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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-1) 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-
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dioxocyclohexa-1,4-dienyl-substituted nitronyl nitrox-

ide 1 (Scheme 1) [5].  

 

 

 

 

 

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 spin-unrestricted density functional theory 

(DFT). Full geometry optimizations of the radical 

(neutral, N) and diradical (anionic, A) 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 

M06 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 ε = 36.6 

(acetonitrile). 

  Electron affinities (vertical and adiabatic: EAv 

and EAad, repsectively) were computed according to 

the expressions 

EAv  = Etot(A) – Etot (Neq) 

EAad = Etot (Aeq) + ZPE (Aeq) – Etot (Neq) – ZPE (Neq) 

where Etot(A) is the diradical total energy calculated at 

the geometry optimized for the parent radical species, 

Etot(Neq) and Etot(Aeq) are the radical and diradical total 

energies computed at their equilibrium geometries, 

and ZPE(Neq) and ZPE(Aeq) are the corresponding zero 

point energy corrections. 

  For diradicals, isotropic exchange parameter JAB 

was calculated by the broken-symmetry methodology. 

The scheme proposed by Yamaguchi and coworkers 

was chosen [8]: 

 

 

 

 

 

 

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 GAUSSIAN09 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).  

Figure 1. Three series of fluorinated quinone-nitroxides. Positions of fluorine substituents, which provide more 

negative EA values, are marked by an asterisk.  

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

1F-а 

 

2F-а 

 

3F 

 

1F-b 

 

2F-b 

 

  

1F-с 

 

2F-с 

 

  

Figure 2. Compounds within series I. 

    B3LYP/6-31+G(d,p) M06/6-31+G(d,p) B3LYP/6-311+G(3df) 

nF   EAv EAad EAv EAad EAv EAad 

1 1F-а –4.15 –4.43 (–4.46) –4.18 –4.49 –4.06 –4.37 

  1F-b –4.17 –4.44 (–4.47) –4.19 –4.51 –4.10 –4.39 

  1F-c –4.13 –4.41 (–4.44) –4.17 –4.48 –4.06 –4.35 

2 2F-а –4.30 –4.59 (–4.62) –4.28 –4.64 –4.21 –4.51 

  2F-b –4.23 –4.53 (–4.57) –4.26 –4.62 –4.14 –4.45 

  2F-c –4.28 –4.57 (–4.61) –4.28 –4.64 –4.19 –4.49 

3 3F –4.39 –4.70 (–4.74) –4.37 –4.78 –4.29 –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 EA 

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-а < 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 EA (in eV) for compounds 
within series II and III. The EAad values are given without 
the ZPE corrections. nF is the number of fluorine substitu-
ents.  

 
Figure 3. Compounds in series II.  

For series II (Figure 3), our computed values of EA are 

given in Table 2. These data suggest that the oxidizing 

ability of the compounds within this series increases in 

the following order:  

{1F-a,d < 1F-b,c} < {2F-c < 2F-a,f < 2F-b,e < 2F-d } 

< {3F-b,d < 3F-a,c} < {4F}.  

Again, the oxidizing ability increases with the number 

of fluorine substituents. Within any given series (nF = 

1, 2, or 3), two favorable positions of fluorine substit-

uents can be identified (marked in Figure 1).  

  The fluorine substituent in the quinone moiety 

(series III) does not change the above conclusions. 

Nonetheless, the data in Table 2 suggest that in this 

case, along with the two previously mentioned posi-

tions of fluorine substituents, there is a third position 

that can also be considered favorable (marked in Fig-

ure 1).  

