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Modeling EPR parameters of nitrogen containing conjugated 
radical cations  
L. Hermosilla,* P. Calle and J. M. García de la Vega 

The accuracy of DFT methodology on modeling isotropic hyperfine coupling constants (hfccs or aiso) of conjugated radical 
cations containing 14N nucleus, intermediates involved in many biological and chemical processes, is investigated. A set of 
222 hfccs, belonging to 50 radical species, are computed at the following levels of theory: PBE0/N07D, B3LYP/6-31G*, 
B3LYP/N07D, B3LYP/TZVP, and B3LYP/EPR-III, and compared to the available experimental values. In general, these five 
combinations of methods and basis sets estimate aiso(1H) in good agreement with experimental data. Conversely, selection 
of the basis set is of fundamental importance for accurate prediction of the 14N hfccs. A thorough analysis of the computed 
data allows us to establish that the best functional/basis set combination for obtaining accurate nitrogen coupling 
constants in conjugated radical cations is PBE0/N07D//B3LYP/6-31G*, which provides values with a discrepancy smaller 
than 1.5 G for most of constants. The model has been successfully tested on the calculation of 14N hfccs for different 
radical cation derivatives of syn-1,6:8,13-diimino[14]annulene, which is a highly demanding test because the strong 
experimental change in the aiso(14N) values critically depends on the local geometry of the diimino fragment which is 
function of the polymethylene chain length. Furthermore, a whole analysis of the computed structural parameters, NBO 
and distribution of the spin density of these annulene radicals has allowed to explain the huge increase of the aiso(14N) as 
well as their stability just for certain polymethylene chain length evidencing the formation of a N-N three electron σ bond. 

1. Introduction 
Nitrogen conjugated radical cations are labile intermediates 
involved in an important number of both biological and 
chemical processes of high interest. Transient nitrogen radical 
cations are the results of radiation-induced one-electron 
oxidation reactions of the purine and pyrimidine bases in 
cellular DNA, that is considered to be the most sensitive 
cellular target to produce DNA damage leading to the chain 
breaking.1-3 Electron Paramagnetic Resonance (EPR) has 
allowed to detect such radical species from purine and 
pyrimidine nitrogen bases,4 contributing to the better 
understanding of the complex radical chemistry triggered from 
the primary ionization event. On the other hand, the synthetic 
potential of amine radical cations is being explored in several 
new elegant methods to prepare amines with high yields. The 
ubiquity of amines in bioactive and pharmaceutical compounds 
has turned the development of efficient synthetic methods into 
a prolific research field. Among these methods, the photo-redox 
approach using sunlight stands out, not only because it is an 
environmental benign methodology but for its efficiency 
leading to uncommon reaction products.5-7 Generation of new 

C-N bond in initial amine I (Figure 1), acting as electron-donor 
under photo-redox conditions, leads to a higher functionalized 
amine IV. The mechanistic studies established that the 
intermediate formed in a one electron oxidation process is 
radical cation II.6,8-9 Amine radical cations are capable of 
initializing multiple downstream pathways, leading to diverse 
synthetic intermediates such as highly electrophilic iminium ion 
III7,10-12 which yields amine IV by the capture of a nucleophile. 
Alternatively, amine radical cation II can react by 
disproportionation, yielding nucleophilic α-amino radical V.5,13-

15 This neutral radical evolves to iminium ion III through one 
electron oxidation.15-16 
 

 

Figure 1. Scheme of amine synthetic photo-redox method. 

 
Intermediate amine radical cation II, which is an odd-electron 
species, is highly reactive. The introduction of aromatic 
substituents in the initial amine I is a useful strategy to lead to a 
stabilized nitrogen centered radical cation through 
conjugation,7,17-18 which produces in better yield the desired 
amine IV by selective nucleophilic attack on the conjugate 
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benzylic imine III. The presence of the conjugation in the 
intermediate radical structure makes easier its detection 
allowing to shed light on the reaction mechanisms that are not 
always well established.19-20 Among the available techniques to 
study radical cations in solution, EPR spectroscopy provides 
detailed information about the identity of intermediate 
structures by assignation of the observed isotropic hyperfine 
coupling constants (aiso or hfccs) to the corresponding nuclei. 
However, the assignment of the structure based on EPR hfccs 
of the radical intermediates is not obvious. The ability of the 
radical cations to evolve to other odd-electron species, by either 
an intramolecular pathway (e.g., isomerization, transposition, 
etc.) or by an intermolecular route (as dimerization, hydrogen 
abstraction …), is a source of misinterpretation of the EPR 
spectroscopic data leading to mistakes in the mechanistic 
interpretations. Therefore, a reliable protocol for the assignment 
of spin densities that enables the correct analysis of the 
experimental data is essential.  
In recent years, density functional theory (DFT) has been 
successfully applied to the prediction of hfccs of organic 
radicals.21 Several benchmark studies22-37 have tested a wide 
range of different methodologies, concluding22-26 that for the 
nuclei belonging to the three first rows of the Periodic Table the 
best overall results are obtained when B3LYP38-39 functional is 
combined with TZVP40 or EPR-III41-42 basis sets. However, the 
nitrogen nucleus 14N (nuclear spin I = 1) represents an 
exception. In particular, it was settled for the case of neutral 
aromatic radicals that the selection of the basis set is of 
fundamental importance in the prediction of accurate values of 
nitrogen hfccs.26,30,43 The number of components of d functions 
plays a key role, so that small basis sets like 6-31G*44-45 and 
N07D27-28 (6 d functions) combined with PBE046 or B3LYP 
functionals predict hyperfine constants that are closer to the 
experimental values than those obtained with larger basis sets 
with 5 d functions. As it is well known, the calculation of 
accurate values of aiso(14N) in flexible nitroxide radicals 
presents additional complexity, since effects like vibrational 
averaging, conformational flexibility and spin delocalization 
could play a significant role in determining this parameter. In 
general, static gas-phase quantum mechanical (QM) methods 
do not lead to very good results, which necessitates more 
complex computational approaches to provide a reliable 
description of the radical electronic structure. For instance, it 
has been shown that an accurate determination of aiso(14N) can 
be achieved by exploiting a combination of a QM time-
independent methodology with molecular mechanics/molecular 
dynamics (MM/MD) simulations to include vibrational and 
solvent effects.29,47-53 
As far as we know, there is not a systematic theoretical study 
on hfccs of organic conjugated radical cations containing 14N 
nucleus. This prompted us to benchmark the performance of 
several functionals and basis sets in the calculation of aiso(14N) 
of a wide set of conjugated radical cations belonging to a 
widespread range of chemical families in order to investigate 
whether the trend observed for cations is the same as for neutral 
radicals. A set of 50 paramagnetic species containing at least 
one 14N nucleus with known experimental hfcc has been 

