(A4) is the diradical total energy calculated at
the geometry optimized for the parent radical species,
E,{(Neg) and E;(A.,) are the radical and diradical total
energies computed at their equilibrium geometries,

and ZPE(N,,) and ZPE(4,,) are the corresponding zero
point energy corrections.

For diradicals, isotropic exchange parameter J,
was calculated by the broken-symmetry methodology.
The scheme proposed by Yamaguchi and coworkers
was chosen [8]:

H=-2J z(5,"5;)

Jip= (EES_EI:]%:I

Yo e

b T TR T ¥

The B3LYP/6-311+G(d,p)/B3LYP/6-31+G(d,p) com-
putational procedure was carried out to compute total
energies of the high-spin and broken-symmetry states
as implemented in the GAUSSIANO9 package [9]. For
all states, stability analysis of the obtained solution
was performed.

The B3LYP functional has been successfully
applied and well-proved itself in estimating both the
electron affinities [10] and the isotropic exchange pa-
rameters [11].

RESULTS

A quantum-chemical screening was conducted within
a wide range of fluorinated quinone-nitroxides, which
can be grouped into three series presented in Figure 1.
Within each series, species with different numbers of
fluorine substituents and their all possible positions
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were examined. Their optimized structures and corresponding symbolic labels are given in Figures 2 and 3 for
series I and II, respectively. For series III, a similar notation was adopted. We used electron affinities (vertical
and adiabatic) as a measure of electron acceptor properties. Their computed values are presented in Tables 1 (for
series I) and 2 (for series II and III).
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Figure 1. Three series of fluorinated quinone-nitroxides. Positions of fluorine substituents, which provide more
negative £4 values, are marked by an asterisk.

1F-a 2F-a

1F-b 2F-b

1F-c

Figure 2. Compounds within series 1.

Table 1. Computed values of £4 (in eV) for compounds within series I. The £4,, values are given without and
with (in parentheses) ZPE corrections. nr is the number of fluorine substituents.

B3LYP/6-31+G(d,p) MO06/6-31+G(d,p) B3LYP/6-311+G(3df)
e EA, Fdug EA, FAu EA, FEdo
T IF-a | 4.15 | 4.43(4.46) 418 —4.49 —4.06 437
IFb | 4.17 | 4.44(4.47) 419 451 410 439
IFc | 4.13 | 441 (4.4%) 417 448 —4.06 —435
2 | 2F-a | 430 | 4.59(4.62) 428 464 421 451
2Fb | 423 | 4.53(457) 426 462 414 445
2Fc | 428 | 4.57(46)) 428 464 419 —4.49
3 |3F 439 | —4.70 (4.74) 437 478 —429 —4.60
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For series I (Figure 2), various computational proce-
dures were tested (Table 1). Procedures B3LYP/6-
31+G(d,p) and B3LYP-D3/6-31+G(d,p) yield identi-
cal results, i.e., the influence of intramolecular disper-
sion interactions is negligible. For this reason, the £4
values for the D3-containing case are omitted in Table
1. From Table 1, it can be concluded that the electron
acceptor properties increase in the following order:

{1F-c < 1F-a < 1F-b} < {2F-b <2F-c <2F-a} < {3F}.

It is clear that the higher degree of fluorination
provides a stronger oxidizing ability. One can also see
that two positions of fluorine substituents (marked in
Figure 1) have a greater impact on the oxidizing abil-
ity, i.e., cause more negative EA values. Note that
these conclusions are supported by the data obtained
with different basis sets and exchange-correlation
functionals, with or without inclusion of the ZPE cor-
rections.

Table 2. Computed values of E4 (in eV) for compounds
within series II and III. The EA,, values are given without

the ZPE corrections. 7ny is the number of fluorine substitu-
ents.

eg?
s

Figure 3. Compounds in series II.

For series II (Figure 3), our computed values of £4 are
given in Table 2. These data suggest that the oxidizing
ability of the compounds within this series increases in