  In reduced species, the unpaired electrons of 

quinone and nitroxide moieties are ferromagnetically 

coupled. In all cases, our computed values of JAB are 

greater than zero. The energy of isotropic exchange is 

highly sensitive to structural parameters and is mainly 

determined by two of them: bond length between the 

quinone and nitroxide carbon atoms and the dihedral 

    B3LYP/6-31+G(d,p) 

    II III 

nF   EAv EAad EAv EAad 

1 1F-а –3.83 –4.07 –3.93 –4.18 

  1F-b –3.85 –4.10 –3.93 –4.19 

  1F-c –3.86 –4.10 –3.95 –4.21 

  1F-d –3.83 –4.07 –3.91 –4.16 

2 2F-а –3.88 –4.13 –3.98 –4.23 

  2F-b –3.90 –4.15 –4.01 –4.26 

  2F-c –3.86 –4.10 –3.96 –4.20 

  2F-d –3.92 –4.16 –4.00 –4.26 

  2F-e –3.89 –4.14 –3.97 –4.22 

  2F-f –3.89 –4.13 –3.98 –4.24 

3 3F-а –3.95 –4.20 –4.05 –4.31 

  3F-b –3.91 –4.16 –4.01 –4.25 

  3F-c –3.95 –4.20 –4.04 –4.29 

  3F-d –3.92 –4.16 –4.03 –4.28 

4 4F –3.97 –4.22 –4.08 –4.33 
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angle between the quinone and nitroxide planes (dCC and φNCCC , respectively). The DFT-computed values of JAB 

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 φNCCC 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 φNCCC . 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 

π–π 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 JAB (in cm-1) and key structural parameters (dCC in Å and φNCCC in degrees) for 

compounds within series I.  

 
Table 4. Computed values of JAB (in cm-1) and key structural parameters (dCC in Å and φNCCC in degrees) for 
compounds within series II and III.  

 

 

    II III 

nF   JAB dCC φNCCC  JAB dCC φNCCC  

1 1F-а 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-а 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-e 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-а 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. 

 

ACKNOWLEDGEMENTS 

This work was financially supported by the Russian 

Science Foundation (project No. 17-73-10238). The 

authors would like to acknowledge the Multi-Access 

Chemical Service Center SB RAS for spectral and 

analytical measurements. 

 

REFERENCES 

[1] (a) Supramolecular Engineering of Synthetic Me-

tallic Materials: Conductors and Magnets, (Eds. J. 

Veciana, C. Rovira, D. B. Amabilino), Kluwer Aca-

demic Publishers, Dordrecht/Boston/London, 1999; 

PMid:10534516  

(b) R. G. Hicks, in Stable Radicals: Fundamentals and 

Applied Aspects of Odd-Electron Compounds, John 

Wiley and Sons, Chichester, 2010. 

View Article      PubMed/NCBI       

[2] P. M. Lahti, in Molecule-Based Magnetic Materi-

als: Theory, Techniques, and Applications, (Eds. M. 

M. Turnbull, T. Sugimoto, L. K. Thompson), ACS, 

1996, Chap. 14, 218–235. PMCid:PMC2143442 

[3] (a) D. A. Shultz, in Magnetic Properties of Organic 

Materials, (Eds. P. M. Lahti, Maecel Dekker), New 

York, 1999, Chap. 6, 103–125;  

(b) E. Terada, T. Okamoto, M. Kozaki, M. E. Masaki, 

D. Shiomi, K. Sato, T. Takui, K. Okada, J. Org. 

Chem., 2005, 70, 10073–10083. PMid:16292842 

View Article      PubMed/NCBI       

[4] (a) M. Haraguchi, E. Tretyakov, N. Gritsan, G. 

Romanenko, D. Gorbunov, A. Bogomyakov, K. 

Maryunina, S. Suzuki, M. Kozaki, D. Shiomi, K. Sato, 

T. Takui, S. Nishihara, K. Inoue, K. Okada, Chem. 

Asian J., 2017, 12, 2929–2941; View Article PubMed/

NCBI  

(b) E. Tretyakov, A. Keerthi, M. Baumgarten, S. 

Veber, M. Fedin, D. Gorbunov, I. Shundrina, N. Grit-

san, ChemistryOpen, 2017, 6, 642–652; View Article 

PubMed/NCBI  

(c) E. Tretyakov, K. Okada, S. Suzuki, M. Baumgart-

en, G. Romanenko, A. Bogomyakov, V. Ovcharenko, 

J. Phys. Org. Chem., 2016, 29, 725–734; View Article 

(d) S. E. Tolstikov, E. V. Tretyakov, D. E. Gorbunov, 

I. F. Zhurko, M. V. Fedin, G. V. Romanenko, A. S. 

Bogomyakov, N. P. Gritsan, D. G. Mazhukin, Chem. 