considered. Calculation of the hfccs is carried out at five 
different levels of theory, based on their successful presence in 
the literature concerning hfccs calculation: PBE0/N07D, 
B3LYP/6-31G*, B3LYP/N07D, B3LYP/TZVP, and 
B3LYP/EPR-III.  
A thorough computational study on radical cations derivatives 
of syn-1,6:8,13-diimino[14]annulene with variable length of the 
polymethylene chain linking the two N atoms has also been 
performed in order to explore the large increase of the 14N hfcc 
with the length of the polymethylene chain together with an 
increase in the radical cation stability, which makes these 
species of particular interest.  
The main goal of this work is thus to investigate the 
performance of DFT methodology to obtain accurate values of 
spin densities of nitrogen conjugated radical cations. The 
efforts are devoted to the prediction of the values of aiso(14N) 
which represents the capital challenge searching for the best 
choice of functional and basis set combination for such a 
prediction. Besides, it is expected to be a useful tool for EPR 
spectroscopists, since reliable theoretical values could allow the 
correct assignment of the experimental isotropic coupling 
constants, leading to a better understanding of the complex 
mechanisms in which nitrogen radical cations are involved. 

2. Theory and computational details 
The isotropic hyperfine coupling constant is related to the spin 
density at the corresponding nucleus N by: 

                                     (1) 
 

where μ0 is the permeability of vacuum, ge is the electronic g 
factor, gN is the nuclear g factor of nucleus N, βe is the Bohr 
magneton, βN is the nuclear magneton of nucleus N, <Sz> is the 
mean value of Sz in the electronic state, and ρ(N) is the Fermi 
contact integral for nucleus N. This later integral is given by 

                                             (2) 
 

 is an element of the one-electron spin density matrix (the 
difference between the density matrices for electrons with α and 
β spins), φ are the atomic basis functions, and δ is the Dirac 
delta operator.  
Substituting the corresponding constants in (1), the conversion 
factors for the different nuclei are given by the expression: 

                                                (3) 
 

where aiso is obtained in Gauss and ρ(N) is expressed in au.  
This isotropic term is difficult to compute in quantitative 
agreement with the experimental data. For this reason, hfccs 
have received great attention from theoretical chemists since 
they are very sensitive to errors in the spin density at the 
nucleus. This fact shows that this property depends on the 
quality of the wave function employed and the level of 
calculation used, particularly, the electron correlation, the one-
electron basis set, and the molecular geometry. 
The set of radical cations investigated in the present work, that 
is schematically represented in Figure 2, comprises cations of 
pyrrole derivatives (radicals 1 and 2, respectively), 
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dihydrodiazaheterocyclics and their N-methyl derivatives (3–
16), heterotricyclics isoelectronically related to the phenalenyl 
radical and the radical anion of anthracene (17–21), amino 
derivatives of ethene and benzene (22–34), amino derivatives 
of conjugated hydrocarbons other than benzene (35–39), 
dihydropyridazine and phenyl-substituted hydrazines (40–42), 

diimino[14]annulenes (43–47), and diphenyldiazomethane and 
structurally related compounds (48–50). Both the radical cation 
and the trication of the hexaazaoctadecahydrocoronene (33 and 
34, respectively) have been considered; all the rest are 
monocations. 

 

Figure 2. Schematic geometrical structures of the conjugated radical cations. 
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Molecular geometries of the electronic ground state of each 
radical were fully optimized at the B3LYP/6-31G* level of 
theory due to its low computational cost and good results 
according to previous works.22-26 Harmonic vibrational 
frequencies were computed at the same level of theory as the 
geometry optimization to confirm the nature of the stationary 
points. 
The hfccs of the radicals were evaluated on the optimized 
structures at five different levels of theory: PBE0/N07D, 
B3LYP/6-31G*, B3LYP/N07D, B3LYP/TZVP, and 
B3LYP/EPR-III. N07D is a polarized split-valence basis set 
developed for the calculation of hfccs with an optimum 
compromise between reliability and computer time, specifically 
parameterized for both the PBE0 and the B3LYP functionals.27-

28 The 6-31G* basis set is a small double-ζ basis plus 
polarization, whereas TZVP and EPR-III are DFT-optimized 
triple-ζ basis sets. The last one is a larger basis set, including 
diffuse functions, double d-polarizations and a single set of f-
polarization functions, also optimized for the computation of 
hfccs by DFT methods. 
Natural Bond Orbitals (NBO) were computed on the optimized 
structures of radicals 43–47 at PBE0/N07D and B3LYP/cc-
pVTZ54 levels of theory. 
Geometry optimizations and calculation of vibrational 
frequencies, hfccs and NBO were carried out with the 
Gaussian09 software package.55 
Atomic contributions to density deformations of radicals 43–47 
were computed at B3LYP/cc-pVTZ level of theory on the 
optimized geometries using DAMQT 2.0 package,56 with an 
atomic multipolar expansion of the density up to 10th order. 
This program uses a method based on the deformed atoms in 
molecules (DAM) partition,57-60 which enables to write the 
molecular density as a sum of pseudoatomic contributions 
defined with a least deformation criterion. 