B3LYP/6-31+G(d,p) the following order:
I 1 {1F-a,d < 1F-b,c} < {2F-c < 2F-a,f < 2F-b,e < 2F-d }
e EA, Edug EA, EAa | < {3F-b,d<3F-ac} < {4F}.
1 1F-a -3.83 —4.07 -3.93 —4.18 Again, the oxidizing ability increases with the number
1F-b 335 2,10 303 419 of fluorine substituents. Within any given series (np =
e YT 770 3703 57 1, 2, or 3), tv.vo fayorable p051t1?ns 9f fluorine substit-
uents can be identified (marked in Figure 1).
1F-d | —3.83 | 407 | 391 —4.16 . _ _ _ _
The fluorine substituent in the quinone moiety
2 2F-a —3.88 —413 —3.98 —4.23 (series III) does not change the above conclusions.
2F-b -390 | 415 | 401 —4.26 | Nonetheless, the data in Table 2 suggest that in this
2F-c -3.86 —4.10 -3.96 —4.20 case, along with the two previously mentioned posi-
>Fd 307 16 ~2.00 LT tions of fluorine subs.tituents, there is a third p9siti9n
that can also be considered favorable (marked in Fig-
2F-e -3.89 -4.14 -3.97 —4.22
ure 1).
2F-f -3.89 -4.13 -3.98 —4.24 . .
In reduced species, the unpaired electrons of
3 3F-a —3.95 —4.20 —4.05 —4.31 quinone and nitroxide moieties are ferromagnetically
3F-b -3.91 —4.16 —4.01 —4.25 coupled. In all cases, our computed values of J,5 are
3o 3905 220 | 404 ~2.20 greater than zero. The energy of isotropic exchange is
3 =5 KT 0 —53 highly §en51tlve to structural parameters and is mainly
determined by two of them: bond length between the
4 aF —3.97 —4.22 —4.08 —4.33 quinone and nitroxide carbon atoms and the dihedral
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angle between the quinone and nitroxide planes (dcc and ¢necc , respectively). The DFT-computed values of J,z
are compiled in Tables 3 (for series I) and 4 (for series II and III), along with the key structural parameters. In
Tables 3 and 4, readers can see that shorter dcc and smaller gpnccc provide stronger coupling. The fluorine sub-
stituent at the position adjacent to the nitroxide moiety imposes steric constraints, which are reduced by an in-
crease in gnccc - This situation inevitably leads to weaker coupling (e.g., see data for series II and III). Note that
our data were obtained for geometries optimized for a solution in acetonitrile. In the solid phase, intermolecular
7—7 interactions come into play and induce changes in molecular structure, which will definitely change the en-
ergy of intramolecular isotropic exchange.

Table 3. Computed values of J,5 (in cm™) and key structural parameters (dcc in A and @ncce in degrees) for
compounds within series 1.

nE J 45 dec @NCCC

1 1F-a 62.6 1.466 62.4 ®
1F-b 1450 1.464 60.3 c,
1F-c 64.5 1.462 64.9 .ﬁ e

2 2F-a 108.0  1.465 60.9 ¢
2F-b 415 1.463 64.8
2F-c 1024 1.461 63.9

3 3F 76.8 1.461 63.7

Table 4. Computed values of J,5 (in cm™) and key structural parameters (dcc in A and gnccc in degrees) for
compounds within series II and I11.

II 111
g Jup dcc ONwee Jup dcc PNCce
1 1F-a 196.4 1.461 58.8 142.7 1.460 63.8
1F-b 157.6 1.462 59.1 119.2 1.461 63.6
1F-c 198.7 1.461 58.5 148.6 1.460 63.2
1F-d 137.8 1.462 59.2 101.8 1.461 63.8
2 2F-a 173.9 1.462 59.0 127.0 1.461 63.9
2F-b 215.0 1.461 58.4 153.8 1.460 63.6
2F-c 146.0 1.463 59.3 105.5 1.461 64.2
2F-d 174.6 1.462 58.7 129.7 1.460 63.4
2F-¢ 114.2 1.463 59.4 84.1 1.461 64.0
2F-f 155.7 1.462 58.7 114.4 1.460 63.5
3 3F-a 193.2 1.462 58.5 138.8 1.461 63.7
3F-b 122.3 1.463 59.8 89.1 1.462 64.5
3F-c 132.5 1.463 58.9 96.6 1.461 63.8
3F-d 168.0 1.462 58.7 119.1 1.461 63.9
4 4F 146.0 1.463 59.0 104.5 1.461 64.0
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CONCLUSIONS

Our quantum-chemical analysis of a wide range of
fluorinated quinone-nitroxides shows that their oxidiz-
ing ability increases with the number of fluorine sub-
stituents. Within any given series of species, positions
of fluorine substituents having a greater impact on the
oxidizing ability were identified. In the resulting
diradicals, the unpaired electrons of quinone and ni-
troxide moieties are expected to be ferromagnetically
coupled. The energy of isotropic exchange is highly
sensitive to structural parameters, especially to bond
length between the quinone and nitroxide carbon at-
oms and to the dihedral angle between the quinone
and nitroxide planes. This finding implies that ferro-
magnetic coupling may be either enhanced or weak-
ened in the solid phase.

This study revealed polyfluorinated quinone-
nitroxides that after one-electron reduction may yield
diradicals with a large enough triplet—singlet gap. For
synthetic chemists, it is a major challenge to synthe-
size them and to study the inherent magneto-structural
correlations. This is a work in progress.
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