Eur. J., 2016, 22, 14598–14604; View Article Pub-

Med/NCBI 

 (e) S. Tolstikov, E. Tretyakov, S. Fokin, E. Suturina, 

G. Romanenko, A. Bogomyakov, D. Stass, A. Mar-

yasov, M. Fedin, N. Gritsan, V. Ovcharenko, Chem. 

Eur. J., 2014, 20, 2793–2803. View Article PubMed/

NCBI          

[5] R. Kumai, M. Matsushita, A. Izuoka, T. Sugawara, 

J. Am. Chem. Soc., 1994, 116, 4523–4524. 

View Article             

[6] F. Neese, Wiley Interdiscip. Rev.: Comput. Mol. 

Sci., 2012, 2, 73. 

View Article             

[7] S. Sinnecker, A. Rajendran, A. Klamt, M. 

Diedenhofen, F. Neese, J. Phys. Chem. A, 2006, 110, 

2235. PMid:16466261 

View Article      PubMed/NCBI       

[8] M. Shoji, K. Koizumi, Y. Kitagawa, T. Kawakami, 

S. Yamanaka, M. Okumura, K. Yamaguchi, Chem. 

https://doi.org/10.1002/9780470666975
https://doi.org/10.1002/9780470666975
https://www.ncbi.nlm.nih.gov/pubmed/10534516%20(b)%20R.%20G.%20Hicks,%20in%20Stable%20Radicals:%20Fundamentals%20and%20Applied%20Aspects%20of%20Odd-Electron%20Compounds,%20John%20Wiley%20and%20Sons,%20Chichester,%202010.https:/doi.org/10.1002/9780470666975
https://doi.org/10.1021/jo051791w
https://doi.org/10.1021/jo051791w
https://www.ncbi.nlm.nih.gov/pubmed/16292842
https://www.siftdesk.org/article-details/Triplet-diradicals-derived-from-quinone-nitroxides-a-quantum-chemical-study/312
https://www.ncbi.nlm.nih.gov/pubmed/28940948
https://www.ncbi.nlm.nih.gov/pubmed/28940948
https://doi.org/10.1002/open.201700110
https://www.ncbi.nlm.nih.gov/pubmed/29046859
https://doi.org/10.1002/poc.3561
https://doi.org/10.1002/chem.201602049
https://www.ncbi.nlm.nih.gov/pubmed/27539325
https://www.ncbi.nlm.nih.gov/pubmed/27539325
https://doi.org/10.1002/chem.201302681
https://www.ncbi.nlm.nih.gov/pubmed/24677167
https://www.ncbi.nlm.nih.gov/pubmed/24677167
https://doi.org/10.1021/ja00089a070
https://doi.org/10.1021/ja00089a070
https://doi.org/10.1002/wcms.81
https://doi.org/10.1002/wcms.81
https://doi.org/10.1021/jp056016z
https://doi.org/10.1021/jp056016z
https://www.ncbi.nlm.nih.gov/pubmed/16466261


 

———————————————————————————————————————————————————————-

WWW.SIFTDESK.ORG 178 Vol-2 Issue-2 

SIFT DESK  

Phys. Lett., 2006, 432, 343. 

View Article             

[9] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. 

Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani, 

V. Barone, B. Mennucci, G. A. Petersson, H. Na-

katsuji, M. Caricato, X. Li, H. P. Hratchian, A. F. Iz-

maylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. 

Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, 

M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. 

Nakai, T. Vreven, J. A. Montgomery Jr., J. E. Peralta, 

F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. 

Kudin, V. N. Staroverov, R. Kobayashi, J. Normand, 

K. Raghavachari, A. Rendell, J. C. Burant, S. S. 

Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, 

M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Ada-

mo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. 

Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. 

Ochterski, R. L. Martin, K. Morokuma, V. G. 

Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannen-

berg, S. Dapprich, A. D. Daniels, O. Farkas, J. B. For-

esman, J. V. Ortiz, J. Cioslowski, D. J. Fox, Gaussi-

an09, revision A.02, Gaussian, Inc.: Wallingford, CT, 

2009. 