3. Results and discussion 
3.1. Overall performance in modeling hfccs of nitrogen 
containing conjugated radical cations 

The computed hyperfine coupling constants of 14N nuclei 
obtained for the 50 radical cations are summarized and 
compared with the experimental values in Table 1. The first 
column corresponds to the number of each radical in Figure 2. 
The second column indicates the number of equivalent N 
atoms. The following five columns report the theoretical hfcc 
values obtained at the different levels of theory: PBE0/N07D, 
B3LYP/6-31G*, B3LYP/N07D, B3LYP/TZVP, and 
B3LYP/EPR-III, all of them carried out on the geometries 
previously optimized at B3LYP/6-31G*. In the last two 
columns, the experimental hfccs and their bibliographic 
references are listed. The experimental aiso are given as absolute 

values and the sign has been included just in the theoretical data 
(the sign is not determined directly by EPR experiments; it is 
assigned on the basis of theoretical results or from double 
ENDOR or TRIPLE resonance techniques). Nevertheless, 
comparison of absolute values has been considered henceforth. 
The hyperfine coupling constants of 1H nuclei have also been 
computed (provided in Table S1 in the Electronic 
Supplementary Information (ESI)), being these theoretical 
values in very good agreement with the experimental values, 
regardless of the level of theory employed. This result, which is 
consistent with those obtained in previous works on different 
types of organic radicals, even on nitrogen containing species,26 
contrasts with that found in the case of 14N hyperfine constants, 
as explained in detail below. Therefore, only the 14N hfcc data 
have been considered in the further analysis, although in some 
cases comparison between both nuclei is performed for 
completeness. 
For each level of theory, a total of 57 aiso(14N) values have been 
compared with the available experimental data. Radicals 19 and 
21, whose hfccs have not been computed at B3LYP/EPR-III 
because this basis set is not parameterized for sulfur atom, are 
an exception.  
A first glance at the results collected in Table 1 shows that the 
experimental aiso(14N) vary from 1.29 to 26.6 G, but most of 
them are under 10 G. These values are the expected ones for 
conjugated radicals, in which the spin density is shared with the 
aromatic π-system. The constants that fall far outside this range 
(radicals 45–47) will be specifically discussed in section 3.2.  
Different factors contribute to the 14N isotropic hyperfine 
coupling constant magnitude. Firstly, it depends on the 
pyramidalization at the nitrogen center, in such a way that a 
non-planar geometry around the N atom tends to increase the 
aiso(14N). Moreover, in aromatic nitrogen systems, the 
conjugative effect (interaction between the nitrogen lone pair 
and the aromatic π system) is crucial. In the case of aniline 
derivatives, ArNRR’, this effect is maximum in general in the 
planar form (N-R, N-R’ bonds coplanar with the aromatic ring) 
and absent in the perpendicular one (N-R, N-R’ bonds 
orthogonal to the aromatic ring). In the derivatives with the 
ortho substituents on the aromatic ring, the steric interaction of 
R and R’ groups on the nitrogen has the opposite effect, being 
higher in the planar form than in the perpendicular one. The 
most stable radical conformation would be the result from a 
balance between these opposite factors. On the other hand, the 
effect of a para ring substituent depends on the electron 
donating or electron withdrawing character. On the basis of 
these substantial considerations, we analyzed the values of the 
nitrogen hyperfine coupling constants of the studied radicals, 
and the performance of the different methods/basis sets to 
model these magnetic parameters. 
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Table 1. Theoretical hyperfine coupling constants (G) of 14N nucleus of the conjugated radical cations at the following levels: PBE0/N07D, B3LYP/6-31G*, B3LYP/N07D, B3LYP/TZVP, 
and B3LYP/EPR-III. All calculations were carried out on the geometries optimized at B3LYP/6-31G*. 

   
aiso (theoretical)  

experimental    
PBE0  B3LYP  

no. nuclei 
 

N07D  6-31G* N07D TZVP EPR-III  aiso ref 

1 N  –3.9  –3.2 –3.5 –3.5 –3.4  4.0 [61-62] 

2 N  –4.2  –3.3 –3.6 –3.6 –3.5  4.2 [62] 

3 2N  +6.9  +6.7 +6.5 +4.8 +5.4  7.40 [63] 

4 2N  +8.4  +7.7 +7.7 +6.0 +6.6  8.36 [64] 

5 2N  +6.3  +6.0 +5.8 +4.4 +4.9  6.65 [63] 

6 2N  +7.5  +6.7 +6.8 +5.2 +5.8  7.42 [65] 

7 2N  +2.7  +2.6 +2.6 +1.9 +2.2  2.86 [66] 

8 2N  +3.5  +3.2 +3.2 +2.4 +2.7  3.40 [66] 

9 2N  +5.6  +5.3 +5.2 +3.9 +4.4  6.12 [63] 

10 2N  +6.7  +5.9 +6.1 +4.7 +5.2  6.86 [67] 

11 2N  +4.2  +3.7 +3.8 +2.9 +3.2  4.34 [68] 

12 2N  +4.0  +3.6 +3.6 +2.7 +3.1  4.08 [69] 

13 2N  +3.4  +3.3 +3.7 +2.4 +2.7  3.56 [63] 

14 2N  +4.4  +4.0 +4.0 +3.1 +3.4  4.23 [70] 

15 2N  +3.9  +3.8 +3.6 +2.7 +3.1  4.04 [71] 

16 2N  +5.0  +4.5 +4.6 +3.5 +3.9  4.70 [71] 

17 N  +1.8  +1.2 +1.2 +1.1 +1.1  1.29 [72] 

18 2N  +2.8  +2.4 +2.4 +1.6 +1.9  2.80 [73] 

 2N’  +7.4  +7.0 +6.9 +4.9 +5.6  6.18  

19 2N  +4.1  +3.7 +3.7 +2.7 a  4.00 [73] 

 2N’  +6.7  +6.3 +6.3 +4.5 a  5.96  

20 N  +6.9  +6.4 +6.3 +4.8 +5.3  7.83 [74] 

21 N  +5.8  +5.5 +5.3 +4.0 a  6.41 [74] 

22 2N  +8.1  +7.5 +7.5 +5.8 +6.4  6.95 [75] 

23 4N  +4.6  +4.6 +4.4 +3.7 +3.9  4.90 [75] 

24 N  +6.7  +6.8 +6.3 +4.7 +5.3  7.68 [76] 

25 N  +6.8  +6.8 +6.4 +4.8 +5.3  8.01 [76] 

 N’  –2.0  –1.6 –1.7 –1.8 –1.7  2.06b  

26 N  +10.7  +9.7 +9.7 +7.6 +8.3  11.17 [77] 

27 2N  +4.7  +4.9 +4.5 +3.3 +3.7  5.29 [78] 

28 2N  +3.9  +4.2 +3.7 +2.7 +3.0  4.72 [79] 

29 N  +8.2  +7.4 +7.4 +5.8 +6.4  7.62 [77] 

 N’  +4.0  +4.3 +3.9 +2.8 +3.2  4.73  

30 2N  +7.1  +6.5 +6.5 +5.1 +5.6  7.02 [80] 

31 4N  +4.3  +4.0 +4.1 +3.4 +3.6  3.57 [81] 

32 2N  +7.1  +6.5 +6.5 +5.1 +5.6  6.82 [82] 

33 6N  +2.5  +2.3 +2.3 +1.8 +2.0  2.60 [83] 

34 6N  +2.6  +2.4 +2.4 +1.8 +2.0  2.81 [83] 

35 2N  +3.0  +3.2 +2.9 +2.1 +2.4  3.60 [84] 

36 2N  +5.0  +4.5 +4.5 +3.5 +3.9  4.88 [84] 

37 N  +8.5  +7.7 +7.6 +5.9 +6.5  9.03 [85] 

38 N  +8.0  +7.3 +7.3 +5.6 +6.2  8.56 [85] 

Page 5 of 13 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



RSC Advances  PAPER 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 6 

 

 

39 N  +9.9  +8.8 +8.8 +6.9 +7.6  10.19 [85] 

40 2N  +7.3  +7.1 +6.9 +5.3 +5.9  7.81 [86] 

41 2N  +8.0  +7.3 +7.3 +5.6 +6.2  8.79 [87] 

42 2N  +6.5  +6.0 +5.9 +4.5 +5.0  7.52 [88] 

43 2N  +7.2  +6.8 +7.0 +6.1 +6.4  6.33 [89] 

44 2N  +6.4  +6.2 +6.3 +5.3 +5.6  6.11 [89] 

45 2N  +15.5  +13.9 +14.6 +12.6 +13.4  16.85 [89-90] 

46 2N  +23.2  +21.0 +22.4 +20.9 +21.4  25.7 [89,91] 

47 2N  +25.1  +22.8 +24.4 +22.9 +23.4  26.6 [89] 

48 N  +4.5  +4.1 +4.6 +2.6 +3.4  4.4 [92] 

 N’  –3.9  –2.7 –3.2 –3.6 –3.4  3.3  

49 N  +4.6  +4.3 +4.7 +2.7 +3.5  4.0 [92] 

 N’  –3.2  –2.2 –2.5 –3.1 –2.8  3.2  

50 N  +4.1  +3.8 +4.2 +2.3 +3.1  4.4 [92] 

 N’  –3.2  –2.2 –2.5 –3.0 –2.8  3.8  

aEPR-III basis set is not parameterized for third row nuclei. bExperimental datum was assigned with opposite sign.76,93 

 

The increase in the aiso(14N) values observed in the substitution 
of protons at the N atom by methyl group in couples of radicals 
1 vs 2, 3 vs 4, 5 vs 6, 7 vs 8, 9 vs 10, 13 vs 14, 15 vs 16, 27 vs 
29, 29 vs 30, and 35 vs 36 is well reproduced in the calculation 
scheme. The calculated geometry shows a slight 
pyramidalization when replacing hydrogen atom by methyl 
group in some of these cases (the out of plane dihedral angle 
reaches a maximum value of 2.5º), but not in all of them. 
Therefore, the increase in electron density cannot be attributed 
only to this effect. The electron donation by inductive effect of 
the methyl group seems to be the main responsible of the 
observed increase. This result is reinforced when we analyze 
the couples of radicals 27 vs 29, 29 vs 30, and 35 vs 36, which 
show the greater differences in hfccs, and wherein substitution 
of two H atoms by methyl groups has been made. A similar 
enhance in aiso(14N) is found when protons at the N atom are 
replaced by a phenyl ring (compare radicals 24, 37 and 39), 
pointing out the electron donation effect of this group by 
resonance. 
As expected, the nitrogen coupling constant decreases with 
expansion of the π-system (see, for instance, couples of radicals 
3 vs 5, 4 vs 6, 5 vs 9, and 6 vs 10) and/or introduction of a 
second amino group (radicals 24 and 27), a result also 
reproduced by the computational models. 
The series of radical cations 43–47 constitutes an special case 
in which the aiso(14N) increases greatly with the length of the 
polymethylene chain linking the N atoms, increase closely 
reproduced by the theoretical calculation schemes. A detailed 
analysis provided by the model, linking the experimental 
attributes with structural features, is displayed in the next 
section. 
Both σ and π structures have been experimentally observed for 
the radical cation of diphenyldiazomethane (48) and its 
structurally related 50 but, to our knowledge, only the π system 
has been detected for the radical cation 49.92-93 The π-radical 
cations are expected to have a linear CNN group which should 