10.(a) S. E. Boesch, A. K. Grafton, R. A. Wheeler, J. 

Phys. Chem., 1996, 100, 10083–10087; View Article 

(b) A. Modelli, L. Mussoni, D. Fabbri, J. Phys. Chem. 

A, 2006, 110, 6482–6486. View Article PubMed/

NCBI 

[11] (a) E. Ruiz, J. Cano, S. Alvarez, P. Alemany, 

J. Comp. Chem., 1999, 20, 1391; View Article 

(b) E. Ruiz, A. Rodriguez-Fortea, J. Cano, S. Al-

varez, P. Alemany, J. Comp. Chem., 2003, 24, 

982; View Article 

(c) E. Ruiz, P. Alemany, S. Alvarez, J. Cano, J. 

Am. Chem. Soc., 1997, 119, 1297; View Article 

(d) E. Ruiz, P. Alemany, S. Alvarez, J. Cano, In-

org. Chem., 1997, 36, 3683; View Article 

(d) E. Ruiz, J. Cano, S. Alvarez, P. Alemany, J. 

Am. Chem. Soc., 1998, 120, 11122;View Article  

(e) E. Ruiz, C. Graaf, P. Alemany, S. Alvarez, J. 

Phys. Chem. A, 2002, 106, 4938; View Article  

(f) E. Ruiz, A. Rodriguez-Fortea, P. Alemany, S. 

Alvarez, Polyhedron, 2001, 20, 1323; View Article  

(g) E. Ruiz, J. Cano, S. Alvarez, A. Caneschi, D. 

Gatteschi, J. Am. Chem. Soc., 2003, 125, 6791;  

(h) A. Rodriguez-Fortea, P. Alemany, S. Alvarez, 

E. Ruiz, Eur. J. Inorg. Chem., 2004, 143;  

(i) P. Ghosh, E. Bill, T. Weyhermuller, F. Neese, 

K. Wieghardt, J. Am. Chem. Soc., 2003, 125, 

1293; View Article 

(j) E. M. Zueva, E. V. Tretyakov, S. V. Fokin, G. 

V. Romanenko, A. O. Tkacheva, A. S. Bogom-

yakov, O. V. Petrova, B. A. Trofimov, R. Z. 

Sagdeev, V. I. Ovcharenko, Russ. Chem. Bull., 

Int. Ed., 2016, 65, 666;  

(k) V. Ovcharenko, O. Kuznetsova, E. Fursova, 

G. Letyagin, G. Romanenko, A. Bogomyakov, E. 

Zueva, Inorg. Chem., 2017, 56, 14567; View Arti-

cle 

(l) I. L. Fedushkin, D. S. Yambulatov, A. A. 

Skatova, E. V. Baranov, S. Demeshko, A. S. Bo-

gomyakov, V. I. Ovcharenko, E. M. Zueva, Inorg. 

Chem., 2017, 56, 9825. View Article 

SIFT DESK , Deerpark Dr,  #75, Fullerton,CA,92831,United States.       Email: info@siftdesk.org 

https://doi.org/10.1016/j.cplett.2006.10.023
https://doi.org/10.1016/j.cplett.2006.10.023
https://www.siftdesk.org/article-details/Triplet-diradicals-derived-from-quinone-nitroxides-a-quantum-chemical-study/312
https://doi.org/10.1021/jp0605911
https://www.ncbi.nlm.nih.gov/pubmed/16706405
https://www.ncbi.nlm.nih.gov/pubmed/16706405
https://doi.org/10.1002/(SICI)1096-987X(199910)20:13%3c1391::AID-JCC6%3e3.0.CO;2-J
https://doi.org/10.1002/jcc.10257
https://doi.org/10.1021/ja961199b
https://doi.org/10.1021/ic970310r
https://doi.org/10.1021/ja981661n
https://doi.org/10.1021/jp015565b
https://doi.org/10.1016/S0277-5387(01)00613-1
https://doi.org/10.1021/ja021123h
https://doi.org/10.1021/acs.inorgchem.7b02308
https://doi.org/10.1021/acs.inorgchem.7b02308
https://doi.org/10.1021/acs.inorgchem.7b01344