be bent in their σ counterparts. It has been found92 that the 
structure of radical 48 only depends on experimental 
conditions, which indicates that both states are energetically 
very close. Nevertheless, previous theoretical calculations,92 
and those carried out in the present work indicate that the π 
structure is more stable in the three cations 48–50. Thus, only 
this one has been considered in the present study leading to 
obtaining calculated hfccs values that are quite close to the 
experimental ones. 
A thorough analysis of data in Table 1 indicates that 
PBE0/N07D, B3LYP/6-31G*, and B3LYP/N07D levels 
reproduce with accuracy the values of the experimental 14N 
hfcc, whereas B3LYP/TZVP and B3LYP/EPR-III combinations 
tend to underestimate this constant in a great amount, specially 
that of the TZVP basis set. Taking into account that both the 
N07D and 6-31G* basis sets are smaller, and therefore more 
computationally economical, the combinations with TZVP and 
EPR-III are not recommended for this kind of calculations.  
In order to better analyze the results, the calculated vs 
experimental aiso of 14N nuclei for the 50 species are plotted in 
Figure 3, at the three more reliable calculation levels. We have 
considered in the further analysis only the hfcc data obtained 
with N07D and 6-31G* basis sets, although all the data 
obtained at the five calculation levels are displayed in Figure S1 
in the ESI. The range 0 – 10 G is represented in Figure 3 for 
clarity, since most of the data lie in this range, as previously 
exposed (plot of the whole range is shown in Figure S1 in the 
ESI). Figure 3 clearly shows that the representation of 
calculated against experimental hfccs shows a linear 
dependence (fits are plotted as solid lines, see below). Good 
performance in the prediction of 14N coupling constant is found 
for the three levels of theory, with no large dispersion nor major 
discrepancies in any of the data in general. Roughly, theoretical 
calculations tend to underestimate the values of aiso(14N), the 
decrease being smaller in the case of PBE0/N07D level of 
theory than in the two other cases. 
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Figure 3. Plot of theoretical vs experimental aiso(14N) of the conjugated radical cations 
in the range 0 – 10 G, calculated at PBE0/N07D ( ), B3LYP/6-31G* ( ), and 
B3LYP/N07D ( ) levels of theory. Linear fits are represented by solid lines. 

 
Representation of calculated vs experimental aiso(1H) at the five 
calculation levels are also provided in Figure S2 in the ESI for 
comparison. As previously indicated, all the five levels of 
theory estimate aiso(1H) in very good agreement with the 
experimental data, and there is not much discrepancy among 
the results obtained with the different basis sets. 
Additional information can be extracted from the analysis of 
the absolute (|aiso,calc|–|aiso,exp|) and relative ((|aiso,calc|–
|aiso,exp|)/|aiso,exp|) deviations of the calculated aiso(14N) compared 
to the corresponding experimental data. Figure 4 shows these 
results for the three more reliable levels of theory, although 
comparison of all the five calculation levels is displayed in 
Figure S3 in the ESI. As a general trend, it is possible to point 
out that PBE0/N07D yields predictions in better agreement to 
the experimental than the other two computational schemes. 
The vast majority of the data has a discrepancy lower than 1.5 
G. Radicals 45–47 are the exceptions, as their relative 
deviations are much higher, especially in the case of 
B3LYP/N07D and B3LYP/6-31G* levels of theory. The 
explanation is that their hfccs are much larger (16.85 – 26.6 G), 
so it is acceptable a discrepancy of 3 – 5 G. In fact, the relative 
deviations (bottom of Figure 4), which are more meaningful, 
are not very large in the case of these three radicals, but are 
within a range of around 20%, as most of the rest of data. In 
this part of this Figure 4, three outliners which correspond to 
radicals 17, 49 (N’) and 50 (N’) attract attention because of 
their larger differences. Contrary to the previous case, small 
hfcc values with a small absolute difference lead to a large 
relative error.  

 

Figure 4. Absolute (top) and relative (bottom) deviation of the calculated aiso(14N) of the 
conjugated radical cations computed at PBE0/N07D ( ), B3LYP/6-31G* ( ), and 

B3LYP/N07D ( ) levels of theory. 

 
While Figures 3 and 4 give a broad overview for the three more 
reliable computational protocols, we have also carried out a 
closer inspection of the results by means of a statistical analysis 
of all the five levels included in Table 1. The number of data is 
high enough to extract general conclusions as regards the 
prediction of 14N hfccs on conjugated radical cations. The 
results for the linear regression analysis for the computation of 
this parameter over the five sets of data are given in Table 2. 
The corresponding linear fits are represented by solid lines in 
Figure 3, and Figures S1 and S2 in the ESI (regression lines of 
plots in the range 0 – 10 G are also those corresponding to the 
linear fits of all data points). Statistics of calculated values are 
based on different parameters of the regression analysis: 
intercept, slope, correlation coefficient (R2) of the least-squares 
fit, as well as the number of data (N), range (minimum and 
maximum absolute values), maximum absolute error, mean 
absolute deviation (MAD), and the ratio range/MAD. 
A similar regression analysis was also carried out for 1H nuclei. 
The statistical parameters are summarized in Table S2 in the 
ESI.  
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Table 2. Regression analysis for predictions of 14N hfccs (G). 

Level of theory intercept slope R2 N ǀminǀ ǀmaxǀ 
max. absolute 

error 
MADa range/MAD 

PBE0/N07D 0.3795 0.9103 0.9850 57 1.8 25.1 2.5 0.50 46.60 

B3LYP/6-31G* 0.3857 0.8303 0.9822 57 1.2 22.8 4.7 0.82 26.34 

B3LYP/N07D 0.1371 0.8794 0.9825 57 1.2 24.4 3.3 0.78 29.74 

B3LYP/TZVP –0.5771 0.8125 0.9671 57 1.1 22.9 4.8 1.80 12.11 

B3LYP/EPR-III –0.3302 0.8368 0.9795 54 1.1 23.4 4.3 1.43 15.59 

a MAD (Mean Absolute Deviation) =  −
N

i
isoiso expacalca

N
)()(

1
.  

      

A first conclusion that is worth to stress as regards of Table 2 is 
that, as mentioned above, TZVP and EPR-III basis sets with the 
B3LYP hybrid functional yield results worse than those 
predicted with the smaller split-valence 6-31G* and N07D 
basis sets with either B3LYP or PBE0 functionals. All the 
parameters of the regression analysis support this result: they 
have the poorest correlation coefficients, slopes and 
range/MAD ratios, as well as higher values of mean absolute 
deviations. As found in previous works on neutral aromatic 
radicals,26-28 the number of components of d functions seems to 
be of fundamental importance in the calculation of aiso(14N) of 
conjugated radical cations as well, and the additional s function 
implicitly added when using a 6 d set (in 6-31G* and N07D 
basis sets) plays a non-negligible role in completing the s space, 
and thus in obtaining more accurate hfccs in spite of the smaller 
size. 
The correlation coefficient of the three more reliable 
calculations (those of 6-31G* and N07D basis sets) are very 
high (>0.98), that of the PBE0/N07D level being slightly larger. 
Consequently, any of them is expected to predict values with no 
high scattering, in concordance with what is observed in 
Figures 3 and 4. 
The slopes of the least-squares fits for B3LYP/6-31G* and 
B3LYP/N07D computations, although not bad, are not so close 
to the unity as that of PBE0/N07D. Given that intercepts in all 
the three cases are quite close to zero (<0.39 G), it is possible to 
conclude that values provided by the latter combination 
correlate to the experimental data better than the rest. Since the 
intercepts are close to zero, larger the slope further away the 
calculated values are from the experimental, being the 
differences among the levels of theory as noticeable as higher is 
the magnitude of the hfcc (see Figure S1 in the ESI). 
As expected, all the rest of the regression parameters are also in 
accordance with the fact that PBE0/N07D level of theory is 
preferred to predict 14N hfcc of this kind of species. It has the 
lower error and MAD as well as much larger range/MAD ratio, 
which is the most representative parameter to take into account 
for the relative comparison of the accuracy of the different 
methodologies. 
It is important to stress that computed values of aiso(14N) at 
PBE0/N07D level of theory using only the static gas-phase 
optimized structures of the radical cations are in very good 
agreement with the experimental data. It is well known that 
calculation of accurate values of 14N hfcc usually requires 
inclusion of factors like vibrational averaging, conformational 
flexibility and/or environmental effects, by means of more 

complex integrated strategies. For instance, several cases of 
flexible nitroxide-type radicals have been studied in depth by 
using this kind of approaches, including molecular dynamics 
simulations with ad hoc force fields combined with time-
independent calculations of vibrational averaging effects.29,47-53 
The very good predictions obtained in the case of conjugated 
radical cations with static gas-phase calculation at 
PBE0/N07D//B3LYP/6-31G* level suggest that, presumably, 
conjugation constrains the flexibility of the molecular 
structures, so that environmental and/or vibrational effects 
would not play a significant role in determining this parameter. 
This is a very important finding because the computation model 
provides a general reliable tool to interpret the experimental 
data without further sophisticated calculations.  
 
3.2. Modeling hfccs of derivatives of syn-1,6:8,13-
diimino[14]annulene radical cations 

As previously mentioned, we have devoted special attention to 
the family of radical cations 43–47, derivatives of syn-1,6:8,13-
diimino[14]annulene, in which the two N atoms are linked by a 
polymethylene chain, –(CH2)n–  (n = 1 – 4 correspond to cation 
radicals 43–46, respectively), and the radical cation of N,N’-
dimethyl-syn-1,6:8,13-diimino[14]annulene, radical 47. In this 
family, a large range in the experimental values89-91 of the hfccs 
for the nitrogen nuclei was observed, going from 6.33 G for 
radical 43 to 25.7 G for radical 46, that is, an increase of around 
20 G when the chain goes from n = 1 to n = 4. Radical cation 
47, that could be considered as having a very long 
polymethylene chain joining the N atoms, shows larger 
aiso(14N) value (26.6 G). In radicals 45 and 46, the high 
experimental aiso(14N) value is accomplished by a spectacular 
increase in the radical cation stability, allowing 
crystalization.89-91,93 Perchlorate salt of radical cation 47 was 
also isolated but not sufficiently stable for an X-ray 
crystallographic structure analysis.89 The high thermodynamic 
and kinetic stability, as well as the size of the 14N coupling 
constants, which is unusually large for a π-radical cation 
extending over 14 C atoms, strongly suggest that 45–47 radical 
cations are N-centered paramagnetic species with a N-N 
intramolecular three electron σ bond. The bond formation has 
been supported by the shortening of the N-N distances, 
determined by X-ray crystallography, in 45 (2.160 Å) and 46 
(2.189 Å) radical cations with respect to the neutral molecules 
(2.705 and 2.560 Å, respectively). However, formation of such 
a bond could not take place in radicals 43 and 44 due to the 
relative orientation of the N lone pairs driven by the short 

Page 8 of 13RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



RSC Advances  PAPER 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 9 

 

 

chain.89-91,93-94 In order to study the nature of the N-N 
interaction, the theoretical data obtained from the DFT 
calculations were analyzed in depth and compared to the 
experimental data. Table 3 lists the structural parameters (N-N 
distance, C-N-C bond angle, and Cring-Cring-Cbridge-N torsion 
angle) of the B3LYP/6-31G* optimized geometries of radicals 
43–47, together with the available experimental data 
determined by X-ray crystallographic structure analysis. The 
calculations closely reproduce the experimental distances and 
angles of radicals 45 and 46, and clearly show the shortening of 
the N-N distance when passing from radical cation 44 (2.462 
Å) to 45 (2.190 Å), which is indicative of an onset of a bonding 
interaction between the two N atoms. Moreover, the averaged 
torsion angle φ, which indicates the degree of pyramidalization 
of the N atoms, also points out in the direction of a different 
behaviour when the polymethylene chain rises n > 2. The 
change of the sign of such an out-of-plane angle indicates that 
the nitrogen atoms are positioned at different sides of the plain 
defined by the C atoms, as can be clearly seen in Figure 5 
where optimized geometries of radicals 43–47 are 
schematically represented. The shortening of the N-N distance 
and the change in the arrangement seem to be crucial in the 
type of the interaction between the two nitrogen atoms. 
 
 

Table 3. Theoretical structural parameters of radicals 43–47 at B3LYP/6-31G* level of 
theory. Available experimental data determined by X-ray crystallography in 
parenthesis. 

Radical no. N-N distance / Å χ bond anglea,b / º φ torsion anglea,c / º

43 2.296 112.7 –29.2 

44 2.462 118.7 –12.9 

45 2.190 (2.160d) 119.2 (119.1d) 10.4 

46 2.249 (2.189e) 117.1 (116.7e) 19.9 

47 2.236 116.7 21.0 

aAveraged values. bχ is the bond angle C-N-C. cφ is the out-of-plane dihedral angle 
Cring-Cring-Cbridge-N. dFrom ref 90. eFrom ref 91. 

 

 
Figure 5. Schematic representation of the optimized geometries of radicals 43–47 at 

B3LYP/6-31G* level of theory. 

 
 
In order to settle the nature of the N-N intramolecular 
interaction, natural bond orbitals (NBO) analysis was also 
carried out at PBE0/N07D and B3LYP/cc-pVTZ levels of 
theory on the previously optimized structures of paramagnetic 
species 43–47. Both combinations lead to qualitatively similar 
results, so only results at B3LYP/cc-pVTZ are analyzed 
henceforth. Figure 6 depicts the localization of the involved 
NBO of radicals 44 and 45. Orbitals of the N atoms in radical 
44 are of the lone pair type (occupancy between 0.75e – 0.94e). 
They have more than 97% p-character and no interaction 
between the nitrogen atoms. A different scenario is found in 
radical 45, since apart from two lone pair type NBO 
(occupancy 0.96e), a σ(N-N) orbital arises, which is consistent 
with the formation of a N-N three electron σ bond. NBO 
analysis of radical cations 43, 46 and 47 (provided in Figure S4 
in the ESI) indicates the absence of such a bond in the first 
radical and the presence in the last two. This result agrees with 
the experimental findings. The remaining results explained 
below also point out a similar behaviour between radicals 43 
and 44, and among cations 45–47, so that radicals 44 and 45 
have been chosen as representative cases of absence and 
presence, respectively, of N-N three electron σ bond 
henceforth. As can be observed in Figure 6 (and Figure S4 in 
the ESI), the relative orientation of the lone pairs is slightly 
different in the two groups due to the driving force of the 
connecting chains. The small size of the groups linking the two 
N atoms in radicals 43 and 44 forces the lone pairs to be 
oriented away from the facing nitrogen atoms, avoiding the 
formation of a bond. By contrast, a longer polymethylene chain 
allows the lone pairs to be directed toward each other, leading 
to the formation of the N-N three electron σ bond. 
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Figure 6. Plot of selected NBO of radicals 44 (top) and 45 (bottom), computed at 
B3LYP/cc-pVTZ//B3LYP/6-31G* level of theory. 

 
Electron density of radicals 43–47 was also computed at 
B3LYP/cc-pVTZ level of theory using DAMQT 2.0 package, 
with an atomic multipolar expansion of the density up to 10th 
order. In Figure 7, the N atomic contributions to the positive 
density deformations (charge accumulation) of the radical 
cations 44 and 45 has been plotted at the contour level of 0.001 
a.u. (results for radicals 43, 46 and 47 are provided in Figure S5 
in the ESI). It can be clearly seen the lack of density between 
the nitrogen atoms in radicals 43 and 44, while the contribution 
in the internuclear region is large in radicals 45–47, in full 
agreement with the NBO analysis and the experimental results. 
 

 

Figure 7. Plot of N atomic contributions to positive density deformations (contour = 
0.001 a.u.) of radicals 44 (top) and 45 (bottom), computed at B3LYP/cc-pVTZ//B3LYP/6-

31G* level of theory. 

The accommodation of almost the entire spin population in the 
nitrogen orbitals participating in the three electron σ bond leads 
to the large aiso(14N) values observed for radicals 45–47, if 
compared to those of species 43 and 44 where the spin 
population is expected to be shared with the aromatic π-system. 
As shown in Figure 8 (and Figure S6 in the ESI), plot of spin 
densities clearly supports this issue, since the spin population is 
almost completely located in the N atoms in radicals 45–47, 
whereas it is more delocalized onto the ring in radicals 43 and 
44. However, the differences in the nitrogen hfcc values by the 
increase of a methylene unit going from cation 45 to 46 is not 
explained in terms of spin population because in both radicals 
the population is located entirely in the N-N bond. The 
explanation has to be found in the pyramidalization of the N 
atoms that increases the s character of the orbitals 
accommodating the odd electron and thus causing the observed 
rise of the 14N coupling constant in radical 46 related to 45.91 

The decrease in the C-N-C bond angle (χ, listed in Table 3) 
from a value very close to 120º for radical cation 45 
(corresponding to sp2 hybridization at the nitrogen atom) to 
∼117º for radical 46, and the increase in the nitrogen out-of-
plane φ from ∼10º to ∼20º, clearly point to the rise of the s 
character in the N AOs participating at the N-N bond that 
moves from sp2 into the direction of sp3 hybridization, and 
therefore rationalizes the observed increase of the 14N coupling 
constants with decreasing angle χ. Radical 47 shows also a very 
large experimental aiso(14N) value, even slightly larger than that 
observed for cation 46 (26.6 versus 25.7 G). Moreover, this 
radical cation has been described as very stable,89 although no 
crystallographic data are available. Our model predicts for 
radical 47 a N-N distance slightly lower and also a 
pyramidalization degree of the N atoms slightly greater than 
radical 46, as it is displayed in Table 3, supporting the 
experimental features observed for this radical. 
 

 

Figure 8. Plot of spin densities (contour = 0.005 a.u.) of radicals 44 (top) and 45 
(bottom), computed at PBE0/N07D//B3LYP/6-31G* level of theory. 
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Plot of computed aiso(14N) values for radicals 45–47 versus C-
N-C bond angle results in an almost perfect straight line, as 
shown in Figure 9. Linear dependence has been previously91 
pointed out for the set of experimental data including radical 
cations 45, 46 and also 1,6-diazabicyclo[4.4.4]tetradecane 
radical cation, with a regression line also represented in Figure 
9. Agreement between both fit lines is evident, which is another 
proof of the good performance of the theoretical model 
proposed in this paper. 

 

Figure 9. Plot of computed data (PBE0/N07D//B3LYP/6-31G*) of aiso(14N) versus C-N-C 
bond angle χ for radicals 45–47 ( ), and experimental data90-91 of radicals 45 and 46 (

). Linear fits are represented by solid lines. Regression line of experimental data 
includes 1,6-diazabicyclo[4.4.4]tetradecane.91 

Conclusions 
The performance of several functionals and basis sets in the 
calculation of isotropic hyperfine coupling constants of a wide 
set of organic conjugated radical cations has been analyzed by 
comparing experimental data, 57 aiso(14N) and 165 aiso(1H), to 
the corresponding computational values obtained from 
calculations at five different levels of theory: PBE0/N07D, 
B3LYP/6-31G*, B3LYP/N07D, B3LYP/TZVP, and 
B3LYP/EPR-III. 
As in previous works on nitrogen containing radicals, the 
prediction of aiso(1H) is in very good agreement with the 
experimental data whatever combination is used, although 
significant differences are found in the case of aiso(14N). A 
thorough comparison of the results by means of regression 
analysis shows that the five levels of theory are able to predict 
reliable values of aiso(1H), B3LYP/TZVP combination being 
slightly advisable. A similar investigation on 14N hfccs clearly 
indicates that B3LYP/TZVP and B3LYP/EPR-III 
methodologies are not adequate for such calculation, since 
smaller basis sets like 6-31G* or N07D provide aiso(14N) values 
closer to the experimental ones. Therefore, it is possible to 
establish that in the case of organic conjugated radical cations 
the selection of the basis set is also of fundamental importance 
for the prediction of accurate values of nitrogen hfccs (the 
number of components of d functions is 6 for 6-31G* and 
N07D basis sets whereas it is 5 for TZVP and EPR-III basis 
sets). 
As a final summary, for calculating with accuracy aiso(14N) of 
conjugated radical cations, we recommend using PBE0 
functional in conjunction with the N07D basis set, a 
combination that was in fact specifically developed for the 

calculation of hfccs of second- and third- row nuclei with an 
optimum compromise between reliability and computer time. 
These calculations at PBE0/N07D//B3LYP/6-31G* level of 
theory provide very good predictions without the necessity of 
resort to more complex calculations including solvent effects 
and/or vibrational contributions. 
An in depth investigation has been carried out on radical 
cations derivatives of syn-1,6:8,13-diimino[14]annulene, in 
which the two N atoms are linked by a polymethylene chain 
with variable number of methylene units from 1 to 4, as well as 
the radical cation of N,N’-dimethyl-syn-1,6:8,13-
diimino[14]annulene. The great rise of the aiso(14N) with the 
length of the polymethylene chain experimentally observed, 
together with an increase in the radical cation stability makes 
this series of particular interest. Analysis of the computed 
structural parameters, NBO, and distribution of the spin density 
have allowed to reproduce the available experimental structural 
data, account for the great rise of the aiso(14N) with the length of 
the polymethylene chain, and explain the different stability of 
radicals along the annulene series on the basis of the formation 
of a N-N intramolecular three electron σ bond, supporting the 
quality of the model here displayed. 
Therefore, the proposed computational model is expected to 
result in an important tool, increasing the experimentalists’ 
ability to correctly assign the EPR spectra of structurally 
uncertain radicals. 
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